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Abstract

Combustion of fuels is a major source of energy and at the same time a threat to
the environment. Carbon dioxide (CO,) emissions are one of the obstacles on the
route to cleaner energy. Combining Carbon Capture and Storage-technology
(CCS) with use of biofuels lead to a negative net release of CO, can be achieved.
With some CCS-techniques the CO, is repurposed in the combustion process
together with O,. However, use of CO, in the combustion process changes the
prerequisites for the combustion process, and challenges our knowledge of fuel
characteristics and chemistry.

The first objective of the thesis was to increase the knowledge of fuels burnt under
CO,-rich conditions. An increased understanding of alcohol chemistry under such
conditions is of interest for its effect on fundamental combustion properties, such
as the laminar burning velocity. Measurements of the laminar burning velocity
were performed using the Heat flux method for ethanol and methanol flames with
0,+CO; as the oxidizer. The experimental results were used as input to evaluate
the performance of kinetic mechanisms from literature validated for combustion
with air, at CO,-rich conditions and examining how the mechanisms interpret the
chemistry in the examined mixtures.

A second objective of the thesis was to study the ignition and flame characteristics
of fuels with fuel-bound nitrogen, using nitromethane as a model-fuel.
Nitromethane+O,+N, were examined for ignition characteristics in a shock tube,
and the laminar burning velocity was examined for nitromethane burnt with air
and with O,+CO,. From combining the experimental results with modeling and
literature studies, the importance of knowledge of a fuel’s combustion
characteristics, when interpreting experimental results was highlighted. Both
objectives of the thesis, on CO,-rich combustion and fuel-nitrogen combustion,
were combined when nitromethane was studied at CO,-rich condition.

Knowledge on important fundamental combustion properties under COy-rich
conditions was provided to the scientific community in the form of experimental
results on laminar burning velocity and ignition characteristics. An evaluation of
current knowledge of the underlying chemistry behind these fundamental
combustion properties, was provided through kinetic modeling, highlighting gaps
in our current understanding of combustion chemistry.



Popularvetenskaplig sammanfattning

Forbranning ar bade var storsta kalla till energi och ett stort hot mot miljon i form
av fororeningar och véxthusgaser. Ett par av de stora bovarna i sammanhanget ar
koldioxid och kvaveoxider och de stora mangderna av dessa i atmosfaren. Dar
bidrar koldioxid till den globala uppvarmningen i egenskap av vaxthusgas.
Kvaveoxider paverkar bade miljo och manniskors hélsa negativt genom att bilda
marknéra ozon. Tillsammans med vatten orsakar kvéveoxiderna surt regn som
skadar skogar och vattenbaserade ekosystem.

Forsok till att begransa koldioxidutslapp gérs genom Carbon Capture and Storage-
tekniker (CCS). Dessa tekniker gar ut pa att separera ut koldioxiden och lagra den
istallet for att sldppa ut den i atmosfaren. | oxy-fuel-tekniker inom CCS kan
koldioxiden ateranvandas under forbranningsprocessen tillsammans med syre
istallet for luft. Kombinerat med biobranslen kan till och med ett negativt netto-
utslapp av koldioxid nas via oxy-fuel-tekniker. Att ateranvanda koldioxiden
forandrar dock forutsattningarna for forbranningsprocessen jamfor med
konventionell forbranning med luft. Darmed skapas ett behov av grundldggande
forskning angaende forbranning av branslen vid koldioxidrika forhallanden.

En viktig komponent for att forstd branslen och dess kemi &r att studera
grundldggande egenskaper hos brénsleblandningar, som den laminéra
flamhastigheten. Det &r den hastighet som en flamma ror sig genom att konsumera
en bransle/syreblandning. Det &r en unik egenskap hos ett bransle som i forsta
hand &r beroende av branslet och dess kemi. Under arbetet som presenteras i denna
avhandling har métning av den laminéra flamhastigheten varit en stor del av det
experimentella arbetet.

Heat flux metoden anvéndes for att mata de laminéra flamhastigheterna. Metoden
tillater att flamman stabiliseras pa brannaren vid hastigheter nara den laminara
flamhastigheten och utnyttjar darefter varmeutvéxlingen mellan brannaren och
flamman for att hitta den laminéra flamhastigheten. De laminara flamhastigheterna
ger inte bara information om brénslets forbrdnningsegenskaper, utan ar vardefullt
for att validera var teoretiska forstaelse for forbranningskemi.

Pa grund av de hoga temperaturerna vid forbranning s& ar forbranningskemi
komplext att studera experimentellt. Manga reaktioner kan ske och under korta
tidsforlopp. Det gor det svart att studera detaljer av forbranningskemin
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experimentellt. Darfor ar kinetiska modeller ett bra komplement till experimentella
studier for forbranningsprocesser och brénslekemi. Kinetiska reaktionsmekanismer
ar en samling av kemiska reaktioner som anvénds tillsammans for att beskriva
kemin av ett bréansle vid forbranning. Genom att anvénda kinetiska modeller kan
béade flamegenskaper forutspas vid forhallanden som inte studerats experimentellt,
och information om kemin ser ut pa detaljniva fas. Kvaliten pa resultaten fran
kinetiska mekanismerna ar dock starkt beroende pa hur val mekanismerna kan
forutspa forbranningsegenskaper dar vi har experimentella resultat. Det ar viktigt
att jamfora de simulerade resultaten med experiment vid olika forhallanden.
Déarigenom fas mekanismer som reflekterar sa realistisk kemi som mdjligt och i
forlangningen tillforlitligt kunna anvandas utanfor forhallanden som tacks av
experimentella resultat. Darfor innehaller studierna i denna avhandling mekanism
validering, inte bara mot de egna resultaten utan dven mot experiment fran
litteraturen.

Det har forskningsprojektet fokuserar pa att bidra med ny kunskap genom nya
experimentella studier av grundldggande forbranningsegenskaper hos branslen,
under forhallanden som aldrig blivit undersokta for dessa bréanslen tidigare.
Flamhastigheter mattes for kanda branslen vid koldioxid rika forhallanden.
Antandning understktes hos ett kvéavebaserat bransle. Kunskapslaget om kemin
for de utvalda branslena utreddes genom att testa prestationen hos valetablerade
kinetiska mekanismer som presterar val vid férbranning i luft, mot de nya
experimentella resultaten.

Bréanslena som studerats i denna avhandling valdes med tanke pa dess relevans for
biobranslen. Alkoholer &r vanliga biobrénslen med anvandningsomraden i dagen
samhalle. Alkoholer anvands som brénsle, med etanol som &r ett vanligt bransle
for bilar och metanol som anvands till batmotorer. De &ar &ven intressanta i
egenskap av forstadier till aldehyder, vilka ar vanliga komponenter under
forbranning av manga andra bréanslen.

En positiv sidoeffekt vid anvéndning av oxy-fuel-tekniker &r att méangden
kvéaveoxider minskar. Det &r en effekt bade av att inget kvave tillfors via luft och
de andrade forbranningsforhallandena som till exempel forbranningstemperatur
och kemi. Da inget kvave tillfors via luft sd aterstar kvaveoxiderna som
ursprungligen fran kvave bundet i bransle. Ett kvavebaset bransle som anvands
idag ar nitrometan, med tillamningar inom till exempel dragracing. Férutom dess
anvandning som ett bransle, sa ar nitrometan framfor allt utméarkt som modell for
att studera branslebundet kvave pa grund av dess kvave-innehall bundet till kolet
och dess enkla struktur.

Lamindra flamhastigheter for etanol och metanol tillsammans med O,+CO, méttes
med hjélp av Heat flux metoden for forsta gangen. Déarefter anvénds resultaten for
att utvardera hur val etablerade kinetiska mekanismer fran litteraturen klarar av att
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beskriva alkoholkemin under koldioxidrika forhallanden. Dar sdg vi att
mekanismer som presterar bra i konventionell férbranning med luft presterar
samre vid forbranning med koldioxid. Genom studien pa etanol kom insikten att
modellerna hanterar kemin under koldioxid-rika forhallanden liknande som de
hanterar forbranning med luft. Intressant &r att trots att de presterar val for
etanol+luft s& skiljer sig prestationerna hos mekanismerna for etanol flammorna
med mokylart syre+koldioxid skiljer i kvalitet bade jamfort med luft och emellan
mekanismerna. | studien om metanolfoérbranning sa visades det pa att enkla
modifieringar av kemin kunde forbattra kvaliteten pa prestationen vid CO,-rika
forhallanden utan att kompromissa pa kapaciteten for att beskriva forbranning vid
luft for en etablerad mekanism fran litteraturen.

For nitrometan studerades bade den laminara flamhastigheten och trender i dess
antdndning. Med hjdlp av de experimentella resultaten tillsammans med
modelleringen och litteraturstudier bekréftades det att nitrometanforbranning har
en ovanlig struktur, med tva stadier bade i flammor och under antandning. Den
insikten anvandes till att utvardera experimentella resultat fran litteraturen och
analysera de egna resultaten. Genom studien av antandningsfordrojningstiden i
nitrometan+O,+N, kunde informations om egenskaper som tryck- och
temperaturberoende och beroendet av blandningsforhallande utredas for bada
stadierna av antandningen. Aktiverings energi kunde héarledas fran for bada
stadierna. Studierna om nitrometan visade pa att kemin av nitrometan &r annu inte
fullt utredd. Egenskaper som tryckoberoende antdndning och flamhastigheter vid
CO,-rika forhallanden kunde inte forutspas genom modellering. Tillsammans
visade nitrometan-studierna pa att kunskapslaget om forbranning av branslen med
kolbundet kvave genom nitrometan inte ar tillrackligt. For att framgangsrikt kunna
beskriva nitrometans grundldggande forbranningsegenskaper och kemi korrekt
behdvs  djupgadende  studier som  tacker olika  forhallanden  och
forbrénningsegenskaper.
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1 Introduction

The work presented in the thesis aims at the following:

e Producing and presenting experimental data on the combustion of
different fuels under conditions that have not been studied previously.
(Papers 1-V)

e Increasing the understanding of combustion taking place under CO,-rich
conditions. (Papers I-11 and Paper V)

e Presenting new information concerning the combustion behavior of
nitrogen-containing fuels. (Papers I11-V)

e Evaluating the performance of detailed kinetic mechanisms and their
interpretation of the relevant chemistry for the examined fuels. (Papers I-
V)

The thesis work is based on efforts to achieve these goals and to provide the
scientific community with new knowledge.

The combustion of fuels has negative effects, from an environmental perspective.
In light of the increasing need of energy in the world and the high degree of stress
on the environment caused by climate change and pollution, environmentally
friendly solutions for the combustion techniques employed are in high demand. At
the same time, thermal and Kkinetic energy obtained from the combustion of fuels is
presently the dominant energy product in the world, 80% of the energy
consumption is based on fossil fuel [1]. Its popularity is due to the high levels of
easily accessible energy that is released during combustion.

Unfortunately the output of combustion is not energy alone, but consists of such
unwanted products as pollutants and greenhouse gases. One of the challenges for
the scientific community in this respect is to increase the knowledge of
combustion and of the role chemistry plays in the formation of pollutants. Even
under ideal conditions with complete combustion, carbon dioxide (CO,) and water
(H20), two greenhouse gases are the final products. An important task in gaining
an understanding of combustion is knowledge of how these products affect the
combustion process and its chemistry. In real combustion scenarios side-products
are formed in addition to the carbon dioxide and water. Many of these side-
products act as pollutants and have strong implications for the environment.



Carbon dioxide is an abundantly produced greenhouse gas from anthropogenic
activity. As a greenhouse gas it contributes to global warming, through absorbing
heat and emitting it back into the atmosphere.

All combustion processes lead to emissions of carbon dioxide. In efforts to deal
with the problem of carbon dioxide emissions, the scientific community is
exploring techniques to capture and store the carbon dioxide instead of releasing it
into the atmosphere. In CCS-techniques, carbon dioxide can be repurposed in the
combustion process. The flue gas is used as a diluent for molecular oxygen (O,) in
the combustion process. This technique generates a highly concentrated flue gas
consisting mostly of carbon dioxide and water while at the same time reducing the
amount of flue gas released into the atmosphere. Replacing air by a mixture of
0,+CO, has implications for the combustion process, affecting combustion
properties as the laminar burning velocity. Considerations of this sort motivated
the work presented in Papers I-11 and Paper V.

A secondary, yet important effect of oxy-fuel combustion is that nitrogen oxides
are produced and released to a lesser extent as compared to combustion with air.
The nitrogen containing oxide species nitrogen oxide (NO) and nitrogen dioxide
(NO,) are commonly referred to collectively as NOx. The two species are in
equilibrium with each other in the atmosphere, with their total amount relatively
stable during the course of a day, but their individual concentrations varying
depending upon the temperature and the sunlight. The presence of NOx in the
atmosphere is problematic for both health and environmental reasons. Via
photochemistry NOX participates in the formation of ground-level ozone (Os) and
can therefore contribute indirectly to the greenhouse effect. In contact with water
and hydroxyl (OH) in the atmosphere, nitrogen dioxide forms nitrous acid (HNO,)
and nitric acid (HNO3), which are components of acidic rain.

When a nitrogen source in the form of air is removed from the combustion
process, only the nitrogen bound to the fuel is left. The fuel-nitrogen is also a
major combustion related source of NOx in the atmosphere. Thus, gaining a better
understanding of the chemistry of nitrogen-containing fuels is an important step
towards understanding of the formation of NOx, and being a motivation for the
work that led to Papers I11-V.

The development in combustion is moving towards the use of liquid biofuels as an
alternative to fossil fuels. Biofuels are renewable fuels that formed from organic
material. Biofuels are considered to be carbon dioxide-neutral since their carbon
content has been absorbed from the atmosphere through photosynthesis. The fuels
examined here were selected from established liquid fuels to reflect how the
present knowledge on combustion of these fuels translates to carbon dioxide-rich
conditions. Alcohols are common biofuels, which are frequently used as fuels for
engines. Ethanol is often employed as an additive to gasoline for cars, and can also



serve as the primary fuel [2, 3]. Methanol is likewise gaining popularity as a fuel
[4-6]. For nitrogen-containing fuels, nitromethane is an excellent model for
understanding nitrogen-containing fuels as it is a known fuel-nitrogen species in
emissions from fuels [7, 8], but promising monopropellant [9, 10], and a fuel used
in real applications, such as burned together with methanol in drag racing cars [11,
12].

1.1 Outline of thesis

The outline of the thesis is as follows. First some general concepts connected with
combustion, as well as fundamental physical properties of flames and ignition, are
explained in Chapter 2. An overview of the principles of combustion chemistry is
presented in Chapter 3. Chapter 4 concerns kinetic modeling and how it was
applied during the work presented in the thesis.

After this background, the experimental methods employed during the work of this
thesis are discussed briefly in Chapter 5. Various aspects of the experimental work
that were of importance for the work in this thesis are explained in greater detail.

In Chapter 6, the results obtained during the thesis-work are presented and
discussed.

Chapter 7 finally summarizes the thesis as a whole and provides an overview of
possible future work.



2 Combustion concepts

Combustion research endeavors to deal with the negative aspects of combustion
through gaining a better understanding of the physics and the chemistry involved
in combustion on a fundamental level. The fundamental properties of combustion,
as for example laminar burning velocity and ignition are controlled primarily by
the chemistry of the fuel. Factors affecting fundamental properties do so by their
influence on the chemistry of the fuel + oxidizer mixtures as opposed to external
influence. This makes them particularly interesting for combustion research, both
to learn about the fundamental behavior of the fuel, but also be used to indirectly
study its chemistry through using these properties as input for theoretical studies
of the chemistry.

Below some of the properties and general terms related to combustion are
explained.

2.1Equivalence ratio

There are generally two components in a combustible mixture, the fuel and an
oxidizer. The oxidizer consists of molecular oxygen and a diluting and usually
inert gas. The molar ratio of the fuel to the molecular oxygen has a high influence
in combustion. It affects the combustion through the chemical equilibrium of the
global process. In experimental studies, it is an important variable, when
examining combustion properties.

In the stoichiometric balance it is calculated the molecular ratio of reactants
required for the reaction to go to completion. In ideal combustion, when a carbon
based fuel reacts with molecular oxygen, the products are carbon dioxide and
water. For combustion processes, the stoichiometry is considered balanced when
the combustible mixture of fuel and oxidizer is fully converted to its final
products.

The equivalence ratio (¢) is defined as the molar ratio of the fuel to molecular
oxygen in relation to the same ratio of a stoichiometric mixture, prior to
combustion occurring. The definition of equivalence ratio is as follows



(fuel/0,) 1)

- (fuel/oz)stochiometric

¢

The stoichiometric ratio is taken from the molar balance of the fuel and
molecular oxygen in the stoichiometric balance, as exemplified below with the
stoichiometric equation of ethanol with molecular oxygen.

1C,HsOH+30,+ N, =2C0, + 3 H,0 + N, @)

Traditionally, the equivalence ratio is calculated with use of molecular nitrogen,
N, as the final product for fuel-nitrogen chemistry. Such an approach is valid for
most fuels, as the unreactive N, from the air is often the most abundant nitrogen
source. This approach was appropriate for the studies presented in Papers I-11.

When the fuel has nitrogen incorporated into its structure, the nitrogen
participates in the chemistry through different paths, and other products are
formed as compared to the molecular nitrogen from air. It also affects the choice
of major nitrogen-containing product in the stoichiometric balance. The choice of
definition of equivalence ratio is discussed further in Paper Ill and in Chapter 0.
For part of the work in the thesis related to nitromethane, presented in Papers I1l-
V, nitrogen oxide was used as the final nitrogen-species in the form of the
stoichiometric equation below.

2 CHyNO, + 2.5 0, = 2 CO, + 3 H,0 + 2 NO 3)

At equivalence ratio 1, the combustion is stoichiometric, and is going to
completion with all of the reactants being converted to products. When there is an
excess of fuel, equivalence ratio >1, the combustion conditions are termed “rich”,
here there is insufficient oxygen to convert all fuel to its final products, but
unburnt and partially burnt hydrocarbons, and accordingly emissions of carbon
monoxide (CO) can be expected. When molecular oxygen is more abundant than
the fuel, the conditions are termed “lean”. As there is more oxygen than fuel
available, the fuel can be expected to be fully consumed, and radicals based on
oxygen to be prevalent.



2.2Premixed laminar flames

In a laboratory environment premixed laminar flames are widely studied because
they are simple type of flames, designed to be governed predominantly by its
chemistry, and isolated from external influence as for example turbulence.
Through premixing the unburnt gas, fuel and oxidizer, are evenly spread in the
volume of the gas, ensuring that the gas mixture is fed to the flame over the
surface of the reaction zone. In a laminar flow, the unburnt gas moves in parallel
layers, in a uniform flow, without lateral convection. A flame can be considered
laminar if it is situated within a laminar flow. In a laminar flame the reaction zone
is a one dimensional infinite planar sheet [13].

Movement in a laminar flow, as diffusion occurs along the direction of the flow,
can cause local concentration gradients. However, it does not affect the definition
of the flame as planar. The classification of the mixture as premixed is still valid,
as it refers to the mixing together of the fuel and oxidizer prior to interaction with
the flame.

2.2.1Laminar flame structure

A flame can be seen as a self-sustaining reaction. It is visible because of the
emission from burning gases. A flame can be divided up in different zones [14], as
exemplified in Fig. 1. It is assumed there that the flame is premixed, ignited and
stable. The zones are defined in relation to the flame itself, which is structured
from the unburnt gas in the vicinity of the flame, through the preheat zone and the
flame front to the post flame zone after the flame.

In the unburnt zone situated before the flame itself, not much is happening.
The fuel and oxidizer are present but do not react here. The gas mixture is
uniformly mixed. The temperature is not sufficiently high to initiate the
combustion process.

Moving towards the flame the mixture enters the preheat zone. The mixture is
still unburnt, but the temperature is rising through heat transfer from the flame.
There is a large amount of unburnt species that acts as a heat sink, giving the
temperature rise a concave shape in relation to distance to the flame front. The
rising temperature can initiate the initial reactions, as the decomposition of the
fuel. Because of the heating of the mixture in the preheat zone, thermal diffusion
can create a concentration gradient along the direction of the flow, perpendicular
to the flame front.

When the mixture has reached a sufficient temperature in the inner layer the
fuel and the oxidizer are consumed and a radical pool builds up.



Unburnt Preheat Inner Reaction Post flame (a)
gas zone layer zone zone

Reactants

Intermediate species

Products i
Temperature
X—>
Unburnt | Preheat Inner Reaction  Post flame (b)
gas zone layer zone Z0

Mass density

Velocity

Temperature

X—>

Figure 1: Schematic examples of (a) the flame structure across a flat laminar flame, with temperature and
the main events taking place at the different zones related to distance across the flame, and in (b) the
evolution of the gas velocity and the mass density across the structure of a flame are shown.



At the flame front, the radical pool that was built up in the inner layer is
activated. Here the actual flame begins. Intermediate species are produced and are
consumed at a high rate, driven by the high temperature. The temperature peaks in
near proximity behind the reaction zone, and levels out to a plateau.

In post flame zone the majority of the reactions have already taken place.
Stable species that are produced at the flame front, but were not consumed there
are present in the post flame zone. This zone consists of hot gases, mostly carbon
dioxide and water, but also unwanted side products, as pollutants. There the
temperature is maintained by the product gases, and starts to decline as the product
gases are cooled.

2.2.2 Adiabatic laminar burning velocity

The term adiabatic describes an ideal process, occurring without energy exchange
with its surrounding. An adiabatic flame temperature is the temperature a flame
would reach without any loss of heat to its surroundings. The velocity of a flame
can also be described as adiabatic. In a real flame, the adiabatic velocity is the
velocity where the net heat interactions with the surroundings are zero.

An unconstrained flame propagates at the rate of its consumption through a
mixture of fuel and oxidizer. The laminar burning velocity (S.y) can be defined as
the velocity at which flow of the unburnt gas is equal to the rate of consumption of
the flame, creating a stationary flame unaffected by stretch.

The velocity of the gases is affected by the flame. The velocity starts to increase
in the preheat zone, there being a strong increase as the gases pass through the
flame front. In the post flame zone the increase in velocity levels off and
eventually reaches a plateau. The increase in velocity is due to thermal expansion
of the gas, and causes it to be higher on the burnt than on the unburnt side of the
flame.

An illustration of how the gas velocity is related to the flame is presented in Fig.
1(b). As the propagation velocity differs depending on the position in the flame,
defining the laminar burning velocity requires consideration to be taken to the
flame. The laminar burning velocity is commonly referred to as the laminar
burning velocity on the unburnt side of the flame (S_y), the velocity of the unburnt
gas before it is affected by interaction with the flame.

The laminar burning velocity is one of the fundamental properties of a fuel+
oxidizer when combusted in the form of a flame. It is dependent on the rate of the
chemistry as a whole, the diffusion of radicals to the flame front and the flame
temperature. The laminar burning velocity can be varied by changing external
conditions as mixture composition, unburnt gas temperature, and pressure. The
variations in laminar burning velocity based on changing such external conditions



as pressure and temperature are mainly an indirect effect of the flame temperature.
The effects of mixture composition through varying the equivalence ratio, affect
the chemistry through the ratio of reactants, thereby influencing the global
chemical equilibrium.

For flames having a velocity less than the adiabatic laminar burning velocity its
conditioned sub-adiabatic, whereas for flames having a higher velocity than the
laminar burning velocity the conditions are super-adiabatic.

For the scientific community accurate data on the laminar burning velocity is
imperative, as it is valuable not simply as information of the fundamental property
itself, but also as a validation target for kinetic mechanisms. It is thus greatly
valued because it enables validation of a mechanism as a whole and gives clues on
the reactivity, the diffusive properties and the exothermicity of the mixture that is
investigated. The Ilaminar burning velocity is also valuable as input for
understanding of other combustion phenomena, for example turbulent combustion.

2.2.3Temperature dependence of laminar burning velocity

Given that the laminar burning velocity is dependent on the three independent
variables: unburnt gas temperature, pressure and equivalence ratio; the laminar
burning velocity can be evaluated as a function of unburnt gas temperature or
pressure for each equivalence ratio.

The temperature dependence can be described by a correlation coefficient given
by Eq. (4). In Eqg. (4) the known laminar burning velocity (S.uo) at a given
temperature (Ty) is used together with a power exponent (o) to calculate the
expected laminar burning velocity at other temperatures Ty, The pressure
dependence can also be described using (4), but not discussed further as it is
outside the scope of the thesis.

7, \* 4)
Sy = SLU,O T_o
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The experimental result for each equivalence ratio is processed on a logarithmic
scale, where the power coefficient (o) is taken from the slope of the linear fit of
the laminar burning velocity to temperature.

An example of a temperature dependence of laminar burning velocity is
presented in Fig. 2, which illustrates the linearity of the laminar burning velocity



as a function of temperature on a logarithmic scale, and a from Eq. (4) as a
function of equivalence ratio is presented for both experimental results and
modeling predictions. In Fig. 2(a) the linear fit is represented by line, while in Fig.
2(b) the lines represent modeling results.

By isolating the temperature dependence from variations in mixture
composition, the effect of initial temperature on the flame is exposed. From a as a
function of equivalence ratio it can be seen how this temperature dependence is
affected by mixture composition. Typically temperature dependence is stronger
under lean and rich conditions, with a local minimum at the equivalence ratio
associated with the maximum laminar burning velocity. This is caused by the
temperature increase relative to the flame temperature being is smaller in this
region.

The temperature correlation can also be used as a tool to facilitate comparison
with experimental results obtained at different temperatures. The temperature
dependence was examined in Papers I-lll. In Paper Ill, the temperature
dependence was used to evaluate data reported in the literature, and to predict the
laminar burning velocity at a higher temperature.

laminar burning velocity [log cm/s]

1.1 T T T T
Unburnt gas temperature [log K] 0.6 0.8 10 ¢ 12 14 16

Figure 2: In (a) is an example of the experimental results, shown as symbols with its linear fit, shown as lines. The results
are shown as the logarithms of the laminar burning velocity against the logarithm of the unburnt gas temperature for
experimental results at various equivalence ratios. (b) shows a (4) as a function equivalence ratio for methanol+O,+CO; as
presented in Paper Il. The temperature dependence of the laminar burning velocity can be used compare experimental
results and modeling predictions, shown as a line.
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2.2.4Cellular structures

The flat qualities of a premixed laminar flame can be compromised by the
presence of cellular structures over the surface of the flame front. Such structures
consist of corrugations of the flame front. Examples of cellular flames together
with examples of flat flames can be seen in Fig. 3. | laboratory scale flame,
cellularity in flames can be caused by two types of mechanisms, the diffusive-
thermal instability and hydrodynamic instability. The thermal expansion of the
burned gas cause the hydrodynamic instability by introducing divergences in the
laminar flow and local velocity gradients [15]. The diffusive-thermal instability
can form inhomogeneities in the species concentrations at the flame front. In
fuel+oxidizer mixtures the relationship between the thermal diffusion and the mass
diffusion can affect the structure of the flame front. If there is an imbalance
between the thermal diffusivity and the mass diffusion, this results in local regions
in which these is an imbalance of mass- and heat flux. Then local hot spots of
species and heat are formed at the flame front, due to the slow flux of heat from
the flame as compared with the faster transportation of species to the flame front.

The relationship between thermal diffusion and mass diffusion can be described
by the Lewis number (Le) in Eq. (5) where the thermal diffusivity coefficient a is
divided by the mass diffusion coefficient, D. For Lewis numbers of less than unity,
i.e. Le<1, the thermal diffusion is lower than the mass transport.

Le =x/D (5)

In Papers I-111 and in Paper V, cellular structures were formed at the flame front
during the experiments at several measurement points. The implications of such
cellular structures on flat flames and consequently of experimental measurements
of laminar burning velocity and method of handling this issue is discussed further
in Chapter 5.1.1 on the Heat flux method.
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Figure 3: The pictures at the left showthe flame front of a flat flame and the pictures at the right the flame front of a
corrugated flame. Both flames are shown from the side as well as from above at an angle. The cone above the flames
represents in each case the post flame zone. The flames in the pictures are ethanol+air flames mounted on a Heat flux
burner.




2.3 Ignition

Ignition is the initiation of the burning part of the combustion process [16]. It
describes the transition of the mixture from an unburnt gas to a burnt gas. Ignition
can be described as an adiabatic thermal explosion. A thermal explosion can be
described as:

A volume of gaseous fuel mixture is instantly heated to a high temperature. This
initiation typically occurs by way of external energy transfer through temperature,
either by directly applying a heat source or indirectly through increasing the
temperature in a fuel mixture by means of a pressure increase. This activates some
initial chain branching reactions that produce radicals. The initial reactions build
up a pool of radicals. These initial reactions have only a marginal effect on the
temperature and the pressure of the system. When a radical pool has been built up
to sufficient degree, it ignites, resulting in a significant heat release. As the system
is adiabatic, the heat is maintained in the mixture. The temperature and the
reaction rates are accelerating each other mutually in a loop termed a thermal
runway. For ignition to occur the energy release from the radical pool must be
greater than the heat loss due to diffusion and be able to raise a sufficiently large
volume of the mixture up to the adiabatic flame temperature. If the concentrations
of reactants are sufficient, then diffusion effects are negligible and the ignition is
temperature controlled.

Information on the ignition behavior of a fuel has a high value for the scientific
community as ignition is an important fundamental property for applications as
monopropellants and fuels. As ignition is sensitive to the chemical structure of the
fuel, it is appropriate for use in kinetic studies and for examining the relation of
individual species to the ignition of a fuel.

Paper IV examines the ignition characteristics of nitromethane+0O, through the
measurement of ignition delay times.

2.3.11gnition delay time

The induction time between the initial activation of the combustion process to the
moment of ignition, is referred to as the ignition delay time. This is the time
required from the initiating reaction onwards. This induction-time is required for
the process to build up a sufficient radical pool for ignition to occur and to be
maintained. By measuring ignition delay times on a laboratory scale, the chemistry
of explosions can be examined. From the ignition delay time, information, as the
overall activation energy of the fuel and the effect of mixture composition can be
derived. In Fig. 4(a) an example of ignition is presented as pressure and luminosity
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over time and Fig. 4(b) the ignition delay times as a function of temperature is
shown from Paper IV.

Ignition does not have a predetermined criterion. Instead the definition of
ignition can vary between studies. In Paper 1V, the ignition was examined through
shock tube experiments, and the definition of ignition is discussed further with the
results in Chapter 6.
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Figure 4: (a) an example of ignition, via pressure and luminosity profiles as a function of time for nitromethane+O,, and
(b) experimental ignition delay times for nitromethane+0O,, as presented in Paper 1V.

2.3.2Correlations of ignition delay time

With the help of correlations, the effect of the fuel, O, and diluent on the
ignition delay times can be isolated and evaluated individually. Equation (6)
exemplifies the structure of a correlation equation, with the exponents B, vy, o
denoting the influence of the respective reactants.

7 o eFa/RT[CH,NO,]P[0,]Y[N,]° (6)

The correlation coefficients provide a measure of how strong the effect of the
concentrations of the initial reactants is on the ignition delay time. A positive sign
of an exponent indicated that a lower concentration decreases the activity of the
mixture, increasing the ignition delay time, whereas a negative sign of the
exponent shows an increased activity in the mixture, resulting in shorter ignition
delay times. In a correlation presented as a function of time the slope provides
information of the global activation energy of the ignition, which is the energy
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required for the mixture to ignite, released through the chemistry occurring prior to
the ignition event.

Through the use of correlations, ignition delay times measured under different
conditions can be compared. These correlations are also useful for rough
estimations of the ignition delay times for a mixture without having to perform
kinetic modeling. Different datasets can be processed in this way so as to obtain
the global activation energy and composition dependence for a large range of
conditions, or compare correlation coefficients so as to compare the ignition
behavior under conditions that are not directly comparable.
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3 Combustion chemistry

Understanding the chemistry behind combustion processes is key to unlocking
knowledge on the behavior of combustion phenomena, such as flame properties
and explosion characteristics. This knowledge can be used for simultaneously
maximizing the output of thermal and kinetic energy from combustion processes,
while minimizing its negative consequences.

The combustion process is essentially high temperature chemistry between the fuel
and the oxidizer. The global process describes the overall reaction from initial
reactants to final products, which consists of many different elementary reactions.

In an elementary reaction species interacts and transforms to other species through
bond breaking or bond formation. The transition state describes the geometry of
the interacting species, in between reactant and product, having the highest energy.
For a reaction to occur it must pass through the transition state.

Combustion is dominated by radical chemistry. A radical is an atom or molecule
that has one or more unpaired valence electrons and therefore highly reactive.
Species with paired valence electrons, are considered as stable according to the
terminology used in this thesis. Stable species can however still participate as
reactants with radicals.

The chemistry can be divided up in terms of classes of reactions that have similar
effects on the combustion, although with individual magnitude for the reactions
involved within each class.

Combustion starts with an initial chain-initiating reaction taking place in the
preheat zone. In chain-initiating reactions, radicals are formed from stable species,
increasing the number of radicals in the system. These reactions are generally
thermal decomposition reactions, which are endothermic because the reaction is
essentially a bond breaking.

When one radical reacts to form two or more radicals what is called a chain-
branching reaction. The reactivity of the system is increased as more radicals
become available.

When a reaction generates as many radicals as it consumes it what is called a
chain-propagating reaction occurs. This reaction maintains the combustion, but
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does not affect the reactivity in other ways than replacing a radical with another.
The nature of the radicals interchanging can affect the reactivity, however.

A chain-terminating reaction consumes more radicals than it produces, thus
reducing the reactivity of the system.

The same reactants can give different products when reacting. The branching
ratio describes the relation between different product channels. These reactions
often go through different transition states, with their activation energy and
temperature dependence controlling the branching ratio.

Below are examples of the different types of reactions:

CH;NO, < CH3; + NO, chain-initiating reaction
CH; + NO, = CH;0 + NO chain-propagating reaction
H+0,=0+0H chain-branching reaction
HCO + OH = CO + H,0  chain-terminating reaction

These reactions can occur consecutively or simultaneously, competing for the
reactants.

In third body reactions the reaction is promoted by species that participate in the
reaction but are not consumed. The third body lowers the activation energy of the
reaction by forming a complex with the transition state and thereby promoting the
reactions rate. Then the third body is released in its original form on the product-
side of the reaction. Typically, stable species, which are abundant during the
combustion process act as third bodies, for example product-species such as
carbon dioxide and water, or diluents as molecular nitrogen or argon. Only the
fraction of reactant which collide with the third body have the option of
proceeding through the third body-complex. How large a portion of the reaction is
affected depends on concentration of the third body. A third body reaction can
belong to any of the classes mentioned above.

HCO+ M =H+ CO+ M third body reaction

While both exothermic and endothermic reactions occur, the net effect of the
combustion chemistry is exothermic. In combustion processes the chemistry is
primarily thermally driven. Because of the high temperature during combustion,
many reaction paths become readily available, potentially producing many
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intermediate species and products. As the chemistry is thermally driven, the rate of
the global process is higher in region of high temperature. The elementary
reactions are activated by the heat. To a slight extent, radicals can activate
reactions, after diffusing from high temperature regions to colder areas of the
flame.

3.1Flame- vs ignition-chemistry

It is generally the same chemistry present in both flames and explosions.
However different reactions are important in flames as compared to ignition.
Generally speaking, flame chemistry is governed by the reactions that sustain the
flame, whereas self-ignition is controlled by the reactions building up the radical
pool that ignites.

In flames the chemistry is affected by mass transport and thermal diffusion. A
flame is dependent on the rate at which radicals are transported to the flame front.
The fuel decomposes relatively quickly to form non-fuel-specific radicals. The
chemistry within the flame front controls the propagation of the flame. Differences
in flame properties, such as the laminar burning velocity, are largely controlled by
the chemistry of the major radicals, because the flame is sustained by the reactions
of these radicals. The flame front is carried and maintained by chain propagating
chemistry, there being a balance between the chain branching and chain
terminating reactions. Because of the fast fuel decomposition compared to the
radical chemistry, the laminar burning velocity is insensitive to fuel specific
chemical kinetics and fuel diffusion [17, 18]. High quality is required from the
experimental results because of this insensitivity.

By studying ignition, combustion chemistry can be examined without
considering mass transport and diffusion affecting the chemistry. It is the rate at
which a sufficiently large radical pool for ignition is built up that controls the
ignition delay time. Ignition is therefore more sensitive to the structure of the fuel
and the rate of the chain initiation reactions. It is also sensitive to the branching
ratio and to radical formation during the radical pool build up.

The temperature dependence of ignition is dominated by the temperature
dependence of the initial reaction, as opposite to how temperature affects a flame
front where the temperature drives the high rates of the reactions.
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3.2The role of carbon dioxide in combustion chemistry

In combustion chemistry carbon dioxide contributes with its thermal influence.
The heat capacity (C) of carbon dioxide is higher than that of molecular nitrogen,
which gives lower temperatures in a carbon dioxide-rich environment, as
compared to a flame with corresponding amounts of molecular nitrogen.

Carbon dioxide is also a chemically active species, which can participate in the
chemistry as a reactant. Carbon dioxide commonly participates as a third body in
reactions. A method of estimating the influence of a third body on a reaction was
suggested by Warnatz [19]. In empirical observations Warnatz saw similarities in
the effects of a third body for different reactions. A ranking of several third bodies
according to their effect on the rate of reactions was suggested. The suggested
magnitude of the third body is related to the bath gas used in the study measuring
the rate constant.

The magnitude of these effects depends on which combustion property is
studied as well as experimental conditions, such as mixture composition. From the
literature on liquid fuel under CO,-rich conditions, it was shown that the laminar
burning velocity was decreasing with CO,-dilution [20-22]. In Papers I-Il the
laminar burning velocity of methanol and ethanol, respectively, was measured
with 02+C02.

3.3Kinetics

A reaction’s kinetics describes the progression of the reaction, from reactants to
products, in terms of rate.

A chemical system strives to reach equilibrium for each reaction between its
reactants and product. Generally, a reaction has two directions, a forward and a
reverse direction, with the respective reactions proceeding at different rates.

A+B=[A-B]*=2P+Q

There are several variables that affect the rate of a reaction. The rate of a
reaction is dependent on the concentration of the reactants. For a bimolecular
reaction to occur, it is dependent on the reactants being in sufficiently close
proximity for a collision to occur. Increasing concentration increases the
probability of a collision, thereby increasing the likelihood of the reaction taking
place. The activation energy (Ea) is the energy difference between the reactants
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and the transition state (denoted #). This is the minimum energy required to initiate
the reaction. The rate of a reaction can be presented in the form of an Arrhenius
expression in

k, = AT"e~Ea/RT (7

In the Arrhenius expression, properties of a reaction, in the form of its
activation energy and its temperature dependence, are represented. The
temperature dependence of A(T") together with e"" describes how the reaction rate
varies with temperature. The pre-exponential factor (A) is an empirical constant
representing the likelihood that a collision, with the potential for initiate a reaction,
will occur, in terms of collisional effect and steric effects. The exponential factor
e®RT represents the Boltzman distribution, which describes the fraction of
reactants that will have energy equal or higher than the activation energy at
temperature T. It can be regarded as a measure of the likelihood of the reaction to

proceed. R represents the gas constant.

20



4 Combustion modeling

To understand combustion phenomena, as explosions or flames, information on
the chemistry behind these phenomena can provide valuable insight for
understanding combustions underlying mechanisms [23]. The accelerated
chemistry and the large number of species present make combustion chemistry
complex to study experimentally. By complementing experiments with theoretical
studies, much of the information otherwise inaccessible, can be accessed through
predictions. One approach to investigating the complex chemistry in combustion
theoretically is through the use of kinetic modeling of combustion phenomena.

This chapter discusses the approach to kinetic modeling used during the work
presented in the thesis.

4.1 Detailed kinetic mechanisms

A detailed kinetic mechanism is a collection of the reactions believed to
participate in the chemistry of the fuel of interest. The detailed kinetic mechanism
represents the current knowledge about combustion chemistry. A Kkinetic
mechanism can provide insight at a microscopic level on subjects which may not
be accessible experimentally, while the mechanism at the same time is describing
a macroscopic phenomenon. Although a kinetic mechanism is intended to describe
the chemistry accurately, this can differ even between mechanisms created for the
same conditions and fuels. This reflects different assumptions that are made in a
mechanism, as the choice of which reactions are included, the choice of rate
constant to describe a reaction, among other properties. In a detailed kinetic
mechanism, the aim is to describe the chemistry behind the investigated
combustion phenomena as accurately as possible, on a detailed level in the
chemistry. Here lays a major challenge concerning detailed kinetic mechanism, in
the assumptions made when choosing the relevant species and reactions to be
included in a mechanism. As there in no universal knowledge on the correct
chemistry behind each fuel or combustion phenomena, the choices in species and
reaction included in a mechanism constitutes one of the differences between
kinetic mechanisms.
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Kinetic mechanism use rate constants to describe each reaction. Rate constants are
often taken from the literature, where their numerical value is calculated or
measured. In the absence on numerical value in the literature, educated estimations
can be made. The choice of numerical value for individual rate constants is
another difference between mechanisms.

Each species is also associated with both thermodynamic properties and transport
properties. The thermodynamic data is in the form of species enthalpy, entropy,
and specific heat capacity, with their dependence on temperature, in polynomial
form. The reactions are commonly presented with rate constants in one direction.
The software calculates the reverse rate from thermodynamic properties of the
species involved and the forward rate constant. Pressure dependence and third
bodies are represented by parameters describing their behavior. The transport and
thermodynamic properties are also open to interpretations and selections to be
made. These properties, are, however, not examined during the course of the work
presented in the thesis, but accepted as is in the mechanisms. The exception being
the mechanism of Mathieu et al. [24] when used in the study presented in Paper V.
In the absence of transport data from Mathieu et al., transport data was taken from
established kinetic mechanisms from the literature.

There is a variety of mechanisms with different interpretations of the chemistry,
stemming of the choices made in kinetic mechanism. These choices regarding the
chemistry can be based on assumptions, as for example, of their importance for the
combustion phenomena which the mechanism aspire to describe, the condition of
relevance, as range of pressure and temperature.

4.2 Modeling of combustion phenomena

Experimental studies are limited by the finite conditions covered in a given study
and the limited range of experimental conditions, such as pressure and
temperature. It is difficult to with certainty know whether the conclusions drawn
on the basis of an experimental study are valid outside the experimental
conditions.

Use of kinetic mechanisms enables the numerical value of a physical property,
as the laminar burning velocity or the ignition delay time, to be predicted at
conditions that have not yet been studied experimentally. The quality of these
calculations is dependent on the kinetic mechanism, the choices made in the
design of the mechanism, and the range of combustion phenomena the mechanism
has the ambition to describe. To evaluate the quality of kinetic mechanisms, these
can be compared to experimental studies on the basis of how well the kinetic
mechanisms can reproduce the experimental results, and the conditions for which
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it was designed. Ideally, with realistic chemistry, described by accurate rate
constant, a kinetic mechanism should be able to reproduce experimental results
over a range of different experimental conditions, at different temperatures and
pressures. A realistic chemistry would ideally also have the capacity to predict
different combustion phenomena accurately.

The modeling presented in the thesis was performed by using different modules
provided in the software CHEMKIN IV [25], designed to emulate the conditions
required for the combustion properties of interest.

4.3 Laminar burning velocity

The premixed laminar flame speed calculator in CHEMKIN IV [25] was used for
the prediction of laminar burning velocity in Papers I-11l, and in Paper V. The
module assumes a freely propagating flame and simulates the adiabatic premixed
stretch-free conditions required for determining the laminar burning velocity. The
module provides a one dimensional output as a distance, not relative to any burner
surface. The modeling should be extended over a distance that includes the entire
reaction zone of the flame (until the temperature reached a plateau). When
modeling the laminar burning velocity, it is important to consider multicomponent
transport [26] and thermal diffusion for accurate description of the transport of
species to the flame front. Multicomponent transport accounts for the diffusion of
a given species relative to each individual species through the flame, in contrast to
mixed average transport, where a species individual diffusion is related to the bulk
of the gas. Thermal diffusion, also called the soret effect, controls the mass flux
through the temperature gradient of the flame. The thermal diffusion most strongly
affects the hydrogen diffusion, which is important for the chemistry behind the
laminar burning velocity. Both multicomponent transport and thermal diffusion
were taken into account in the modeling presented in the thesis.

In Paper 11, the effect of multicomponent transport and thermal diffusion was
examined for both a methanol+O,+CO, flame, and a methanol+air flame. These
factors were shown to affect the accuracy of the predictions.

The output from modeling also provides information as flame temperature,
density, predicted species profiles at adiabatic conditions among others. Predicted
temperature profiles and density profiles were used in the study presented in Paper
Il to reevaluate and recalculate the laminar burning velocity presented by
Brequigny et al. [27] for nitromethane+air flames.
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4.4 1gnition

The shock tube experiments presented in Paper IV were simulated using the
homogeneous batch reactor in CHEMKIN 1V [25] at constant volume and solving
the energy equation. The module has zero dimensions with no spatial coordinate;
the predicted activity is given as a function of time. The batch reactor emulates the
uniformly distributed reactants in a confined volume in experiments with
conserved mass. Adiabatic conditions are assumed during the modeling with the
batch reactor module for the study presented in Paper 1\VV. The transport of species
are assumed to be infinitely fast and no input parameters for transport needing to
be employed.

The maximum time step interval was set to 0.1 us so as to ensure that the output
provided an adequate number of gridpoints for describing the ignition over time
with sufficient resolution.

4.5Evaluating the effect of carbon dioxide

In the literature a fake carbon dioxide specie, FCO,, has been used in kinetic
modeling, aimed at evaluating the thermodynamic effect of carbon dioxide
isolated from its chemistry [28-30]. During this procedure, the FCO, is assigned
the same thermal properties and transport properties as carbon dioxide, but is
excluded from participating in any of the reactions as a reactant. In input
parameters of the simulations, carbon dioxide is replaced by FCO, as a reactant.
By comparing the predictions with FCO, to predictions with carbon dioxide, the
effect from thermal properties on the output can be quantified.

In study presented in Paper Il this approach was used to evaluate the effect of
chemical activity of carbon dioxide on the laminar burning velocity of the
methanol+0,+CO, flames. The laminar burning velocity was found to increase
dramatically, indicating that carbon dioxide was highly chemically active in the
studied flames. This increase could not be counteracted by adding the FCO, as a
third body to all reactions, with the same collisional efficiency as for carbon
dioxide.
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4.6 Sensitivity to individual reactions and rate constants

The many reactions in a kinetic mechanism, all affect the examined property in
different extent. Both to gain further knowledge on the chemistry, and to identify
possible targets for improvements, it is of interest to quantify the effect from
individual reactions om the combustion process as a whole.

Sensitivity analysis is a useful tool for evaluating how an individual reaction
influences the predictions of a property from modeling. Sensitivity analysis gives a
quantitative indication of how sensitive a property, such as the laminar burning
velocity, is to change in the rate constant of an individual reaction. The sensitivity
relates the relation of the change on the examined parameter to the change in
magnitude of each rate coefficient. The sensitivity of a reaction can be defined as
follows

_Olnx; (8)
B d lnAi

Si

The pre-exponential A-factor in the Arrhenius expression for a reaction (i) is
modified (A;) for the reaction in the Kkinetic parameters of the mechanism. The
resulting prediction (x;) is weighted in relation to the predictions (x) from the
unmodified mechanism. A sensitivity analysis can be performed either by brute
force, or, as in the works presented in the thesis, through the CHEMKIN software
[32].

In the studies presented in Papers I-1l and in Paper V, sensitivity analysis was
performed, and the reaction with the highest positive and negative sensitivity
coefficients was identified as reactions with major influence on the laminar
burning velocity.
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4.7 Reaction path analysis

The chemistry of combustion is complex, reactions being able to occur either
sequentially or simultaneously in a hierarchical structure. Those reactions
occurring in a sequence are dependent on an initial reaction to form products
which will act as reactants for a second reaction. Simultaneous reactions can either
be competing for the same reactant, or promoting it by consuming a radical
otherwise used in a competing reaction.

Reaction path analysis is used as a tool to illustrate how the species relate to one
another and what path the combustion process takes from fuel to major products.
Figure 5 illustrates the order in which the major intermediate species and products
are formed, for an example of ethanol chemistry from the study presented in Paper
I. The arrows represent the paths from one species to another, with the direction
representing the net direction of the chemistry between the species. The paths
consist of one or several reactions, involving both species, in both the forward and
the reverse direction.

4.8 Rate of production

The amount of a species present during combustion is dependent on the overall
rate at which it is produced, and the total rate of the reactions consuming it. The
rate of production analysis treats the output from modeling and relates it to the rate
of production of individual species and reactions. It provides information on the
overall rate of production of a species and the rate at which each contributing
reaction proceeds. A positive rate represents the production of a given species,
whereas a negative rate means that the species is consumed faster than it is
produced. By observing the rate of production over time or distance, information
can be obtained on not only the rate but also the location of the chemistry. In the
rate of production analysis, presented in Fig. 6(a), it can be seen how a species can
vary from being produced to being consumed dependent on position in the flame,
by an example for methanol from the study presented in Paper Il. It also illustrates
how a species can be predicted to behave differently between two mechanisms. In
Fig. 6(b) the contribution of individual reactions to the total consumption rate can
be seen, for an example of rate of production analysis of methanol in the study
presented in Paper I1.
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Figure 5: Reaction path analysis of the mechanism of Marinov for a stochiometric ethanol+O,+CO, flame as presented in
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Figure 6: (a) A comparison of the total rate of production of CH,OH and of CH3O of the mechanisms and (b) the rate of
production of methanol as presented in Paper I1.
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5 Experimental methods for
quantifying combustion properties

The combustion inside real-life applications, such as an engine or a gas turbine, is
complex. Many processes occur simultaneously, making individual properties
challenging to distinguish. In such complex scenarios it is difficult to distinguish
cause and effect, as well as secondary effect when examining variables.
Fundamental properties are thus more easily examined in a laboratory setting,
rather than in real-life combustion applications. Experiments for examining
fundamental properties on a laboratory scale are designed to simplify the
combustion process in order to isolate and distinguish the property of interest. The
experimental designs are aimed at minimizing the number of variables present,
and creating an environment in which the effect of variables can be studied
individually.

5.1 Experimental methods for determining the laminar
burning velocity

As laminar burning velocity is an important fundamental property, it is of interest
to measure it experimentally. The challenge is to measure a velocity that fits the
requirements of the theoretical definition as closely as possible [33]. Direct
measurements of the laminar burning velocity require a flat flame under adiabatic
conditions. Several techniques are available for determination of the laminar
burning velocity, each with benefits and with issues to consider. Where the
experimental methods do not meet the theoretical requirements, assumptions need
to be made. The most common techniques are; the Heat flux method, spherically
expanding flames and the stagnation flame method.

In the work presented in the thesis, laminar burning velocities measured using
the Heat flux method and using spherically expanding flames were examined. In
the study presented in Paper Il laminar burning velocities obtained by these two
methods were compared and discussed. The two methods are presented below.
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5.1.1Heat flux method

Since the Heat flux method has recently been examined by Alekseev et al. [34],
the principle behind the method will only be briefly presented. The focus is on the
extrapolation as performed in Papers I-11 and Paper V, which distinguish the
experiments performed from the conventional methodology when using the Heat
flux method.

Principles behind the Heat flux method

The Heat flux method utilizes the heat transfer from the flame to the burner to
find the adiabatic laminar burning velocity. The temperature over the burner plate
surface represents the thermal interactions between the flame and the burner plate.
At sub-adiabatic conditions, the flame is positioned closer to the burner and the
heat gain of the burner plate from the flame being greater than its heat loss to the
unburnt gas. This elevates the temperature in the center of the burner plate. The
opposite is true under super-adiabatic conditions; here the heat gain from
interactions with the flame is lower than the heat loss to the unburnt gas.
Accordingly, the temperature is lower in the center of the burner plate than its
edges.

The laminar burning velocity is indirectly measured by varying the velocity of
the unburnt gas and measuring the temperature distribution across the burner
surface. Thermocouples are utilized for measuring the temperature at different
radii (r) from the center of the burner plate. In Fig. 7, the various positions of the
thermocouples are marked with red dots. Several measurements are taken at varied
unburnt gas velocity. The measured temperatures across the burner surface are
fitted to a parabolic function in Eg. (9). The burning velocity and the parabolic
coefficient C are linearly dependent under sub- and super-adiabatic conditions
close to the adiabatic condition. The adiabatic laminar burning velocity is found
where the temperature is uniformly distributed over the burner surface, at C=0.

Su = Teenter + C * r? (9)

This method is limited to unburnt gas temperatures >10 K below the
temperature of the burner plate. Because of difficulties in maintaining a stable
flame under high pressure conditions, the use of the method is also limited in
working pressures.
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Figure 7: A photograph of the burner plate of a Heat flux burner from above. The red dots mark the positions of
thermocouples in the burner plate and the blue area is an burning ethanol+air flame. This is burner T according to the
nomeclature in Alekseev et al.

Extrapolation

In Heat flux measurements, the adiabatic laminar burning velocity is commonly
obtained through interpolation of the measurement points under sub- and super-
adiabatic conditions near the adiabatic point. For the experimental work presented
in Papers I-111 and Paper V, however, in several measurement points, it was not
possible to obtain a uniformly flat flame front under adiabatic conditions, due to
cellular structures at the flame front. When these cellular structures were present in
the flame front, accurate laminar burning velocity measurements were not possible
due to the increase in flame front area. It has been shown by Konnov and Dyakov
[35-37] that the measured flame propagation velocity is higher in cellular flames
than in laminar flames.

To circumvent the problem of corrugations at the flame front, for these
measurements, the adiabatic laminar burning velocity was obtained through linear
extrapolation of the parabolic coefficient C in relation to flame velocity from sub-
adiabatic conditions up to the highest velocity at which the flame front was planar.
An example of an extrapolation to the laminar burning velocity is shown in Fig. 8.
The points show the progression of the parabolic coefficient C in relation to flame
velocity as mock points to illustrate the deviation from the experimental points
found in a laminar flame. The parabolic coefficient for the corrugated flame
deviates from the linear relationship of the experimental points from the flat flame.
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Figure 8: A schematic illustration of an extrapolation to the laminar burning velocity at adiabatic conditions for a

measurement point for methanol+O,+CO, from Paper I1.
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The increase in the parabolic coefficient C with flame velocity shows a
decreasing incline and fails to follow a linear relationship.

The extent of the extrapolation between experimental points varied with
temperature and equivalence ratio. The general trend was that the flames were
more prone to form cellular structures with increasing temperature and at rich
mixtures, equivalence ratios >1. Accordingly the extrapolation was necessary
when the cellular structures were formed under or just below adiabatic conditions.

Because of the extrapolation, additional uncertainty Eq. (10) was associated
with these measurement points. The uncertainty is treated as a the error from the
slope and intercept at C=0 [38]. The uncertainty of the extrapolations is added to
the overall uncertainty in the laminar burning velocity and the equivalence ratio of
the measurement points.

t S 1 n n(C* - C)? wo
erroTexer = to05n-2 n' nYCc*— (X xC;)?

where

. S C, (1)
n
and
2
S= jZ(U.i —ati—b)

n—2 (12)

For each measurement point, individual t-distributions at 95% confidence
interval was used, depending on the degrees of freedom (n-2) for the number of
experimental data points (n) taken for each measurement point. The mean value of
the parabolic coefficients of all the measurement points (C) and C*=0 was used in
the calculating of errors. The deviation from a linear fit (S) to each data point was
calculated. The extrapolation process is presented in Paper Il, and the fit to the
linear equation to the measurement points is evaluated there, being found to
contribute with ~0.2 cm/s to the overall uncertainty in the laminar burning velocity
for those particular flames.
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5.1.2Spherically expanding flames

The laminar burning velocity can also be determined using spherically expanding
flames [14]. An illustration of a spherical flame can be seen in Fig. 9. The
combustible gas is distributed uniformly within a confined spherical vessel. It is
ignited at the center of the vessel and the flame expands outwards spherically,
whilst consuming the mixture. The gas is stationary, and the increase of flame
fronts radius as a function of time defines as the flame speed relative to the burnt
gas. The velocity on the burnt side can be obtained by tracking the progression of
the flame’s outward expansion. Because of the curvature of the flame front, this
output first needs to be corrected for stretch effects. The stretch effect can be
corrected using linear or non-linear mathematical methods. The choice method for
stretch correction can affect the resulting laminar burning velocity, however,
stretch corrections are not examined in the work related to the thesis and will thus
not be discussed further. Because of the confinement, as the flame progresses and
products are formed, the pressure and temperature in the vessel increase. As both
pressure and temperature affect the laminar burning velocity, the vessel needs to
be sufficiently large to be able to assume that pressure and temperature effects are
negligible, or it should compensated for in the treatment of the output.

The unburnt laminar burning velocity can then be calculated from the stretch-
corrected burnt flame speed. Assuming an infinitely thin flame front, the
relationship between the mass densities of the unburnt gas and the burnt products
can be used to obtain the unburnt laminar burning velocity.

p
Stu = Sip = (13)
Pb

Equilibrium calculations can be used to obtain the densities at +oo from the
flame front. When assuming that the densities at +oo holds true, it requires a
sufficiently large reaction vessel to fit the flame front in its whole, and allow the
flame front to expand. In Fig. 1(b) it is shown how the mass density decreases
across the flame front and is lower in the burnt region behind the flame than in the
unburnt region. The density deceases because the mass is conserved, but the gas is
expanding as more species are formed. Issues can arise because of the width of the
reaction zone, if the product formation is not completed within the reaction vessel.
Spherically expanding flames are limited by the size of the vessel. Because of the
pressure expansion of the burnt gas, the flame propagation can only be measured
as long as the volume of the burnt gas is sufficiently small compared to the total
volume of the vessel.
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In paper Il the effects of the definition of density in the processing of spherical
nitromethane flames, and its implications for determining the laminar burning
velocity of nitromethane+O, are addressed.

"4

unburnt gas

Figure 9: A schematic view of a spherically expanding flame.

5.2Ignition

In order to study ignition on a laboratory scale shock tubes are commonly used.
When ignition is studied on a laboratory scale, the goal is to emulate the ignition
of an adiabatic thermal explosion, with conserved heat and mass and no boundary
(wall) interactions. Shock tubes enable examination of ignition under conditions
which reflect many real life applications of fuel combustion, such as high pressure
and high temperatures.

Paper 1V presents experiments performed in a shock tube using reflected shock
waves.

5.2.1Shock tube

Ignition properties as ignition delay time, examined in Paper IV, and Kinetic
studies of reactions can be readily studied using shock tube techniques. The
experimental work in the study presented in Paper IV was performed during a
research-visit at Combustion Chemistry Center at National University of Ireland in
Galway, Ireland.



In essence, a shock tube is a cylindrical metal tube divided in to two sections
separated by diaphragms, the driver section and the driven section. Figure 10
presents a schematic overview of a shock tube and the general principles of a
shock tube experiment. The driver section is used to create the shock wave
through use of an inert gas under high pressure. In the driven section the fuel
mixture is kept in gas phase under lower pressures. It is in the driven section that
the ignition will be examined. The incident shockwave is generated by bursting the
diaphragms separating the two sections. The shock wave travels through the
driven section. As the shock wave passes the fuel mixture it is instantly
compressed and heated by the pressure rise. Pressure transduces mounted along
the walls of the driven section to detect changes in pressure inside the shock tube.
After hitting the end wall, the shock wave is reflected and travels back. The
reflected shock wave passes the gas again and increases it heat and pressure a
second time. From the output of the pressure transducers the velocity of the
incident and reflective shock waves can be calculated.

The heating of the mixture from the shock wave initiates the ignition process.
The conditions in the mixture after the reflected wave has passed cannot be
measured, but is calculated from the output, considering the ideal gas law, the
Rankine-Hugoniot conservation of mass, energy and momentum, Mach number
and the ratio of the specific heat capacities.

As the reactants are in gas phase and are uniformly distributed within the driven
section, there is no diffusion to consider in the results. The lack of diffusive and
thermal effects makes shock tubes suitable for conducting kinetic experiments as
any activity can be attributed solely to chemistry.

Definition of ignition

The moment of ignition does not have a fixed definition but can be defined in
different ways. The resulting ignition delay time depends on how the ignition is
defined. A common definition is the maximum gradient of the pressure rise. This
definition is well suited in cases where the ignition is clearly separated in time
from the shock wave, and it is a fast process when ignition occurs in a single stage.
Pressure has the advantage that it tracks all activity in the system sufficiently large
to cause a change in pressure. However, as the shock wave itself also is a pressure
wave, in some cases it can be difficult to distinguish from the pressure rise caused
by chemical activity. Luminosity is also a common marker used for ignition in a
shock tube. It can be utilized over a range of wavelengths, or filtered to a specific
wavelength to track a specific species. Luminosity has the limitation that it can
only detect activity which emits light in the detectable range. The limitations in
detectable range of luminosity can also be used as an advantage. Combined with
pressure, it can show if the ignition is controlled by chemistry in the detectable
range or not, depending on how the pressure and luminosity signals behave over
time. Filtering to a specific species, enables signals that are sharp and well-defined
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over time to be obtained, and can also provide information on the chemistry of the
ignition. In Chapter 6.2.2 the definition of ignition is discussed in light on the
experimental ignition delay times measured for and presented in Paper IV.
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Figure 10: A schematic overview of a shock tube experiment. The tubes represents a shock tube, and its contents
illustrates the progression of events occuring inside the shock tube during the course of a typical experiment, from the
tube above to below. The signals are taken from a measurement of nitromethane+O,+N; ignition from Paper IV.



6 Results

In this chapter, the results from the studies behind the thesis are presented. The
chapter is divided according to the studies, presented each of the separately. First
the results from the two studies on alcohols at carbon dioxide-rich conditions are
presented. Then the three studies concerning the combustion behavior of
nitromethane are presented. For each section, the main findings from each study
are presented and discussed.

6.1 Laminar burning velocity of alcohols at CO,-rich
conditions

The laminar burning velocity has been measured with carbon dioxide in previous
studies of gaseous fuels [21, 30, 35, 37, 39, 40]. The use of oxy-fuel-techniques is,
however, not limited to the use of only gaseous fuels, but is pursued for use with
many different types of fuels [41-44]. Therefore expanding the knowledgebase on
fuels burnt at oxy-fuel conditions, with further studies on liquid fuels is of
importance.

However, studies in the literature concerning the laminar burning velocity of
liquid fuels under carbon dioxide-rich conditions are few. Zhou et al. [20]
examined the adiabatic flame temperature and the laminar burning velocity of iso-
octane+air diluted with carbon dioxide. In the study, the laminar burning velocity
was found to decrease with increasing dilution. The decrease was then dampened
at higher dilutions.

Two studies of alcohol combustion under carbon dioxide-rich conditions are
presented in this chapter. Both studies aim primarily at providing the scientific
community with new experimental data on laminar burning velocity of alcohols
under carbon dioxide-rich conditions. Laminar burning velocity measurements for
alcohols with O,+CO, was lacking in the literature previous to the studies
presented in Paper I-11.
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6.1.1 Ethanol+0O,+CO,

The study presented in Paper | exemplifies how detailed kinetic mechanisms can
handle a given set of combustion conditions differently, and illustrate the
importance of validation against experimental results under different conditions.

Experimental data on laminar burning velocity of ethanol+0,+CO, at 298, 318,
and 338 K and atmospheric pressure was presented. The experimental results were
limited in equivalence ratio to <1 by the limitations from the partial vapor
pressure. Two experimental measurements series were presented, conducted one
year apart, and in good agreement.

Three kinetic mechanisms were tested for their performance for
ethanol+0,+CO,. The kinetic mechanisms of Leplat et al. (called LDTV in Paper
1) [45], Saxena et al. (called San Diego in Paper I) [46] and Marinov [47] are well
established in the literature, and all are validated against laminar burning velocity
of ethanol+air flames and have documented predictive capabilities. The
mechanisms of Saxena et al. and Marinov were validated against the same
experimental data from Egolfopoulos et al. [48]. The mechanism of Leplat et al.
was validated against the experiments of Liao et al. [49], whose results are ~2
cm/s lower than those in the experiments of Egolfopoulos et al.

The performance of the mechanisms was evaluated by comparison of the
predictions against the experimental results. The mechanisms showed the same
predictive patterns as in their validation against air. The mechanisms of Marinov
and Saxena et al. start in close agreement on the lean side at equivalence ratio 0.5.
The mechanism of Saxena et al. shows the sharpest incline up to its maximum. Up
to an equivalence ratio of 0.8, the mechanism of Saxena et al. is within the limits
of the experimental uncertainty, whereas at equivalence ratio 0.9<1.0 its
overpredicting. Predictions by the mechanism of Marinov are within the limits of
the experimental uncertainty over the entire experimental range in equivalence
ratio, whereas the mechanism of Leplat et al. underpredicted the experimental
results. Above an equivalence ratio of 1.0 there are no experimental results, the
mechanisms can only be compared with each other. The maximum laminar
burning velocity was found at equivalence ratio 1.1 for the mechanisms of Leplat
et al. and Saxena et al., at all three temperatures, but for the mechanism of
Marinov the maximum was slightly shifted towards the lean side at an equivalence
ratio of 1.05 at 298 and 338 K, but was in agreement at an equivalence ratio of 1.1
at 318 K. The mechanism of Saxena et al. peaked at the highest laminar burning
velocity, the mechanism of Leplat et al. being just below the mechanism of
Marinov. On the rich side, San Diego predicted the highest laminar burning
velocities, whereas the mechanisms of Marinov and Leplat et al. were in close
agreement with each other.
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Sensitivity analysis based on the laminar burning velocity was performed for all
three mechanisms for ethanol+O,+CO, and ethanol+air under stoichiometric
conditions and at 298 K. Figure 11(a) shows ten reactions sensitivity most
sensitive according to the predictions of the mechanism of Marinov for a
stoichiometric flame at 298 K. In Fig. 11(b) a reaction path diagram illustrated the
major paths from the predictions of the mechanism of Marinov et al. of It is
interesting that there was a large difference between the mechanisms for
ethanol+0,+CO,, whereas the sensitivity within the same mechanisms between
ethanol+0,+CO, and ethanol+air were essentially identical in sensitive reactions.
The difference between ethanol+O,+CO, and ethanol+air was found to be in the
magnitude of the sensitivity coefficients.

The most sensitive reactions in all the mechanisms were found to be

0,+H=0H+0 (R1)
CO +OH = CO, +H (R2)
H+0,+M=HO,+M (R3)

The most sensitive reaction R1, showed a higher sensitivity in O,+CO, than in
air for all the mechanisms. Reaction R2 was the only reaction directly involving
CO, that was sensitive, its sensitivity decreasing drastically in O,+CO, as
compared to air for all three mechanisms. This could be because at a high CO,-
concentration R2 reaches a partial equilibrium with its reverse reaction.

The difference in how the mechanisms handle the ethanol+O,+CO, chemistry
appears in the C,-chemistry. In the mechanisms of Marinov and Saxena et al. the
formation of the vinyloxy radical (C,Hs;0) and ketene (CCO) was of importance,
although these stemmed from different sources. The formation of acetaldehyde
(CH3CHO) was of importance in the mechanism of Leplat.

The major differences in chemistry appear to be between the mechanism of
Leplat et al. versus the mechanisms of Marinov and Saxena et al. The distribution
of sensitivity over the chemistry also varied between mechanisms. In the
mechanism of Marinov the six most sensitive reactions were more sensitive to
0,+CO; than in air. Only R1 had a higher sensitivity in O,+CO, than in air for the
mechanism of Leplat et al, all other reactions were more sensitive to air. For
mechanism of saxena et al. the differences in sensitivity of the reactions between
ethanol+0,+CO, and ethanol+air were minimal.

39



HCO0+0,=CO+HO,
HCO+OH=H,0+CO
H+02(+M)=HO,(+M)
H+HO,=H,+0,
CH+H(+M)=CH4(+M)
CH,CH,0+M=CH_+CH,0+M
H+OH+M=H,0+M
OH+HO,=H,0+0,
CH,+OH(+M)=CH_OH(+M)
CH,HCO+OH=CH,CO+H,0
C,H,OH+OH=CH,CH,0+H,0
CH,+HO,=CH,0+OH
OH+H,=H+H,0
CH,CH,0+M=CH,HCO+H+M
CH,(S)+0,=CO+OH+H
CH,HCO+CH,CO+H
H+HO,=OH+OH
CO+0OH=CO,+H
HCO+M=H+CO+M
O+OH=0,+H

-0.2

Sensitivity 0.2

Figure 11: (a) The 20 most sensitive reactions in the mechanism of Marinov and (b) a reaction path diagram, for
ethanol+O,+CO; at 298 K and under stochiometric conditions from the study presented in Paper I.

6.1.2 Methanol+0,+CO,

Paper Il concerns the question of how to expand the usefulness of an existing
kinetic model designed for combustion with air, to the new experimental
conditions of O,+CO, combustion. The article demonstrates how improvement in
the performance at the O,+CO, conditions without compromising of the quality of
the prediction at the original conditions, can be achieved.

Three kinetic mechanisms from literature were compared for their predictive
capacity for methanol+air [50], as well as the new experimental results in Paper II.
One of the examined mechanisms is a modified version of Li et al. [51], according
to updates suggested by Klippenstein et al. [52]. All three examined mechanisms
perform well in predicting the laminar burning velocity for methanol+air. The
mechanism of Mittal et al. [53] over predicted the results when considering
multicomponent transport and thermal diffusion, but performed well with mix
average transport. Of the mechanisms all overpredicted the laminar burning
velocity of methanol+O,+CO,. Both the mechanisms of Li et al. [51] and Li et
al.+Klippenstein et al. were in agreement with the experimental results on the
position of the maximum at an equivalence ratio of 1.2, whereas the mechanim of
Mittal et al. predicts the maxima to occur under slightly richer conditions at an
equivalence ratio of 1.3. The mechanisms of Li et al. and Li et al.+Klippenstein et
al. were also in close agreement on the temperature dependence, and reasonable
agreement on the dependence of the results on the equivalence ratio, with the
mechanism of Li et al.+Klippenstein et al. in closer agreement with the
experimental results.
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The study continued to investigate the origin of the overprediction using
modeling. First, it was examined how carbon dioxide affect the laminar burning
velocity through chemistry and thermodynamical effects. This was examined
using mechanism of Li et al. A procedure of replacing the carbon dioxide by a
unreactive substitute, was proposed in the study by Liu et al. [54], and is discussed
in Chapter 4.5. A fake species, FCO,, was introduced in the mechanisms. This
specie possessed the same thermodynamic properties and collisional efficiency as
carbon dioxide, but did not participate as a reactant in any reactions. The removal
of carbon dioxide as a reactant resulted in a dramatic increase in the predicted
laminar burning velocity, to velocities high above the experimental results as can
be seen in Fig. 13. Without carbon dioxide participating as a reactant the predicted
reactivity from the mechanism increased, proving that carbon dioxide plays a
significant role in the chemistry according to the mechanism from Li et al.

Sensitivity analysis and reaction path analysis for methanol+O,+CO, were
performed in order to identify the most important reactions. In light of the large
amounts of carbon dioxide present in the oxidizer, CO+OH=CO,+H (R2) were
examined for its effect on the laminar burning velocity. Its rate constant has been
well determined and there is agreement in the literature. To investigate whether
small differences in rate constants in R2 could affect the laminar burning velocity,
several rate constants from the literature were tested in the mechanism of Li et al.,
without any significant effect on the laminar burning velocity.

The rate of production analysis and sensitivity analysis demonstrated the
importance of H-abstraction chemistry from methanol. The rate of production
analysis showed that in the mechanism of Li et al. the consumption of methanol
was dominated by almost equal degree by H-abstraction from methanol, by
reactions with OH through two branching channels, and with H to CH,OH. To a
lesser extent the H-abstraction of O to CH,OH and from H to CH;O also
contribute to the consumption of methanol. Then the most important H-abstraction
reactions, namely CH;OH+H and CH;OH+OH were studied in the literature on
the rate constants. It was shown in the literature that the branching ratio of CHs;O
and CH,OH had not been examined experimentally, but theoretical work [55-57]
suggests the branching ratio to be shifted towards CH,OH. In the literature, data
on the experimental rate constants for CH3OH+H (R4) are scattered [58].
Calculated individual rate constants in the study by Meana-Pafeda et al. [56] for
the branching channels of R4 suggest that at room temperature there is 100%
CH,OH formed, falling to 75% at 2500 K. Although the reaction rate of
CH3;OH+0OH (R5) is well established in the literature, the ranching ratio is treated
differently between studies. The rate constant from Xu and Lin [59] was chosen
with an argument borrowed from the study by Mittal et al., that the rate constant is
independent from carbon-chain length for methanol, ethanol and butanol,
supporting the rate constant from the study by Xu and Lin. Changing the rate
constants for R4-R5 resulted in a more accurate description of the CH;O/CH,OH
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branching, but resulted in underpredictions of the laminar burning velocity. Figure
13 also show the effect of updating the branching has on the laminar burning
velocity for methanol+0O,+CO, and methanol+air.

After the sensitivity was normalized against the uncertainty of its rate constant,
HCO+M=H+CO+M (R6) was found to be highly sensitive. Its rate constant in the
mechanism of Li et al. is derived from a wide range of experimental data obtained
in different bath gases, He, Ar, N,, Ne, H,. But the major part of the experimental
rate data was obtained with Ar and He as bath gases, as can be found in the
references in the study from Li et al.

According to the observations of Warnatz, the effect of third bodies can be
related to the bath gas used when measuring a rate constant experimentally as
discussed in Chapter 0. In the mechanism of Li et al. all third body coefficients are
in reasonable agreement with the observations of Warnatz, with the exception of
water in R6. The numeric value used in the study by Li et al. is low in comparison
to the observations of Warnatz. In the study presented in Paper Il it is suggested to
raise the collisional efficiency of water in R7 to 12, which is in reasonable
agreement with the suggestions from Warnatz. The increase in collisional efficacy
is still within the uncertainty limits of the rate constant. This change alone
increased the predicted laminar burning velocity for methanol+0,+CO, and
methanol+air to a high overprediction, as shown in Fig. 13.

Combining the suggested modifications of R4-R5 and the third body efficiency
of H,O in R6 with the updates from the study by Klippenstein et al. and the
mechanism of Li et al. improved the performance compared with the original
version the mechanism of Li et al., as showed in Fig. 12. For the examined
methanol+air flames, the modification did not influence the predictions more than
cause a slight decrease over the entire range of equivalence ratios. In fact, the
modified version predicts the laminar burning velocities within the experimental
uncertainty at an equivalence ratio of >1.0, providing a closer fit as compared to
the original version of the mechanism of Li et al. At equivalence ratio of <0.9 the
modified version underpredicts, but is close to the limits of the experimental
uncertainty. The modified mechanism was found to predict the laminar burning
velocities within the limits of the experimental uncertainty of the experimental
results, providing a closer match to the experimental results of all the examined
mechanisms.
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Figure 12: Experimental results compared with predictions for the laminar burning velocity of (a) methanol+0O,+CO, and
(b) methanol+air, from the study presented in Paper I1.
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6.2 Characterization of nitromethane combustion

To achieve the goal of providing new information on the combustion behavior of
nitrogen containing fuels, a series of three studies was conducted. The studies
examined and quantified the fundamental properties: the laminar burning velocity
and the ignition of nitromethane+oxidizer.

Nitromethane is a potent fuel; used to boost the energy content of a fuel, as for
example in drag racing where nitromethane is mixed with methanol. It is also a
good representative of fuel-bound nitrogen due to its short carbon chain and
nitrogen-carbon-bond.

Nitromethane exhibits the unusual property of reacting through a two stage
process, as has been confirmed in both flame studies [60, 61] and ignition studies
[62, 63]. Hall and Wolfhard [61] analyzed two reaction zones in nitromethane
flames under low pressure. In the first zone, a yellow unidentified emission was
observed. The authors reasoned that this was likely from NO,*. The emitted light
from several radicals were observed in the second zone. A two stage process was
also seen in the modeling from the studies of Boyer and Kuo [60] and study
presented in Paper I11. The study by Guirguis et al. [63] first noted that for a few of
their measurements there were two pressure spikes from ignition observed, but did
not investigate this further. The study by Djebaili-Chaumeix et al. [62] showed
that nitromethane+0O, ignites through two stages. The authors concluded that the
ignition first begins with the decomposition of nitromethane, and then a delayed
ignition of the radical pool follows.

Clues on the structure of the two stage process can be found in species studies
in the literature [60-65], as exemplified by the experimental studies discussed
below. The combustion process starting with the thermal decomposition of
nitromethane, predominantly to CH;+NO, has been demonstrated in shock tube
studies [64].In the study by Hall and Wolfhard emissions from C,*, CH*, CN¥*,
OH*, NH* and NO* was observed in the second stage of their flame.

The nitrogen proceeds from NO, to NO. The reaction NO,+H=NO+OH (R8)
has been attributed as being the dominating exothermic step in detonation studies
[66-69], where a two-stage process also was observed. It was found that in
detonation these two stages proceeded at different velocities independent of one
another.

In earlier nitromethane studies, the equivalence ratio was defined with the
assumption being made that N, is the final product [12]. However, in studies on
nitromethane decomposition, in which NO was measured experimentally, it was
shown that NO is one of the major product formed, but not consumed, and stable
at high temperatures [70, 71]. This supports NO being considered as the final
product from the thermal nitrogen in nitromethane and in the stoichiometric
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balance for the equivalence ratio definition. The role of NO in nitromethane
flames has been discussed by de Jaegere and van Tiggelen [72], as a non-reactive
species in combustion. The study by Tian et al. [73] was the first to consider NO
as being the major product for the nitrogen content of nitromethane. This
definition of stoichiometry and equivalence ratio was also used in the following
publication on low pressure nitromethane flames [74]. Considering this as a
background to the work on nitromethane for this thesis the stoichiometric equation
presented in Chapter 2.1, in which NO is the final product for nitrogen, was used
to define the equivalence ratio.

6.2.1 Laminar burning velocity

In Paper 1l the laminar burning velocity was determined for nitromethane-+air
flames over an equivalence range of 0.8-1.6 at 338-358 K and atmospheric
pressure. The laminar burning velocity was found to peak at an equivalence ratio
of 1.2 for all three temperature-series, 33.04 cm/s at 338 K, 34.27 cm/s at 348 K,
and 36.09 cm/s at 358 K. The exponent for the temperature dependence of the
laminar burning velocity in the form of Eq. (4) was calculated. The experimental
results were compared with predictions by the mechanisms of Zhang et al. [74]
and Brequigny et al. [27] in Fig. 14.

The mechanism of Zhang et al. underpredicted the laminar burning velocity
significantly under al experimentally examined conditions. The maximum at an
equivalence ratio of 1.1 was shifter towards the lean side as compared to the
experimental results. The mechanism of Brequigny could reproduce the position of
the maxima in laminar burning velocity in terms of equivalence ratio, but not in
magnitude. The laminar burning velocities were underpredicted for the entire
experimental range in both temperature and equivalence ratio, but to a lesser
extent than for the mechanism of Zhang et al.

Reevaluation of the results from Brequigny et al.

In Paper Il it can be seen how information on the combustion behavior of a
nitromethane is important for the interpretationof experimental data. It was shown
that the width of the reaction zone of nitromethane+air is important to consider in
the treatment of the output from spherical flames.

The study by Brequigny et al. measured laminar burning velocity at 423 K and
1-3 bar. Their experimental results at 1 bar were compared to the results in Paper
I11. As the two sets of experimental results were obtained at different temperatures,
direct comparison was not possible. Instead predictions from the temperature
dependence, derived from laminar burning velocities in Paper I1l, were compared
to the experimental results from Brequigny et al. The comparison showed that the
data from the study by Brequigny et al. did not fit the temperature dependence. To
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understand the discrepancy, the experimental data from the study by Brequigny et
al. were reexamined.

In the study by Brequigny et al. the laminar burning velocity was calculated
using Eq.(13), from the experimental output with modeled densities calculated for
+oo distance from the flame front by equilibrium calculations assuming that the
flame front fits within the combustion vessel and has reached completion.
However, according to modeling performed in the study presented in Paper 111, the
reaction zone of the nitromethane flames presented in the study by Brequigny et
al. is predicted as being stretched out in radii. In the modeling predictions for these
flames at 1 bar presented in Paper Il it was shown that for several equivalence
ratios, the reaction zone is wider than the limitations placed on the radius of the
closed vessel used in the study by Brequigny et al. to assume undisturbed flame
propagation. The relationship between the flame front and the experimental limits
on the radii can be seen in Fig. 15, in the form of predicted temperature as a
function of distance across the flame structure, representing the predicted flame
fronts for each measured equivalence ratio. For several measurements, the flame
temperature profiles show that the temperature has not reached a plateau
temperature, which would indicate that the chemistry has reached completion, but
instead continues to rise. Then the assumption made in the study by Brequigny et
al. that the combustion process has reached completion and the use of the densities
at +oo does not hold. The flames obtained at 1 bar in the study by Brequigny et al.
were reexamined through modeling, at the experimental limitations in radius of the
closed vessel. Predicted densities were taken at the positions in the flame for the
maximum and the minimum in flame radius from modeling with the mechanism of
Brequigny et al. This new use of densities were utilized in Eq. (13) to recalculate
the laminar burning velocities for the limiting conditions resulting in a range
where the laminar burning velocity is likely to be found, as can be seen in Fig. 15.
After this treatment, the recalculated laminar burning velocities were in better
agreement with the results presented in Paper Il in accordance with the
temperature dependence.
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Figure 14: (a) The laminar burning velocity as a function of the equivalence ratio for the nitrometane+air flames from
Paper 111, together with the experimental results at 423 K and 1 bar from the study by Brequigny et al. Modeling
predictions by the mechanism of Brequigny et al. is shown as lines. (b) The temperature dependence (4) as a function of
the equivalence ratio for nitromethane+air, from both experimental results and modeling predictions from the study
presented in Paper I11.
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6.2.2 Ignition

The study presented in Paper 11l led to the realization that the structure of the
combustion process in a fuel+O, mixture is an important consideration in
experimental measurements of other fundamental properties. The study presented
in Paper IV is an effort to obtain knowledge on the fundamental structure of how
nitromethane reacts. The study provided additional insight on the two stage
process of nitromethane chemistry by examining both stages of the ignition of
nitromethane+O,+N,. Through the analysis of the two stage behavior that occurs
in nitromethane ignition and through discussions on correlations of the ignition
delay times, the literature on nitromethane ignition and measured ignition delay
times, which appeared to be scattered, came to consensus with the ignition of the
two stages, as presented in Paper IV.

The ignition of nitromethane+0,+N, was studies in Paper IV through the use of
luminosity and pressure over time to define the ignition characteristics. From the
experimental traces, it was seen that the detected pressure rise was both fast, i.e.
difficult to separate from the arrival of the shock wave, and stretched out over
time. From the pressure traces it could be seen that there was an activity in the
mixture extending over time, but the pressure traces could not independently prove
that ignition had occurred. The luminosity traces showed that there were two
ignition events separated in time. As the luminosity maxima were well defined,
these were used to define ignition, with each maximum marking a separate
ignition stage. The first stage appears shortly after the arrival of the shock wave,
followed by a second ignition stage of greater intensity in luminosity. It was noted
that the second luminosity maximum and the maximum in pressure coincided in
time. Examples of pressure and luminosity over time for the three of the mixtures
that were examined are shown in Fig. 16. As the pressure rise was gradual it would
give a large uncertainty in the results. For this reason, in Paper IV the maximum
intensity of unfiltered luminosity was used to define the ignition, as that signal was
more clearly defined over time.

The two ignition stages were analyzed as on an individual basis, with their
ignition delay time related to the arrival of the shock wave. The two ignition stages
were analyzed as separate events through the experiments and in the modeling
predictions.
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Figure 16: Pressure and luminosity profiles over time for (a-c) for measurement points exemplefying the ignition in
Mixturec 1-3, from the study presented Paper 1V, and (d) correlations derived in the study presented in Paper IV with
correlations from the literature shown as a function of time.

In Paper IV, correlations equations for both the first and second stage ignition
were derived to quantify the effects of the mixture composition and obtain the
global activation energy for nitromethane+O, ignition. The correlations showed
that the first stage ignition is promoted primarily by the nitromethane content, and
to lesser extent by the O, content. In the second ignition stage, the ignition is
dampened by nitromethane, whereas it has unusual strong promotion by the O,
content. The correlations obtained enabled comparison to be made with
correlations presented in the literature [24, 62, 75] for ignition delay times
measured under different conditions. The correlations are presented and compared
in Fig. 16. The correlations indicate a close agreement of the ignition delay times
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measured in the study by Kang et al. [75] with the second stage ignition. The
correlation from the study by Djebaili-Chaumeix et al. [62] was in reasonable
agreement with the first stage ignition. Mathieu et al. [24] presented two
correlations, based on experiments performed with two different dilutions by
Argon, neither dilution series were in agreement with the other correlations.
Within the context of the results presented in Paper IV, the ignition studied in the
study by Kang et al. and in the study by Djebaili-Chaumeix et al. can be in
consensus to the two ignition stages. The apparent inconsistency in the literature
was, after the literature was analyzed together, shown to be both consistent and to
provide information on different aspects of nitromethane+0O, ignition.

The two latest published kinetic mechanisms made for nitromethane
combustion were compared, the mechanisms of Brequigny et al. [27] and Mathieu
et al. [24]. It was shown that the mechanism of Brequigny et al. could reproduce
both the trends in ignition delay in regards to mixture composition, as well as
reproduced the ignition delay times in reasonably close agreement at 8 atm. The
mechanism of Brequigny et al. was used for further modeling because of its better
performance. However, as unfiltered emission was used for defining the ignition
in the experiments of Paper IV, it was not possible to use the same definition in the
modeling. To evaluate how to best compare the modeling predictions with the
experimental ignition delay times, several definitions were compared and can be
seen in Fig. 17. Because the mechanism from Brequigny et al. does not contain
excited species, the maxima in concentration for precursor-species of those excited
species which emit light within the range of the experimental luminosity, and the
predicted maximum gradient in pressure were tested as markers for the ignition,
and were examined over time. These precursors were compared with each other
and to the experimental ignition delay times. It was demonstrated that maxima of
the selected precursors was in close agreement in position over time, and that the
choice of ignition marker did not influence quality in the interpretation of the
modeling predictions of the study.
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6.2.3Nitromethane under CO,-rich conditions

In Paper V, laminar burning velocity measurements for nitromethane+O,+CO,
were presented for the first time. The experiments were preformed under
atmospheric pressure using the Heat flux method at an equivalence ratio of 0.8-1.3
at 348 K, and equivalence ratio 0.8-1.6 at 358 K. The effect of the oxidizer was
examined by varying the molecular oxygen fraction30-40% for a stoichiometric
flame at 358 K.

The experimental results were used as input in comparing predictions from two
kinetic mechanisms from the literature, the mechanisms of Brequigny et al. [27]
and Mathieu et al. [24]. There is a discrepancy in the quality of the modelling
predictions between the CO,-rich condition of the present study and in air, as can
be seen in Fig. 18(a) as well as in Fig. 19(a-b). Both mechanisms underpredicts the
laminar burning velocities of nitromethane+0O,+CO, presented in Paper V over the
entire range of equivalence ratios and temperatures. The underprediction for the
mechanism from Brequigny et al. was the greatest, with an underprediction of 6.4
cm/s, as compared to 3.6 cm/s for the mechanism of Mathieu et al. at an
equivalence ratio of 1.1. The quality of the predictions from the two mechanisms
was also evaluated based on predictions of the nitromethane+air flames from
Paper Ill. The mechanism of Mathieu et al. managed to reproduce the laminar
burning velocity for nitromethane+air, whereas the laminar burning velocity was
underpredicted over the entire range of experimental results for
nitromethane+0,+CO,. The quality of the predictions for both mechanisms
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appears to be dependent on both mixture composition and oxidizer composition.
The influence of the content of molecular oxygen in the oxidizer was observed
from the dilution series of a stoichiometric flame at 358 K, and by comparing the
the increase in laminar burning velocity with increasing O, fraction for modeling
predictions and experimental results. Both mechanisms predicted results under the
experimental uncertainty, with the discrepancy deviating further with increasing
molecular oxygen content.

Sensitivity analysis showed that the two mechanisms share the three most
sensitive reactions, as can be seen in Fig. 18(b). The most sensitive reaction for
both mechanisms is H+0,=0+0H (R1) for both nitromethane under carbon
dioxide-rich conditions and for nitromethane+air. This reaction has a well
determined rate constant, there being a solid agreement in the literature. The
reaction is therefore not discussed here further.

The sensitivity of the reaction CO+OH=CO,+H (R2) is essentially the same for
both the mechanisms in the examined cases. The rate constant from the study by
Rasmussen et al. [76] used in the mechanism of Brequigny et al. is valid for 1 bar.
No pressure dependence was employed, although rate constants for a variety of
different pressures were provided in the study by Rasmussen et al. The study by
Mathieu et al. used the rate constant from the study by Joshi and Wang [77]
calculated for the temperature range 120-2500 K.

In the study presented in Paper V the temperature dependence for R2 was
implemented in the mechanism of Brequigny et al. by implementing all the rate
constants for R2 and its other branching channel provided by Rasmussen et al. As
expected, as the flames in the present study are burnt at atmospheric pressure, no
change in performance was observed.

The reaction HCO+NO (R4) showed the highest negative sensitivity in all the
examined cases. Both mechanisms used the same rate constant from the study by
Xu and Lin [79] and exhibit similar sensitivities, therefore this reaction was not
considered further here.

Differences between the mechanisms are to be found in how the nitrogen
chemistry is treated. The mechanism of Brequigny et al. is more sensitive to
reactions involving HNO, whereas the mechanism of Mathieu et al. is more
sensitive towards reaction involving conversion between NO and NO,. There are
also differences in the sensitivity of the fuel reacting with radicals. The reaction
CH3;NO,+OH is sensitive in the mechanism of Mathieu et al. under CO,-rich
conditions and in air. The reaction CH3;NO,+M is sensitive for the case of
nitromethane under carbon dioxide-rich conditions in the mechanism of Brequigny
et al.

HCO+M=H+CO+M (R3) is more sensitive in the mechanism of Brequigny et
al. than in the mechanism of Mathieu et al., for nitromethane in air. Under CO,-
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rich conditions this reaction is essentially equally sensitive between the two
mechanisms; although there are differences in how this reaction is treated in the
mechanisms. R3 is assigned the pressure dependent rate constant from the study
by Hippler et al. [79] in the mechanism from Brequigny et al., whereas in the
mechanism from Mathieu et al. the rate constant by Li et al. [51] is multiplied by
1.2 and used with different third body coefficients than chosen by Li et al. The low
pressure rate constant from the study by Hippler et al. and the rate constant from
the study by Li et al. are in acceptably close agreement, as is the multiplied rate
used in the mechanism of Mathieu et al. However, because of the pressure
dependence in the rate constant for R3 of Hippler et al., under atmospheric
pressure the reaction occurs in its falloff regime. The unusual pressure dependence
and the low pressure rate constant has been questioned by Krasnoperov et al. [80].
The reasoning of Krasnoperov et al. was as follows: Hippler et al. measured the
formyl radical (HCO) decay rates in initial high concentrations, where bimolecular
radical reactions can be expected to occur readily. Yet the formyl decay observed
was attributed to solely the formyl decomposition reaction and interference from
radical-radical reactions was neglected. For the performance under the conditions
in the present study, the rate ~1 atm could be of importance.
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Figure 18: (a) The laminar burning velocity as a function of the equivalence ratio for the experimental results and
modeling for nitromethane+O,+CO, presented together with (b) sensitivity results for an equivalence ratio of 1.2, taken
from the study presented in Paper V.
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Figure 19: Effects of modifications of R3 on the laminar burning velocity of nitromethane+0O,+CO, and of
nitromethane+air, from the study presented in Paper V.

The mechanisms also dealt with the collisional efficiencies differently, most
notably in the case of water, a third body which was shown to be of importance for
flames at carbon dioxide-rich conditions in the study presented in Paper Il on
methanol+0O,+CO, flames. Increasing the third body collisional efficiency for
water in the mechanism of Brequigny et al. to 12, the same numerical values as
employed by Mathieu et al. and in the study presented in Paper Il were found to
decrease the laminar burning velocity even further to a level below the
experimental results as can be seen in Fig. 19

Using the rate constant at the low pressure limit would more realistically
represent the conditions of the present study; therefore the rate constant from Li et
al. multiplied by 1.2 as implemented by Mathieu et al, was implemented separately
in Brequigny et al. and tested for its effect on the laminar burning velocity. This
increased the predicted laminar burning velocity closer to the experimental results.
Now the performance at carbon dioxide-rich conditions is improved to be better
than Mathieu et al. as can be seen in Fig. 19(a). For the nitromethane+air flames,
which can be seen in Fig. 19(b), the modified version of Brequigny et al.
overpredicts the laminar burning velocity on the lean side at equivalence ratios 1
and below, while reproducing the laminar burning velocity successfully within the
experimental uncertainty in the rich mixtures. The increase of laminar burning
velocity with increased content of molecular oxygen in the oxidizer for the
nitromethane+0,+CO, flames was reproduced within the experimental uncertainty
by the modified version of Brequigny et al.



7 Summary and outlook

New experimental data were provided to the scientific community through the
studies presented in the thesis. In Papers I-1l and Paper V data on the first
measurements of the laminar burning velocity of liquid fuels at carbon dioxide—
rich conditions were presented. The laminar burning velocity of nitromethane was
measured for nitromethane combusted with air as well as with O,+CO,, in Paper
Il and Paper V, respectively. In Paper IV the ignition of nitromethane+O, was
examined as a function of time, and ignition delay times were presented.

The combustion characteristics of nitromethane were explored through examining
its laminar burning velocity and ignition in the studies presented in Papers Il1I-V.
The importance of knowledge of combustion characteristics of the fuel was
highlighted through Paper I11. It was shown that in a study from the literature, lack
of knowledge on the combustion behavior of nitromethane was affecting the
resulting laminar burning velocity from spherical flames in a negative way. The
study presented in Paper Il showed that because the reaction zone was predicted
to be wider than the experimental limitations on the flame, the method used for
calculating the laminar burning velocity was inapplicable. In Paper 1V, the two
stage ignition process was examined for the first time. From examining the two
stage ignition of nitromethane+O,+N,, information as activation energy and the
effect on mixture composition were derived from the experimental results, for both
ignition stages. Previous to Paper IV, there was a seeming inconsistency in
ignition delay times reported in the literature on nitromethane ignition. Through
comparison to correlations from the study presented in Paper IV, it was shown that
the different studies were likely to be accurately describing different stages of the
ignition.

In all the presented studies, predictions from detailed kinetic mechanisms from the
literature were explored and compared to the experimental results. It was shown
that the examined mechanisms deal with the chemistry of the fuels in air and in
0,+CO; similarly. The major differences were found to be between the different
mechanisms. Paper Il and Paper V emphasized the importance of validation of
kinetic mechanisms against experimental results obtained with different diluents in
the oxidizer. Both studied showed that water has a larger influence as a third body
in the formyl decomposition in the flame chemistry with O,+CO, as compared to
air as the oxidizer for their examined fuels. By validation of the combustion of
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nitromethane, against different combustion properties, as the laminar burning
velocity in the studies presented in Paper Ill and in Paper V, and ignition as
presented the study in Paper IV, different aspects of the chemistry could be
highlighted through the mechanisms. The studies revealed that with the current
mechanisms for nitromethane, one mechanism cannot be used to describe both
combustion properties accurately. This indicates that the full picture of
nitromethane chemistry is not yet understood.

The studies presented in the thesis showed that the chemistry of the examined
fuels, predicted with the current kinetic mechanisms from literature, cannot be
directly translated to fuel+O,+CO, flames. The examined kinetic mechanisms
were failing to accurately reproduce the experimental results, when changing the
diluent to carbon dioxide, instead of molecular nitrogen from air.

Through the work presented in the thesis many gaps in the current knowledge
were identified. Future studies can take direction from the thesis for relevant
subjects which would benefit further examination, as for example the weak
pressure dependence of nitromethane+QO, ignition, or development of a kinetic
mechanism with capacity to accurately reproduce flames burnt with carbon
dioxide as the diluent.
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Summary of papers

Paper I. J. D. Nauclér, M. Christensen, E. J. K. Nilsson, A. A. Konnov, Oxy-fuel
combustion of ethanol in premixed flames, Energy and Fuels 26 (2012) 4269-4276

This study is the first to examine the laminar burning velocity of a flame from a
liquid biofuel burnt with O,+CO,, without the presence of N,. The laminar burning
velocity was measured at 298, 318 and 338 K under atmospheric pressure using
the Heat flux method. The experimental results were compared with predictions by
three detailed kinetic mechanisms from the literature, the mechanisms of Marinov,
Saxena et al. and Leplat et al. All three mechanisms were able to provide
predictions in quantitative agreement with the experimental results. The chemistry
as predicted by the mechanisms was compared through sensitivity analysis and
reaction path analysis for ethanol with the present oxidizer mixture and ethanol
with air. In the reaction path analysis it can be seen that the mechanisms shares
major reaction paths. It was shown that the same major reactions, in air and in
0,+CO,, are involved in each, but that the respective reactions differ in sensitivity.

I performed the measurements as well as the modeling, and carried out the
sensitivity analysis. The manuscript was written in collaboration with my
coauthors.

Paper I1: J. D. Nauclér, L. Sileghem, E. J. K. Nilsson, S. Verhelst, A. A. Konnov,
Performance of methanol kinetic mechanism at oxy-fuel conditions, Combust.
Flame 162 (2015) 1719-1728

The laminar burning velocity of methanol+0O,+CO, was measured in this study
using the heat flux method for the first time. The experimental conditions cover
$=0.8-1.5 over a temperature range of 308-358 K at atmospheric pressure. Three
detailed Kinetic mechanisms were compared in terms of their predictive
capabilities for accurately reproducing the laminar burning velocity of the
experimental results of the present study and of methanol+air. The examined
mechanisms were the mechanisms of Li et al. Li et al. with the suggested updates
from Klippenstein et al., and Mittal et al. All the examined mechanisms
overpredicted the laminar burning velocity of methanol+O,+CO,. The
decomposition of formyl was shown to be sensitive in methanol+0,+CO,, but not
in air. Sensitivity analysis was used to examine the chemistry of the mechanisms
of importance for methanol+0O,+CO,. It was shown that updating the reactions of
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methanol with H and OH, and use the updates suggested by Klippenstein et al.,
together with modification of the third body efficiency of water in the
decomposition of formyl in line with the suggestions of Warnatz, improved the
performance of the mechanism of Li et al. for methanol combustion in O,+CO; as
well as air.

In this study the experiment were carried out by L. Sileghem and myself. The
modeling was performed by me. The analysis of the kinetic mechanism, and
suggested improvements was done by me. | wrote the major part of the
manuscript, which was finalized by E. J. K. Nilsson and A. A. Konnov.

Paper 111: J. D. Nauclér, E. J. K. Nilsson, A. A. Konnov, Laminar burning
velocities of nitromethane+air: a comparison of flat and spherical flames,
Combust. Flame 162 (2015) 3801-3807

Experimental measurements of the laminar burning velocities of nitromethane+air
at 338-358 K at atmospheric pressure using the Heat flux method were presented
in this paper. The results were compared with laminar burning velocities obtained
from spherical flames at 423 K and 1 atm by Brequigny et al. The temperature
dependence in the present study, and kinetic modeling carried out were used to
facilitate the comparison. The predicted temperature profiles showed that the
width of the reaction zone of nitromethane flames needs to be considered in the
processing the laminar burning velocity of spherical flames. The conventional
approach of considering the ratios of calculated equilibrium densities at infinite
distance from the flame front was found unsuitable for these particular flames.
After recalculating the data from Brequigny et al., using predicted densities at the
experimental limits for flame radii, the results obtained were found to be in closer
agreement with the present study. The article does not claim that the recalculated
laminar burning velocities represent true numerical values, but instead that they
point to an issue to consider when working with nitromethane flames.

I measured the laminar burning velocities and performed the modeling. The data
analysis and reinterpretation of literature data were performed by me. I was
responsible for preparing the manuscript, which was finalized by A. A. Konnov.

Paper 1V: J. D. Nauclér, Y. Li, E. J. K. Nilsson, H. J. Curran, A. A. Konnov, An
experimental and modeling study of nitromethane+0O,+N, ignition in a shock tube,
Fuel 186 (2016) 629-638

This study examines the ignition of nitromethane+O,+N,. The ignition was
investigated in a shock tube over a temperature range of 947-1333 K at 8, 16 and
32 atm for three different mixtures. From pressure and luminosity traces over time,
two ignition stages were identified and were examined further. Both ignition
stages were examined in terms of their respective temperature and pressure
dependence. The influence of mixture composition and activation energy was
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investigated through calculation of correlation equations for each ignition stage by
tracking the ignition delay times. The experiments revealed that within the
examined range of pressures, both ignition stages have very weak pressure
dependence. The activation energies derived from the experimental results were
found to be 15.16 kcal/molK and 20.89 kcal/molK for the first and second ignition
stages, respectively. The first ignition stage was demonstrated to be driven mainly
by fuel content, indicating this stage to be primarily controlled by the products
from the thermal decomposition of nitromethane. The second ignition stage was
promoted by the molecular oxygen content, and was dampened by nitromethane.
The mechanism of Brequigny et al. was used in an attempt to reproduce the
experimental ignition delay times. The modeling was able to reproduce the two
stage ignition and the activation energy of the second stage ignition. It failed,
however, to reproduce both the pressure independence of both ignition stages, and
the activation energy of the first stage ignition.

The experiments were performed by me together with Y. Li. The analysis of the
data from the literature was done by me. | performed the modeling and the data
processing. | was responsible for the manuscript, which all of the co-authors
contributed to.

Paper V: J. D. Nauclér, E. J. K. Nilsson, A. A. Konnov, An experimental and
modeling study of nitromethane flames at CO,-rich conditions, submitted to
Energy and Fuels

Laminar burning velocities for nitromethane+0,+CO, were measured for the first
time. Experimental results for equivalence ratio of 0.8-1.3 at 348 K, and for
equivalence ratio of 0.8-1.6 at 358 K, under atmospheric pressure were presented.
The measurements were performed using the Heat flux method. The experimental
results were used as input in comparing two contemporary mechanisms in terms of
their performance at the conditions of the present study. Through sensitivity
analysis it was shown that there were larger differences in the treatment of the
chemistry between the two mechanisms than between combustion in O,+CO,
versus in air. The reaction of HCO+M was updated in the mechanism of
Brequigny et al. to the rate constant from Li et al. multiplied by 1.2 as used in the
mechanism of Mathieu et al, with associated third body coefficients. The update
resulted in improved performance for the flames presented in the current study,
and for the nitromethane+air flames from the study in Paper III.

Both the experimental work and all of the modeling presented were performed by
me. | was responsible for the manuscript, which all co-authors contributed to.
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Oxy-fuel Combustion of Ethanol in Premixed Flames
Jenny D. Nauclér, Moah Christensen, Elna J. K. Nilsson,* and Alexander A. Konnov

Division of Combustion Physics, Department of Physics, Lund University, Post Office Box 118, SE-221 00 Lund, Sweden

ABSTRACT: First measurements of the adiabatic laminar burning velocities of lean ethanol + oxygen + carbon dioxide flames,
at 1 atm and initial gas mixture temperatures of 298, 318, and 338 K, are presented. The oxygen content O,/(0, + CO,) in the
artificial air was 35%. The laminar burning velocities were determined using the heat flux method, where a non-stretched flame is
stabilized under adiabatic conditions. The measurements were found in qualitative agreement with modeling performed using the
Marinov model, the San Diego model, and the model by Leplat et al. In comparison to experimental data, the Marinov model
gave the best quantitative agreement. Notable quantitative differences between the models were analyzed using sensitivity
analysis and reaction path diagrams. Reaction path analysis showed that the Marinov and the San Diego models have the same 12
most important species. Among the 12 most important species in the model of Leplat et al,, 10 species are in common with the
other two models. According to predictions of the Marinov model, combustion of ethanol in air and at oxy-fuel conditions
proceeds via the same reaction path; however, the sensitivities of the key reactions are different.

H INTRODUCTION

Carbon dioxide (CO,) is one of the atmospheric gases
contributing to the greenhouse effect. Reducing the levels of
CO, in the atmosphere is an important part of efforts to
prevent global warming. Oxy-fuel combustion, where air is
replaced by recirculated flue gas and O,, is considered to be of
strategic importance because it offers a pathway for CO,
capture. Besides this, oxy-fuel combustion has shown to have
the additional benefit of reducing the formation of NO,
pollutants in the emissions." ™ Implementation of this approach
to combustion of solid fossil and gaseous fuels has motivated a
significant number of recent investigations reviewed, e.g., in ref
3.

Combustion of liquid fuels under oxy-fuel conditions has
been considered in a few studies, examples are diesel engines
for underwater applications® and iso-octane/air combustion
diluted by CO,.* In the recent work by Zhou et al, oxygen as
well as CO, (in the range of 0—28%) dilution was varied and
the effect on the laminar burning velocity and the adiabatic
flame temperature was investigated. The main conclusion
concerning CO, dilution was that, as the CO, percentage
increases, the laminar burning velocity decreases, with the
decrease slowing as the CO, dilution was increased.

In a work by Lacas et al® the influence of oxidizer dilution in
oxy-liquid ethanol flames was investigated. They report that
increasing the nitrogen mixing ratio lead to a decrease in the
laminar flame speed and, as a result of this, a less stable flame.

Galmiche et al.” report on effects of dilution on the laminar
burning velocity of methane/air flames. When dilution by N,,
CO,, and H,0 is compared, it is seen that CO, results in a
significantly large decrease in the laminar burning velocity
compared to the other two diluents. The origin of this effect
was investigated, and it was concluded that, for CO,, there is
both thermal and chemical effects, with the thermal effect
dominating at higher dilution percentages.

No attempts to investigate flames of liquid biofuels in the
oxidizing mixtures of O, in CO, have been reported thus far, to
the best of the authors’ knowledge. In principle, combustion of
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renewable fuels under oxy-fuel conditions with subsequent
sequestration could be considered as a negative source of CO,
and, thus, positively addresses environmental concerns. Any
endeavor to develop this technology, however, is hampered by
the lack of the background knowledge of the relevant
combustion characteristics.

The adiabatic laminar burning velocity is a fundamental
parameter of each combustible mixture, with dependence upon
the stoichiometric ratio, pressure, temperature, and composi-
tion of the oxidizer. At standard conditions, i.e., atmospheric
pressure and an initial temperature of 298 K, the laminar
burning velocity is valuable for the characterization of
combustion properties of a given fuel, for understanding the
underlying chemistry and validation of models. An important
aspect of the oxidizer composition is the fact that nitrogen,
argon, and helium present in air are not chemically reactive in
combustion, while CO, is reactive and participates in chemical
processes.”

Studying ethanol flames under oxy-fuel conditions is of high
relevance because it is a popular alternative to traditional fuels.®
The laminar burning velocities for ethanol + air at atmospheric
pressure have been measured using a range of experimental
techniques, including the heat flux method used in the present
study. For a summary of available literature data, we refer to
refs 9 and 10 and references therein.

The aim of the present study is the determination of the
laminar burning velocities of ethanol under oxy-fuel conditions,
using the heat flux method,""™"* under conditions when the net
heat loss of the flame was zero. In addition, the flames are
modeled using chemical kinetic schemes commonly used for
ethanol + air flames. Modeling was performed using the original
version of the Marinov model,'® the San Diego model,'® and
the model by Leplat et al,'” in the following referred to as the
LDTV model. These three models are well-known and have
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been validated for ethanol combustion. The qualitative and
quantitative predictability and the sensitivities toward important
reactions for the three different models are discussed in detail.
Similarities and differences between the models are identified
and used to draw conclusions on their performance.

The Marinov model is included in the present work because
it was created for ethanol combustion and is likely the one most
extensively used for applications concerning engine studies.
The LDTV model has recently been used to describe ethanol
combustion in flames, a jet-stirred reactor, and shock-tube
measurements.'” The San Diego model was validated against,
among other characteristics, laminar burning velocities at 1 atm
and several initial temperatures.”

In the following section, the experimental setup and
procedure are outlined. This is followed by a section on
modeling details, including relevant background information
concerning the three models used. The measurements of the
adiabatic laminar burning velocities of ethanol + oxygen +
carbon dioxide flames are then presented and compared to
kinetic modeling results. Sensitivity analyses of the three
models are presented and discussed to elucidate similarities and
differences than can possibly explain their performance in the
present context. Finally, the sensitivity analysis from the
modeling of ethanol flames under oxy-fuel conditions is
compared to the case of ethanol + air flames.

B EXPERIMENTAL SECTION

The heat flux method was used to measure laminar burning velocities
for ethanol + CO, + O, at atmospheric pressure. An oxidizer mixture
of 35 mol % O, was chosen to be compatible with the earlier studies in
methane (ethane and propane) + oxygen + carbon dioxide mixtures.'”
As originally developed for measurements on gaseous fuel, the
method, includin% a discussion on uncertainties, has been reported in
detail elsewhere."’™'* First, measurements using a heat flux setup for
liquid fuels were studied on ethanol + air combustion.” The setup used
for the present experiments is essentially an improved version of the
setup described by Konnov et al. Validation and testing of this setup
were reported by van Lipzig et al.'

The perforated burner plate is kept at 358 K using a heating jacket.
The heat flux method builds on the principle that heat is transferred to
the unburnt gas, cooling the plate, while heat transfer from the flame
heats the plate. At the flow rate equal to the adiabatic burning velocity,
the heat loss and the heat gain are equally large, giving a uniform
temperature distribution over the burner plate. The temperatures at
various distances from the center of the burner plate are measured by
thermocouples placed in the holes perforating the plate. As discussed
by van Lipzig et al,'® temperature measurements close to the edge of
the burner plate are not reliable, and therefore, the outermost
thermocouple is placed at 12.6 mm from the center of the plate. Two
sets of experiments were performed within the present study with the
interval of 1 year. For the first set, a burner with six thermocouples
within the acceptable distance from the center was used, and in the
second measurement campaign, a burner with eight thermocouples
within the same distance was used. The thermocouple readings are
acquisitioned by a 16-channel thermocouple input module, National
Instrument 9213.

A mixing panel is used to control the composition of the fuel and
oxidizer mixture. The oxidizer stream is provided from a gas bottle
and, after passing a buffer vessel split into two streams, regulated by
two mass flow controllers (MFCs) from Bronkhorst B.V. The fuel is
pressurized with N, and the flow is controlled and regulated by a mini
CORI-FLOW from Bronkhorst B.V. The fuel is carried to the
controlled evaporator mixer (CEM) from Bronkhorst B.V., where it is
diluted with the oxidizer stream from MFC 1 and evaporated from the
liquid state to the gaseous state at 423 K. After the evaporator, the gas
stream is further diluted with the oxidizer stream from MFC 2 and
mixed in a 1 m long and 12 mm thick tube before reaching the plenum
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chamber of the burner. The temperature of the unburnt gas mixture is
determined by the temperature of the cooling jacket surrounding the
plenum chamber. The temperatures of this cooling jacket as well as
that of the heating jacket of the burner plate are regulated by
thermostatted water baths.

As mentioned above, sources of uncertainties for the heat flux
method in general'’™* and its application to liquid fuels’ have been
assessed previously. In the following, only uncertainties related to
composition of the oxidizer mixture and metering of gases and liquid
in the present work are described, while in the final error assessment,
all possible uncertainties are included, as outlined by Bosschaart and
de Goey.14

The MFCs were originally calibrated for air flows, and a correction
needs to be applied for the use of a different oxidizer mixture. The first
set of measurements was performed with factory settings recalculated
to 0,/(0, + CO,) = 0.35 by coefficients supplied by Bronkhorst
B.V.2° Before the second set of measurements, a calibration for the
oxidizer mixture used in the present study was performed for the
MEFCs using a drum-type rotameter TG 05 model 10 from Ritter
Apparatebau GmbH. A third degree polynomial obtained from
calibration was used to calculate the gas flows during the second set
of experiments. The same polynomial was used to recalculate the first
set of data, because calibration was more accurate than the coefficients
originally used. The uncertainty in the composition of the 35.0 mol %
0, oxy-fuel gas mixture used was +0.7%. The ethanol (Merck) used
had a purity of 99.9 mol % with less than 0.1 mol % water content. To
prevent water exchange with the atmosphere, fresh unopened bottles
were used. During experiments, the ethanol was stored in a nitrogen
atmosphere in the fuel tank, which minimized the exposure to air and
water exchange to the short time of filling the fuel tank.

The CORI-FLOW MFC, controlling the fuel flow, has a maximum
deviation of 0.2% from the set flow. The gas MFCs have a 0.8%
deviation from the set flow. For this to be accurate, it is reccommended
to work with flows higher than 10% of the maximum flow. The drum
used for calibration has an uncertainty of 0.5%. The absolute error
from the MFCs affecting the adiabatic burning velocity was previously
estimated to less than 0.5 cm s™" for an identical setupA9 The relative
error from the MFCs introduces an uncertainty typically of +0.02 in
the equivalence ratio. In the error estimation of the laminar burning
velocity, uncertainties from the mass flows, the drum calibration, the
temperature readings by thermocouples, the polynomial fit of the
laminar burning velocity calculations, and the CEM operating
temperature were taken into account. The errors are calculated in
the same manner as by Bosschaart and de Goey.'* The overall
uncertainties for the measured laminar burning velocities are estimated
to be typically about +1 cm s™" for 298 K, +0.7 cm s™* for 318 K, and
+0.65 om s™! for 338 K, which are slightly higher than was evaluated
earlier.”

B CHEMICAL KINETICS MODELING

Modeling Details. The ethanol + O, + CO, flames were
modeled using CHEMKIN-PRO.>* Thermal diffusion and
multicomponent transport were taken into account. Adaptive
mesh parameters were GRAD = 0.04 and CURV = 0.5. The
laminar burning velocities were modeled for ® = 0.5—1.6 in
steps of 0.05 for 298, 318, and 338 K for each model. Sensitivity
analysis for the flow rate was performed for each model.
Reaction path analysis was performed at 298 K and an
equivalence ratio @ = 0.85 for the 12 most important species of
each model. The reaction paths were determined at a position
in the flame where there is 50% consumption of ethanol.

Marinov Mechanism. The mechanism developed by
Marinov'® and published in 1999 is likely the most widely
used mechanism for modeling of ethanol combustion. This
detailed model consists of 56 species and 351 reversible
reactions. In the original publication, the mechanism was
validated against data for laminar burning velocities, ignition
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Table 1. Experimentally Determined Laminar Burning Velocities, u;, of Ethanol + O, + CO, at Different Initial Temperatures

318 K

298 K
¢ uy (em s7") [
0.56 + 0.02 1546 + 0.36 0.56 + 0.02
0.60 + 0.02 18.99 + 1.05 0.60 + 0.01
0.67 + 0.02 22.82 + 043 0.67 + 0.02
0.70 + 0.02 26.04 + 1.05 0.70 + 0.02
0.78 + 0.21
0.80 + 0.02
0.90 + 0.02
0.90 + 0.02
1.00 + 0.02
101 + 0.03

338 K

u (ems™") ¢ u (ems™")
17.25 + 047 0.56 + 0.02 19.35 + 0.88
23.47 + 0.68 0.60 + 0.013 23.63 + 0.64
25.85 + 0.44 0.67 + 0.02 2845 + 047
27.22 + 0.68 0.70 + 0.02 30.93 + 0.64
32.56 + 0.39 0.79 + 0.02 35.50 + 0.40
33.00 + 0.68 0.80 + 0.02 36.23 + 0.64
37.64 + 043 0.90 + 0.03 40.61 + 0.42
36.52 + 0.68 0.90 + 0.02 40.06 + 0.64
38.59 + 0.68

39.69 + 0.39

delays, and oxidation in both a flow reactor and jet-stirred
reactor,'® with good agreement. The mechanism was built on
previously published mechanisms for hydrogen and alkane
combustion, in lar§e part published in two papers by Marinov
and co-workers,”*** with minor updates. The reaction subset
for ethanol oxidation includes species C,H;OH, C,H,OH,
CH;CH,0, CH;CHOH, and CH;HCO and is based on
literature data, rate constant calculations, and analogy to similar
reactions. In addition, reactions for HCOOH are included in
the C1 chemistry subset because this species is produced in the
ethanol oxidation mechanism. Branching ratios for a large part
of the reactions were not experimentally available at that time
and were estimated, often on the basis of low-temperature
branching ratios.

With regard to laminar burning velocities for ethanol + air at
conditions relevant to the present study, the model was
validated against the experimental data by Giilder™ at 1 atm
and 300 K and a data set from Egolfopoulos et al,®
extrapolated from measurements at higher temperatures. The
agreement of the model with these two data sets is §00d but
with an underprediction by 2 cm s ™! at @ = 1.05—1.15" and an
overprediction of laminar burning velocity of 3 cm s™" at ® =
0.70-0.75.

San Diego Mechanism. This mechanism was developed
and validated by Saxena and Williams.'®™® It consist of 288
elementary reactions among 57 species, including nitrogen and
C3 chemistry. The mechanism is presented with validation
against ignition delay, laminar burning velocity, diffusion flame
extinction, and structure of partially premixed and diffusion
flames. The mechanism is an extension of a mechanism
developed for a range of other compounds, including propane®
and methanol*”?® To enable simulation of ethanol combus-
tion, 55 new reactions involving C,H;OH, CH,CHOH,
CH,CH,OH, CH,CH,0, CH,CHO, and CH,CO were
added. A large part of the added reactions is adopted from
the mechanism by Li?® with the exception of the initial
decomposition of C,H;OH. Saxena and Williams conclude that
ethylene and acetaldehyde are important stable intermediates in
ethanol combustion, under all investigated conditions."

The laminar burning velocity for ethanol + air at 1 atm and
300 K is validated against the same data set by Egolfopoulos et
al>® as was used for validation of the Marinov mechanism. The
San Diego mechanism reproduces the experimental data well
around stoichiometry'® but shows overestimation by a few
centimeters per second for lean flames at ® = 0.7—0.9. This
means that the San Diego mechanism gives higher laminar
burning velocities than the Marinov mechanism, over the whole
range of equivalence ratios.
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LDTV Mechanism. This mechanism consists of 252
reversible reactions among 36 species. It has adopted the
GRI* mechanism subsets for H,/O,, C1 species, and C2 non-
oxygenated species. Decomposition of ethanol is largely taken
from the Marinov mechanism,"® with parameters for hydrogen
abstraction reactions updated on the basis of theoretical
calculations.*' ™** Also, reactions with CHj radicals are
increased by a factor of 3, and the acetaldehyde submechanism
is updated in comparison to that of the Marinov mechanism. A
range of other modifications and additions were made, for
example the addition of hydrogen atom abstraction by the
oxygen atom on C,H,."”

Laminar burning velocities of ethanol + air at 0.1 MPa and
300 K recently published by Liao et al>* were used for
validation of the mechanism. The mechanism reproduces the
experimental data well,'” but it is important to note that these
experimental results are significantly lower than the results by
Giilder** and Egolfopoulos et al.>* used for the validation of the
Marinov and San Diego mechanisms.

B RESULTS

Experimental Results and Comparison to Models. The
experimental results with associated uncertainties are summar-
ized in Table 1. In Figures 1—3, these experimental data for
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Figure 1. Laminar burning velocity versus equivalence ratio for
ethanol + O, + CO, at 298 K. (<) First set of experimental data and
(®) second set of experimental data. Lines represent modeling: (—)
Marinov model, (- --) San Diego model, and (- --) LDTV model.
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Figure 2. Laminar burning velocity versus equivalence ratio for
ethanol + O, + CO, at 318 K. () First set of experimental data and
(®) second set of experimental data. Lines represent modeling: (—)
Marinov model, (---) San Diego model, and (- - -) LDTV model.
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Figure 3. Laminar burning velocity versus equivalence ratio for
ethanol + O, + CO, at 338 K. (<) First set of experimental data and
(®) second set of experimental data. Lines represent modeling: (—)
Marinov model, (---) San Diego model, and (- --) LDTV model.

three initial gas mixture temperatures, 298, 318, and 338 K, are
presented together with the modeling results. For 298 K
(Figure 1), the equivalence ratio, ®, was varied in the range of
0.5—0.7. At higher equivalence ratios, partial vaporization
pressure of ethanol would lead to condensation of the fuel at
this temperature.”*® The two measurement series conducted
with 1 year between show consistent results and are in
qualitative agreement with the modeling, considering existing
experimental uncertainty and a rather narrow range of the
measurements. The Marinov and San Diego models show
agreement with the experimental results, while the LDTV
model underpredicts the laminar burning velocity in the
investigated range. The maximum of the burning velocity
calculated using the Marinov model appears at @ = 1.05, with a
value of 34.9 cm s™". The San Diego and LDTV models predict
the maximum at ® = 1.1, with values of 39.1 and 33.2 cm s7},
respectively.
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To extend the range of accessible @, the initial temperature
of the mixture was increased to 318 and 338 K, results of the
experiments and modeling are presented in Figures 2 and 3.
The maximum equivalence ratios accessible at these temper-
atures, 1.0 at 318 K and 0.9 at 338 K, were limited by the full
range of the CORI-FLOW. The Marinov model is in
quantitative agreement with the experimental results at all
temperatures and equivalence ratios, while the San Diego
model overpredicts the results at equivalence ratios above 0.7.
The LDTV model gives consistently lower laminar burning
velocities than the experiments. At 318 K, the three models
agree on the position of the maximum, ® = L1, but give
different values of the burning velocity of 42.9, 37.8, and 36.4
cm s~ for the San Diego, Marinov, and LDTV models,
respectively. At 338 K, the San Diego and LDTV models give
maximums of 46.8 and 39.9 cm 5™, respectively, at ® = 1.1. For
the Marinov model, the position is shifted to @ = 1.05 at 338 K,
with a maximum velocity of 41.3 cm s™".

As described in the above sections on the three models, they
have all been validated for ethanol + air flames. When the
results of the three models are compared, it is notable that they
show the same relation concerning the oxy-fuel ethanol flames
as they do for ethanol + air. Under identical conditions, the San
Diego mechanism predicts the highest laminar burning velocity,
while the LDTV model shows the lowest, with a difference of
about 6 cm s7' at the maximum. The performance of the
models in the present study shows trends similar to those in the
ethanol + air cases; over- and underpredictions compared to
experimental results in ethanol + air flames are seen in an
analogous way for the ethanol + O,/CO, flames. In an attempt
to understand the differences in the performance of the models
when applied to oxy-fuel conditions, they are investigated
further using sensitivity analysis and reaction path analysis.

Sensitivity and Reaction Path Analyses. Sensitivity
analysis was performed to identify the reactions that have a
predominant effect on the laminar burning velocity. To find the
routes of the ethanol conversion into products and identify
important intermediary species, reaction path analysis was
performed. The left-hand side panels of Figures 4—6 present
the 20 most sensitive reactions for the Marinov, San Diego, and
LDTV models, and the right-hand side panels show the
reaction paths from ethanol to H,0O and CO,, including the 12
most important species of each mechanism.

From Figure 4—6, it can be seen that the Marinov and San
Diego models have the same important species, while the
LDTV model differs by the lack of the radical CH;CH,O and
the emerging importance of the radicals CH;CO and CH;O0.
The important differences in the reaction of the fuel C,H;OH
are the insignificance of a step producing CH;CH,O in the
LDTV model and the fact that, in both the Marinov and LDTV
models, there are direct paths to CH;CHO not seen in the San
Diego model. The parameters used to represent hydrogen
abstraction from C,H;OH in the LDTV mechanism are based
on recent theoretical calculations by Lin and co-workers.>'~>*
According to Leplat et al,'” a good agreement of the LDTV
model with experimental concentrations of CH;HCO, CH,CO,
and CHj justify the choice of parameters. The choices of
hydrogen abstraction reaction rates and branching ratios have
implications for the production of smaller species further down
the oxidation chain.

HCO is not present among the 12 most important species in
the reaction path of the LDTV model. In both the Marinov and
San Diego models, HCO produced from C,H, and form-
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Figure 4. (Left panel) Twenty most sensitive reactions for ethanol + O, + CO, flame at 298 K and ® = 0.85 for the Marinov model. (Right panel)

Reaction path for the 12 most important species at half consumption of ethanol.
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Reaction path for the 12 most important species at half consumption of ethanol.
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aldehyde are of importance. For all three mechanisms, the
formation of water and CH; from C,H, is important. In the San
Diego model, formyl radical recombines with methyl to form
CH,;CHO.

In all three models, CH;CHOH is oxidized to form water in
both a direct path and through the intermediate, CH;HCO. In
all three mechanisms, C,H, is to some extent formed directly
from C,H;OH. In the LDTV model, C,H, is also formed from
C,H,OH. In the Marinov and San Diego models, C,H, is
mainly formed from C,H,OH and CH; but also from
CH;CHOH and CH;CH,O. In the LDTV mechanism, the
production of CH;CH,O is a minor path for C,H;,OH
oxidation (7%),"” which is significantly lower than the
branching calculated by Marinov and used in the Marinov
mechanism."

The sensitivity spectra shown in Figures 4—6 corroborate
and extend reaction path analysis. The normalized sensitivities
are defined as (6 In u;/ & In k;), where uy is the laminar flame
speed and k is the rate constant of reaction i. Reaction
numbering in the present work corresponds to the Marinov
mechanism, although in Figures 5 and 6, reaction numbers on
the sensitivity panels are taken from the San Diego and LDTV
models, respectively. Not surprisingly, the most sensitive
reaction in all models is

O0,+H=0H+0 (-2)
Typically, for hydrocarbons and oxygenated fuels, reaction
CO+OH=CO,+H (135)

shows one of the highest positive sensitivities, while reaction
H+0,+M=HO,+M )

has one of the most negative sensitivities, because it competes
with reaction —2 for H atoms. A similar competition for the
formation of H atoms and less reactive HO, radicals occurs in
reactions

HCO+M=H+CO+M (130)
HCO + O, = CO + HO, (129)

These and other reactions from hydrogen and C1 submechan-
ism appear in all sensitivity spectra, albeit not always in the
same order of importance. A striking difference between three
models is manifested in fuel-specific reactions of C2 species. In
the LDTV model, reactions

CH,CHOH + HO, = CH;HCO + OH + OH  (171)
CH,CHOH + 0, = CH;HCO + HO, (165)

compete for the consumption of CH;CHOH radicals and the
formation of two reactive hydroxyls or less-reactive HO,. These
reactions do not appear in the sensitivity spectra of the San
Diego and Marinov models. Instead, the formation of vinyloxy
radical and, subsequently, ketene is of key importance in the
last two mechanisms. However, in the San Diego model, they
originate from the vinyl radical, while in the Marinov model,
they originate from acetaldehyde. Finally, reaction

C,H,OH + OH = CH,CH,0 + H,0 (145)

forming CH;CH,O and subsequent competing decomposition
reactions

CH,CH,0 + M = CH,CHO + H + M (158)

2 o+oh=02+h
135 co+oh=co2+h

130 hco+m=h+co+m
10 h+ho2=oh+oh
243 ch2hco=ch2co+h
96 ch2(s)+02=co+oh+h

1 oh+h2=h+h20
158 |  ch3ch2o+m=ch3hco+h+m
34 chd+ho2=ch3+h202
41 ch3+oh=ch2(s)+h20
oh+ho2=h20+02
ch3+oh(+m)=ch3oh(+m)
ch3ch2o0+m=ch3+ch20+m

Reaction number
©o

29 ch3+h+(+m)=ch4(+m)
5 h+02(+n2)=ho2(+n2)
132 hco+h=co+h2
" h+ho2=h2+02
131 hco+oh=h20+co
129 hco+o2=co+ho2
18 h+oh+m=h20+m
-0.2 -0.1 0 0.1 0.2 0.3
Sensitivity

Figure 7. Twenty most sensitive reactions for ethanol + air flame at
298 K and @ = 0.85 for the Marinov model.

1 H+02=0H+0
22 CO+OH=CO2+H
25 HCO+M=CO+H+M
11 HO2+H=20H
45 CH3+OH=S-CH2+H20

101 (C2H3+02=CH2CHO+O
3 H2+40H=H20+H
65 T-CH2+02=CO+OH+H

48 CH3+H02=CH30+0H
179  CH3CH20+M=CH3CHO+H+M
HCO+H=CO+H2
C2H3+H=C2H2+H2
HO2+H=H2+02
CH2CO+H=CH3+CO

Reaction number
N

9 0+OH+M=HO2+M
30 HCO+02=CO+HO2
53 H+CH3(+M)=CHd(+M)
15 HO2+OH=H20+02

6 H+OH+M=H20+M
10 H+02(+M)=HO2(+M)

-0.4 -0.2 0 0.2

Sensitivity

Figure 8. Twenty most sensitive reactions for ethanol + air flame at
298 K and @ = 0.85 for the San Diego model.

2 02+h=0+oh

108 co+oh=co2+h
6 h+ho2=20h
37 ch3+oh=ch2(s)+h20
103 hco+h20=h+co+h20
102 hco+ms=h+cotm
29 ch3+ho2=ch3o+oh

138 ch3choh+ho2=ch3hco+oh+oh
1 oh+h2=h+h20
72 ch2+02=co2+h+h
ch3choh+o=ch3hco+oh
ch3hco+h=ch3co+h2
h+oh+m=h20+m

Reaction number
=)
N

23 ch3+ch3(+m)=c2h6(+m)
387 ch3choh+o2=ch3hco+ho2
5 oh+ho2=h20+02
101 hco+o2=co+ho2
24 ch3+h(+m)=ch4(+m)
7 h+ho2=h2+02
4 h+02+m=ho2+m

03 -02 -0.1 0 0.1 02 03
Sensitivity

Figure 9. Twenty most sensitive reactions for ethanol + air flame at
298 K and @ = 0.85 for the LDTV model.
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CH,CH,O + M = CH, + CH,0 + M (159)

are of importance in the Marinov model, as clearly manifested
in the reaction path analysis as well.

Comparison to Ethanol + Air. To better understand the
difference between conventional ethanol combustion in air and
under oxy-fuel conditions, it is instructive to compare sensitivity
analysis and reaction path analysis. The 20 most sensitive
reactions for ethanol + air flames in all three models are shown
in Figures 7—9. Reaction path diagrams for ethanol + air
combustion are essentially identical to those shown in Figures
4—6 and are therefore not shown. In general, the comparison of
the sensitivity spectra for ethanol burning in 0,/(0, + CO,)
and air shows that they share major sensitive reactions but with
differences in the sensitivity and reaction order.

When comparing the sensitive reactions and the magnitude
of the sensitivity, there are a few trends that are in common for
all three models. The sensitivity of the most sensitive reaction,
reaction —2, is higher for oxy-fuel conditions compared to
combustion in air; the increase is most pronounced for the
Marinov mechanism. The sensitivity to the important reaction
converting CO into CO,, reaction 135, show a significant
decrease for oxy-fuel conditions. It is apparently due to the high
concentration of CO, that leads to partial equilibration with the
reverse reaction, reaction —135.

There are also some trends that are different for the three
mechanisms. A general comment regarding the San Diego
mechanism is that it does not show as much difference in either
sensitivity or the order of sensitive reactions compared to the
other two mechanisms. For the 5—6 most sensitive reactions,
the Marinov mechanism displays a generally higher sensitivity
for ethanol flames under oxy-fuel conditions compared to
ethanol flames in air. The opposite is true for the LDTV
mechanism, for which only the most sensitive reaction show
higher sensitivity under oxy-fuel conditions. An example of this
is that the Marinov mechanism has a higher sensitivity for
reactions involving HCO consumption under oxy-fuel con-
ditions, reactions 129, 130, and

HCO + OH = H,0 + CO (131)

For the LDTV mechanism, all reactions involving HCO
consumption show lower sensitivity under oxy-fuel conditions.

Bl CONCLUSION

The laminar burning velocity for ethanol + O, + CO, was
measured at 1 atm and 298, 318, and 338 K. The experimental
data were compared to the modeling performed with the
LDTV, San Diego, and Marinov mechanisms. The models
showed discrepancies of up to 7 cm s™' compared to each
other. The best agreement with the experimental results was
found for the Marinov model, even though this is the one of the
three models based on the oldest chemical kinetics data.
Reaction path analyses showed that the San Diego and Marinov
models have the same important species, while the LDTV
model has a different set of important species. In the LDTV
model, CH;CH,O and HCO radicals did not appear in this set;
instead, CH;CO and CH;0 have importance. Pathways of fuel-
specific radical conversion are also different between the
models. In the Marinov and San Diego models, the formation
of vinyloxy radical and ketene are of importance, although the
models have different sources for these intermediates. In the
LDTV model, reactive hydroxyls are formed from CH;CHOH.
A comparison of the models for ethanol + air and ethanol + O,
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+ CO, resulted in the same important species from reaction
path analysis. Sensitivity analysis showed that the sensitivities of
the reactions were different in air and oxy-fuel conditions, with
higher sensitivity for the Marinov mechanism and generally
lower sensitivity for the LDTV mechanism. Common for all
three mechanism was that the sensitivity toward the most
sensitive reaction, O + OH = O, + H, was higher under oxy-
fuel conditions.
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Methanol premixed flames were studied under oxy-fuel conditions for the first time. Laminar burning
velocities were measured with the heat flux method at atmospheric pressure for unburnt gas tempera-
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diction of the laminar burning velocity. It was demonstrated that implementation of recently advised rate
constants for reactions of methanol with O, HO,, H and OH, together with modification of the third-body
efficiency for H,O in the decomposition of the formyl radical, significantly improves model performance
both for methanol combustion in air and at oxy-fuel conditions.
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1. Introduction

An approach to deal with emissions of the greenhouse gas car-
bon dioxide, CO,, is carbon capture and sequestration (CCS). A
novel and promising way to implement CCS is the oxy-fuel tech-
nology where air is replaced by molecular oxygen (0,) and CO,.
The CO, is recycled from the flue gas and mixed with O,. The high
concentration of CO, in the gas downstream the burner facilitates
separation of CO, for sequestration. As external gas recirculation
creates CO,-rich combustion conditions, combustion studies of fuel
at these conditions is of high relevance. Also, many internal com-
bustion engines employ External Gas Recirculation (EGR) regimes
which creates CO,-rich conditions. In special applications, like sub-
marine engines, oxy-fuel combustion of liquid fuels is directly
implemented.

Methanol’s popularity as an alternative fuel for engines is
increasing. In China, 6-8% of the transportation fuel pool is meth-
anol (coal-based) in an effort to reduce dependency on imported
oil. Methanol is used both as a blending component (with gasoline)
and as a pure fuel in methanol cars. Methanol is also being consid-
ered as a viable alternative fuel for shipping (mainly in Europe).
The Scandinavian EFFSHIP project [1], investigated a number of
alternative fuels and advanced methanol as the most promising
one. Within the SPIRETH project [2], a “spin-off” from EFFSHIP, a
main engine was run on methanol in a laboratory setting, and an
auxiliary diesel engine on a Swedish RoPax vessel was fueled with

* Corresponding author. Fax: +46 46 222 45 42.
E-mail address: jenny.naucler@forbrf.Ith.se (J.D. Naucler).

http://dx.doi.org/10.1016/j.combustflame.2014.11.033

a blend of primarily di-methyl ether (DME), with some residual
methanol from the onboard fuel conversion process. Within a
2012 TEN-T Multi-Annual Programme funded project [3], an exist-
ing passenger vessel was retrofitted for operation on methanol.

In combustion research methanol is used as a model fuel for
studying alcohol chemistry. A strength of methanol as a model fuel
for kinetic studies is that the chemistry of the H-abstraction prod-
ucts CH,OH and CH30 is relatively isolated from methyl radical
chemistry. This background gives value to methanol studies, not
only for its own merits but as a representative for alcohol
chemistry.

When changing the oxidizer from conventional air to CO, rich
conditions the prerequisites for the combustion process are
altered. CO, not only acts as a diluent for O,, it changes combustion
properties such as heat capacity and flame temperature and partic-
ipates as a reactant in the combustion reactions [4-7].

Chemical kinetic models are commonly validated for combus-
tion in normal air. To enable further understanding and develop-
ment of oxy-fuel technology the performance of the models
under CO,-rich conditions need to be investigated and possibly
improved. The present paper is part of a study of C1-C2 alcohols
under oxy-fuel conditions; in a previous publication it was shown
that models for ethanol + air overpredicted laminar burning veloc-
ities for ethanol under oxy-fuel conditions [8].

In the current work, the laminar burning velocity of methanol
flames at atmospheric pressure and elevated temperatures under
oxy-fuel conditions are presented for the first time. The tempera-
ture dependence of the laminar burning velocity (S;) is interpreted
using the relation S; = Sy (T/To)*, where Sy is the laminar burning

0010-2180/© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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velocity at standard conditions, T is the temperature and Ty is the
reference temperature at standard conditions. The laminar burning
velocities are modeled using kinetic mechanisms by Li et al. [9], Li
et al. with changes according to Klippenstein et al. [10], and Ara-
mco 1.3 [11]. Using sensitivity and rate of production analyses
the mechanisms are evaluated for the CO,-rich conditions of the
study, aiming at the identification of possible improvements in
reaction rate parameters.

2. Experimental

Premixed methanol + O, + CO, flames were stabilized using the
heat flux method [12-14]. The principle of the method is based on
a thermodynamic exchange between the flame, burner head and
unburnt gas. The burner has a heated plenum chamber and a
heated burner plate with 0.5 mm diameter holes. Heating jackets
and thermostatically controlled water is used to keep the burner
head at a constant temperature of 368 K and the plenum chamber
at the desired unburnt gas temperature.

At the adiabatic laminar burning velocity, the net flux of the
heat exchange is zero and the temperature profile of the burner
plate is uniform. The temperature profile as a function of the radius
of the burner plate is given by T,(r)=T. + Cr?, where T, is the tem-
perature at the center of the burner plate; Cis a coefficient in the fit
and r the radius of the burner plate [14]. The adiabatic laminar
burning velocity is found at C = 0. The temperature profile is mea-
sured by eight thermocouples (type T) inserted in holes at different
radial positions of the burner plate and collected by a National
Instrument 9213 thermocouple input module.

The flames were studied at atmospheric pressure, temperatures
of 308, 318, 328, 338 and 358 K and equivalence ratios (¢) in the
range 0.8-1.5. The laminar burning velocity at 298 K was not mea-
sured due to the limitations in the partial vapor pressure for meth-
anol. The oxidizer mixture consisted of 35% O, and 65% CO,, chosen
to approximately match the flame temperature of equivalent
methanol flames with air as an oxidizer [15,16].

The gases were taken from gas bottles, passing through a buf-
fering vessel before a mass flow controller (MFC). To control the
fuel flow, a liquid mass flow controller (Mini-Cori-Flow) was used.
The fuel was mixed with the oxidizer gas and evaporated in a con-
trolled evaporator mixer (CEM). All components of the experimen-
tal setup are schematically presented in Fig. 1. The MFC, CEM and
Mini-Cori-Flow are all from Bronkhorst. The MFC used for the oxi-
dizer mixture was originally calibrated for air, recalibration was
performed with a piston meter Definer 220 from Bios, USA. From
the calibration a third degree polynomial was obtained and used
to recalculate the gas flow settings for the oxidizer mixture.

The methanol from Merck had a purity of 99.9 mol% with less
than 0.1% water content. The oxidizer gas was premixed at AGA
mixing plant, at 35.0 mol% O, in CO, within an accuracy of 0.7%.

One should note that variation of the oxygen content in the oxi-
dizer of the order of 1% may significantly change the measured
laminar burning velocity, as was experimentally demonstrated
by, e.g., Dyakov et al. [17]. To eliminate this uncertainty, two series
of measurements at 308 K and 328 K were performed with on-site
mixing of O, and CO, using separate MFCs. As will be demon-
strated in the following, both types of oxidizer preparation (from
the plant or on-site) yield consistent results.

2.1. Experimental uncertainties

Experimental uncertainties are mainly due to uncertainties in
gas mixture composition and scatter in temperature reading. These
uncertainties need to be accurately quantified to evaluate the error
in the results. Uncertainties in the equivalence ratio stem from the

accuracy of the flows of oxidizer and fuel, and are quantified in the
same manner as by Bosschaart and de Goey [14]. The uncertainty
in the laminar burning velocities is dependent on the accuracy of
the flows of oxidizer and fuel, and the scatter in the temperature
distribution of the thermocouples. The uncertainty from the tem-
perature distribution is represented by the standard deviation from
the thermocouples. This is calculated by a least square fit of the
scatter in the temperature distribution. A mean value of the stan-
dard deviations of the C coefficient for each of the measured points
is then calculated. This mean value is then divided by the slope
from the fit of C vs. flow rate to produce the errors in C.

Due to tendencies of cell formation in flames burned with
0, + CO, [18], all data were obtained at sub-adiabatic conditions
and extrapolated to the laminar burning velocity. The experimen-
tal data points, C vs. laminar burning velocity, at a specific gas mix-
ture composition show a linear relationship in the measured
interval and based on the work of Bosschaart and de Goey [14] it
is assumed that this linearity is valid to the adiabatic conditions
(C=0). At least four measurement points were taken to make sure
the trend was indeed linear. A linear fit to the data was made, fol-
lowed by an extrapolation to C = 0. The extent of the extrapolation
range varies for different flame conditions with respect to equiva-
lence ratio and unburnt gas temperature. At higher temperatures
and richer conditions the flames had a tendency to form cellular
structure around conditions that are expected to be adiabatic,
and therefore the conditions at which the flame was uniformly flat
and suitable for data collection are further below the adiabatic
state compared to colder and leaner conditions. For the measure-
ments at unburnt gas temperature of 308 K the extent of the
extrapolation is 0.3-0.7 cm s~! from the determined adiabatic lam-
inar burning velocity, while at 358 K it is as far as 1.7-2cm s~
This is clearly within the linear region as shown by Bosschaart
and de Goey [14].

The highest initial temperature of the fresh gases, 358 K, was
only 10 K lower than the temperature of the burner head, 368 K.
Hermanns [19] noted that the measured laminar burning velocity
does not depend on the temperature difference between the ple-
num chamber and the burner head, yet a difference smaller than
about 30 K may lead to flame instabilities. This effect is manifested
in the present work in the slightly increased uncertainty of the
laminar burning velocity at 358 K due to the more extensive
extrapolation, as explained in the previous paragraph. The proce-
dure for evaluation of associated uncertainties is described in the
Supplementary material.

In addition to the described major uncertainties in gas mixture
composition and as a result of scatter in temperature readings,
there are a number of other uncertainties. Examples are edge
effects at limiting equivalence ratios, flow uniformity, radiative
heat losses (discussed in the following), limited range of possible
measurements defined by the perforation pattern of the burner
plate, etc. The uncertainties are summarized and analyzed else-
where [20,21] with advises of the methods to control them and
the best laboratory practice to follow.

The uncertainties in the power exponent, «, are evaluated by
considering the uncertainties from the laminar burning velocity
for each experimental point. Each experimental S; value is changed
to its uncertainty limits, AS;, and a new o; is recalculated for each
case. This is done for each experimental point individually in a
sequence. Since:

o= f(Su, Sty Sta) (1)

then the contribution of each measured flame speed to the total
uncertainty in o equals Ax(S;,) = o; — %, where oy is the original
power exponent ¢, calculated from the experimental data. The total
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Fig. 1. A schematic overview of the experimental setup.

uncertainty can therefore be estimated from the squared error addi-
tion rule:

Ax= /3 [Axs,) P @)

All standard deviations are calculated with a 95% confidence
interval.

3. Kinetic modeling

Three detailed kinetic mechanisms were evaluated in the pres-
ent work, from here on referred to as Models I-III.

Model I: The mechanism by Li et al. [9], which is well estab-
lished for methanol combustion and validated for the diluting
gas N, [22]. Here a version further updated by Li et al. is used:
the rate constant for reaction CO +HO, = CO, + OH was changed
[23]. This mechanism contains 84 reactions with 20 species.

Model II: This mechanism is based on Model I with modifica-
tions advised by Klippenstein et al. [10]. The H-abstraction from
methanol by HO, and O, was updated with new rate constants,
and a new product channel for methanol + HO, to CH30 + H,0,
was included. This mechanism contains 85 reactions with 20
species.

Model IIl: Aramco 1.3 from Mittal et al. [11] is a recently devel-
oped mechanism for oxidation of small hydrocarbons and oxygen-
ates. This mechanism contains 1542 reactions with 253 species.

The flames were modeled using Chemkin IV [24]. The
parameters GRAD = 0.03 and CURV =0.01 were used to ensure a
grid-independent solution with a typical number of grid points of
~700. Multicomponent transport and thermal diffusion options
were taken into account.

A sensitivity analysis of the calculated burning velocities was
performed at 318 K and ¢ = 0.6, 1.0 and 1.4 for each of the models.
The rate of production was also studied for key species and ana-
lyzed to find production and consumption pathways for each
mechanism at 318 K and ¢ = 0.6, 1.0 and 1.4.

4. Results and discussion

First, experimental results for the laminar burning velocity of
methanol under oxy-fuel conditions are presented. These results
are subsequently used as a base to study how the models handle
the methanol + O, + CO, chemistry. The focus of the discussion is
on the differences between the models and how these differences
affect the calculated laminar burning velocity. Finally modifica-
tions to Model I are proposed to improve its agreement with the
experimental results. This updated version of Model I is in the fol-
lowing named Model IV.

4.1. Laminar burning velocity

Experimentally determined laminar burning velocities vs.
equivalence ratio (¢) for initial temperatures of 308, 318, 328,
338 and 358K are shown in Fig. 2. Maximum laminar burning
velocities are found at ¢ =1.2 at all initial gas mixture tempera-
tures. Error bars in Fig. 2 show evaluated uncertainties in equiva-
lence ratio and in the burning velocity. While the heat flux
method generally gives errors of ~1 cms~', the uncertainty from
each experimental point is calculated individually, ranging from
0.63 to 1.23 cm s, dependent on ¢ and unburnt gas temperature,
as presented in Tables 1 and 2. The temperature dependence of the
laminar burning velocity is commonly described by the relation:
S1=S10(T/To)*, which was probably first suggested by Heimel
[25]. Elucidation of the temperature dependence is important both
from practical and fundamental points of view. Many engineering
and CFD codes implement this relation to evaluate burning velocity
at the elevated temperatures often not covered in laboratory
experiments; comparison of the power exponents o obtained from
experiments and derived from different models provides an inde-
pendent validation tool; finally interpreting measurements
obtained at different temperatures using this relation helps to
check that the data are not biased by some systematic errors
[25]. Presented on a log-log scale, the experimental results are
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Fig. 2. Laminar burning velocity vs. equivalence ratio for methanol + O, + CO»
flames for temperatures 308 K (square), 318 K (circle), 328 K (triangle), 338 K
(diamond), and 358 K (pentagon).

50
484
46 4
444
424
404
38
36

34

324

30

Logarithm of laminar burning velocity [cm s“]

0-ee-- K
Phi=l.l === ¥ Phi=l.5-=--
T T T T T
310 320 330 340 350 360
Logarithm of unburnt gas temperature [K]

28

Fig. 3. The logarithms of laminar burning velocity vs. unburnt gas temperature for
methanol + O, + CO, flames.

Table 1

Experimental laminar burning velocity, S;, for methanol + O, + CO, flames at initial temperatures 308, 318 and 328 K.
308K 318K 328K
D S (cms™') @ S (cms ™) ) S (cms ')
- - 0.8+0.011 30.36£0.72 - -
0.9+£0.012 33.50+1.32 0.9+0.012 35.40+1.12 0.9£0.012 36.32£0.72
1.0+£0.014 36.88+1.24 1.0+£0.014 38.91+1.02 1.0+0.013 40.47 £0.83
1.1£0.15 38.61x1.12 1.1£0.015 40.78 £1.01 1.1£0.015 42.15+0.73
1.2+0.017 38.98 +0.99 1.2+0.017 41.07 £+ 1.04 1.2+0.016 42.56 £0.73
1.3+0.018 38.14+1.03 1.3+0.018 39.77+1.01 1.3£0.017 41.03 £0.63
1.4£0.019 35.85+1.01 1.4£0.019 37.58+1.18 1.4£0.019 39.47 £0.81
1.5+0.021 32.89+1.23 1.5+0.021 34.24+1.13 - -

Table 2

Experimental laminar burning velocity, S;, for methanol + O, + CO, flames at initial
temperatures, 338 and 358 K and power exponent o.

338K 358K o

> S (cms™) @ S (cms ™)

0.8+0.011 33.68 £0.96 0.8+0.011 36.60 +1.00 1.58£0.28
0.9+0.012 39.00 £ 0.90 0.9+0.012 42.15+0.93 147 £0.16
1.0+0.014 42.70 £0.92 1.0+0.013 46.19 £0.98 1.45+0.15
1.1£0.015 4472 £0.94 1.1£0.015 48.71£1.04 1.50£0.14
1.2£0.016 45.13 £1.02 1.2£0.016 49.16£1.10 1.52£0.14
13£0.018 43.93 £1.01 1.3+0.017 47.75£1.11 1.54%0.15
1.4+0.019 41.27 £1.06 1.4+£0.019 45.01+1.10 1.56£0.16
1.5+0.020 37.95+1.06 1.5£0.020 41.73+£1.21 1.67 £0.19

expected to have a linear relationship, which is seen in Fig. 3.
Experimental values obtained with different types of oxidizer
preparation (on-site at 308 K and 328 K and from the plant at
318K, 338 K and 358 K) accurately follow the linear trend lines
confirming the consistency of the measurements and allowing to
neglect any variation of the oxidizer composition. From the slope
of the linear fit, the power exponent o was derived, see Fig. 4.
The scattering of experimental values of « and the magnitude of
the error-bars is too large to draw any certain conclusions on its
relationship to ¢ from the measurements only. Also shown in
Fig. 4 are power exponents o derived from different models, fur-
ther discussed in the following.

4.2. Comparison and analysis of the models

Predictions of the three models outlined above have been com-
pared with the measurements of methanol + air flames [26] and
with the results at oxy-fuel conditions obtained in the present
work. Results for the initial gas mixture temperature of 318 K are
used to illustrate the behavior of the models.

The performance of Models I-1II is evaluated by comparing lam-
inar burning velocities of methanol + air flames at 318 K to results
from a previous study in the same laboratory [18], as presented in
Fig. 5. The experimental uncertainties reported in that work are
about 0.5-1cms™'. As the heat flux method generally gives a
reproducibility of ~1cms™! the laminar burning velocities are
presented with 1 cm s~ error bars in Fig. 5. At the lean side Models
I-1II are all in agreement with the experimental values. Models I-1I
shows minor overpredictions of about 2 and 1 cm s, respectively,
at stoichiometric conditions, while the overprediction of Model III
is as large as ~5 cm s~ . On the rich side Model Il overpredicts the
laminar burning velocity by ~4 cm s~!, while Models I-1I predic-
tions are in agreement with the experimental results. One should
note that when using mixture-average transport instead of multi-
component transport, Model IIl is in considerably better agreement
with the experimental results. Models I and II are much less
sensitive to the choice of transport properties. Figures S5 and S6
available in the Supplementary material illustrate the performance
of Models I-IV with different transport properties taken into
account.
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The experimental and modeling results from Models I-III for
methanol + O, + CO, with an unburnt gas temperature of 318 K
are presented in Fig. 6. For lean and stoichiometric conditions,
Models I-II give results just above the experimental uncertainties,
while Model III gives predictions within experimental uncertain-
ties. At the experimental maximum laminar burning velocity, at
¢ =1.2, Models I-IIl overpredict significantly as compared to the
experimental results. On the rich side all three models significantly
overpredict experimental results. Figures S1-S4 presenting the
model performance at all other measured temperatures are avail-
able as Supplementary material.

As shown in Fig. 4, all three models predict the same non-linear
temperature dependence for ¢ =0.5-1.6, with a minimum at ¢
=1.2; i.e. the same ¢ as where the maximum of the laminar
burning velocities was found. Since the models predict similar
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Fig. 5. Comparison between experimental results (symbols) [26] and modeling
results (lines) for methanol + air at 318 K. The models are Model I (solid), Model I
(dash), Model I1I (dot) and Model IV (dash dot).
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Fig. 6. Comparison between experimental results (symbols) and modeling results
(lines) for methanol + O, + CO, at 318 K. The models are Model I (solid), Model Il
(dash), Model III (dot) and Model IV (dash dot).

temperature dependency, temperature is likely not an important
factor affecting the difference in performance of the models at
the present conditions. As the uncertainty of the experimentally
determined o is large, and the model predictions are within this
uncertainty no conclusion can be drawn with any certainty.

The different models’ performance for methanol burning in air
or at oxy-fuel conditions can stem from differences in flame tem-
peratures, radiative properties or chemical involvement of CO,.
Model I was used as a platform to examine these effects. The calcu-
lated adiabatic temperature for the methanol flames under oxy-
fuel conditions is slightly higher (by about 100 K) than for metha-
nol + air at ¢ = 1.0 and an unburnt gas temperature of 318 K. This
difference in temperature is insignificant compared to the flame
temperature. The deteriorated performance of the models with
0, + CO; as oxidizer as compared to air thus cannot be explained
as an effect of the shift of the flame temperature window.

With the amounts of CO, present in the oxidizer mixture, the
effect of radiative heat loss from the flame could possibly be of
importance. Planck’s mean absorption coefficients from an opti-
cally thin model for CO,, CO and H,0 [27], were incorporated in
Model I to examine this effect. 1-D freely propagating flames were
modeled using Chemkin IV [24] and solving the energy equation,
which includes heat losses from the burnt gases to the surround-
ings at room temperature. In this simplified numerical setup the
presence of the burner plate and reabsorption of the radiation by
the fresh gas mixture are not considered. Inclusion of those would
decrease the effect and therefore the results obtained here provide
a conservative upper limit of the possible effect. It was found that
the radiation from the flame has a minor influence on the calcu-
lated burning velocity which is only reduced by ~0.5cms™', as
can be seen in Fig. 7. In real measurements up to 50% of the radi-
ative heat losses may reflect from the burner surface and further
re-absorb by the fresh gas mixture making this effect even less
important. Radiative heat loss, therefore, is neglected in the contin-
ued evaluation of the models. It is interesting to note that in rele-
vant studies of the radiation-induced uncertainty of the burning
velocity derived from spherical flames (see e.g. [28] and references
therein) the one-sided bias was found within 5% and 2% for
mixtures propagating faster than 12 cms~' and 26 cm s™', respec-
tively. The predicted effect is therefore somewhat higher in spher-
ical flames (about 0.6 cm s~ [28]) since it includes contributions



1724 J.D. Naucler et al./ Combustion and Flame 162 (2015) 1719-1728

75 T T T T

70 1
65 4

60 4 g

504 A

30 4

. . . -1
Laminar burning velocity [cm s™]
=
&

L

5] 4 ©  Experimental data ]
A —— MeOH+0,+CO,
20 4 == =-MeOH+0,+CO, + radiation
f ----- MeOH+O,+FCO,
15 T T T T
0.6 0.8 1.0 1.2 1.4 1.6
¢

Fig. 7. Comparison between experimental results (symbols) and modeling results
(lines) for methanol + O, + CO, at 318 K. Baseline modeling with Model I (solid),
with radiative losses (dash) and flames with CO, replaced with fake CO,, FCO, (dot).

from temperature reduction of the flame front and negative flow
speed of the burned gases. On the other hand, Yu et al. [28] admit-
ted that their evaluation is also a conservative upper limit, since
they did not take into account wall-reflected radiation.

To investigate whether CO, chemistry has a significant impact
on the model performance, CO, was replaced with a substitute,
fake CO, (FCO,), with the same thermal properties, but which does
not participate in the chemistry. This procedure has been proposed
by Liu et al. [5]. The result was a drastic increase in the modeled
laminar burning velocity, by about 25cms~"' at stoichiometric
conditions, as illustrated in Fig. 7. As a second test, collisional effi-
ciency coefficients for FCO, were included in the FCO, model. The
coefficients were added to all third body reactions within Model I
and set to the corresponding value as the CO, coefficients. This
gave an increase in the laminar burning velocity of ~1% as com-
pared to the FCO,-modeling without changes in the third body
coefficients. These results are thus a strong indication that CO, is
highly chemically active in the flame.

The methanol + air mixtures exhibit higher burning velocities
than the corresponding oxy-fuel mixtures (with 35% O, and 65%
CO,) as seen in Figs. 5 and 6. One should note, however, that meth-
anol + air and methanol + O, + CO, are different systems, where a
number of factors differ, as heat capacity of inert, amount of oxy-
gen in the oxidizer and radical composition in the reaction zone.

The sensitivity and rate of production of species related to
methanol consumption, have been analyzed to further elucidate
the reactions involved. The twenty most sensitive reactions for
Models I-1II under oxy-fuel conditions, at ¢ =1.0 and 318 K, are
presented in Fig. 8. Figure 9 shows the twenty sensitive reactions
multiplied with uncertainty factors from Baulch et al. [29]. The
reaction numbering corresponds to the mechanism of Li et al. [9].
The sensitivity spectra are similar for Models I-1I, with the excep-
tion of four minor reactions which differ between Models I and 11,
HO, + HO, = H,0, + 0, (14), CH,0 + OH = HCO + H,0 (44), CH; + -
OH=CH,0+H (61) and CH30H +HO, = CH,OH + H,0, (91). The
most sensitive reaction is H+ O, =0 + OH (1), but despite its high
sensitivity (1) is not considered further as this reaction rate is well
studied and thus has a low uncertainty [29]. An important differ-
ence in sensitivity is related to the reaction of methanol with the
hydroxyl radical, where the isomeric products formed differ in

CH20+H(+M)=CH20H(+M)
H202(+H20)=OH+OH(+H20)
CH30H+OH=CH20H+H20
O+H2=H+OH
CH20H+02=CH20+HO2
HCO+OH=CO+H20
H+02=0+OH
HCO+M=H+CO+M
CO+OH=CO2+H
HO2+H=OH+OH
CH30H+OH=CH30+H20
CH30+M=CH20+H+M
H2+OH=H20+H
HO2+HO02-H202+02
H202(+M)=OH+OH(+M)
CH20+OH=HCO+H20
HO2+0=02+0H
H202+OH=HO2+H20
HCO+H=CO+H2
H+02(+M)=HO2(+M)
CH20+H=HCO+H2
CH3OH+H=CH20H+H2
HO2+H=H2+02
H+OH+M=H20+M
HCO+02=CO+HO2
HO2+OH=H20+02
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Fig. 8. The twenty most sensitive reactions for methanol + O, + CO, at phi=1.0
with Model I (white), Model II (red), Model III (green) and Model IV (black).
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CH20+OH=HCO+H20
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Fig. 9. Combined uncertainty and sensitivity affecting calculated S; for metha-
nol + 0, + CO, at phi = 1.0 with Model I (white), Model II (red), Model III (green) and
Model IV (black). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Model Il compared to Models I-1I. Models I-1I are sensitive to reac-
tion CH30H + OH = CH30 + H,0 (78) at ¢ = 1.0. As this reaction is
flame promoting, and one of the most important methanol-
consuming reactions in Models I-II, an erroneous rate constant is
expected to have a large impact on the laminar burning velocity.
Model III is sensitive to reaction CH;OH +OH = CH,OH + H,0
(79). Reaction CH30H + H = CH,OH + H; (75) is among the 20 most
sensitive reactions with similar sensitivity in all three models.
Reaction CH,OH + 0, = CH,0 + HO, (57) is among the sensitive



J.D. Naucler et al./ Combustion and Flame 162 (2015) 1719-1728 1725

0.00 L T g

Total consumption
r = =+ CH,OH+OH=CH,OH+H,0
CH,0OH+OH=CH,0+H,0
————— CH,OH+H=CH,OH+H,
CH,0H+O=CH,0OH+OH
"H,OH+H-CH,0+H,

T

Rate of production [mole cm™ s™]

T T
1.48 1.50 1.52
Distance over burner [cm]

Fig. 10. Consumption profile for methanol + 0, +CO, at ¢=1.0 and 318K for
Model I.

reactions in Model IIl only, for both air and oxy-fuel conditions. The
decomposition reaction CH3;0 + M = CH,0 + H + M (63) is sensitive
in Models I-IL

The production and consumption rates of key species in the
three models were compared. The consumption of methanol can
be linked directly to the calculated laminar burning velocity, espe-
cially in the lean flames, where the fuel is the limiting species.
Figure 10 shows the consumption profiles for methanol in Model I
at ¢ = 1.0 and 318 K via the most dominant reactions. The H-abstrac-
tion by OH (78-79), H (75) and CH3;0H + H = CH;0 + H; (76), and
CH30H + O = CH,OH + OH (77), are the dominant methanol con-
suming reactions, but the ratio between them vary in the three
models. In Models I-II the dominating reactions are H-abstraction
with branching to CH,OH and CH30. CH,OH is produced by reac-
tion with OH (78), O (77) and H (75), while CH50 is mainly from
OH (79). In Model III, the methanol consumption is dominated by
the formation of CH,OH (75, 79). Reaction with OH (79) is domi-
nating in the methanol consumption, at ¢ = 1.0, with ~60% of the
overall rate. Reaction (75) consumes ~30% of methanol.

In Models I-1I the production of CH,OH and CH50 as a result of
H-abstraction from methanol are close to equal, while for Model III
the production of CH,OH is almost 10 times higher than that of
CH;0. The ratio between (79) and (75) can be part of the explana-
tion of the lower laminar burning velocity of Model III at lean con-
ditions, as reaction (79) is chain propagating, and reaction (75)
leads to chain branching. In Models I-II reaction (79) has an equal
contribution to the methanol consumption as reaction (75),
increasing the laminar burning velocity of Models I-II, by having
a higher chain-branching contribution to the methanol consump-
tion, than in Model III. In Models I-1II, CH,OH is consumed mainly
by reaction (57). Reaction (57) has the same rate constant in Mod-
els I-1II, therefore the sensitivity is presumably a response to reac-
tions (75, 77, 79) producing CH,OH. CH3;0 consumption is
dominated by the unimolecular decomposition to CH,0 +H (63)
with a minor contribution from reaction with O, (67). Different
rate constants of reaction (67) are used in the mechanisms consid-
ered. In Model III a slower rate constant is used compared to Mod-
els I-II.

Carbon dioxide reacts with radicals to form carbon monoxide. It
will compete with O, to react. From the sensitivity profiles, there
are no major differences in how the mechanisms deal with CO,
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Fig. 11. The effect on the modifications suggested in Section 4.3 on the modeled
laminar burning velocity of methanol + O, + CO, flames.

and CO. There are five shared sensitive reactions involving CO, with
no major differences in sensitivity. The most sensitive of the CO
reactions is CO + OH = CO, + H (23) which is also the major reac-
tion consuming CO; in the reverse direction. Reaction (23) has a
different rate constant in Model IIl compared to Models I-1I.

Additional sensitivity analyses are illustrated in Figs. S17-S27
in the Supplementary material.

4.3. Modifications analyzed

From the sensitivity and rate of production analyses presented
above, key parameters potentially affecting the mechanism perfor-
mance at oxy-fuel conditions, were identified. Model I is a well-
established model for methanol flames, and was chosen as the base
for modifications aiming at improving the performance at oxy-fuel
conditions. The modified version of Model I is called Model IV and
the modifications are described below. The attempted modifica-
tions resulted in a very good agreement with experimental data
for flames in air as well as under oxy-fuel conditions. The results
can be seen in Figs. 5 and 6. In Figs. 10 and 11 the effect of the sug-
gested modifications on the predictions of the laminar burning
velocity for Model I is illustrated. The modifications are incorpo-
rated in Model I first separately and then together, to produce
Model IV. The following modifications have been attempted.

4.3.1. Reaction (23)

Previous studies of oxy-fuel combustion have identified CO, +
H — CO + OH (23) as an important step in CO, formation and con-
sumption [4-7]. Under O,/N, combustion N, is not contributing to
chain branching other than as a third body, while as it is replaced
by a high concentration of CO, the reactivity increases since CO, is
ready to react with radicals, mainly via reaction (23). This reaction
is well determined with consistently good agreement between rate
constants published in the literature [29]. Reaction (23) exhibits a
near temperature independent behavior at low temperatures.
Above ~500 K the reaction rate increases with temperature. The
rate constant from Li et al. [9], used in Model I, is derived from
experimentally determined rate constants from the literature.
Selected rate constants can be seen in Fig. S12 in the Supplemen-
tary material. A change in the rate constant for reaction (23) was
attempted to examine if the small differences between selected
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expressions would have any impact at the present CO, rich condi-
tions. Expressions implemented in other models [30-32] were
tested, selected as these rate constant exhibit qualitatively differ-
ent temperature dependency profiles. This did not give any signif-
icant change, thus the rate constant was left unaltered.

4.3.2. H-abstraction from methanol

From the rate of production and sensitivity analyses the product
branching as a result of H-abstraction from CH;0H, was identified
as a candidate for model improvement. H-abstraction reactions are
the main methanol consumption reactions as illustrated in Fig. 10
for Model I. The branching in these reactions is important as the
isomers methoxy, CH30, and hydroxyl methyl, CH,OH, have differ-
ent consumption paths; the radical pool is highly dependent on the
accuracy of this branching ratio. Although both isomers produce
mainly CH,0, dependent on the isomer either HO, or H is formed
in the competing reactions with O, or decomposition. No experi-
mental studies shed light on the branching ratio issue. However
CH,OH is thermodynamically a more stable species than CH50.
Published theoretical studies suggest that the CH,OH radical is
more prominently formed than its isomer CH50 [33-35]. In recent
works by Mittal et al. [11], Model III, and Klippenstein et al. [10],
Model II, branching ratios for reactions of methanol with OH, H,
HO, and O, have been updated compared to the ones used in
Model 1.

The H-abstraction reactions in Model I were updated with the
new rate constants for reactions with H from Meana-Pafieda
et al. [34], and with OH from Xu and Lin [36]. Meana-Pafieda
et al. [34] presented reaction rates for H-abstraction from metha-
nol by H where the product channels have individually calculated
rate constants [34,37]. This gave a branching ratio shifted toward
CH,0H, with the formation of CH,OH faster than CHsO. The
branching ratio is predicted to be temperature dependent, with
close to 100% CH,OH at room temperature falling to 75% at
2500 K. The calculation by Meana-Pafieda et al. [34] for this rate
constant predicts a temperature dependent activation energy for
the reaction and based on this the authors argue that because of
this temperature dependence in activation energy, the rate con-
stants from experimental work as Warnatz [38] among others, suf-
fers from a too low activation energy. The experimentally
determined rate constants found in the literature are scattered,
as reviewed by Baulch et al. [29].

The overall rates for methanol with OH are well determined.
The main difference is in the treatment of the branching ratio
between product channels. Xu and Lin [36] derived individual rate
constants and product branch ratio from ab initio calculations of
the CH;0H + OH reactions. Using the Xu and Lin [36] rate constants
will not change the total reaction rate, only the branching ratio as
compared to Bott and Cohen [33], but the product branching
toward CH,OH will be strongly favoured with more than 90% of
the total rate. The branching ratio by Xu and Lin [36] is nearly tem-
perature independent, a major difference compared to Bott and
Cohen [33] where the branch ratio is strongly decreasing with
increasing temperature. As argued in Mittal et al. [11] with refer-
ences therein, the reaction rate is independent of alkyl chain length
for methanol, ethanol and butanol, which supports the rate con-
stants from Xu and Lin [36].

Rate constants for reactions with O, and HO, were adopted
from Klippenstein et al. [10]. Implementation of the rate constant
from Alecu and Truhlar [39] for H-abstraction with HO, did not
affect the performance in any significant way, as can be seen in
Figs. S10 and S11 in the Supplementary material. In Fig. 13, the
consumption paths for CH;OH in Model IV are illustrated, showing
the total consumption for CH30H at oxy-fuel conditions, 318 K and
¢ = 1.0, together with the 5 reactions with the highest consump-
tion rates. The CH,OH formation is dominating the CH;0H
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Fig. 13. Consumption profile for methanol + O, + CO, conditions at ¢=1.0 and
318 K for Model IV.

consumption. Comparing Fig. 12, with Fig. 10, it can be seen that
these modifications affect both the total consumption of methanol
and the production of CH,OH and CH3O. This modification of
Model I results in significantly lower laminar burning velocities
compared to the original version, underestimating the experimen-
tal results. This effect is illustrated in Figs. 11 and 12. The rate con-
stants discussed above are summarized in Table S1 in the
Supplementary material.

4.3.3. Collisional efficiency coefficient for reaction (24)

After weighting the sensitivity against the rate constant uncer-
tainty (Fig. 9), reaction HCO+M=H+CO + M (24) emerges as a
highly sensitive reaction. The rate constant for (24) from Li et al.
[9], used in Models I-I1I, is derived by fitting a wide range of exper-
imental data obtained in different bath gases, He, Ar, N, Ne, H;
[40-53]. For the determination of collisional efficiency coefficients
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(CEC) for third body reactions like (24), the experimental condi-
tions with respect to bath gas composition have to be considered
[38]. In Model I a CEC of 6 is used for H,O. Given that the primary
diluents used in the original experiment and calculations were Ar
and He, one may argue that a higher value for H,O would better
describe this reaction. The CEC for H,, CO and CO, have values
which are reasonable according to the theory of Warnatz. The
uncertainty of (23) by Baulch et al. [54] is estimated to be a factor
of 2. A doubling of the value for CEC, compared to the value used in
Model [, result in a rate constant within this uncertainty.

A CEC of 12 for H,0 in reaction (24) was implemented in the
modified version of Model I, reflecting the wide range of bath gases
from the underlying experimental data. This modification resulted
in a significantly increased laminar burning velocity, as seen in
Fig. 11 and 12. The performance of Model IV is significantly
improved compared to Model I, for oxy-fuel conditions the results
can be seen in Fig. 6. For the methanol + air flames, seen in Fig. 5,
predictions from Model IV results in a fit on the lean side by
~1cms~! below the experimental values but close to the lower
limit of the experimental uncertainty whereas it fits well with
the experimental velocities at ¢ = 1.0-1.5.

4.3.4. Collisional efficiency of CO,

To examine the third body effect of CO,, the collisional effi-
ciency coefficient for CO, in the sensitive reactions
H+OH+M=H,0+M (8), H+ 0, +M =HO,(+M) (9), Ho0,(+M) =
OH + OH(+M) (15), (24), and CHs0 + M =CH,0 +H +M (63) was
altered for each reaction individually by doubling and reducing
by 50% sequentially. This scaling of the original coefficients is in
the same order of magnitude as the differences between the
original bath gases in the experimental determinations of the rate
constants with different third bodies. The modifications had an
impact on the predictions of the methanol + O, + CO, flames, but
did not change the predictions for methanol + air flames. The colli-
sional efficiency coefficients for CO, were therefore left unaltered.

The effects on prediction of laminar burning velocity by altering
the collisional efficiency coefficients are presented in Figs. S7 and
S8 in the Supplementary material [38].

5. Conclusions

Novel experimental data for laminar burning velocity for pre-
mixed methanol + O, + CO, flames are presented for temperatures
308-358 K and pressure of 1atm. The experimental laminar
burning velocities show a linear temperature dependency on a
log-log-scale. In light of these new experimental results, the
performance of three kinetic models was examined. Modifications
to the mechanism of Li et al. [9] (Model I) were suggested to improve
the prediction capabilities for methanol + O, + CO, flames. These
modifications include: (a) recommendations from Klippenstein
et al. [10] for the rate constants of reactions (80, 82a) and CHs;_
OH + HO, = CH30 + H,0, (82b). (b) Changing the branching ratio
of H-abstraction by the two major methanol consuming species,
H and OH. (c) The decomposition of the formyl radical was given
a higher collisional efficiency coefficient for the third body H,0
As a result of the modifications the product formation was shifted
toward formation of CH,OH at the expense of CH30 with new rate
constants from Meana-Pafieda et al. [34] and Xu and Lin [36]. It
appears that the site of the H-abstraction has a large effect in the
combustion of methanol. These changes resulted in a more accu-
rate reproduction of laminar burning velocity of methanol for both
air and oxy-fuel conditions at 1 atm.

One should note that the present analysis is pertinent to atmo-
spheric pressure only; further studies at higher pressures relevant
to possible applications are required.
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1. Introduction

Combustion chemistry of nitromethane, CH3NO,, is important in
several aspects. Nitromethane is considered as one of the simplest
fuel-nitrogen species with one C-N single bond that facilitates under-
standing of the reactions relevant to mutual sensitized oxidation of
hydrocarbons and nitrogen oxides [1]. It was proposed as a potential
monopropellant [2] that motivated extensive studies of nitromethane
thermal decomposition, e.g., [3-6], and detonation [7]. Moreover, ni-
tromethane is also a fuel with practical applications as for example in
race cars both pure [8] or mixed, commonly with methanol [9]. When
added to gasoline or surrogate fuels, nitromethane reduces motor and
research octane numbers [10], and may reduce soot formation at cer-
tain conditions [11]. Fells and Rutherford investigated the effect of
nitromethane addition to methane + air mixtures (up to 3% of the to-
tal flow) and observed an increase or decrease of the burning velocity
in lean and rich flames, respectively [12]. Relative modification of the
burning velocity, though, was rather modest as compared to other
additives studied, that was discussed in terms of a dual fuel-oxidant
action of nitromethane due to its own oxygen content.

Remarkably, different stoichiometric equations for decomposition
and oxidation of nitromethane coexist in the literature. In engine-
oriented studies [8,9,13,14] and earlier studies of the thermal decom-
position, e.g., [3], it was assumed that molecular nitrogen is the final

* Corresponding author.
E-mail address: alexander.konnov@forbrf.Ith.se (A.A. Konnov).
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0010-2180/© 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

product as:
CH3NO; = 0.25C0; + 0.75C0 + 0.75H,0 + 0.75H; + 0.5N, (1)
CH5NO; + 0.75 (03 + 3.76 N) = CO, + 1.5 H,0 + 3.32 N, (2)

It was, however, soon realized that thermal decomposition both at
moderate [4] and high [5] temperatures mostly produces NO, not N,
according to equation

CH3NO; = 0.5CH4 + 0.5CO + 0.5H,0 + NO (3)

Formation of NO as a stable product of nitromethane self-ignition
was supported in the modelling of Guirguis et al. [15]. However,
the mechanism of Boyer and Kuo [2] predicted that for liquid ni-
tromethane burning without the presence of O,, NO formed would
act as an oxidizer and be consumed for pressures above 3 MPa. The
authors claimed good agreement with their own and literature ex-
perimental results [16] on the burning rates up to 15 MPa. The sim-
ulations [2] revealed three separate reactions zones of the process.
The consumption of nitromethane takes place in the first reaction
zone, forming radicals and intermediates reacting in the following
two zones. Interestingly, two clearly separated zones have been ob-
served in nitromethane + oxygen and in nitromethane + air pre-
mixed flames stabilized at about 0.1 atm [17].

The very first measurements of the laminar burning velocity
of CH3NO, + O, + N, mixtures with variable ratio of CH3NO,/
(CH3NO,+0,) and different dilution by nitrogen have been per-
formed using Bunsen burner and Schlieren imaging at atmospheric
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pressure [18]. Flame temperatures were measured employing sodium
line reversal method to investigate apparent activation energy of the
flame propagation. De Jaegere and van Tiggelen [18] did not for-
mulate the equivalence ratio, yet discussed that NO formed in the
flames is not a reactive species. Explicit stoichiometric equation of
nitromethane burning in the presence of O, and considering NO, CO,
and H,O0 as the major products

CH3NO; + 1.250, = CO, + 1.5H,0 + NO (4)

was first used by Tian et al. [19]. In this work and its follow-
up [20], the structure of stoichiometric and several rich ni-
tromethane + O, + Ar flames at low pressures close to 4.66 kPa
was studied using synchrotron photoionization and molecular beam
mass-spectrometry. A number of intermediates, not observed in the
previous studies of nitromethane combustion, were detected that
prompted extension and development of the kinetic model by Glar-
borg et al. [1]. The mechanism advanced in these studies [19,20] and
further extended for nitroethane low-pressure flames [21] was found
in reasonable agreement with the experimental species profiles for
low-pressure flames of nitromethane and nitroethane.

The model of Zhang et al. [21] is essentially a result of progres-
sive improvement of the quantitative understanding of nitromethane
combustion mechanism starting with early works of Perche et al.
[22,23] devoted to nitromethane pyrolysis. The same authors [24]
have subsequently extended this mechanism to simulate gas phase
oxidation of nitromethane in a static vessel at moderate temperatures
(700-740 K). Further model development was based on dedicated ex-
periments in shock tubes [15,25-27] that brought up experimentally
determined rate constants of the key pertinent reactions and led to
construction of the mechanism by Glarborg et al. [1].

Several modifications to the mechanism of Zhang et al. [20] were
made by Brequigny et al. [14], who measured laminar burning veloc-
ity of nitromethane + air flames at 423 K, within a pressure range
from 0.5 to 3 bar. First, the rate constants of 26 reactions (most
of them were not fuel-specific) were replaced by expressions taken
from other publications of Glarborg and colleagues arguing that these
modifications are required for the modelling at atmospheric and
higher pressures. Second, the rate constants for three reactions were
taken from other sources to improve the agreement of the model pre-
dictions with experimental data. They were: HNO + O, = HO, + NO,
HCO + NO = HNO + CO and CH3 + OH. One should note that although
reaction between methyl and hydroxyl radicals is cited by Brequigny
et al. [14] as CH3 + OH = CH,0H + H, the products really imple-
mented in the mechanism file are singlet methylene CH,(S) and H,0.
The authors showed that modifications implemented did not deterio-
rate the ability of the mechanism in prediction of the species profiles
in low-pressure flames of Zhang et al. [20].

Brequigny et al. [14] investigated and analysed pressure depen-
dence of the laminar burning velocity of nitromethane + air flames at
a fixed temperature. The goal of the present study was to determine
S, of nitromethane -+ air flames at 1 atm and different initial gas tem-
peratures, to analyse its temperature dependence, and to compare
with the data of Brequigny et al. [14]. Two mechanisms were tested
and compared, those of Zhang et al. [21] and of Brequigny et al. [14].

2. Modelling details

The model of Brequigny et al. [14] contains 88 species and 701
reactions; it was used without modifications since mentioning of
CH,O0H + H as the products of reaction between CH; and OH is an
apparent misprint in the paper text. The model of Zhang et al. [21]
contains 115 species and 729 reactions; it was obtained from the au-
thors because the transport parameters associated with this mecha-
nism have not been provided in the original publication.

The modelling was performed with CHEMKIN IV [28] using the
premixed laminar flame speed calculation module. The parameters
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Fig. 1. Profiles of N, (solid line), NO (dashed line) and nitromethane (dotted line) in
nitromethane + air flame at 358 K and ¢ = 0.5, calculated using the mechanism of
Brequigny et al. [14]. The concentration of N, is divided by a factor of 9.5.

GRAD = 0.03 and CURV = 0.02 were used, to ensure grid-independent
solutions, with typical number of grid points above 900. Multicom-
ponent transport and thermal diffusion options were taken into ac-
count. The modelling was performed over 8 cm domain, to ensure
that wide reaction zones of nitromethane flames are covered in the
modelling.

Laminar burning velocity is a fundamental property of a fuel + ox-
idizer mixture and is dependent only on equivalence ratio, ¢, pres-
sure and temperature. In the present work the definition of equiva-
lence ratio according to Eq. (4) is adopted. To prove that this is ap-
plicable not only to low-pressure flames [19,20], but is the only cor-
rect definition, flame structure of lean, ¢ = 0.5, nitromethane + air
flame with initial gas temperature of 358 K was calculated using the
mechanism of Brequigny et al. [14]. Fig. 1 shows the calculated pro-
files of CH3NO,, Ny, and NO in this flame having excess of oxygen to
ensure complete oxidation. The NO and nitromethane profiles are at
the same scale, while the N, profile is scaled down by a factor of 9.5
to facilitate comparison between them. The mechanism predicts neg-
ligible formation of N in this flame; the small decrease in the mole
fraction of nitrogen after the flame front in Fig. 1 is merely a dilut-
ing effect as the total number of species is increased, see Eq. (4). It
is thus obvious that nitromethane is almost quantitatively converted
into NO. Minor deficiency in the final NO concentration is due to re-
burning, possible even in lean flames, e.g., [29].

3. Experimental details

The heat flux method was used to determine the laminar burn-
ing velocity of premixed nitromethane -+ air flames at atmospheric
pressure and initial gas temperatures of 338 K, 348 K and 358 K. The
flames were studied over the equivalence ratio range of 0.8-1.6. The
partial vapour pressure of nitromethane limits the lower experimen-
tal unburnt gas temperature to 338 K.

The principle behind the heat flux method is a thermodynamic
exchange of heat between the burner plate, flame and unburnt gas
[30]. Cross-section of the burner head comprising all essential ele-
ments is shown in Fig. 2. The burner has a plenum chamber and a
heated perforated burner plate of brass with 0.5 mm diameter holes.
The temperature of the unburnt gas and the burner plate is controlled
by water baths. The unburnt gas temperature was varied, while the
burner plate was kept at 368 K.
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Fig. 2. Cross-section and top view of the heat flux burner head.

It has been shown that the temperature distribution over the
burner plate reflects the adiabatic state of the flame [30]. By heat-
ing the burner plate the flame can be stabilized at unburnt gas ve-
locities, Vg, above and below the adiabatic laminar burning velocity.
Gas mixture velocities lower than the adiabatic laminar burning ve-
locity yield a higher heat gain from the flame than the heat loss to
the unburnt gas, and vice versa for velocities higher than the adia-
batic velocity. Under the conditions of the gas mixture velocity equal
to the adiabatic burning velocity, there is no net heat transfer and the
temperature within the burner plate is uniform. Thus, through moni-
toring the burner plate temperature, the laminar burning velocity can
be determined. Thermocouples of type T are mounted in the perfora-
tion holes at different radii from the centre of the burner plate, r, see
Fig. 2. Temperature readings from the thermocouples are fitted to the
form [30]

T =Te+Cr? (5)

A typical procedure of measurements of the burning velocity con-
sists in determination of the parabolic coefficient, C, as a function of
unburned gas velocity, Vg. This is illustrated in Fig. 3, which shows
experimental temperature profiles approximated by parabolic fits
(Eq. (5)) for Vg lower than Sy (Vg = 27.5 cm/s, C = —0.131 K/mm?),
close to S; (Vi = 29.5 cm/s, C = —0.007 K/mm?), and higher than S,
(Vg = 29.8 cm/s, C = 0.012 K/mm?). Setting points of Vg are taken
close to the adiabatic laminar burning velocity and a linear relation-
ship between the parabolic coefficient, C, and Vg is used to determine
the adiabatic laminar burning velocity at C = 0, as shown in Fig. 4.
Typically at least four different setting points of Vz were chosen for
each laminar burning velocity measured. These measurement points
were sampled more than three times. For all measurements, C was
linearly dependent on the gas velocity. Data collected at initial gas
temperature of 338 K can be processed via interpolation, as shown in
Fig. 4, and the burning velocity is then directly obtained at the loca-
tion of C = 0. Due to tendencies of cell formation at adiabatic (C = 0)
and super-adiabatic (positive C) conditions of rich flames, sometimes
extrapolation from sub-adiabatic conditions has to be used. Extrap-
olation procedure is also illustrated in Fig. 4 for initial gas tempera-
ture of 358 K. Parabolic coefficients, C, were recorded at sub-adiabatic
conditions only; thus they are all negative. The extrapolation

CHZNO, +air, $=1,T 5 =338K:
=V =275cmls
. Vg= 29.5cm/s
* Vg= 29.8 cm/s

140 4

130
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* e 7
100 -| Y . 3
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Fig. 3. Temperature distribution in the burner plate for stoichiometric ni-
tromethane + air flame at different gas velocities. Symbols: experimental, lines:
parabolic fits with Eq. (5).
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Fig. 4. Determination of S, from the dependences of C (V) in stoichiometric ni-
tromethane + air flames having different initial gas temperatures.

procedure assumes that dependence of the C coefficient, Eq. (5), from
the unburnt gas velocity Vg is linear at least close to C = 0, where
the adiabatic laminar burning velocity is found. This linearity was ex-
perimentally confirmed even for a larger range of Vg variation, see
Fig. 4.

For the measurements at the unburnt gas temperature of 338 K,
only ¢ = 1.2 required extrapolation. The extent of the extrapolation
was 0.59 cm/s from the closest setting of Vg to the laminar burning
velocity. All measurement points at 348 K, except ¢ = 0.8 and 1.0, re-
quired extrapolation within a range of 0.12-1.17 cm/s. At the highest
unburnt gas temperature, 358 K, all laminar burning velocities were
obtained from extrapolation. The extrapolation was extended 0.01-
0.99 cm/s from the closest setting of Vg to the laminar burning ve-
locity. The extrapolation to find C = 0 results in a larger standard de-
viation compared to the interpolation procedure, but in the present
work this increase was found to be negligible compared to the overall
experimental uncertainty, which was typically below +0.5 cm/s.

In Fig. 5, a schematic drawing of the experimental setup is pre-
sented. The gas flows are controlled by mass flow controllers, MFC
from Bronkhorst. The flow of the fuel is controlled by a Mini Cori-Flow
MFC, then the fuel is evaporated in a controlled evaporator mixer,
CEM (both from Bronkhorst). To ensure and verify the accuracy of the
flow, the MFC used for the oxidizer (air) was calibrated with a piston
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Fig. 5. A schematic overview of the experimental setup.

meter, Definer 220 (Bios DryCal Tech.). From the calibration a third
degree polynomial was obtained and used to calculate the gas flow
settings for the oxidizer. Experimental uncertainties in both equiva-
lence ratio and in the determined burning velocity are defined by the
accuracy of the MFCs and by the scattering of the thermocouple read-
ings. Extended discussion of these experimental uncertainties as well
as of the data processing is available elsewhere [31-33].

4. Results and discussion
4.1. Flat flames
The laminar burning velocities of nitromethane + air flames de-

termined in the present study with associated experimental uncer-
tainties can be seen in Fig. 6 and listed in Table 1. In the present work
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Fig. 6. Laminar burning velocity vs. ¢ for flat nitromethane + air flames. Symbols:
present experiments, lines: predictions of the model of Zhang et al. [21]. Solid lines:
338 K, dashed lines: 348 K, dotted lines: 358 K. Squares: 338 K, circles: 348 K, triangles:
358 K.
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Table 1
Experimental laminar burning velocities in cm/s at 338 K, 348 K, and 358 K, and the
power exponent c.
¢ 338K 348K 358K a
0.8 + 0.011 23.25+0.38 2427 + 041 25.51 + 0.41 178 £ 0.34
0.8 + 0.011 22.80 + 0.38 - - -
0.9 + 0.012 27.03 + 042 2841 + 043 29.82 + 045 182 + 0.32
0.9 + 0.012 26.71 £ 042 2832 + 043 - -
1.0 £ 0.014 30.25 + 045 3145 + 047 3312 £ 0.50 175 £ 031
1.0 + 0.014 2964 + 044 - - -
11+ 0015 3226 + 048 3345 + 048 3518 + 0.51 1.63 + 0.31
11 + 0.015 3176 + 048 - - -
12 + 0.016 33.04 + 048 34.27 + 0.49 36.09 + 0.53 1.64 + 0.31
1.2 + 0.016 32.59 +£ 048 - - -
13 £ 0.018 32.70 £ 048 33.97 + 0.50 35.79 + 0.54 160 + 0.31
13 + 0.018 - - 3580 + 054 -
14 £ 0.019 3143 £ 048 32.61 + 047 34.21 + 047 147 + 0.36
15 £ 0.020 29.51 + 047 30.36 + 0.45 3215 £ 0.51 149 + 039
1.6 + 0.022 27.06 + 0.47 2762 + 044 2932 + 0.50 140 + 0.42
T T T T T T T
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Fig. 7. Laminar burning velocity vs. ¢ for nitromethane + air flames. Symbols: experi-
ments, lines: predictions of the model of Brequigny et al. [ 14]. Solid lines: 338 K, dashed
lines: 348 K, dotted lines: 358 K, dash-dot line: 423 K. Squares: 338 K, circles: 348 K,
triangles: 358 K, all present study; diamonds: 423 K [14].

the definition of equivalence ratio according to Eq. (4) is adopted. To
check the repeatability of the experimental setup, two separate series
of measurements have been performed at 338 K, both are presented
in Table 1. For the case of ¢ = 0.9 at 348 K and ¢ = 1.3 at 358 K two
values are presented in the table, in these cases the two measure-
ments were conducted on the same day. The two different datasets
at 338 K, as well as the datapoints repeated within the measurement
series at 348 K and 358 K, were found consistent within overlapping
uncertainties. The maximum laminar burning velocity was found at
¢ = 1.2 for all three temperature series.

Brequigny et al. [14] used the definition of equivalence ratio ac-
cording to Eq. (2) and found the maximum burning velocity at ¢
around 0.75 that inspired an extended discussion of possible rea-
sons of this unexpected behaviour. When their equivalence ratios
are recalculated according to Eq. (4), the maximum is shifted to-
wards rich flames close to ¢ = 1.25, in qualitative agreement with the
present data. These measurements obtained from spherically propa-
gating flames at 423 K and 1 bar are shown in Fig. 7 with “statistical
errors” [14] of £3 cm/s.

The burning velocities calculated using two mechanisms, [21,14],
are presented in Figs. 6 and 7, respectively, together with the ex-
perimental data. The model of Zhang et al. [21] significantly under
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Fig. 8. Laminar burning velocities of nitromethane + air flames in a log-log scale. .

predicts experimental results at all conditions except fortuitous coin-
cidence at ¢ = 0.8, and shows a maximum at ¢ = 1.1, which is shifted
towards the lean side as compared to the present data. The model
of Brequigny et al. [14] shows better agreement in reproducing the
variation of the burning velocities determined in the present work
with equivalence ratio; yet significant underprediction is seen in all
rich mixtures. This model was tuned to match experimental data at
initial temperature of 423 K at 1 bar (Fig. 7) and other pressures in
the range 0.5-3 bars [14]. Thus, through direct comparison of the ki-
netic modeling and two independent sets of measurements shown in
Fig. 7, one may conclude that either the mechanism of Brequigny et
al. [14] does not reproduce temperature dependence of nitromethane
burning velocity, or experimental datasets are inconsitent for some
reason.

Analysis of the temperature dependence of the burning velocity is
an efficient tool for comparison of measurements performed at dif-
ferent temperatures. In addition, the analysis may reveal possible de-
ficiencies in the ability of the model [14] to predict laminar burning
velocities for temperatures other than 423 K that it was initially de-
veloped for. To evaluate the effect of initial gas temperature on the
laminar burning velocity, the following empirical equation is com-
monly used

Su=Sw0(T/To)* (6)

where Sy denotes the burning velocity at a reference tempera-
ture, Ty, in the present study set to 338 K. It follows from Eq. (6)
that, when plotted on a log-log scale as a function of temperature,
Sy should follow a linear trend and the slope of the linear relations
results in the power exponent, «. Figure 8 presents the burning ve-
locities determined in the present study, and indeed illustrates linear
trends at all equivalence ratios and temperatures covered.

The power exponents derived from the slope of the linear regres-
sions for each measured ¢ are shown in Fig. 9 and listed in Table 1.
The error bars associated with the power exponents were calculated
by taking the uncertainty of each burning velocity value (see Table 1)
as well as the uncertainty of the least squares fit into account. Tran-
sitionary slopes, «;, were calculated by changing each experimental
value of S; to its uncertainty limit, AS;. To evaluate the contribu-
tion of the uncertainties in the laminar burning velocity, the original
power exponent, «, is subtracted from each transitionary «;, which

22 T T T T T

204

1.64

Power a

Fig. 9. Power exponents o vs. ¢ for nitromethane + air flames. Symbols with error-
bars: present experiments. Lines: model predictions. Solid line: [21], dashed line: [14].

yields Ac(Sy;). The total uncertainty can then be written as [32]

Aa= [ [Aa(SL)P 7)

Also shown in Fig. 9 are the power exponents derived from the
calculations using the mechanisms of Zhang et al. [21] and of Bre-
quigny et al. [14]. The models predict similar values of «, in contrast
to the very different values of S;, as shown in Figs. 6 and 7. This is not
surprising and has been earlier observed for methane [34], ethanol
[35], methyl formate [32] and other fuels. Christensen et al. [32] anal-
ysed why the mechanisms showing large difference in prediction of
the burning velocities can be very close with respect to the prediction
of the power exponents «. It was explained by the fact that normal-
ized sensitivity coefficients for & are roughly one order of magnitude
smaller than commonly used normalized sensitivity coefficients for
the burning velocity.

The experimental power exponents do not contradict to those
derived from the modelling from lean to moderately rich mixtures,
Fig. 9. Together with the robustness and insensitivity of two dif-
ferent mechanisms in calculation of the power exponents «, this
strongly indicates that the models are not deficient in predicting
the temperature dependence of nitromethane flames. Discrepancies
of the modelling and present experiments seen in Fig. 7, are then,
likely, due to their inconsistency with the measurements in spherical
flames [14].

Experimental linear regressions for each measured ¢ (Fig. 8) can
be extrapolated up to 423 K. These extrapolated values, in the fol-
lowing called “expected S;", possess somewhat higher uncertainty
than the present measurements (typically +0.5 cm/s) due to rather
narrow temperature range covered (20 K) and its extension by 75 K.
The uncertainty of the expected S; shown in Fig. 10 is thus evalu-
ated to be +1.5-2 cm/s and even higher at ¢ > 1.4. In fact, extrapo-
lation of the measurements performed at lower temperatures up to
423 K does not require multiple datasets (at 338, 348 and 358 K),
but can be done from experimental data at one temperature guided
by kinetic modelling over a wider temperature range. For instance,
5.(423 K) can be obtained using Eq. (6) with the present experimen-
tal data at 338 K as the reference (Ty, Sio) combined with calculated
values of the power exponent « predicted by the mechanism of Bre-
quigny et al. [14]. These S; values, in the following called “expected
S. set 2", are shown in Fig. 10. The difference between two sets of
expected S; does not exceed 1.2 cm/s thus confirming consistency of
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the present measurements and validity of comparison through ex-
trapolation. Two sets of expected S; at 423 K are obviously higher
than both experimental data and model predictions of Brequigny et
al. [14] in lean, stoichiometric and moderately rich mixtures. This in-
consistency prompted for the analysis of experimental limitations of
the measurements performed in spherical flames [14] as described
below.

4.2. Spherical flames

Experiments in spherical flames have been performed and de-
scribed by Brequigny et al. [14]. Contemporary procedure for deter-
mination of the burning velocity in spherical flames consists of the
following steps: (a) measurements of the flame propagation speed
within chosen range of radii; (b) extrapolation of these speeds to-
wards unstretched flame speed, Vj, using linear or non-linear theo-
retical models; (c) the burning velocity is then obtained multiplying
Vo by the expansion factor, ¢, defined as the ratio of the densities of
product gas, pp, and fresh mixture, py

€= Pp/Pu (8)

In the work of Brequigny et al. [14] the measurements were lim-
ited to the range of radii [36] (not diameters, as stated in the paper)
from 6.5 till 20 mm. The data at smaller and larger radii were ig-
nored, since they may be affected by ignition spark, or by pressure
rise in the vessel, respectively. The appropriateness of the selected
range was not explored further, and probably reflects the best prac-
tice choice based on previous studies. Non-linear model for stretch
correction proposed by Kelly and Law [37] was implemented to de-
termine the unstretched flame speed, V. Finally, the expansion fac-
tor &€ was determined [14] using EQUIL code [38], which calculates
thermodynamic equilibrium essentially corresponding to the flame
conditions at + infinity, not accessible in real experiments. Such a
procedure, combined with the limited range of radii investigated, as-
sumes that flame thickness is much smaller than 6.5 mm and com-
bustion is thus complete. This premise can easily be checked by nu-
merical modelling. Figure 11 shows calculated temperature profiles
for nitromethane flames with initial temperature of 423 K at 1 atm at
different equivalence ratios using the model of Brequigny et al. [14].
Interestingly, rich flames clearly exhibit two separate reaction zones
observed earlier in low-pressure flames by Hall and Wolfhard [17].
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Fig. 11. Calculated temperature profiles for nitromethane + air flames with initial
temperature of 423 K at 1 atm at different equivalence ratios using the model of Bre-
quigny et al. [14].
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Fig. 12. Expansion ratios in nitromethane + air flames with initial temperature of
423 K at 1 atm. Solid line: equilibrium values [14], dashed line: £¢55, dotted line: 5.

Even more important, the temperature profiles are not levelled off in
atmospheric pressure flames neither at 6.5 mm, nor at 20 mm.

To quantify an impact of incomplete combustion on the real den-
sity of the burned gases, the expansion ratio was calculated at the
limiting distances for each ¢. The cold boundary, at which p is taken,
was defined as the point in the flame where the density is decreased
by a factor of (1 + 10~°). Two new expansion ratios were calculated at
the limits of the experimental boundaries, 6.5 mm (&g5) and 20 mm
(&40) from the cold boundary, as indicated in Fig. 11 by vertical lines.
The calculated expansion ratios are compared to those implemented
by Brequigny et al. [14] in Fig. 12. All expansion factors are decreasing
as the flames become richer. There is a substantial deviation of both
expansion ratios, £¢5 and &9, from the original equilibrium values
used in [14].

In attempt to reconcile the expected S; values at 423 K obtained
from the temperature dependence of flat flames (Fig. 10) and the



J.D. Nauclér et al./ Combustion and Flame 162 (2015) 3803-3809 3809

measurements performed in spherical flames, the unstretched flame
speeds V, from Brequigny et al. [14] were multiplied by the expan-
sion ratios g5 and €59, as shown in Fig. 10. The recalculated val-
ues indicate the limits of where the actual laminar burning veloc-
ity most probably can be found. This area is highlighted in Fig. 10
as a grey area. Remarkably good agreement between the expected
Sy values and those recalculated is seen from stoichiometric to mod-
erately rich flames around maximum burning velocity at 423 K. The
recalculated burning velocities, however, have large uncertainty, es-
pecially in rich mixtures due to considerable difference between &5
and &;9. The reconsideration of the expansion ratios described above
is straightforward if linear stretch correction for the data process-
ing was employed, since the variation of the observable flame speed
versus stretch is simply scaled up. When non-linear model of the
stretch correction is considered, the dependence of the observable
flame speed on the stretch is not linear [37]. Modification of the ef-
fective expansion ratios along this dependence can be manifested in
the change of its curvature that in turn can introduce additional error
in extrapolation toward Vj.

Predictions of the Brequigny et al. [14] mechanism are consis-
tently lower than corrected or expected S; values in spherical flames
(Fig. 10), as well as the burning velocities determined in flat flames
(Fig. 7). Although the measurements of de Jaegere and van Tigge-
len [18] were performed in Bunsen flames, and no stretch or vari-
able curvature corrections were considered, they were tentatively
modelled using the same mechanism. The calculated laminar burn-
ing velocity of CH3NO, + O, + N, mixtures with variable ratio
of CH3NO,/(CH3NO, + 0,) and different dilution by nitrogen were
found lower by 40-60% than the measurements.

5. Conclusions

The laminar burning velocities of nitromethane + air flames at
1 atm and initial gas temperatures of 338 K, 348 K, and 358 K were
determined in non-stretched flat flames using the heat flux method.
The comparison of these new experimental data and recent litera-
ture results obtained in spherical flames at 423 K [14] was guided by
the analysis of the temperature dependence of S, and also by kinetic
modelling of premixed flames employing detailed mechanisms of
Zhang et al. [21] and of Brequigny et al. [ 14]. It was demonstrated that
conventional recalculation of the flame front speed into the burn-
ing velocity using density ratio of the unburned and burned gases at
equilibrium is inappropriate for spherical nitromethane flames since
the flame thickness is comparable to the range of flame radii covered
experimentally. The measurements in flat and spherical flames were
reconciled using calculated density ratios, yet with rather high un-
certainty. Both kinetic mechanisms tested [14,21] significantly under
predict the laminar burning velocities of nitromethane + air flames.
It should also be noted that burning velocities derived from spheri-
cal flames [14] and recalculated using modified expansion ratios €45
and/or &, cannot be considered as ultimately corrected values; orig-
inal raw data (r - t traces) should be re-processed and other sources

of uncertainty pertinent to spherical flames [39] should be taken into
account as well.
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The ignition of nitromethane/O,/N, mixtures was investigated via shock tube experiments in the temper-
ature range 947-1333 K at reflected shock pressures near 8, 16 and 32 atm. The ignition was recorded as
the intensity maxima of unfiltered luminosity in the range 240-530 nm. Under the experimental condi-
tions of the present study, ignition was found to proceed via a two stage process. Dependencies on con-
centration, pressure and temperature were examined and discussed. The two ignition stages were
separated in time, with individual concentration and temperature dependence. The two experimentally
determined ignition stages were found to be pressure independent over the pressure range investigated.
The activation energy was derived to be 16.15%1.57 kcalmol™! for the first stage ignition and
20.89  0.82 kcal mol~! for the second stage. Modeling using the mechanism by Brequigny et al., pub-
lished in Proceedings of the Combustion Institute (2014) 703-710, could predict the magnitude of the
ignition delay times at 8 atm, but it could not reproduce the temperature dependence of the first stage
ignition or the pressure independence of both ignition stages. The measurements are discussed in rela-
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1. Introduction

Nitromethane, CH3NO,, is a simple nitrogen containing fuel,
which is used in mixtures with methanol or as a pure fuel in racing
cars and in model engines [1]. It is also considered as a fuel addi-
tive [2-4] in engines, promoting their efficiency and reducing soot
from their exhaust. Because of the oxygen content in the molecule,
nitromethane can act as both a fuel and as an oxidizer in combus-
tion processes, as noted in the study by Fells and Rutherford [5],
where the effect of nitromethane addition on the burning rate of
methane flames was investigated. These dual fuel-oxidizer proper-
ties motivate studies of combustion characteristics of nitro-
methane as a single component as well as in mixtures with other
oxidizers. Due to its potential as a monopropellant [6], nitro-
methane has been extensively studied, focusing on thermal
decomposition [7-17], and detonation [18-22]. The combustion
chemistry of nitromethane is also of interest from a fundamental
research viewpoint since it is the simplest representative for
fuel-nitrogen species, and as such can facilitate understanding of

* Corresponding author at: P.O. Box 118, SE-221 00 Lund, Sweden.
E-mail address: jenny.naucler@forbrf.Ith.se (J.D. Nauclér).
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the reactions relevant to the mutually sensitized oxidation of
hydrocarbons and nitrogen oxides [11].

The decomposition of nitromethane has been investigated
mainly by kinetic studies of its thermal decomposition in shock
tubes [11-17,23]. A common experimental approach is to track
the formation of NO,, and it is well established that NO, + CHs
are the significant decomposition products that then undergo fur-
ther reactions [12,13,16]. It was experimentally shown by Zaslonko
et al. [12] that in the temperature and pressure ranges 1030-
1580K and 1.0-2.8 atm, the thermal decomposition produced
CH30 and CH3ONO. The latter was explained as the result of
recombination of CH; and NO,. In the thermal decomposition
study of Hsu and Lin [15] NO and CO profiles were measured in
the temperature range 940-1520K at pressures 0.4-1 atm. From
the NO and CO profiles the authors showed that NO is formed early
during ignition, while CO is formed at a later stage. Kuznetsov et al.
[16] monitored the formation of NO, in nitromethane decomposi-
tion through shock tube experiments in the temperature range
1190-1490K at 1.5 atm. The authors confirmed that the NO, pro-
file had a convex shape consistent with a typical decomposition
product, and that the disappearance of nitromethane and the for-
mation of NO, coincided. Through theoretical analysis it was also
concluded that isomerization of nitromethane to CH30NO was
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not competitive compared to thermal decomposition. The thermal
decomposition of nitromethane has been shown to be pressure
dependent in the pressure range of 0.1-40 atm [12,13,17,23].

An interesting aspect of nitromethane combustion is that
experiments and modeling indicate that it proceeds via two or
three steps; detonation has been shown to be a two-step process
[19-22,24], a similar pattern is seen in low-pressure flames [25]
and in the case of flames of liquid nitromethane three reaction
zones have been identified [6].

From detonation studies it is known that fuels and mixtures
containing NO, propagate in a double cellular structure
[20-22,24]. Presles et al. [20,21] showed a sub-structure within
the first part of the main cell during detonation of pure nitro-
methane and rich nitromethane/O, mixtures (1.3 <¢<1.75) at
390 K and 0.05-1.7 bar. This sub-structure behaved independently
of the main cell in terms of velocity and structure. Sturtzer et al.
[19] compared their numerical results of pure nitromethane and
nitromethane + O, detonation with the experimental results from
Presles et al. [20,21]. It was suggested that the origin of the double
cellular structure is an endothermic step of fuel decomposition
into CH; and NO,, followed by two independent exothermic steps
and attributed the reaction NO, + H = NO + H; as the main exother-
mic source in the first step of detonation.

Experimental and theoretical studies on nitromethane flames
have shown a wide total reaction zone, with the chemistry divided
into multiple separated zones [6,25]. By performing modeling
studies Boyer and Kuo [6] identified three reaction zones in a pure
liquid nitromethane flame at pressures of 3-6 MPa. Indications of a
two stage ignition process for pure nitromethane were presented
[14,26,27]. Guirguis et al. [27] noted that in their study of 100%
nitromethane pyrolysis behind reflected shock waves, for some
of the measurements there were two separated pressure spikes
where the second was higher in intensity. The presence of a second
pressure spike was however not given any further attention. In
light of modeling results for flames from previous studies [6,28]
and detonation studies [20-22,24], the second pressure spike could
indicate that a second stage ignition occurred in the experiments of
Gurguis et al. [27].

In the study by Hall and Wolfhard [25] multiple reaction zones
in methyl- and ethyl nitrate, methyl nitrite and nitromethane
flames were examined at low pressures. It was concluded that
these flames had up to three separate reaction zones. The emission
from the reaction zones was analyzed and characterized in terms
of emitting species. A nitromethane/O, flame was analyzed at
323K and ~0.1 atm, and two reaction zones were detected. A yel-
low undefined emission was observed in the first reaction zone,
and it was argued by the authors that this was likely due to NO3.
In the second reaction zone, emissions from C3, CH*, CN*, OH*,
NH* and NO* were identified. No emission from formaldehyde
was observed for nitromethane/O, flames.

Laminar burning velocities of nitromethane/air flames have
been determined using the Bunsen flame method [29], spherically
expanding flames [30], and the heat flux method [28]. In the work
of Nauclér et al. [28] laminar burning velocities of nitromethane/
air flames were measured using the heat flux method in the tem-
perature range 338-358 K at pressure of 1 atm. The width of the
reaction zone of these nitromethane flames was examined using
modeling and implications for experimental determinations of
laminar burning velocity were discussed. The modeling by Nauclér
et al. [28] implied that a two-stage process occurred.

Oxidation studies of nitromethane are not as numerous as com-
pared to detonation and decomposition studies. Oxidation in a sta-
tic vessel was investigated by Tricot et al. [31] by studying
nitromethane explosion limits in the temperature range 700-
740 K. Flame structure has been investigated in low-pressure
nitromethane/O,/Ar flames [32,33].

The ignition of nitromethane in the presence of O, has been
considered as a one-stage process in studies by Borisov et al. [14]
and Kang et al. [26]. A two-stage process in the ignition of nitro-
methane/O, was indicated in the literature [34,35], and later
shown by the authors of the present work [36] in a conference-
publication for the 7th European Combustion Meeting 2015. The
two-stage ignition process was independently confirmed by
Mathieu et al. [37].

A shock tube study on nitromethane + O, + Ar at conditions of
0.5<¢ <2, 875-1595K and 1.71-35.8 atm, by Mathieu et al.
[38], was published after the original submission of the present
work. The study showed two ignition stages, detected by emission
from OH*. Ignition delay times were determined for the second
ignition stage by both the maximum OH* signal and the maximum
gradient in the OH* signal. A kinetic mechanism was presented,
which performed satisfactorily for the conditions of the study. In
addition, a correlation based on equivalence ratio and pressure at
90% and 98% Ar dilution was presented.

Borisov et al. [14] measured the autoignition of nitromethane/
0O, mixtures in a by-pass apparatus with the diluents Ar, N, and
He at 700-1300 K in order to determine the rate constant for the
thermal decomposition of nitromethane. Kang et al. [26] examined
the ignition delay times of nitromethane/O,/Ar mixtures in a shock
tube by tracking the von Neuman pressure spike in the
temperature-range 1250-1900K at a pressure of about 0.2 atm
for several different nitromethane/O,/Ar compositions. A correla-
tion between mixture composition and ignition delay times was
presented by Kang et al. [26]. The overall activation energy was cal-
culated to be 21.36 + 0.51 kcal mol~! through multiple regression
analysis. The authors concluded that the presence of oxygen in
the NO,-group in the fuel molecule reduced the role of O, as an
ignition promoter compared to other hydrocarbon fuels. The
decomposition of pure nitromethane, and its ignition in the pres-
ence of O, was investigated in a shock tube [34] and presented
by Djebaili-Chaumeix et al. [35]. Absorption at 235 nm and emis-
sion at 235 nm and 306 nm were observed and treated as ignition
delay times.

In summary based on the literature discussed above, nitro-
methane + O, ignition occurs in at least two stages. The work of
Djebaili-Chaumeix et al. [35] showed that ignition begins with a
rapid decomposition of nitromethane and, after a buildup of the
radical pool, a second stage of oxidation of the decomposition
products follows.

However, the two stages in ignition have not yet been examined
and compared. As mentioned above the two-stage behavior was
indicated by the present authors in a conference publication [36]
where ignition delay times from a shock tube study in the temper-
ature range of 947-1333 K and at pressures in the range 8-32 atm
were presented. In the present paper, that study is discussed in
detail. A characterization of the ignition of nitromethane/O, over
time is conducted by studying pressure and luminosity profiles
to understand the ignition process. Aspects of nitromethane igni-
tion, such as pressure dependence and effects of fuel and oxidizer
composition at the same equivalence ratio, are examined. A recent
kinetic model developed for nitromethane flames [30] was used in
an attempt to interpret the ignition characteristics.

2. Experimental details

Experiments were performed in a high-pressure shock tube at
NUI Galway. The experimental setup is described in detail in the
work of Nakamura et al. [39].

The experimental pressure profiles were recorded using two
pressure transducers, one at the endwall and the other at the side
wall, 10 mm from the endwall. The measurable time range in this
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experimental setup is 4000 ps. The ignition was tracked using
unfiltered light emission from an optical window at the side wall,
10 mm from the endwall. The window is transparent within a
wavelength range of 150-2000 nm and the emission was recorded
with a Photodiode array detector (PDA) within the range
240-530 nm. Ignition delay times were measured from the time
that the reflected shock wave triggered the pressure transducer
at the endwall to the maximum intensities in the luminosity trace.
This choice of ignition delay definition is further discussed in
Section 4.1.

Four different gas compositions with varying fuel and O, con-
tent were studied, see Table 1. The gas mixtures were prepared
and continuously stirred in a mixing tank at low pressure, at a tem-
perature of 323 K. The shock tube driven section was maintained at
the same temperature. Partial pressure was used to control the
mixture compositions. An issue when working with nitromethane
is the risk of condensation. To avoid this, the liquid nitromethane
(Sigma-Aldrich Ireland Limited, 95% purity) was gradually injected
into the mixing tank with close monitoring of the pressure.
Between each injection the fuel was left to vaporize and equili-
brate. The partial pressure of the nitromethane was kept about
three times lower than the saturation pressure of nitromethane.
The 0, (99.5%) and N, (99.99%) were supplied by BOC Ireland
Limited.

The experiments were performed in the temperature range
947-1333 K at approximately 8, 16 and 32 atm. As explained in
detail later, the ignition of nitromethane was found to have two
separate stages of ignition with the two stages observed to be pres-
sure independent. Therefore experimental results with pressures
deviating from the target pressure were included in the presenta-
tion of the experimental results. The pressures were within
90-105% of the target pressures, with larger deviations for Mixture
1 at 32 atm, with three deviating pressures at 38.8, 39.5 and
44.9 atm, and Mixture 3 at 8 atm, with two deviating pressure of
9.2 and 9.7 atm. All experimental measurements are available in
tabulated form as Supplementary material.

Traditionally N, has been regarded as the final product for
nitromethane combustion [1,7]. For nitromethane flames, NO has
been shown to be formed but not consumed [32,33]. For this rea-
son, NO was chosen as the final product for nitromethane-
containing nitrogen in the definition of ¢, as further discussed in
the work of Nauclér et al. [28].

2CH3NO; + 2.50, — 2C0, + 3H,0 + 2NO (1)

The experimental uncertainties, as estimated by Nakamura
et al. [39], are 15K in reflected shock temperature, Ts, #15% in
ignition delay time, t, and +2% in mixture concentration.

3. Modeling details

The shock tube experiments were modeled using the batch
reactor module of CHEMKIN IV [40] at constant volume and at a
variety of pressure conditions. Two recent kinetic mechanisms
were used in modeling nitromethane combustion, one from
Brequigny et al. [30] and the second from Mathieu et al. [38].

The Brequigny et al. mechanism [30] contains 88 species and
701 reactions, of which the nitromethane subset involves 13

Table 1

reactions. The mechanism is an adaptation of a mechanism by
Glarborg et al. [11,33], developed to describe oxidation in low-
pressure flames, validated for pressures in the range 0.5-3.0 bar.

The Mathieu et al. mechanism [38] contains 166 species and
1204 reactions. This mechanism is an adaptation of the nitro-
methane subset from Brequigny et al. [30], updated with new rate
constants from the literature. The mechanism was developed for
the self-ignition of nitromethane + O, mixtures, and validated in
the pressure range of 1.71-35.8 atm.

4. Results and discussion

The ignition was investigated for various conditions with
respect to gas mixture composition, equivalence ratio and pres-
sure. The experimental conditions presented in Table 1 are chosen
to provide a matrix of parameters covering a relevant range of
pressures and mixture compositions. In the following discussion
the experimentally measured properties pressure and luminosity,
over time, are first evaluated. It is shown that luminosity has two
time-separated maxima, which is treated as two separate ignition
stages. These stages are discussed separately from both an experi-
mental and a modeling perspective. Correlation equations are cal-
culated for both of the ignition stages and compared to correlations
from the literature [26,35,38]. The effects of mixture composition
and pressure on ignition delay times are discussed.

4.1. Experimental traces of pressure and luminosity

To accurately define the ignition, profiles of pressure and lumi-
nosity over time are explored. Mixtures 1-4 are discussed
separately with respect to the characteristics of each mixture.
Figs. 1-4 are typical examples of the measured pressure and lumi-
nosity profiles, clearly illustrating the similarities and differences
characterizing the different mixtures. Fig. 1 presents the experi-
mental pressure and luminosity profiles of Mixture 1 at ¢ =1, at
a pressure of 8.2 atm and a temperature of 1115 K. From the pres-
sure trace in Fig. 1, it can be seen that after the distinct pressure
rise resulting from the arrival of the shock wave, there is a smooth
pressure rise with a maximum. The pressure rise indicates that
there is a prolonged activity in the gas mixture after the reflected
shock wave reaches the end-plate but the pressure trace cannot
be used independently to determine if ignition has occurred. In
the luminosity trace in Fig. 1 two luminosity maxima separated
in time, are evident. First there is a luminosity maximum shortly
after the arrival of the shock wave, with a maximum intensity
occurring in a time scale smaller than 40 ps. This is followed by
a second luminosity peak with a higher maximum intensity and
with a broader distribution over time. The second maximum inten-
sity in light emission roughly coincides in time with the pressure
maximum. The difference in intensity between the first and second
luminosity maxima can be explained either by a higher concentra-
tion of light emitting species during the second luminosity maxi-
mum, or by different light emitting species present in the two
luminosity maxima.

Mixture 2 has ¢ = 0.5, with the same oxygen content but with a
50% reduction in nitromethane as compared to Mixture 1. Example

Experimental conditions visited with respect to mixture composition and pressure. Mixture components are given as mole%.

Mixture CH5NO, 0, N2 b Pressure [atm]

1 4 5 91 1 7.4-8.2,15.9-16.8, 32.5-44.9
2 2 5 93 0.5 7.3-8.2

3 4 10 86 0.5 7.7-9.7, 14.4-15.6

4 4 2.5 93.5 2 14.8-16.6
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Fig. 1. Traces from pressure and light emission from the ignition of Mixture 1 at
1115K and 8.2 atm.
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Fig. 2. Traces from pressure and light emission from the ignition of Mixture 2 at
1220K and 7.5 atm.

pressure and luminosity profiles, representing a measurement for
Mixture 2 at 1220 K and 8.5 atm, are shown in Fig. 2. Unlike the
pressure in Mixture 1 there is no clearly defined pressure rise after
the arrival of the shock wave, indicating that there is no major
change in volume during the ignition, or that no ignition occurs.
The chemical activity in this mixture is apparently too low to be
detected from the pressure traces. However, from the luminosity
traces it is evident that ignition does occur. A similar pattern as
in the luminosity profiles from Mixture 1 is seen, with two sepa-
rated maxima. The first maximum occurs shortly after the arrival
of the reflected shock wave, while the second maximum is delayed.
The second stage has a stronger emission intensity and wider dis-
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Fig. 3. Traces from pressure and light emission from the ignition of Mixture 3 at
1031 K and 8.5 atm.
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Fig. 4. Traces from pressure and light emission from the ignition of Mixture 4 at
1509 K and 16 atm.

tribution over time. Considering both the pressure and luminosity
traces gives an indication that the lower fuel amount in Mixture 2
decreases the intensity of the luminosity, while preserving similar
characteristics over time compared to Mixture 1.

Mixture 3 has ¢ = 0.5, which is the same as for Mixture 2, with
the same nitromethane content as in Mixture 1 but with the O,
content doubled. There is no pressure rise after the arrival of the
shock wave for Mixture 3 in the measurements at temperatures
>1032 K. Measurements at 984 K and 1031 K show a rise in pres-
sure, coinciding in time with the luminosity peaks. Fig. 3 shows
the pressure and luminosity traces for Mixture 3 at 1031 K and
8.5 atm. In the luminosity traces for Mixture 3, it can be seen that
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both luminosity maxima are close together in time, and are almost
indistinguishable. The ignition does not start at the arrival of the
shock wave in the measurements at <1186 K, but there is a time
delay, as can be seen in Fig. 3.

Mixture 4 has ¢ = 2.0, with the same nitromethane content as
Mixture 1 but it contains 50% of the O, content. This mixture
was investigated in the temperature range 1109-1780K at,
16 atm. As can be seen in Fig. 4 the experimental pressure traces
shows no significant pressure rise after the arrival of the shock
wave. In contrast to the other conditions investigated, luminosity
profiles for Mixture 4 show only one peak. This can be either the
first stage ignition with the second ignition stage outside the time
restrictions in the present study, or the two maxima collapsed to
one luminosity peak. From the pressure and luminosity traces it
cannot be conclusively determined if the ignition of Mixture 4 cor-
responds to the first or second stages identified in the luminosity
profiles of the other mixtures. In the coming sections the informa-
tion gained from the analysis of the other conditions are used to
elucidate the ignition behavior of Mixture 4.

In the experimental pressure profiles of Mixtures 1-3, the pres-
sure rise after the arrival of the shock wave occurs gradually or not
at all, in contrast to the sharp pressure rise commonly used to
identify ignition in shock tube experiments. Thus, if ignition were
to be defined based on the pressure profiles measured in the pre-
sent study, there would be a high degree of uncertainty. The lumi-
nosity profiles have well defined maxima; therefore the
experimental ignition is defined as the maxima of the luminosity
profiles, with each maximum marking separate ignition events.

In the above it was shown that the ignition of nitromethane in
the presence of oxygen exhibits an unusual ignition behavior with
two separate ignition stages at the majority of the experimental
conditions in the present study, as exemplified by the luminosity
profiles in Figs. 1-3. Under these conditions the first stage ignition
is fast, with a luminosity maximum at <40 ps, with the exception
of Mixture 3 at 984 and 1031 K, while the second stage had a
delayed ignition in all mixtures and experimental conditions. This
multi stage ignition is considered analogous to the multi stage
chemistry found in flames [6,25,28] and in detonations [19]. Both
the first and second stages are investigated further.

4.1.1. Ignition delay determination

The ignition delay times for first- and second-stage ignition were
determined for Mixtures 1-3 in the temperature range 947-1333 K.
Fig. 5 shows that the ignition delay times for the first stage ignition
are the same magnitude for Mixtures 1-3 over the temperature
range studied, indicating that the initial gas mixture composition
does not affect the ignition delay times. The activation energy for
the first stage ignition is similar for the three mixtures. As a result
of experimental uncertainties and the short ignition times of this
ignition stage scatter in the results are likely not to be attributed
to pressure effects. Mixture 4 show a fast ignition and the results
are plotted in Fig. 5 together with the first stage ignition from Mix-
tures 1-3. The ignition delay times measured for Mixture 4 are of
the same order of magnitude as those for Mixtures 1-3, therefore
the single stage ignition in Mixture 4 is likely the first stage ignition.

In Fig. 6 the experimental data for the second stage ignition is
presented for Mixtures 1-3. The experimental second stage igni-
tion delay decreases with temperature, as the reactivity increases.
Reducing the nitromethane content by half has a small activating
effect on the second stage ignition by decreasing ignition delay
times. By doubling the O, content the effect on the ignition
delay was considerably stronger with a reduction of the ignition
delay times by ~four times compared to Mixture 1. The effective
activation energy of the second stage ignition of Mixture 3 is
weaker than that for Mixtures 1 and 2.
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Fig. 6. Experimental results and predictions from the mechanism of Brequigny
et al. for the second stage ignition in Mixtures 1-3 at 8, 16 and 32 atm.

Mixture 1 and Mixture 3 were examined in the pressure range
of 7.4-44.9 atm and 7.7-15.6 atm, respectively. For many fuels, the
ignition is sensitive to pressure [41]. As a result of the higher con-
centrations of fuel and O, in the gas mixture, ignition is typically
faster at higher pressures. However, no change in ignition delay
times with pressure is observed for either of the two ignition
stages over the pressure range investigated.

4.1.2. Correlation equations based on mixture composition
The use of correlation equations allows comparison of datasets
obtained at different conditions as the correlations quantify the
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Table 2
The correlation coefficients from Eqs. (2)-(7).

Coefficients  Djebaili-Chaumeix

et al. (Eq. (5))

Kang et al.

Mathieu et al.
(Eq. (4))

90% Ar  98% Ar
(Eq. (6))  (Eq. (7))

Brequigny et al.
mechanism 1st stage

Brequigny et al.
mechanism 2nd stage

Present study
1st stage (Eq. (2))

Present study
2nd stage (Eq. (3))

10 8.43 111 1.80 291 494
Ea (kcal) 15.44 2136 19.8 375 403
[NM]* -1.02 0.59 0.72 155 ~0.01
[0,] -1.08 ~0.72 -0.72 ~155 ~0.09
[dilutant]® 142 0 0.06 ~0.26 ~054

4.54 17 3.38
32.29 16.15
0.71 -0.31 0.59
-3.01 —-0.02
141 0.48 1.64

dependence of the ignition delay on the concentration of fuel, oxi-
dizer and inert gas over a range of conditions. The quality of a cor-
relation depends on the range and quality of data used in deriving
it. All correlations discussed below are summarized in Table 2. In
the present work correlation equations were obtained by fitting
an expression to the experimental results from Mixtures 1-3 of
the present study for both the first (Eq. (2)) and second (Eq. (3))
stage ignition. Mixture 4 was not included since the single ignition
stage cannot be conclusively attributed to one or the other ignition
stages identified in the other mixtures. The effect of temperature
and mixture composition was evaluated by multiple regression
analysis. The concentrations are in mol m~>, temperature in K
and R in kcal mol 'K,

T= 1077 01 TICH;NO,] 021 05] 0% N, @)

=10 3386 2098/RT[CH3NOZ]D59[02]72.35[N2]1.64 (3)

The overall activation energy, E,, was determined to be
16.15+1.57 kcalmol~!  for the first-stage ignition and
20.89 + 0.82 kcal mol~" for the second stage ignition. The pressure
dependence derived from Egs. (2) and (3) is weak, P*!> and P %12
respectively. It can be seen in Fig. 7 that the correlations from
the present study, Eqs. (2) and (3), represent the experimental
results satisfactorily, with an exponential agreement. The ignition
delay times determined for Mixture 4 were evaluated by compar-
ison to Eqs. (2) and (3). The agreement with the correlation of the
first stage ignition, Eq. (2), was good for the measurements at
1109 K and 1258 K, but the measurements at 1509 K and 1779 K
did not fit the correlation. However, because there are no other
mixtures examined in the temperature range 1500-1700 K, it not
possible to determine whether these measurements are faulty or
are an accurate description of the first stage ignition at these tem-
peratures. The fit of Mixture 4 were considerably lower than of the
second stage ignition, Eq. (3).

The present analysis predicts a promoting effect of O, on both
ignition stages, as evident from the negative sign on the exponents.
0, has a minor influence on the first stage ignition, [0,] %2 How-
ever, the second stage ignition exhibits an unusually large influ-
ence of O,, [0,]7%°. Commonly the influence of O, on ignition is
in the order of [0,] % to [0,] ' [26]. Nitromethane concentration
has a positive influence on the ignition in the first stage,
[CH3NO,] %31, while it has a dampening effect on the second stage
ignition, [CH3NO,]%>°, according to the correlation analysis in Eqs.
(2) and (3). Nitrogen is predicted to have a more pronounced
dampening effect on the second stage ignition with a positive
exponential dependence of 1.64, compared to the first stage
ignition with a dependence of 0.48.

The correlations for the first and second ignition stage were
compared to correlations from the literature [26,35,38]. Kang
et al. [26] determined the ignition delay at ~0.2 atm by tracking
the spike in pressure. The pressure profile presented by Kang
et al. has the von Neuman spike, not the gradual increase seen in
the present study. As mentioned in the discussion of pressure pro-
files, the second stage ignition detected by peaks in luminosity, in
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Fig. 7. The experimental data from the present study presented in the form of
Eq. (2) for the first stage ignition and Eq. (3) for the second stage ignition.

many cases were accompanied with a pressure increase. In light of
this, the ignition delays from Kang et al., derived from pressure
profiles, could be interpreted as the second stage ignition. Any
indication of a fast ignition stage, near the arrival of the shock wave
in time, is absent in the work by Kang et al. However, this can be a
question of detection limits and equipment sensitivity. Their
results were presented in the form of a correlation equation Eq.
(4), derived from the ignition delay data obtained from mixtures
with ¢ ~ 0.8-3.12. The experimental data was collected for mix-
ture compositions with 8.0-37.8% nitromethane, 8.6-39.5% O,
33.3-80% Ar in the temperature range 1250-1900 K at ~0.2 atm.

=10 l.l]e 21 36/RT[CH3N02]U 59[02]70.72[Ar]0 (4)

In the study by Djebaili-Chaumeix et al. [35], the ignition delay
times were determined from a delayed emission signal at 235 nm.
The correlation, Eq. (5), was derived from ignition delay times for
mixture compositions 3.56-6.4% nitromethane, 3.2-12.4% O,,
84-91.97% Ar, and measured at 1040-1380 K at 0.8-2.8 atm.

= 108415 44”RT[CH3NOZ]’1 02 [02]4 08 [Ar]1 42 (5)

The similar activation energies determined in the present study
and that of Kang et al., with the uncertainty of both Ea, supports
the hypothesis of the present study that the ignition detected in
the pressure profiles by Kang et al. is corresponding to the second
stage ignition identified in the present study. The trends in nitro-
methane and O,, are the same for Egs. (3) and (4), although with
different magnitudes.
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The correlation Eq. (5) behaves considerably differently com-
pared to the correlations for the second stage ignition, Egs. (3)
and (4). According to Eq. (5), the ignition is promoted by both oxy-
gen and nitromethane. This behavior is similar to that of the first
stage ignition of the present study, Eq. (2). The activation energy
in Eq. (5), is significantly lower than in Egs. (3) and (4), and is in
good agreement with the first stage ignition of the present study,
Eq. (2), within its uncertainty.

By comparing the correlations for the second stage ignition, Egs.
(3) and (4), it can be seen that O, is predicted to have a larger influ-
ence on the ignition in the present study, as compared to the anal-
ysis by Kang et al. When inserting the experimental results for the
second stage ignition into Eq. (4), Mixtures 1 and 2 are well repre-
sented, but Mixture 3 is not. This could be attributed to the fact
that the equations are generated at different conditions, where
Eq. (4) was calculated from predominantly richer mixtures and
higher temperatures than in the present study with one stoichio-
metric mixture and two mixtures with ¢ = 0.5, at 947-1333 K. As
the activation energies in Eqgs. (3) and (4) are in close agreement,
the difference in temperature dependency between the studies
could be due to differences in mixture composition.

Mathieu et al. [38] presented ignition delay times for mixtures
in the range 0.5 < ¢ <2 at temperatures in the range 875-1595 K
and at pressures in the range 1.71-35.8 atm. The experimental
results with 90% and 98% Ar dilution were used to calculate two
correlations, Egs. (6) and (7). In the work of Mathieu et al. the cor-
relations are based on ¢ and pressure. Here, the coefficients are
directly translated to dependences on reactants and diluent,
respectively, to facilitate comparison.

T = 107806 198/RT[CH,NO, °72[0,] 072 [Ar]0% (6)

7= -10—2 Qle 37. 5/RT[CH3N02]1.55[02]71.55 [Ar]fO.ZG (7)

The activation energies at 90% and 98% Ar dilution have differ-
ent magnitudes. With higher dilution, the activation energy
increased by 89%. The influence of the reactant also increased with
higher dilution.

Correlations based on the predictions of the Brequigny et al.
[30] mechanism were calculated in the present study. The predic-
tions were performed in the same temperature and pressure
ranges as the corresponding experimental mixtures, with ~50 K
steps. The coefficients can be seen in Table 2. Even though the
mechanism could capture the ignition delay times at 8 atm for
the examined mixtures, the correlation, containing other pres-
sures, cannot capture the influence of the reactants nor the exper-
imental activation energy.

The data from Borisov et al. [14] cannot be directly compared
with the correlations obtained in shock tubes. In fact, earlier mea-
surements performed in a by-pass apparatus were affected by sig-
nificant heat losses during ignition delay as was revealed and
discussed by the same authors [42,43]. Due to heat losses the tem-
perature of the mixture was not equal to the temperature of the
walls that affects interpretation of both ignition delays and the
apparent activation energy [42,43].

By interpreting the data in light of the present study, where two
ignition stages were observed in the same measurements, it is
plausible that discrepancies that exist in the literature [26,35]
could be due to observations of different stages in the ignition.

4.2. Ignition modeling

4.2.1. Possible origin of luminosity

The presence of two luminosity maxima indicate that the igni-
tion of nitromethane in the presence of O, occurs in several zones
or steps, as previously seen in detonation [19] and flame [6,25]

studies. The possible origins of the luminosity maxima were
explored using kinetic modeling and information about the chemi-
luminescence from exited species in the light emitting wavelength
range [44]. When identifying species, considerable experimental
work [12,13,25,26,44-46] and the book of Gaydon [44] was consid-
ered. Candidate species were those which emit light within the
experimentally detectable range of the present study, 240-530 nm.

In the work of Hall and Wolfhard [25] two zones were detected
in a nitromethane/air flame. In the first zone the species C5, CH*,
CN*, OH*, NH* and NO* were observed, but not CH,0*. In the shock
tube study of Kang et al. [26] the authors mention that the species
CH,0*, OH*, and NO* were detected through emission after the
reflected shock had passed, which was referenced in [26] as a pub-
lication in preparation but is, to the best of our knowledge, not yet
published. In the shock tube study of nitromethane decomposition
by Zaslonko et al. [12] CH,0* was detected, and used as proof of the
presence of CH3O radical early in the ignition. In the combustion of
liquid nitromethane strong signals of OH* were detected with
somewhat smaller signals of CN* [46]. Dong et al. [45] investigated
emission from nitromethane/O, mixtures in a shock tube and
observed emission of CH30* and OH* appearing simultaneously.
In the shock tube study of Mathieu et al. a weak OH* signal was
detected [38].

NO3 is a likely candidate for the first stage emission that is
detected as it is established in the literature that ground state
NO, is produced from the thermal decomposition of nitromethane
[12,13], and emits light in the detectable region.

Formaldehyde CH,0* emits light in the range 370-480 nm. It
was generally considered that the reaction CHs0O+ CH30=
CH,0* + CH30H is a source of excited formaldehyde [13].

In the present study, the possibility that luminosity originated
from OH* was examined by OH*-filtering. No luminosity signal
was detected in the filtered experiments. Based on this lack of sig-
nal it is, however, not possible with certainty to rule out the pres-
ence of OH*, since the signal might be weaker than the detection
limit. As OH* radicals have been detected in previous studies, it
is considered among the possible luminosity sources. Precursors
to OH* are primarily O+ H=0H* and CH + 0, = CO + OH*, and to
a minor extent N,O + H =N, + OH*.

NO does not decompose at the present temperatures and would
therefore not result in one or several concentration maxima with a
constrained time interval, but rather be distributed over a wide
range in time. The same behavior was also predicted by the model.
Considering this NO was excluded as a possible source of the lumi-
nosity peaks. The species left for consideration are, CN*, NH* and
C3. These species all emit light in the experimentally detectable
range of the present study; CN* at 388.3 and 359 nm, NH* at
337 nm, G5 with two swanbands within the detectable region of
the present study at 473.7 and 516.2 nm.

The excited species C5 is produced from CH+C=C5+H and
CH,+ C= (5 +H, [47]. Through the reaction CH +NO = NH* + CO
the exited species NH* can be formed [48]. The formation of CN*
is, to the best of the authors’ knowledge, not well established in
the literature. Therefore its ground state equivalents are examined
further.

Excited species are not present in the chemical kinetic mecha-
nism used to simulate the present results, but the ignition is eval-
uated using the precursors for the exited species discussed above.
Modeling shows two regions of species maxima that could possibly
be related to the first- and second-stage ignition, as shown in Fig. 8.
The first and second ignition stages are defined as the maximum
pressure rises according to the model, and marked in Fig. 8.
CH30 and NO, peak almost simultaneously at the first ignition
stage, with the presence of CHs0 indicating that CH,O* can be
formed. CN has a maximum at the second stage ignition, while
NH has two maxima corresponding in time with both the first
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Fig. 8. Predicted concentrations over time for selected precursors to plausible light
emitting species in Mixture 1 at 1100 K and 8 atm. The predictions are from the
mechanism of Brequigny et al.

and second stage ignition events. At both ignition stages, maxima
from OH radical can be found. The radical CH is of interest as a pre-
cursor for OH* and C3 and NH*. CH, acts as a precursor to C3. The
OH, CH and CH, radicals have three maxima. First there is a max-
imum at times <5 ms, followed by two delayed maxima corre-
sponding in time with the two ignition stages respectively. The
first two maxima are predicted to have a lower molar fraction than
the third maximum. Atomic oxygen, O, is studied as a precursor to
OH*, it has a maximum at both ignition stages. The luminosity of
both ignition stages is probably emission from a mixture of several
of the exited species discussed above.

4.2.2. Definition of ignition delay in the modeling

The choice of marker to define the ignition delay time is impor-
tant when evaluating the performance of the mechanism. In light
of the previous discussion, several definitions of ignition were
tested in our modeling. Precursors to the radicals considered as
likely sources of emission have been tested. These include:
dp/dtmax, [OH]max and [CH + CHymay for both ignition stages,
[CH30]max and [NO3]max for the first stage ignition, and [CN]max,
[NH]max and [N2O]max for the second stage ignition. The definitions
dp/dtmax, [OH]max and [CH + CH,]max were chosen as they have all
been established in the literature as markers for ignition, and are
formed within the explosion and consumed relatively fast. The
results are plotted in Fig. 9 and one can see that there are no major
differences in ignition delay time using the different definitions, for
either the first or second stage ignition events. The pressure pro-
files versus time resulted in two pressure rises separated in time;
a maximum gradient in pressure dp/dtyax was calculated for both
pressure rises. The first maximum for OH and CH + CH, appears
at times considerably shorter than the first experimental maxi-
mum. This can contribute to the width of the luminosity maxi-
mum, but is unlikely to be an appropriate marker for the
maximum. Therefore the second maximum was tested as a marker
for the first stage ignition. At temperatures >1150 K, these two first
maxima were difficult to distinguish. Therefore the ignition delay
times for the first stage ignition were only calculated up to
1150K for OH and CH + CH,. For the second stage ignition the
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Fig. 9. Comparison of different definitions of the predicted ignition delay time for
the first and second stage ignition in Mixture 1. The predictions are from the
mechanism of Brequigny et al.

ignition delay time from [O]max and [OH]max were slightly longer
compared to predictions using dp/dtmax, [CN/NH]max and
[CH + CHa]imax but negligible on the logarithmic scale, as seen in
Fig. 8. As there is negligible difference between the definitions
for both ignition stages, the choice of ignition marker in modeling
the data is of little consequence and does not influence the interpre-
tation of the mechanism’s performance. The maximum pressure
gradient dp/dt;.x was used for the modeling predictions as the origin
of the experimental luminosity was not experimentally proven.

4.3. Comparison between experimental results and modeling

First, two contemporary kinetic mechanisms by Brequigny et al.
[30] and Mathieu et al. [38] are compared for their ability to repro-
duce the experimental ignition delay times. The mechanism of
Brequigny et al. accurately reproduced the trends in ignition delay
times from all mixture compositions at 8 atm. An important point
is that the small reduction in ignition delay time when decreasing
the nitromethane content was successfully reproduced. The
Mathieu et al. mechanism did not reproduce the ignition delay
times as well as that of Brequigny et al. in the present work.
Therefore the Brequigny et al. mechanism has been chosen in our
further discussion. In Supplementary material, the performance
of the mechanism of Mathieu et al., at the condition of the present
study, is presented for both ignition stages.

When comparing the experimental results with the modeling
predictions for the first stage ignition, the activation energy in
the predictions is higher for all mixtures examined, as seen in
Fig. 5. The predicted first stage ignition ranges between 1 and
544 ps in the temperature range 1000-1500 K for Mixture 1 at
8 atm, and coincides with the experimental results ~1100 K. There
are minor differences between the predicted activation energy of
the first stage ignition for the different mixtures, which is slightly
lower in Mixture 3 and negligibly higher in Mixture 2 and Mixture
4, as compared to Mixture 1. These differences in activation energy
between the different mixtures are small compared to the experi-
mental activation energy.

For Mixtures 1 and 2 the experiments and modeling are in
reasonable agreement with the second stage ignition at 8 atm.
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Moreover, in the simulated second stage ignition the temperature
dependence is stronger than observed in the experimental temper-
ature dependence for Mixture 3, as seen in Fig. 6.

The pressure dependence was examined at 8, 16 and 32 atm for
Mixture 1. Unlike the pressure independence in the experimental
results, the model predicts decreasing ignition delay times (faster
reactivity) for both ignition stages with increasing pressure for
Mixture 1.

5. Conclusions

The ignition of nitromethane/0,/N, mixtures was characterized
as a two-stage process under our experimental conditions. The
ignition profiles were examined with respect to pressure and lumi-
nosity versus time. Some pressure traces showed a continuous rise
stretched over time with one maximum, rather than a sharp von
Neuman spike, while some traces had no significant pressure rise
at all. From the luminosity traces two maxima were identified;
the second coinciding in time with the pressure maximum. The
luminosity was used to define the experimental ignition, with
the ignition delay times taken at the maximum intensity of the
luminosity peaks. Firstly, a fast ignition stage occurs, followed by
a second stage ignition with higher luminosity intensity and a lar-
ger spread over time. The two-stage ignition process, seen also in
detonations [19], and possibly corresponding to the occurrence of
several reaction zones in modeled flames [6,28], is thereby proven
experimentally in self ignition. Both the first- and second-stage
ignition was examined for pressure and mixture composition
dependence. An unusual aspect of nitromethane ignition is that
over the conditions examined in the current study, there was no
pressure dependence in the ignition delay times for either the first
or second stage ignition. Mixture composition had no measurable
effect on the first stage ignition delay times. However, for the
second stage ignition, the ignition delay time was decreased by a
factor of approximately four by doubling the O, content of the
mixture, but reducing the nitromethane content by half only
marginally reduced the ignition delay times.

Possible exited species generating the emission were identified
as possible ignition markers for simulations from a theoretical dis-
cussion based on species observed in the literature. It was shown
that the definition of ignition did not affect the evaluation of the
performance for the mechanism of Brequigny et al. [30].

Modeling could reproduce the magnitude of the first stage igni-
tion in reasonable agreement, but the temperature dependence
was steeper than for the experimental results. For the second stage
ignition the model predictions reproduce the temperature depen-
dence well, and also reproduces well the ignition delay times at
8 atm but under-predicts them at 16 and 32 atm. The mechanism
could not reproduce the pressure independence seen in the exper-
imental results for either the first or second stage ignition. The
kinetics of nitromethane/O,/N, ignitions cannot be fully explained,
and warrants further investigation.

The experimental temperature and mixture dependence was
analyzed in terms of a correlation fit for each ignition stage, Egs.
(2) and (3). From this analysis the first stage ignition was con-
cluded to be mainly promoted by the concentration of nitro-
methane, suggesting that this ignition stage is controlled by the
thermal decomposition of nitromethane and its neighboring chem-
istry. In the second stage ignition O, has a strong promoting effect
on the reactivity, while nitromethane has a mild dampening effect
on the ignition. From the correlations the overall activation energy
was calculated to be 16.15 + 1.57 kcal mol~" for the first stage igni-
tion, and 21.45 + 0.82 kcal mol~" for the second stage. Compared to
the correlation from Kang et al. [26], the second-stage ignition is in
the present study predicted to be more influenced by O, and

diluent concentrations. The activation energy for the second stage
ignition is in good agreement with the activation energy calculated
in the work of Kang et al. In the correlation from Djebaili-Chaumeix
et al. [35] the activation energy is in good agreement with the first
stage ignition of the present study.

The ignition in Mixture 4 was attributed to a first stage ignition,
but the measurement points at 1509 K and 1779 K where differen-
tiated as the ignition delay times do not follow the general trend of
first stage ignition found in the temperature range 947-1333 K.

The chemistry behind ignition of nitromethane/O, warrants fur-
ther studies, in order to elucidate the pressure independence of the
ignition and improve capabilities to reproduce this through
simulations.
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ABSTRACT

The laminar burning velocity for nitromethane+O,+CO, was measured for $=0.8-1.3 at 348 K
and ¢=0.8-1.6 for 358 K at atmospheric pressure using the Heat flux method. Oxidizer
composition was 35% O, and 65% CO,. In addition, the effect of the oxidizer composition was
examined for a stoichiometric flame at 358 K by varying oxygen fraction from 30% to 40%.
Two kinetic mechanisms from the literature were examined for their predictive capabilities
against the experimental laminar burning velocities for flames of nitromethane+O,+CO, and
nitromethane+air. The mechanism by Mathieu et al. (Fuel 2016, 182, 597), previously not
validated for flames, was able to reproduce experimental laminar burning velocities for
nitromethane+air but underpredicted new results at O,+CO; conditions. The mechanism by
Brequigny et al. (Proc. Combust. Inst. 2014, 35, 703) underpredicted experimental results
significantly at all investigated conditions. Sensitivity analysis revealed that one of the most
sensitive reactions is HCO+M=CO+H+M, for which different rate constant expressions were
implemented in the two mechanisms. When replacing the rate constant for that reaction in the
mechanisms of Brequigny et al.,, with the one used by Mathieu et al., significantly better

agreement with experimental data was obtained.

Keywords: nitromethane, oxy-fuel, laminar burning velocity, kinetic modelling



1. INTRODUCTION

A contemporary challenge due to continuous use of combustion for energy production is the
emission of greenhouse gases, in particular carbon dioxide (CO,), and dealing with its
consequences. To address the issue of CO-emissions through technical advances methods for
carbon capture and sequestration (CCS), where the CO; is not released into the atmosphere, are
under development. In CCS the CO, can be recirculated in the combustion process as a diluent
instead of molecular nitrogen (N3), resulting in a high-CO, flue gas that is suitable for
sequestration. In application with fossil fuels, these techniques are regarded as carbon-neutral'.
Biofuels combined with CCS-techniques have a potential to result in a negative net CO»-balance,
making it a viable option for dealing with the large CO,-emissions from combustion. Research
on biofuels combusted at oxy-fuel conditions, both as the primary fuel and together with coal, is
presently pursued with promising results .

Oxy-fuel combustion has the subordinate but important effect of reducing NOy emissions,
compared to combustion in air. This is partly because there is no N, present that can form NOj at
high combustion temperatures, but also a result of that the fate of fuel-nitrogen (fuel-N) under
oxy-fuel conditions can be different compared to combustion with air, as reviewed for
combustion of fossil fuels’”. Shaddix and Molina® investigated NO,-conversion from fuel-N in
pulverized coal with CO, or N as diluents. It was seen that at equivalent amounts of CO; or Ny,
less of the fuel-N was converted to NO, when burnt in CO,. Most studies have focused on the
NOy emissions from fuel-N in combustion of real fossil fuels, containing a range of different
fuel-N-species. Fossil fuels and biomass yield different fuel-N compounds and it has been shown
that biomass release more of its nitrogen content at lower temperatures, as compared to fossil

fuels, as discussed by Glarborg et al.>.



To better understand the chemistry of fuel-N at oxy-fuel conditions, further studies on
fundamental properties of individual fuel-nitrogen compounds are necessary. Because of its short
carbon-chain and single bond between the nitrogroup and the carbon, nitromethane (CH3;NO,) is
an excellent representative for fuel-N chemistry. The literature on the effect of carbon dioxide on
nitromethane combustion is at present limited to one study where the effect of CO; as a collision
partner in the decomposition of nitromethane was investigated in a shock tube’ at 1050-1400 K
and 0.2-40 atm. A ratio of 1:3 (Ar:CO,) for the third body collisional efficiency was presented
for the low pressure rate constant of the thermal decomposition.

Kinetic mechanisms for modeling of nitromethane+O, combustion in the diluents Ar or N, are
available in literature, the recent ones are outlined in the following. A mechanism for low
pressure nitromethane+O,+Ar flames was presented by Zhang et al.’, together with experimental
temperature and species profiles for ¢=1.0, 1.5 and 2.0, at 4.655 kPa. The model predictions
were in satisfactory agreement with the experimental results. Brequigny et al.'’ adapted the
mechanism from Zhang et al.” to pressures in the range 0.5-3 bar, by updating selected rate
constants. The mechanism was validated against laminar burning velocities for nitromethane+air
at 423 K and 0.5-3 bar. Naucler et al.'', have shown that the mechanism of Brequigny et al."
underpredicted the laminar burning velocity at unburnt gas temperatures 338-358 K and
atmospheric pressure. A study on nitromethane+O,+N, ignition at 947-1333 K in the pressure

12 showed that the mechanism of Brequigny et al.'’ agrees with the

range 7.3-44.9 atm
experimentally determined effects of mixture compositions on ignition delay times at 8 atm, but
failed to reproduce the weak pressure dependence of the experimental results. The latest
published mechanism, from Mathieu et al."* was developed for self-ignition of nitromethane, and

ignition delay times for nitromethane+O,+Ar at 2-34 atm were reproduced with satisfactory
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agreement. Nauclér et al."? tested the mechanism of Mathieu et al." against ignition delay times
at 947-1333 K in the pressure range 7.3-44.9 atm for nitromethane+O,+N, mixtures. Predicted
trends of variation in ignition delay times with mixture composition were far from the
measurements. The mechanism was also shown to be more reactive at the conditions covered by
Nauclér et al.'?, with significantly shorter predicted ignition delay times as a result. This
mechanism has not been validated for nitromethane flames so far.

The laminar burning velocities of nitromethane with N, as the diluent have been examined in
three previous studies. De Jaeger et al.'* measured the laminar burning velocity using a Bunsen
burner and Schlieren imaging for nitromethane+O,+N, at various N, dilutions. Brequigny et al.'’
utilized the closed bomb technique to measure the laminar burning velocity for nitromethane+air
at 423 K in the pressure range 0.5-3 bar. They defined equivalence ratio assuming N, as the final
nitrogen-product, resulting in a maximum laminar burning velocity at lean conditions, ¢~0.75.
Nauclér et al.'' showed that by defining the equivalence ratio with NO as the final product, the
maximum appears at rich conditions, ¢~1.2, in line with many other fuels. Laminar burning
velocities for nitromethane+air in the temperature range 338-358 K at atmospheric pressure,
were determined using the heat flux method ''. Through modeling it was shown that the width of
the reaction zone of nitromethane-+air flames needs to be considered when using the closed bomb
technique''. The experimental results at 1 bar from Brequigny et al.'” were reprocessed,
considering the predicted width of the reaction zone, which improved the agreement between the
studies.

Fundamental properties of fuel-N species has yet to be characterized at oxy-fuel conditions. To
improve the knowledge on fuel-N conversion at CO,-rich conditions, the present study provides

new experimental data on laminar burning velocity for nitromethane+O,+CO, flames which



have not been examined experimentally before. The results are used to validate and compare two
contemporary kinetic mechanisms for nitromethane combustion. The performance of the
mechanisms is evaluated based on the capability to accurately predict the present CO,-enriched
flames as well as the laminar burning velocities for nitromethane-+air'’. To shed light on the
differences or similarities between the mechanisms and their respective performance, sensitivity

analysis is performed.

2. EXPERIMENTAL DETAILS

Laminar burning velocities of nitromethane+O,+CO, flames at atmospheric pressure were
determined using the heat flux method. Initial gas mixture temperatures were 348 K and 358 K,
and equivalence ratios visited were in the range $=0.8-1.6. At 348 K measurements were limited
to a highest equivalence ratio of 1.3, due to low vapor pressure and thus a risk for condensation
of the fuel at higher equivalence ratios at this temperature. The oxidizer mixture had a
composition of 35% O, and 65% CO, for experiments over the whole accessible range of
equivalence ratios. In addition, the effect of oxidizer composition was examined for a
stoichiometric flame at 358 K by varying oxygen fraction from 30% to 40%.

The experimental setup and methodology used were described in detail by Alekseev et al.'.
The burner used in the present study was designated “N” '°. For this burner the adiabatic laminar
burning velocities from the present study and from Nauclér et al.'' were corrected for burner
surface area variation by multiplication by a factor of 1.023, as suggested by Alekseev et al.'’
The liquid nitromethane was mixed with CO, during evaporation as the gas flow through the
evaporator. Just downstream the evaporator O, was added to the gas mixture. All gases were

then allowed to mix as they passed through a heated hose set at the desired temperature of the



unburnt gas, 348 K or 358 K. The O, and CO, were provided by AGA with purities 99.5% and
99.8%, respectively. The nitromethane was from Sigma-Aldrich with a purity of 99.8%.

At adiabatic conditions (overall zero heat loss of the flame to the burner) the flame front was
corrugated, an issue previously discussed by Nauclér et al.'" 'S, Following the methodology
outlined in these previous works the flames were studied at sub-adiabatic conditions and
extrapolated to the adiabatic laminar burning velocity. This extrapolation was up to 2.8 cm/s
from the adiabatic laminar burning velocity at most, with a linear relationship between the
measurement points.

In the present study, the only source of nitrogen is in the nitrogroup of nitromethane. In past
research N, has been considered as the final product from nitromethane combustion'’. However,
for nitromethane flames, NO has been shown to be formed but not consumed” ', For this reason,
NO was chosen as the final product for nitromethane-containing nitrogen in the definition of ¢,
as discussed in the work of Nauclér et al."".

2 CH3NO, + 2.5 0, — 2 CO, + 3 H,0 + 2 NO

3. MODELING DETAILS

Modelling was performed using the premixed laminar flame speed calculation module in
CHEMKIN IV ", with thermal diffusion and multicomponent transport taken into account. The
parameters GRAD and CURV were kept sufficiently small to generate a grid of >800 gridpoints
over § cm domain.

The flames were modelled using the detailed kinetic mechanisms of Brequigny et al.' and

Mathieu et al.'*. The latter did not provide transport parameters, which are necessary to perform



flame simulations. Transport parameters were mainly adopted from the mechanism of Konnov?

. . . . 21
and, for species not included in the Konnov mechanism, from Aramco 2.0”".

4. RESULTS AND DISCUSSION

In this section the new experimental results for nitromethane+O,+CO, flames are first
presented. This is followed by an evaluation of the ability of two mechanisms, by Brequigny et
al.'” and Mathieu et al.", to reproduce the new experimental results as well as the measurements
for nitromethane+air flames ''. Discrepancies between experimental results and modelling are
further investigated using sensitivity analysis and the most sensitive reactions are discussed.

4.1 Experimental results

Experimentally determined laminar burning velocities for nitromethane+0O,+CO, are presented
as symbols in Figure 1, with error bars showing the individual uncertainty in ¢ and velocity for
each measurement point. The maximum laminar burning velocity was reached at ¢=1.1 with 32.8
cm/s at 348 K and 34.4 cm/s at 358 K. The position of the maximum laminar burning velocity is
shifted to slightly leaner mixtures, ¢=1.1, as compared to nitromethane+air flames which peak at

=1.2. Laminar burning velocities of nitromethane+air flames ' are provided in Figure 2.
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Figure 1. Laminar burning velocities at 1 atm for nitromethane+O,+CO,. Symbols: present study
at 348 K (red squares) and 358 K (black circles). Lines: modeling using the mechanisms of

Brequigny et al.' (dashed) and Mathieu et al.® (solid) at 348 K (red) and 358 K (black).
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Figure 2. Laminar burning velocities at 1 atm for nitromethane+air. Symbols: measurements' ' at

338 K (green triangles), 348 K (red squares) and 358 K (black circles). Lines: modeling using the
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mechanisms of Brequigny et al.' (dashed) and Mathieu et al.® (solid) at 338 K (green) 348 K

(red) and 358 K (black).

Figure 3 shows how the laminar burning velocity at stoichiometric conditions and 358 K varies
with fraction of O, in the oxidizer, O,/(0,+CO5,), in the range 0.30 to 0.40. The laminar burning

velocity exhibits close to linear increase with increasing O, content in the investigated range.

5]
]
35-3
30—2

25

Laminar burning velocity [cm s7]

204

030 032 034 036 038 040
0,/(0,+CO,)
Figure 3. The laminar burning velocity for nitromethane+O,+CO, at stoichiometric conditions

and 358 K as a function of O, fraction in the oxidizer. Lines: modeling using the mechanisms of

Brequigny et al.'® (dashed) and Mathieu et al."* (solid).

4.2 Modelling results
For nitromethane+O,+CO, flames, modelling results from the mechanisms of Brequigny et
al.'"’ and Mathieu et al."’ are presented together with the experimental data in Figure 1. As

10



evident from the figure the laminar burning velocity is consistently underpredicted by modelling,
with the results from the mechanism by Brequigny et al. 10 substantially lower than those of the
mechanism by Mathieu et al."’. The extent of the underprediction decreases towards richer
conditions for the mechanism by Mathieu et al.”*, going from 3.8 cm/s at ¢=0.8 to 1.3 cm/s at
$=1.6, at 358 K. The corresponding numbers for the mechanism of Brequigny et al.'” show an
opposite trend with respect to equivalence ratio, going from 5.4 cm/s at ¢=0.8 to 6.2 cm/s at
¢=1.6, at 358 K. It is important to note that for both mechanisms the underpredictions are well
outside the uncertainty limits of the experimental results.

The influence of O,-content in the oxidizer can be observed by comparing the slopes of the
experimental results (symbols) and the model predictions (lines) in Figure 3. At all oxygen
concentrations considered here the mechanisms give results below the lower uncertainty limits
and the modelling results deviate further from the measurements with increasing O,-fraction.

Experimental laminar burning velocities for nitromethane+air from Nauclér et al.'!, are
presented together with the model predictions from the two mechanisms in Figure 2. The
mechanism of Mathieu et al." successfully reproduces laminar burning velocities inside the
experimental uncertainty over the entire investigated range of ¢. The mechanism of Brequigny et
al.' underpredicts the laminar burning velocity for nitromethane+air, with a trend of increasing

deviation at richer conditions.

4.3 Sensitivity analysis
From the comparisons between modelled and experimental laminar burning velocities,
discussed above, it is seen that the two mechanisms show different quantitative and qualitative

performance. To elucidate which reactions are responsible for the differences observed,
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sensitivity analyses were carried out for nitromethane flames burnt with O,+CO, and with air at
¢=1.2 and 358 K, for both mechanisms. The ten reactions with highest positive and ten reactions
with most negative sensitivity were identified for each case and the results are presented in
Figures 4 and 5 for the mechanisms of Brequigny et al.'” and Mathieu et al."*, respectively. In the
Supplementary material the same data are presented but with results for O,+CO; from both

mechanisms shown in Figure S1 and the corresponding results for air in Figure S2.

CH3NO2(+M)=CH3+NO2(+M)
CH3+NO=H2CN+OH
H+02=0+0H
HCO(+M)=H+CO(+M)
CH30(+M)=CH20+H(+M)
CO+0OH=CO2+H
CH20H+H=CH3+0H
HCO+02=CO+HO2
NO+HO2=N0O2+0H
NH+OH=HNO+H
CH3+NO=H2CN+OH
HNO+NO2=HONO+NO
HO2+0H=H20+02
CH3+NO2=CH30+NO
HCO+OH=CO+H20
HNO+OH=NO+H20
CH3+H(+M)=CH4(+M)
OH+H+M=H20+M
CH3+0=CH20+H
HNO+H=NO+H2 -
- I Nitromethane-+air
CH3S€S?§S:_?§8T§3 Il Nitromethane+0,+CO,
HCO+H=CO+H2
NO-+H(+M)=HNO(+M)
" T t T T T ]
02 -01 00 01 02 03 04
Sensitivity coefficent

Figure 4. The 20 most sensitive reactions for nitromethane+O,+CO, and nitromethane+air

according to the mechanism by Brequigny et al.'’, at ¢=1.2 and 358 K.

The four most sensitive reactions for flames of nitromethanetair are the same for the two
mechanisms: H+O,=0+OH (R1), CO+OH=CO,+H (R2) and HCO+M=H+CO+M (R3) with
positive sensitivities and HCO+NO=HNO+CO (R4) with negative sensitivity, as evident from

Figure S2. At CO,-rich conditions, Figure S1, the sensitive reactions are essentially the same but
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for the mechanism of Brequigny et al.' the reaction CH;3;0(+M)=CH;O0+H(+M) appear with a
slightly higher sensitivity than R2. The rate data implemented in the two mechanisms for
reactions R1-R4 are collected in Table S3 in the Supplementay material.

The sensitivity spectra comparing the two mechanisms reveal some differences in how the
nitrogen chemistry is treated: the mechanism from Brequigny et al.'” is more sensitive to
reactions involving HNO, while the mechanism of Mathieu et al.'’ is more sensitive towards a
few reactions involving conversion between NO and NO,. There are also differences in the
sensitivity of the fuel reacting with radicals, but with small sensitivities compared to the four
most sensitive reactions.

The most sensitive reaction, R1, has a well determined rate constant with a solid agreement in
literature, as discussed by Alekseev et al.*> The mechanisms tested in the present study use rate
constant expressions from different sources, but these are in agreement, as can be seen in Figure
S3 in the Supplementary material. It is not likely to be responsible for the different results by the
two mechanisms in the present study, and is therefore not further discussed.

The sensitivity for CO+OH=CO,+H (R2) is similar for O,+CO, and air combustion, presented
in Figures 4 and 5, respectively. Also for this reaction different sources for the rate constant
expressions are used in the two mechanisms, but the resulting rate constants are in fairly good
agreement, as presented in Figure S4 of the Supplementary material. The rate constant from
Rasmussen et al.”® used by Brequigny et al.'’ is valid for 1 bar. No pressure dependence was
implemented, although rate constants at a range of pressures were provided by Rasmussen et al.
3 Since the present study is conducted at only atmospheric pressure this choice is not expected to
be important. Mathieu et al."* implemented the rate constant from Joshi and Wang** calculated
for the temperature range 120-2500 K.
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H+02=0+0OH
HCO+M=H+CO+M
HCO+02=CO+HO2
CO+OH=CO2+H
CH3NO2=CH3+NO2
CH3+NO2=CH30+NO
CH3+0OH=CH20H+H
CH3+NO=HCN+H20
NO+HO2=NO2+0OH
CH3+0OH=CH2(5)+H20
H+OH+M=H20+M
HCO+0OH=CO+H20
CH2(S)+C02=CH20+CO
HO2+0OH=H20+02
CH3+CH3(+M)=C2H6(+M)
NO2+H=NO+OH
CH3NO2+0OH=CH2NO2+H20
CH3+0=CH20+H
CH3+H(+M)=CH4(+M)
HCO+NO=HNO+CO
H+O2(+M)=HO2(+M)

02 01 00 01 02 03 04
Sensitivity coefficient
Figure 5. The 20 most sensitive reactions for nitromethane+O,+CO, and nitromethane+air

B Nitromethane-+air
Il Nitromethane+0,+CO,

according to the mechanism by Mathieu et al."?, at ¢=1.2 and 358 K.

For nitromethanetair the reaction HCO+M=H+CO+M (R3) has a large sensitivity for the
mechanism by Brequigny et al.'’, at both oxidizer conditions, see Figure 4. The reaction is
treated differently in the two mechanisms and is therefore a likely candidate for discrepancies. In

the mechanism of Brequigny et al.'’ R3 is assigned the pressure dependent rate constant from

L3 126,

Hippler et al.>, while in the mechanism of Mathieu et al.”® the rate constant from Li et a

multiplied by a factor of 1.2, is used. Rate constants are presented in Figure S5 of the
Supplementary material. The low pressure rate constant from Hippler et al.”® and the rate

constant from Li et al.?® are in reasonable agreement. However, the pressure dependence of the

125

rate constant for R3 by Hippler et al.” implies that at 1 atm, the reaction occurs in the falloff

regime. The unusual pressure dependence and the low pressure rate constant were questioned by

Krasnoperov et al.>’. The reasoning of Krasnoperov et al.”’ was as follows: Hippler et al.”

measured the HCO decay rates in initial high concentrations, where bimolecular radical reactions
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can be expected to occur readily. Yet the HCO decay observed were attributed to solely the HCO
decomposition reaction and interference from radical-radical reactions were neglected. In the
present study atmospheric pressure is considered and therefore the rate ~1 atm is of importance.

Using a rate constant at the low pressure limit would more realistically represent the conditions
of the present study; therefore the rate constant used by Mathieu et al.®, was implemented in the
mechanism of Brequigny et al.'’. This increased significantly the predicted laminar burning
velocity, now in better agreement with the experimental results, as can be seen in Figure 6. Also
the nitromethane+air flames were rerun with the updated rate constant, as presented in Figure 7.
The laminar burning velocity is now overpredicted by the modified mechanism of Brequigny et
al.'” on the lean side, while reproducing the laminar burning velocity successfully within the
experimental uncertainty in rich mixtures.

Reaction R4 shows the largest negative sensitivity for all cases. The two mechanisms use the
same rate constant and therefore this reaction was not considered further.

The two mechanisms treat the collisional efficiencies in R3 differently, most notably for H,O,
which was shown to be of importance for flames at CO,-rich conditions in methanol+0,+CO,
flames'®. Increasing the third body collisional efficiency for reaction R3 in the mechanism of
Brequigny et al.' to 12, the same numeric value as employed by Mathieu et al."* and Nauclér et
al.'® decreased the laminar burning velocity further below the experimental results, as can be

seen in Figure 6.
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Figure 6. Laminar burning velocities at 1 atm for nitromethane+O,+CO,. Open symbols:

measurements at 348 K (red squares) and 358 K (black circles). Lines: modeling using the
mechanism of Brequigny et al.'’ with original value on R3 (short dash) and with R3 adopted
from Mathieu et al." (long dash) at 348 K (red) and 358 K (black). The black triangles represent
modeling with the mechanism of Brequigny et al.'’, at 358 K, using a collisional coefficient of

12 for H,0.
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Figure 7. Laminar burning velocities at 1 atm for nitromethane+air. Symbols: measurements

from Naucler et al.'' at 338 K (green triangles), 348 K (red squares) and 358 K (black circles).
Lines: modeling using the mechanism of Brequigny et al.'® with original value on R3 (short
dash) and with R3 adopted from Mathieu et al.’? (long dash) at 338 K (green) 348 K (red) and

358 K (black).

5. CONCLUSIONS

The first experimental determination of the laminar burning velocities of
nitromethane+0,+CO, flames was presented. Two kinetic mechanisms were tested for the ability
to reproduce the experimental results of the present study and previously published results for
nitromethane+air flames''. The mechanism by Mathieu et al.”® successfully reproduced the data
for nitromethane+air flames, while underpredicting the laminar burning velocities at CO, rich

conditions. The mechanism by Brequigny et al.'’ underpredicts the laminar burning velocity for
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both examined cases. The behaviour of both mechanisms varies with mixture composition and
oxidizer composition.

A sensitivity analysis revealed that the impacts of individual reactions were similar for the
laminar burning velocity for nitromethane with air and CO»-rich combustion. In the sensitivity
analysis the reaction HCO+M=CO-+H+M was the second most sensitive at all conditions, and
since the rate constants for this reaction were different in the two mechanisms it was considered
as a candidate for modification. The unusual pressure dependence in the rate constant used by
Brequigny et al.'’ was questioned in literature’” and replacing it with the rate constant
implemented by Mathieu et al."?, significantly improved the performance of the mechanism from
Brequigny et al'’.

It is concluded that the mechanism of Mathieu et al."’, previously not validated for flames,
accurately predict laminar burning velocities of nitromethane+air flames at atmospheric pressure.
The original mechanism by Brequigny et al.'” showed significant underpredictions at all
conditions, but upon modification of the rate constant for reaction HCO+M=CO+H+M
performance is significantly improved with good agreement for nitromethane+air flames and

only a minor underprediction for nitromethane+0,+CO; flames.
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