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ABSTRACT

EFFECTS OF METHANOL ON SPECIES CONCENTRATIONS IN n-
HEPTANE FLAMES

Fuel oxygenate additives have been used as an alternative method to reduce
the combustion emissions. The effects of methanol addition on n-heptane oxidation
were investigated for one-dimensional, atmospheric pressure, laminar, premixed, fuel-
rich flame at an equivalence ratio of 2.10. The Detailed Chemical Kinetic Modeling
approach has been used to obtain information about the combustion characteristics of
n-heptane and n-heptane/methanol flames. A detailed chemical kinetic mechanism
was generated by merging two mechanisms of n-heptane (with the formation of
polycyclic aromatic hydrocarbons (PAHSs)) and methanol. The Master Mechanism
consists of 4480 reactions and 945 species. Model validation was carried out using the
experimental data available in the literature for different combustion systems. The
Master Mechanism was investigated for the combustion of n-heptane and n-
heptane/methanol flames using reaction sensitivity, rate of production, and reaction
pathway analyses. The mole fraction profiles of low-molecular-weight stable species,
single ring aromatics, and PAHs have been predicted by the model. Good agreements
between the modeling and experimental results of species mole fractions for both
flames have been achieved. The mole fractions of low-molecular-weight species,
aromatics, and PAHs were reduced as the methanol was added to n-heptane flame.
Acetylene, propargyl radical, and vinylacetylene have been found as important species
for the formation of the first aromatic ring and PAH species. Model reduction was
also carried out using directed relation graph method. The Reduced Mechanism
consists of 1113 reactions and 156 species. The Reduced Mechanism was in a good
agreement with the Master Mechanism in terms of the species mole fraction

predictions of the n-heptane/methanol flame.



OZET

METANOL'UN n-HEPTAN ALEVLERINDE YANMA URUNLERi
KONSANTRASYONLARI UZERINE ETKILERI

Oksijenli yakit katki maddeleri,  yanma sireclerinden kaynaklanan
emisyonlar1 azaltmak icin alternatif bir yontem olarak kullanilmaktadir. Metanol
ilavesinin n-heptan oksidasyonuna etkileri 2.10 esdegerilk oraninda, bir boyutlu,
atmosferik basing, laminer, 6nceden karistirilmis, yakit bakimindan zengin alev igin
aragtirtlmigtir. Detayli Kimyasal Kinetik Modelleme yaklasimi, n-heptan ve n-
heptan/metanol karisiminin  yanma o6zellikleri hakkinda bilgi edinmek igin
kullanilmistir. Detayli kimyasal kinetik mekanizmada, n-heptan oksidasyonunu
(polisiklik aromatik hidrokarbonlarin (PAH) olusumu ile birlikte) ve metanol
oksidasyonunu igeren literatiirdeki iki farkli mekanizma kullanildi. Gelistirilen
Detayl1 kimyasal Kinetik Mekanizma, 4480 reaksiyon ve 945 bilesikten olusmaktadir.
Modelin dogrulanmasi, literatiirdeki farkli yanma sistemleri (laminer, onceden
karistirilmig, alev ve hizli sikistirma makinesi) icin mevcut deneysel veriler
kullanilarak yapilmistir. Gelistirilen ayrintili kimyasal kinetik model, n-heptan ve n-
heptan/metanol alevlerinin yanmasi igin reaksiyon hassasiyeti, lretim hizi ve
reaksiyon yolu analizleri kullanilarak incelenmistir. Diisiik molekiiler agirlikli kararli
bilesiklerin, tek halka aromatiklerin ve PAH’larin alev icerisindeki konsantrasyon
(mol fraksiyon) profilleri model tarafindan tahmin edilmistir. n-Heptan/Metanol alevi
icin detayli mekanizmanin bilesiklerin mol fraksiyonu tahminleri ile deneysel veriler
arasinda uyum vardir. Hem deneysel hem de modelleme sonuglarma gére kararl
yapidaki diisiik molekiiler agirlikli 6ncll bilesiklerin, aromatikler ve PAH'larin mol
fraksiyonlari, n-heptan alevine eklenen metanol katkisi ile azaldi. Asetilen, propargil
radikali ve vinilasetilen, ilk aromatik halkanin ve PAH bilesiklerinin olusumu igin
onemli 6ncll olarak bulunmustur. Ayrica, indirgenmis mekanizma, yonlendirilmis
iliski grafigi yontemi kullanilarak iiretildi. Gelistirilen Indirgendirmis Mekanizma,

1113 reaksiyon ve 156 bilesikten olusmaktadir. Indirgendirmis Mekanizma, n-



heptan/metanol alevi sirasinda olusan bilesiklerin mol fraksiyonu tahminleri agisindan

Detayli Mekanizma ile iyi bir uyum gostermistir.
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CHAPTER 1

INTRODUCTION

A combustion reaction is a major class of chemical reactions. The complete
combustion usually occurs when a hydrocarbon reacts with oxygen to produce carbon
dioxide and water. Simply, combustion can be defined as an exothermic reaction between
any combustible material and an oxidizer to form an oxidation product. Combustion has
been used for many applications such as industrial and heating. Around 90% of the global
energy demand is provided by combustion. However, as combustion of hydrocarbon fuels
has increased worldwide, some of the side-products from combustion applications are
distinctly identified as a severe source of damage for the human health and the
environment. Reducing the emissions from the combustion processes has become a public
issue in the recent years by using alternative fuels and low emission technologies
(Warnatz, Maas, and Dibble 2006).

Most of the air toxic fractions emitted and/or formed during combustion are
organic molecules and carbonaceous structures. These organic compounds can be
relatively simple molecules, such as formaldehyde (CH20), or increasing in complexity
to compounds like 1,3-butadiene, aromatics, polycyclic aromatic hydrocarbons (PAHS),
and some sources emit soot. Inorganic emissions of concern include acids, such as
sulphuric and hydrochloric acid, sulphur (SOx) and nitrogen oxides (NOx), and particulate
matter (PM). Emission sources can be classified into four categories; mobile sources, like
vehicle emission, stationary sources, like industrial emission, natural sources, like natural
wind-blown dust, and area-wide sources, like residential fireplaces. The formation of
combustion products depends on several factors such as oxidation chemistry, fuel type,
and operating conditions. Therefore, there is a need to investigate and better understand
the chemical kinetics of the combustion phenomena.

The global energy consumption by transportation sector (EIA 2019) is shown in
Figure 1.1. Although there are other sources of energy used in the transportation sector,
still gasoline is the most consumable source of energy (EIA 2019). Gasoline is a mixture

of volatile and flammable liquid hydrocarbons derived from crude oil and used as fuel for


https://www.thoughtco.com/definition-of-combustion-reaction-604937

internal-combustion engines. The antiknock characteristics of gasoline, its ability to resist
knocking, are important features which can be expressed in octane number (ON). n-
Heptane (CsH1) and iso-octane (CgHig), primary reference fuels (PRF), are used as
reference to predict the auto-ignition of gasoline. n-Heptane has an octane number of 0,
iso-octane has an octane number of 100, and gasoline has an octane number of 93 — 97.
The higher the octane number the more difficult the auto-ignition. n-Heptane can well
represent the combustion characteristics of gasoline for combustion modeling. (Warnatz,
Maas, and Dibble 2006).
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Figure 1.1.  World energy consumption by transportation sector and energy source
(E1A 2019)

The incomplete combustion can cause the formation of polycyclic aromatic
hydrocarbons species that are defined as organic compounds containing two or more
fused aromatic rings in linear, angular, or clustered arrangements. The formation of PAH
and soot in combustion processes is a widely recognized public concern due to their toxic
properties. They are the largest class of chemical carcinogens known. Their metabolites



show mutagenic and carcinogenic activity toward human and animals (Samanta, Singh,
and Jain 2002, Skupinska, Misiewicz, and Kasprzycka-Guttman 2004).

There has been a need to improve the fuel properties by pursuing to reduce the
volatile organic compounds and air toxic emissions. Beside the changes in fuel properties,
the alternative clean fuels such as alcohols, natural gas and hydrogen play important role
in pollutants reduction. These alternative fuels are found to be limited by cost,
availability, and vehicles to make use of these fuels. Therefore, fuel additives can be
added to the fuel and gain promising reduction in pollutants. One of the most important
additives to improve fuel performance is oxygenate (oxygen containing organic
compounds). These oxygenates are used for octane replacement for lead in gasoline and
reduction of carbon monoxide emissions. The focus for oxygenates was initially on
several ethers (Methyl tertiary-butyl ether (MTBE) and Ethyl tertiary-butyl ether (ETBE))
and alcohols (Methanol and Ethanol). The typical properties of different oxygenates are
shown in Table 1.1. (Methanol_Institute 2016). These oxygenates have been considered
as potentially attractive fuel additives to fossil fuels in order to reduce NOy and particulate
emissions. MTBE was authorized by the United States for use as an anti-knock additive
in 1979 (Braids 2001). By the late 1990s, because of its high solubility in water, it was
found to leak from underground storage tanks and contaminate the groundwater. Thus,
more than 19 states began to ban MTBE for a national ban in the U.S at early 2000s
(Energy-Information-Administration 2003). Alcohols are the most widely used
nonpetroleum fuel among all the oxygenated alternative fuels. Alcohols have higher heat
of vaporization and can supply high amount of oxygen at low concentrations. Particularly,
methanol is a clean burning fuel with high octane number, and can be produced from
different sources such as natural gas, coal, and biomass (Methanol_Institute 2016).
Methanol has been found to be efficient in reducing PAHs and soot emissions since it has
high oxygen weight fraction, no C-C bond, and low production cost (Popa et al. 2001,
Saravanan et al. 2002, Canakci, Sayin, and Gumus 2008). The addition of these
oxygenates can cause reduction in toxic emissions. The reduction in toxic emissions
would happen when oxygenates are added, the carbon atoms attach to the oxygen atoms
and these carbon atoms would not be able to participate in any other reactions.
Additionally, at high temperature oxidation the carbon atoms form carbon dioxide rather
than soot (Westbrook, Pitz, and Curran 2006). The addition of oxygenates would convert
an active hydroxyl radical, OH, into inactive hydrogen peroxide, H>O», that leads to

reduction the system reactivity.



Table 1.1. Typical Properties of Oxygenates (Methanol_Institute 2016)

Methanol Ethanol MTBE
CHsOH CH3CH20OH | CH30C(CHs3)3
Carbon number 1 2 3
Oxygen content, (wt %) 49.9 34.7 18.15
Molecular Wieght (g/gmole) 32 46 88
Octane, (R+M)/2 116.5 114 110
Reid vapour pressure, RVP (KPa) 32 15.9 8

Computational models or mathematical models are used as computational
solutions to study the behaviour of complex systems. Fundamentally, modeling is the
description of a process mathematically within a set of equations that illustrate the
behaviour of the process. The Detailed Chemical Kinetic Modeling (DCKM) approach is
widely used to understand the combustion processes. To carry out a computational model for
combustion phenomena (by computer simulation), chemical kinetic knowledge in
molecular level is essential. Detailed chemical kinetic mechanisms are useful engineering
tools, which allow exploration of the microscopic chemical processes. A package of
elementary reactions (chemical kinetic mechanism), thermodynamic properties, and
molecular transport data are required to model combustion system in molecular level.
These are the three major parts for modeling a system, in some cases (i.e., jet stirred
reactor system) the transport properties are not necessary while in systems such as
diffusion flames and flow reactors the transport properties are needed. There is a
continued interest in developing a better insight of the oxidation of large hydrocarbon
fuels over a wide range of operating conditions. This interest is motivated by the need to
improve the efficiency and performance of currently operating combustors and reduce
the formation of pollutant species in combustion processes. The outcome of the modeling
either species mole fractions, temperature, pressure, or ignition delay profiles need to be
verified by comparing with experimental measurements.

In this study, the aim is to investigate the effects of methanol addition on n-
heptane oxidation using detailed chemical kinetic modeling approach. Chemkin-Pro®
(2018) was used as it is the appropriate and dominant software for chemical Kinetic
modeling, since the input data format of Chemkin is able to describe the reactions, the

thermodynamic data and the transport properties of species. A chemical Kinetic
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mechanism of the n-heptane/methanol oxidation was proposed and developed. The
proposed model was applied to atmospheric pressure, laminar, premixed, fuel-rich n-
heptane and n-heptane/methanol flames at an equivalence ratio of 2.10 with 2.7 percent
(weight) of oxygen in n-heptane/methanol mixture. Major, minor, and trace species mole
fractions were compared with the experimental measurements. Important reaction steps
were identified by the sensitivity analysis. Additionally, rate of production and pathway
analyses for important species were carried out to understand the n-heptane and n-
heptane/methanol oxidations. Finally, a model reduction for the n-heptane/methanol
oxidation was done to simulate the n-heptane/methanol combustion with less

computational effort.



CHAPTER 2

LITERATURE SURVEY

2.1. General Information of Hydrocarbon Combustion

The behaviour of the hydrocarbon oxidation changes when the combustion
parameters (i.e., temperature, pressure and equivalence ratio) change, due to the
dependence of various elementary reactions on these parameters. The combustion
products can be different when different initial conditions are applied, even though the
initial reactant are the same.

The most important parameter in combustion processes to define the oxidizer and
fuel mixture is the equivalence ratio (¢). It can be defined as a ratio of fuel and oxidizer

at the actual state over stoichiometric ratios.

Fuel
Equivalence Ratio ¢ = Fue(lAir )““u‘” (2.1)

Air )stoichiometric

Accordingly, it is used to indicate quantitatively whether a fuel-oxidizer mixture is rich,

lean or stoichiometric as following:

Rich fuel o>1
Stoichiometric fuel =1
Lean fuel p<1

In combustion processes there are different flame categories. These categories can
be identified based on the way of mixing of the fuel and the oxidizer, and how they are
burned. When the fuel and oxidizer are mixed first and burned later, it is called premixed
flame. It is non-premixed or diffusional flame when combustion and mixing occur
simultaneously. Each of these categories is further subdivided based on whether the fluid

flow is laminar or turbulent.
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Figure 2.1.  Schematic sketch of a laminar premixed flat flame

Mainly, the premixed laminar flat flames can be classified into three zones, pre-
flame zone, reaction zone, and post flame zone. The reaction rates at the pre-fame zone
is the lowest comparing with other zones because of its low temperature. At the reaction
zone, the temperature and reaction rates become higher. The heat release from reactions
and fuel decomposition are mainly in this zone. In post flame zone, the maximum
temperature is achieved and it remains constant. Figure 2.1. shows the schematic sketch

of a laminar premixed flat flame.

2.2. n-Heptane Oxidation

Because of the importance of n-heptane primary reference fuel for gasoline, the
oxidation of n-heptane fuel has been studied extensively in the literature in both
experimental and computational works. Several combustion systems are studied to
develop and validate a detailed chemical kinetic model of the n-heptane oxidation in the
literature.

n-Heptane oxidation has been investigated in a jet-stirred reactor at atmospheric
pressure in the temperature range of 950-1200 K at equivalence ratios of 0.2 to 2.0 (Chakir
et al. 1992). A chemical Kinetic reaction mechanism was developed for major species and
aromatics up to C7. A good agreement between modeling and experimental data of major

species mole fractions was achieved. To investigate the reactions with the greatest
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influence on the modeling results, sensitivity analysis was carried out. The reaction
pathway analysis was done to identify the main paths of formation and consumption of
the different intermediate species. It was found that the main reactions lead to n-heptane

consumption, in lean mixture oxidation, are:
n-C7His + O = 1C7H15 + OH
n-C7H16 = PCsHg + n-CsH7
While in rich mixture, n-heptane consumption is mainly by:
n-C7H16 = CoHs + 1-CsH1p
n-C7H1e = PC4Hg + n-C3H7

Dagaut, Reuillon, and Cathonnet (1995) have investigated experimentally the
oxidation of n-heptane in a high-pressure, perfectly jet-stirred reactor in a temperature
range of 550-1150 K, and pressure range of 1-40 atm for a stoichiometric mixture of n-
heptane and oxygen highly diluted by nitrogen. Reactants, intermediates, and final
products have been investigated. The products formed during the oxidation of n-heptane
depended on temperature. It was reported that large amount of intermediate species were
produced in a rapid oxidation of n-heptane at temperatures above 750 K. Moreover, an
important reactivity has been observed at low temperatures (below 750 K). At low
temperature, the oxidation of n-heptane started with O, and produced alkyl radical and
HOz. HOz radical reacted back with fuel (RH) to produce H2Ox.

RH + O, —- R+ HO;
HO,; + RH — H20, + R

A modeling work was carried out by involving flow reactor, shock tube and rapid
compression machine under conditions of 1-42 atm pressure range, temperature range of
550-1700 K, the equivalence ratio from 0.3 to 1.5, and nitrogen-argon dilution of 70-99%
(Curran et al. 1998). Species mole fractions data from variable pressure flow reactor and
jet stirred reactor have been used for the low temperature part of the mechanism.
Experimental results from the literature regarding ignition delay time were used to
validate and developed reaction mechanism at low and high temperatures. The proposed
mechanism consists of 990 species and 4060 reactions. According to the study, a very

good agreement between modeling and experimental results was achieved.



An experimental study of laminar, premixed, fuel-rich n-heptane/O2/N. and iso-
octane/O2/N. flames was conducted at equivalence ratio 1.9 and pressure of 6 kPa (Bakali,
Delfau, and Vovelle 1998). The species mole fraction profiles have been obtained by
GC/MS analyses of samples. A detailed experimental data on the nature and
concentration of the intermediate species formed has been obtained. The mole fraction
profiles of major products, and C1-C7 species have been measured.

The laminar flame speeds of n-heptane/air mixtures at atmospheric pressure have
been measured over an extensive range of equivalence ratios at atmospheric pressure
(Davis and Law 1998). The experimental measurements were compared to three n-
heptane mechanisms and their predictions agreed quite well with the experimental data.

A premixed laminar n-heptane/air flame at atmospheric pressure for a
stoichiometric mixture was investigated experimentally and computationally
(Ingemarsson, Pedersen, and Olsson 1999). The on-line GC/MS sampling was used to
determine species profiles. Key finding of this study was that alkene concentrations were
significantly higher than corresponding alkanes. The flame was modeled using n-heptane
mechanism and satisfactory agreement were found between the experimental and
modeling results.

Inal and Senkan (2002a) have studied experimentally the formation of polycyclic
aromatic hydrocarbons (PAHSs) in premixed, laminar, fuel-rich n-heptane/oxygen/argon
flames at atmospheric pressure with two equivalence ratios of 1.97 and 2.1. The mole
fraction profiles of stable major, minor, and trace species up to four aromatic ring PAHs
were obtained by the online GC/MS and GC/TCD analyses.

A detailed chemical kinetic mechanism of gasoline surrogate fuel components (n-
heptane, iso-octane, and toluene) and mixtures has been proposed (Mehl et al. 2011). The
proposed mechanism consists of 6000 reactions and 1550 species. Validation work for
ignition delay time has been done against experimental measurements of PRFs, 1-hexene,
toluene, and their mixtures in a rapid compression machine and a jet stirred reactor. The
results have shown that the model was able to predict the ignition delay time very well at
an equivalence ratio of 1, and the pressure and temperature ranges from 3 to 50 atm and
650 to 1200 K, respectively. The information provided by modeling work can be a
valuable help for better understanding of the combustion phenomena of fuels in internal
combustion engines.

The ignition delay times of stoichiometric n-heptane/air mixtures have been

measured at different pressures (15, 20, and 38 bar) and in the temperature range of 726—
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1412 K, experimentally in a shock tube (Zhang et al. 2016). In addition, in the same study
concentration versus time profiles of species have been measured in a jet-stirred reactor
at atmospheric pressure, in the temperature range of 500-1100 K at different equivalence
ratios ¢ =0.25, 2.0, and 4.0. In parallel, a detailed chemical kinetic model has been
developed, and it was claimed a good agreement between the model predictions and
experimental measurements.

An updated comprehensive kinetic model of gasoline surrogate fuels (iso-octane,
n-heptane, and toluene) that consists of formation of PAH species have developed by Park
et al. (2017). High number of reactions and species are proposed by this study (i.e., 2021
species and 8688 reactions) for gasoline surrogates. Also, the high-temperature sub-
mechanism for premixed laminar and counter-flow diffusional flames was proposed (i.e.,
574 species and 3379 reactions). PAHs with pyrene (Az) and larger were used for the
inception of soot particles. The model was validated against different combustion systems
for the ignition delay times, premixed, and partially premixed laminar flames. Even
though there were slight underestimation by the model for the species mole fractions, the
performance of the model was generally good. The results of the pathway analyses
showed that the propargyl radicals (CsHs) play an important role for the formation of
PAHs for n-heptane/iso-octane mixture. However, for n-heptane/iso-octane/toluene
mixture, reactions containing benzyl radicals (CeHsCH2) had a significant impact in the

formation of PAHS.

2.4. The Oxidation of Methanol and n-Heptane/Methanol

A comprehensive detailed chemical kinetic mechanism for the oxidation of
methanol has been developed by Held and Dryer (1998). The mechanism was validated
against different experimental data sets (i.e., static reactor, flow reactor, shock tube, and
laminar flame) at temperature range from 633 to 2050 K, pressure from 0.26 to 20 atm,
and equivalence ratio from 0.05 to 2.6. The proposed model was successful for predicting
experimental measurements from four different systems over a wide range of
temperature, pressure, and equivalence ratio.

In a flow reactor the oxidation of methanol has been studied experimentally at
fuel-lean conditions and temperature range of 650-1350 K (Rasmussen et al. 2008). The

O concentrations was over a wide range of (1%-16%). A generated chemical kinetic
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model of Hz, CO, CH20, and CH3OH oxidation was used to interpret the experimental
measurements. It was found that at temperatures below 1100 K the modeling predictions
was in a good agreement with experimental results, whereas there were underpredictions
at higher temperatures and high oxygen concentration.

The auto-ignition of methanol has been investigated experimentally and
computationally over a pressure range of 7-30 bar, a temperature range of 850-1100 K,
and an equivalence ratio range of 0.25-2.0 (Kumar and Sung 2011). Using a rapid
compression machine (RCM), the ignition delay results for methanol have been obtained.
The modeling predictions were compared with the experimental results, and
underpredictions of the ignition delays were found for the investigated conditions.

A detailed methanol oxidation mechanism consisting of 21 species and 115
reactions has been developed by combining existing mechanisms for Ho, CO, CH20, and
CH3OH species at 40 torr covering a wide range of lean to rich flames (Hamdane et al.
2012). There was a good agreement between model predictions and measured mole
fraction profiles for reactants, products, and intermediates species. Reaction pathway
analysis showed the predominant reaction consuming methanol in lean flames was
CH30H+OH=CH3O+H>0O. In the case of stoichiometric and rich flames the most
important methanol consumption reaction was found to be the reaction CHsOH
+H=CH>OH+H,. In all cases, the methanol consumption gave two isomers
hydroxymethyl(CH2.OH) and methoxy (CH3O) radicals.

Measurements of ignition delay times for methanol oxidation using shock tube
and a rapid compression machine have been carried out over a wide range of pressures 2-
50 atm, temperature range of 820-1650 K, and equivalence ratios of 0.5, 1.0, and 2.0
(Burke et al. 2016). Using a jet-stirred reactor (JSR) species concentrations have been
also measured at equivalence ratios of 0.2-2.0, in the temperature range of 800-1200 K,
at pressures of 1-20 atm and with residence times 0.05-2.00 s. A detailed chemical Kinetic
model for methanol oxidation was proposed and developed. The mechanism consists of
1011 reactions and 173 species. The mechanism was able to predict all of the validation
data with a reasonable accuracy.

Inal and Senkan (2002b) have studied the effects of oxygenate additives on the
formation of polycyclic aromatic hydrocarbons (PAHSs) and soot in laminar, premixed,
atmospheric pressure, fuel-rich flames of n-heptane at an equivalence ratio of 2.10. Three
different oxygenates were used (i.e., methanol, ethanol, and MTBE). The oxygen weight

percent in n-heptane/oxygenate mixtures was kept at 2.7 for all oxygenates. The mole
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fractions of CO, acetylene (C2H), vinylacetylene (CsHi), and other stable-low-
molecular-weight species were consistently lower in oxygenate containing flames. It was
also reported that the mole fractions of aromatic and PAH species were lower in these
flames. The reduction in some of the aromatic and PAH species concentrations were
slightly different from one blended flame to another.

The effects of the oxygenate concentration on species mole fractions have been
studied in atmospheric pressure, laminar, premixed, fuel-rich n-heptane flames (Inal and
Senkan 2005). The equivalence ratio was 1.97 for both flames (i.e., n-
heptane/oxygen/argon and n-heptane/oxygenate/oxygen/argon). The oxygenates used
were methanol, ethanol, and MTBE. The oxygen weight percents were kept at 2.7 and
3.4 in n-heptane/oxygenate mixtures. It has been found that the reduction in the aromatic
and polycyclic aromatic hydrocarbon species mole fractions increased when the
oxygenate concentration increased.

The effects of methanol addition to iso-octane on the performance of spark
ignition engines and their emissions have been studied by Yanju et al. (2008). Various
methanol volume percentage were used (i.e., 10%, 20%, and 85%). It has been claimed
that as methanol ratio in gasoline increased the ignition delay was shortened and the CO
emission decreased. At the low methanol ratio in iso-octane no significant effect on
reducing the NOx emission has been observed while at the 85% of methanol the reduction
was about 80%.

Zhang et al. (2011) have investigated the combustion characteristics of methanol-
gasoline blended fuels in spark ignition engines. A detailed comprehensive methanol
oxidation mechanism was combined with an oxidation mechanism of gasoline surrogate
(n-heptane, iso-octane and toluene) in order to obtain a methanol-gasoline blended
mechanism. The methanol-gasoline mechanism was validated by the jet stirred reactor,
flow-reactor, and shock-tube experimental data. The modeling results of the mechanism
have showed a good agreement with the experimental data.

A chemical Kkinetic mechanism and a skeletal model for oxidation of n-
heptane/methanol fuel blends were proposed by Xu, Yao, and Xu (2012). The created
skeletal kinetic model includes only 38 reactions and 30 species. It was used to predict
the ignition delay of methanol/n-heptane blends as well as each pure fuel. Under various
equivalence ratios, initial temperatures, and pressures, good predictions were shown by
the skeletal model for the ignition delay of the n-heptane, methanol, and the blends as

well.
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Three different oxygenated fuels (methanol, dimethoxymethane DMM, and
dimethyl carbonate DMC) have been added to laminar, premixed n-heptane flames in
order to study their effects on n-heptane oxidation (Chen et al. 2012). The overall C/O
ratio was 0.507, and the equivalence ratio was 1.6 for all the flames. The concentrations
of major and intermediate species were measured experimentally and parallel
computations were carried out with a generated model of the n-heptane/oxygenates
oxidation. Satisfactory predictions for the species mole fractions have been achieved. A
Reaction Flux Analysis was performed near the burner surface and indicated that the peak
value of normalized formaldehyde (CH20) mole fraction was increased for the blended
fuels. The mole fractions of most C:-Cs hydrocarbon intermediates were reduced by 10—
30% as oxygenated fuels were added. Moreover, the benzene reduction was about 40%.

Chen et al. (2013) have also investigated the influences of methanol on premixed
fuel-rich n-heptane flames experimentally using two laminar premixed n-heptane/O./Ar
flames (¢ = 1.60, (C/O =0.51), and ¢ = 1.80, (C/O = 0.57)) and one laminar premixed
n- heptane/methanol/O2/Ar flame (¢ = 1.80, (C/O = 0.51)). A modeling work was also
carried out, and it has been found that the concentrations of C>—C; hydrocarbon
intermediates were reduced significantly as methanol was added. It was reported that
when the equivalence ratio increased the maximum temperature was reduced by 100 K.

Xu et al. (2013) have studied experimentally the effects of methanol and ethanol
addition on the laminar, premixed, n-heptane/toluene flames by using synchrotron
photoionization and molecular-beam mass spectrometry techniques at an equivalence
ratio of 2.0 and pressure of 30 torr. Parallel simulations were performed, and the model
predictions of species concentrations agreed well with the experimental measurements. It
was reported that the experimental and modeling results showed sharp decrease in PAH
species mole fractions by the addition of alcohols. The formaldehyde and acetaldehyde
concentrations (degradation intermediates) were high in the presence of methanol and

ethanol, respectively.

2.3. Formation of First Aromatic Ring

Since the first aromatic ring is the main source of the formation and growth of
PAHs during combustion of non-aromatic fuels, there are many suggestions for its

formation. Frenklach and Wang (1994) have the simple suggestion of the formation of
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the first aromatic ring in flames of non-aromatic fuels. They have reported that the
formation of first aromatic ring starts usually with vinyl addition to acetylene. At high
temperatures, it forms vinylacetylene followed by acetylene addition to n-C4Hs radical
formed by the H-abstraction from the vinylacetylene. The addition of acetylene to vinyl,
at low temperatures, results in n-C4Hs which reacts with acetylene and forms benzene
ring. The following reactions show the high and low temperature routes for the formation

of first aromatic ring:

high-temperature route
L4

+CH
/ C4H4—:_|?2—> n-CyHy—

CoHz + CoH, ——> [CsHsl#

H||Hy

n-C4Hs + CoHy —» @

low-temperature route

It has been also suggested that the formation of first aromatic ring occurs by the
addition of the 1,3-butadienyl (C4Hs) radical to acetylene CoH, (Cole et al. 1984).

CsHs + CoHz = CeHe + H

Frenklach and Warnatz (1987) have suggested four-reaction sequence leading to
the first aromatic ring:

n-CsHs — phenyl
i-CeHs — CgH4CoH
n-CgHs — CsH4C2H
n-CeH7z — benzene + H

Another important suggestion of benzene formation mechanism has been also
proposed by Stein et al. (1991), Melius, Miller, and Evleth (1992), and Marinov et al.
(1996). They proposed that benzene is formed through recombination of two propargyls
followed by isomerization and cyclization steps that lead to phenyl and H-atom. Then the
reaction of phenyl radical with hydrogen atom leads to benzene.

CsHs + C3Hz — CeHs +H

CeHs +H — CgHs
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2.4. Formation of Polycyclic Aromatic Hydrocarbons (PAHS)

Polycyclic aromatic hydrocarbons are high molecular weight species that have
two or more fused benzene rings, and PAHs are the potential precursors to soot formation.
Frenklach et al. (1985), and Frenklach and Warnatz (1987) have claimed that the
formation and growth of PAHs in hydrocarbon pyrolysis and oxidation starts after the
first aromatic ring formation. A sequence of growth happens by a repeated two-step
process, involving hydrogen abstraction followed by subsequent acetylene addition to
form the next highest order ring. This process is known as the Hydrogen Abstraction
Acetylene Addition (HACA). The continuation of HACA leads to the sequential
formation of multi-ring structures such as naphthalene (Az), phenanthrene (As), pyrene
(As4) and higher order rings;

Ai+H=Ai.+H:

Ai. + CoH2 = AiCoH»
AiCoH2 + CoHo = Ais1 + H

where A\ is the aromatic species with i number of aromatic rings, and Ai. the unsaturated
(needs one hydrogen atom) aromatic species with i number of aromatic rings.

Appel et al. (2000) have deduced that the addition of vinylacetylene (C4H.) to
unsaturated aromatic species (Ai.) contributes the most to the production of naphthalene
(A2).

Ai. + C4Hs € AICsHs 2 Aint

Similar to the naphthalene formation process, the phenanthrene (As) is formed
based on the combination of cylcopentadienyl (CsHs) with indenyl (Marinov et al. 1998).
Marinov et al. (1996) have proposed the pathways of indene formation. It starts

with the hydrogen abstraction reaction by H radical of naphthalene as follows:
CioHs + H = CyoH7 + Hz
CioH7 + O2 = C1oH/0 + O
C10H70 = Indenyl + CO

Indenyl + H = Indene
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The hydrogen abstraction methyl addition (HAMA) mechanism was claimed to
contribute the formation and growth of polycyclic aromatic hydrocarbons (PAHS).
Methyl radicals can form side chains, form five-membered ring structures and convert
five-membered into six-membered ring structures (Shukla, Miyoshi, and Koshi 2010,
Hansen et al. 2017).

An experimental study was conducted regarding the formation pathways of
aromatic and polycyclic aromatic hydrocarbon (PAH) species up to five aromatic rings
(Marinov et al. 1998). A premixed, atmospheric pressure, rich, n-butane/oxygen/argon
flame at an equivalence ratio of 2.6 was used to understand the formation of PAHs. Also
a detailed chemical kinetic modeling work has been carried out. A fair agreement between
the modeling and experimental results has been achieved. To identify the most important
reaction leading to PAH growth and destruction in the n-butane flame, sensitivity analysis
was used. Benzene was mainly formed by two propargyl (CsHz) recombination reaction
in the n-butane flame. In addition, benzene was also formed by combination reaction
between allyl and propargyl to produce fulvene and the conversion of fulvene by H-atom
catalysis lead to benzene.

The formation of PAH species has been described by a semi-detailed chemical
mechanism of toluene reference fuel by An et al. (2015). The mechanism consists of 219
species and 1229 reactions. The validation work was done for ignition delay time in a
temperature range of 750 to 1280 K, pressure range of 15 to 60 bar, and equivalence ratios
range from 0.5 to 2.0. The mechanism was also validated against laminar flame speeds
with various pressures. To investigate the most effective reactions in the formation of
benzene, rate of production analysis was done. It was deduced that the reaction rates of
benzene formation depend on temperature. At low and high temperatures, the reactions
n-CsHs + CoH2 = A1 + H (A1 refers to benzene) and CsHs + CsHs = Ar + H, respectively,
are the most dominant reactions for the formation of benzene.

The effects of methanol and ethanol addition on the formation of polycyclic
aromatic hydrocarbons (PAH) in counterflow, diffusion, fuel-rich ethylene flames were
investigated experimentally (Yan et al. 2019). A detailed chemical kinetic model was
developed by including benzene formation and PAH growth pathways up to coronene. It
has been found that methanol and ethanol were efficient in reducing PAHs and soot

emissions.
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CHAPTER 3

METHOD

3.1. Detailed Chemical Kinetic Modeling

The improvements of computational technology have resulted in increasing the
usage of chemical kinetic modeling in the last decades. The detailed chemical Kinetic
modeling (DCKM) approach is a computational solution that deals with high number of
elementary reactions and species. It is the appropriate method to better understand the
combustion chemistry. Chemical kinetic model is a very important key to understand the
mechanisms, the chemical kinetics of the reactions, and the formations/decompositions
of the stable/radical species.

The predominant and the appropriate software that solves the complex chemical
kinetic problems is Chemkin-Pro (Chemkin-Pro® 2018). The Chemkin-Pro input data
format is an evolving standard for describing the reactions, the rate parameters, and the
thermodynamic, and transport properties of each species. It is used worldwide in the
combustion, chemical processing, and automotive industries. Chemkin is a collection of
databases and subroutines written in text files for solving problems involving gas-phase
Kinetics, thermodynamic, and transport properties. The continuity equations for mass,
momentum, and energy should be solved all together to model chemically reactive flow
systems. The Kinetic terms in many oxidation systems valuate the characteristic scales of
space and time over which the equations must be solved. In defining the chemistry used
in a Chemkin simulation, thermodynamic data for each species in the chemical system
must be first supplied. These data are in the form of polynomial fits to temperature, for
species enthalpy, entropy, and specific heat capacity. Once these data are defined, they
are used during a Chemkin simulation to determine species thermodynamic properties,
thermal transport properties, and reaction equilibrium constants. Chemkin solves design
equations of the various combustion systems (i.e., reactor, flame, and engine) by utilizing

the chemical kinetic data, thermodynamic, and transport properties.
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3.2. Chemical Rate Expression

The chemical rate expressions database is utilized to introduce all the species and
their elementary reactions to the software to calculate the reaction rates of these
elementary reactions, and to determine the rate of production of the species. Each single
species and all elementary reactions in the mechanism are defined in the chemical rate
expressions database. Each species in a reaction must have the thermodynamic data which
are used to determine the equilibrium constant and reverse-rate coefficient for that
reaction. By this concept, the chemical rate expressions build on the thermodynamic
expressions. The reverse reaction rate constant can be determined by using equilibrium
rate constant that is provided by thermodynamic data. The forward reaction rate constant
is calculated by the following modified Arrhenius equation:

ke = Ai TP exp (= (3.1)

where A is the pre-exponential collision frequency factor, Bi the temperature exponent,
and E; the activation energy. The forward reaction rate ks depends on the temperature, at
low and moderate temperatures the temperature exponent equals zero. At high
temperatures, some reactions can exhibit non— Arrhenius behaviour so the temperature
exponent need to be described by additional variation with temperature.

The forward elementary reaction rate constants can be calculated by specifying
the kinetic parameter values for each elementary reaction in the chemical rate expressions
database. The reverse reaction rate constants are determined using the thermodynamic

data for the species and the forward rate constants;

ki
ki =2 (3.2)

Kei

where K is the equilibrium constant (in concentration unit).

The elementary reactions involving K chemical species can be described as;

Y1 V'kiXk < 2ke1 V' kiXk (3.3)
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where vii is the stoichiometric coefficient, X« the mole fraction for the species (from 1
to K), superscript ' means forward reactions and " means reverse reactions.

The rate-of-progress variable g; for a reaction is calculated by the forward and
reverse reaction rates, and the molar concentration of k™ species [X«];

qi= KalT§= 1 [Xi]" - Ka[T=y [X] ¥ (34)

The production rate of k™ species (W) can be determined by the summation of
progress variables of all reactions;

Wk = Xzt Vi 4 (3.5)

where vii can be calculated by the difference between stoichiometric coefficients of the
species for the forward and reverse reactions.

Fundamentally, all the species and their elementary reactions with modified
Arrhenius parameters are included in the kinetic database. By using this kinetic database,
the forward reaction rate constants of the elementary reactions can be calculated. The
reverse reaction rate constants are calculated by using equilibrium constants of the
thermodynamic expression. Figure 3.1 shows the chemical kinetic input parameters (i.e.,

reactions, pre-exponent factor, temperature exponent, and activation energy).

Reactions Al Bi Ei
2H+H2 = 2H2 9.008E+16 -B.668 B.8
2H+H20 = H2+H20 6.080E+19 -1.25@8 g.a
2H+C02 = H2+C02 5.580E+28 -2.888 g.a8
H+0H+M = H20+M 2.200E+22 -2.888 g.a8

Figure 3.1. Example of chemical kinetic database input data format

3.3. Thermodynamic Expression

The thermodynamic database is an essential element in chemical kinetic that
provide the thermodynamic properties of all the chemical species in the mechanism

(enthalpy Hi°, entropy Sk°, and specific heat capacity cpk’). Once these data are defined,
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they can be used to determine other thermodynamic properties, transport properties, and

reaction equilibrium constants.

P’ = Xpi—1 i T (3.6)

H = fOTk cpy dT + HP(0) (3.7)
Tk cp?

S8 = [y05 2 dT + S¢(0) (3.8)

The above equations are polynomial fit equations. The gas-phase Kkinetics
package is designed to work with thermodynamic data in the form used in the NASA
chemical equilibrium. In this case, seven coefficients are needed for each of two
temperature ranges. An example of input data format used in Chemkin is shown in Figure
3.2. Inthe input file (Figure 3.2), the first line consists of species name, reference, atomic
composition, and phase while the other lines are divided in two seven coefficient of
NASA polynomial coefficients, (first for higher temperature ranges second for lower

temperature ranges).

H2 geegeenN  BH 20 8C  8G 388 3eee leee
3.33727928E+00-4.94824731E-05 4.99456778E-07-1.79566394E-16 2.80255376E-14
-9.50158922E+02-3.20582331E+00 2.34433112E+00 7.98852075E-03-1.94781518E-85
2.81572094E-88-7.37611761E-12-9.17935173E+02 6.83018233E-81

H20 geeegen  8H 20 1C  8G 300 jeee leae
3.83399249E+08 2.17691804E-03-1.64072518E-67-9.70419870E-11 1.68288992E-14
-3.00842971E+04 4.96677018E+00 4.19864056E+00-2.036434180E-03 6.52848211E-86
-5.48797062E-09 1.77197817E-12-3.02937267E+04-5.49032203E-01

coz2 geeegen  eH 80 201G 300 jgee 1eae
3.85746029E+00 4.41437026E-03-2.21481404E-06 5.2349@188E-16-4.72084164E-14
-4.87591668E+04 2.27163806E+00 2.35677352E+00 8.98459677E-03-7.12356269E-06
2.45919022E-89-1.43699548E-13-4.83719697E+84 9.90105222E+80
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Figure 3.2. Example of thermodynamic properties input data format

3.4. Transport Expression

Transport properties are also important in most of the reactive-flow models that
are not kinetically limited. Laminar premixed and diffusion flames, as well as many

chemical vapour deposition systems, need to have transport properties database. In order
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to characterize the transport properties of species in a multicomponent gaseous mixture,
the evaluation of diffusion coefficients, viscosities, and thermal conductivities are
required. Chemkin addresses both the mixture-averaged approach and the full
multicomponent approach to transport properties depending on the computational effort.
The transport package is designed for use with the Chemkin thermodynamic Database
and the gas-phase kinetics utilities.

An example of the transport properties input data format is given in Figure 3.3.
The transport database includes the molecular parameters for each species. 0, 1 and 2 can
specify the geometry whether the molecule is monoatomic, linear or nonlinear,
respectively. The Lennard-Jones potential well depth &/kB, the Lennard-Jones collision
diameter D, the dipole moment o, the polarizability a, the rotational relaxation collision
number, and the single component viscosity n_are all specified in the input file. Some of
the equations used for the calculation of transport properties are listed below:

W = 15 roza@or (3.9)
T = kaT (3.10)
o =1 g:‘f;i (3.11)

k= W’Z’;";’; (3.12)

2mmyk 3T3/m-
Dkzhii__if___f (3.13)

where * refers to the reduced properties.

species Name Geometry €kB 0 m o Zort
AR 0 136.500 3.330 0.000 0.000 0.000
C 0 71.400 3.208 0.000 0.000 0.000
c2 1 97.530 3.621 0.000 1.760 4.000
C20 1 232.400 3.828 0.000 0.000 1.000
CH2 1 232.400 3.828 0.000 0.000 1.000
C2H 1 209.000 4.100 0.000 0.000 2.500
C2H2 1 209.000 4.100 0.000 0.000 2.500

Figure 3.3. Example of transport properties input data format
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3.5. Design Equations for Flame Modeling

The governing conservation equations used for modeling the 1-dimensional

premixed, laminar flame with uniform inlet conditions are given below.

The mass continuity;
M = pud
The Conservation of Energy;

-dTld( dT

dx  cpdx dx

dx cpdx
Species;

- dY]
M—=x
dx

Equation of State;

PRt
where;
cp: constant pressure heat capacity of the mixture
cp, : constant pressure heat capacity of the k' species
hy : specific enthalpy of k™ species
M: mass flow rate

Q.4 heat loss due to gas and particle radiation

V,.: diffusion velocity of k™ species

x: the spatial coordinate

Y,.: mass fraction of the k'™ species

wi.: molar rate of production of the k™" species per unit volume
W: mean molecular weight of the mixture

A : thermal conductivity of the mixture

A oK dT | A K .. A
+=yK S4o=yK W +=Q =
) o k=1 PYiViep o == 2 Wi Wit 2 Q=0

+(;ix (PAY,VO-AWW,=0 (k=1 ..., K)

(3.14)

(3.15)

(3.16)

(3.17)

The temperature profile was entered as an input so that fixed temperature solution

method was used to solve for species concentration predictions in modeling the premixed

laminar n-heptane and n-heptane/methanol flames.
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3.6. Target Flame Model

The target flame that will be modelled has been studied experimentally by Inal
and Senkan (2002b). The study concerned one-dimensional, laminar, premixed, fuel-rich
flames (at equivalence ratio of 2.10) of n-heptane/O2/Ar and n-heptane/methanol/O/Ar
at atmospheric pressure with 2.7 percent (weight) of oxygen in n-heptane/methanol
mixture. The experimental conditions of the study are given in Table 3.1.

The major, minor, and trace species were sampled from the flame by a heated
quartz-microprobe at different heights above the burner. The characterization of the
species concentration profiles was done by GC/TCD for major species, and GC/MS for
minor and trace species. Species concentrations were determined either by direct
calibration standards or by the use of mass spectral ionization cross-section method. The
accuracy of the mole fractions for species determined by the direct calibration was
estimated to be = 15 %. However, ionization cross-section has been reported to be
accurate within a factor of 2 (Inal and Senkan 2002b). Argon gas has been used for two
functions; to dilute the mixture in both flames and to protect the flames from surroundings
effects (shield gas). The temperature measurements were carried out by the rapid insertion
technique with a silicon oxide-coated Pt-13% Rh/Pt, 0.075 mm thermocouple. The
temperature profiles reported in the study correspond to direct thermocouple readings and
were not corrected for radiation losses. The accuracy of the temperature measurements
was estimated to be + 50 °K (Inal and Senkan 2002a). The experimental setup is shown
in Figure 3.4. The details of the experimental setup are given elsewhere (Inal and Senkan
2002b).

Table 3.1. The experimental conditions of the target flames (Inal and Senkan 2002b)

Conditions n-Heptane n-Heptane/Methanol
Equivalence ratio 2.10 2.10
Pressure (atm) 1 1

Inlet velocity (cm/sec) 5.17 5.157
n-C7H1s mole fraction 0.055 0.0520
CHsOH mole fraction - 0.0107

Oz mole fraction 0.2879 0.2803

Ar mole fraction 0.6571 0.6570
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Figure 3.4.  Experimental setup of premixed flames (Inal and Senkan 2002b)

3.6. Radiation Corrections for Flame Temperature Measurements

When a thermocouple junction is suddenly immersed into a flame, the soot
deposition on the thermocouple junction surface can cause a considerable difference in
the measured temperature from the desired local gas temperature (Eisner and Rosner
1985). As a result of the heat loss from the thermocouple junction, the thermocouple
temperature measurements could be lower than the actual gas temperatures by several
hundred Kelvin.

It was claimed that there were soot covering at the thermocouple junction in the
target flame (Inal 1999). Since the temperature profile is an important input for the model
predictions of the species mole fractions using Chemkin, a proposed analysis for the
radiation correction of thermocouple measurements in combustion environments was
followed to obtain the corrected temperature profile (Chan 2011).

The energy balance is applied around the thermocouple junction in a quasi-steady
balance, the heat flows by convection from the surrounding gas into the junction balanced

with the heat by conduction and radiation through the junction.

qconvection = Qradiation + QConduction (3.13)
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By assuming the length of the thermocouple wire is much higher than the

diameter of the wire (Collis and Williams 1959), the heat transfer by conduction can be

neglected.

(convection = (radiation

1] A —_ AN
Q' convection = { radiation

By defining each side of the previous equation:

Q" convection = h (Tgas - Ty)

Q" radiation = €0 (th4 - Tsurr4)
where:

h = heat transfer coefficient, W/m?K

Tgas= gas temperature, K

Ty= thermocouple junction temperature, K

o = Stefan-Boltzmann constant; 5.67x10® W/m?K*
€= emissivity of thermocouple junction

Tsur= surrounding temperature, K

The heat transfer coefficient can be calculated by h=

(3.14)

(3.15)

(3.16)

(3.17)

and Nu = f(Re,

Pr). The junction was assumed to be in spherical geometry and an empirical relation was

used to calculate Nu number (Collis and Williams 1959). This assumption is valid when

di/dw (The diameter of junction and wire) is large. The empirical relation used for Nu

number is, (Acrivos and Taylor 1962)

Nu =2+ 0.5Pe + 0.25Pe?In Pe + 0.03404Pe? + 0.0625P¢e?3 In Pe

where:

dic = thermocouple junction diameter, m

Kgo =assumed constant, fs = 6,54 x 105 W/mK?
gas

(3.18)
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Pe (Peclet number) = Re (Reynolds number) x Pr (Prandtl number)

In order to calculate Re and Pr numbers, physical, thermodynamic, and transport
properties are required such as gas mixture thermal conductivity, gas mixture viscosity,
specific heat, axial velocity, and mixture mass density. These properties were obtained

from Chemkin by using measured temperature profiles.

The Tsurr term can be omitted because Tgas is much higher than Tsur, S0 the final energy

balance equation becomes:

k N
2 (Toa- T?) (3.19)

86th4: 2d¢c

Before using the final energy balance equation, the emissivity had to be
determined. Because no soot covers the thermocouple junction at the first 2 mm, it was
assumed that the emissivity to be equal to the emissivity value of the Pt-13% Rh/Pt, 0.075-
mm thermocouple junction which corresponds to 0.1. The emissivity increased according
to the linear relation with soot volume fractions since the thermocouple was covered by

the soot for both flames (Inal and Senkan 2002b) (Figure 3.5 and Figure 3.6).

6.0E-07
5.0E-07

4.0E-07

30E07 F -

Soot volume fraction

2.0E-07 | ke

1.0E-07 |

0.0E+00 1 1 1 1 1 1 1 1 1 J

HAB (mm)

Figure 3.5. Soot volume fractions for the n-heptane flame (Inal and Senkan 2002a)
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Figure 3.6. Soot volume fraction for the n-heptane/methanol flame (Inal and Senkan
2002b)

The corrected temperatures were obtained using the final energy balance equation
and by solving for Tgs. Figure 3.7 and Figure 3.8 show the difference between the
measured and the corrected temperatures for both n-heptane and n-heptane/methanol
flames, respectively. The maximum differences between corrected and measured
temperatures for n-heptane and n-heptane/methanol flames were roughly 287K and 292

K, respectively.

1800 r
1500 _—e e e = T T T o e -, ,
<1200 —
L
2 900
“é.)_ = Measured Temperature
s 600 = = Corrected Temperature
300 r
O 1 1 1 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7 8 9 10

HAB (mm)

Figure 3.7. Measured and corrected temperature profiles of n-heptane flame
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Figure 3.8. Measured and corrected temperature profiles of n-heptane/methanol flame

The corrected temperature profile was used as an input for the modelling work
using Chemkin to see its effect on the model predictions of species mole fractions. The
difference of the model predictions using the measured and corrected temperature profiles

are given in the next chapter.

3.7. Mechanism Generation

A recent mechanism proposed for the oxidation of n-heptane by Degirmenci
(2018) has been chosen as a Base Mechanism for the modeling work. This Base
Mechanism was established by an updated mechanism available in the literature,
Lawrence Livermore National Laboratory LLNL (Version 3.1) mechanism (Mehl et al.
2011) as a starting mechanism. Since the LLNL mechanism does not include some
reactions of C4-Cs species and PAHs formation, several mechanisms have been merged
with the LLNL mechanism. These mechanisms are Marinov’s mechanism (Marinov et al.
1998), Wang and Frenklach mechanism (Wang and Frenklach 1997), Richter and Howard
mechanism (Richter and Howard 2000), and additional reactions from Park et. al.

mechanism (Park et al. 2017). In addition, some reaction rate parameters have been

modified using recent Kinetic data available in the literature to improve the mechanism
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predictions. The Base Mechanism is a detailed mechanism for the oxidation of n-heptane.
It includes the decomposition pathways of n-heptane and the formation of PAHSs up to
A4. However, the Base Mechanism does not have the whole reactions of the methanol
oxidation. Therefore, a comprehensive and recent mechanism of the methanol oxidation
(Burke et al. 2016) as a Donor Mechanism has been merged with the Base Mechanism.
The Donor Mechanism includes the chemical reaction for all major species C1—C4 and
the H>—O> sub-chemistry. Table 3.2 illustrates the general features of the Base, Donor,

and Master Mechanisms.

Table 3.2. Basic features of base, donor, and master mechanisms

Number of Number of Reference
Reactions Species
Base Mechanism 4185 893 (Degirmenci 2018)
Donor Mechanism 1011 173 (Burke et al. 2016)
Master Mechanism 4480 945 This study

3.8. Sensitivity Analysis and Alteration of Reaction Rate Parameters

Some reactions have considerable amount of uncertainty on their rate parameters
due to the uncertainties in the experimental measurements of these parameters at different
conditions. So these parameters need to be optimized to improve the model predictions.
Sensitivity analysis is a way that can decide the most effective reactions on the formation
and decomposition of particular species. Upon that analysis the reaction rate parameters
of the effective reactions can be updated.

Sensitivity analyses across the flame for precursor species were performed to
investigate the most sensitive reactions that play a significant role for the formation and
decomposition of these species. The reaction rate parameters of sensitive reactions need
to be updated to improve the model mole fraction predictions of the species. Sensitivity
analysis for selected species (i.e., acetylene, propadiene, diacetylene, vinalacetylene and

benzene), can present the most sensitive reactions for the formation and decomposition
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of these species. These species were selected because their experimental data are
available, and they were considered as playing important role for the formation of
aromatics and polycyclic aromatic hydrocarbons. The sensitive reactions that have been
updated in the Base Mechanism (Degirmenci 2018) will not be updated in this study for
all the investigated species.

The sensitivity analysis of acetylene across the flame is given in Figure 3.9. The
reaction CoHs+H=C;Hs+H> was found as an important reaction for the formation of
acetylene. The increase in the forward rate constants in this reaction would increase the
acetylene mole fractions and improve the model predictions on the flame. Figure 3.10
shows the modified Arrhenius fit rate parameters proposed by different studies obtained
from Reaction Mechanism Generator online database (RMG) (Green and West 2019).

The modified Arrhenius fit rate parameters for the reaction CoHs + H = CoHs + Ha
have been proposed by different studies (Peeters and Mahnen 1973, Tsang and Hampson
1986, Weissman and Benson 1988, Knyazev et al. 1996) (Figure 3.10). The Arrhenius fit
rate parameters of Peeters and Mahnen (1973) were higher than the Arrhenius fit
parameters of the Master Mechanism (shown as Chemkin in Figure 3.10). These higher
Arrhenius fit rate parameters were used for modeling the flame but it had no significant

effect on the predictions of the acetylene mole fractions (Figure 3.11).
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015 L
O+H2=H+OH C2H2+H(+M)=C2H3(+M)
C2H2+02=HCCO+OH H+02=0+O0H
—— C2H2+0=CH2+CO C2H3+02=CH2CHO+0

— C2H4+H=C2H3+H2

Figure 3.9. Sensitivity analysis of CoH> across the flame
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Figure 3.10. Forward logarithmic rate constant versus inverse temperature for CoHs +
H = C2H3s + Hareaction

The reaction CoHz+H(+M) =C,H3(+M) was found as an important reaction for the
consumption of acetylene. To improve the model predictions of acetylene mole fractions,
the forward rate parameter was required to be lowered which could decrease the rate of
the decomposition of acetylene. Figure 3.12 shows the modified Arrhenius fit rate
parameters that suggested by different studies obtained from Reaction Mechanism
Generator online database (RMG).

The modified Arrhenius fit rate parameters for the reaction CoHa+H(+M)
=C,H3(+M) have been suggested by different studies (Baulch et al. 1992, Knyazev et al.
1996) (Figure 3.12). The Arrhenius fit rate parameters of RMG Group were lower than
the Arrhenius fit parameters of the Master Mechanism (shown as Chemkin in Figure
3.12). They were used for modeling the flame and underpredictions were achieved at 0-5
mm HAB. At 5 mm and higher HAB, the model predictions of CoH, mole fraction were

nearly the same as the model predictions by the Master Mechanism. (Figure 3.13).
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Figure 3.11. The effect of the modified reaction rate parameter of CoHs + H = CoH3 +

H2 on C2H2 mole fraction predictions
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Figure 3.12. Forward logarithmic rate constant versus inverse temperature for

CoHa+H(+M) =CH3(+M) reaction
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Figure 3.13. The effect of the modified reaction rate parameter of CoHx+H(+M)
=C2H3(+M) on C2H> mole fraction predictions

The sensitivity analysis of propadien (CsHs-A) across the flame is given in Figure
3.14. The sensitive reaction CsHs-P+H=C3Hs+H: has been found as an effective reaction
for the consumption of propadien. The forward rate parameters were required to be
decreased which could decrease the rate of propadien consumption. As a result, the model
predictions of propadien mole fractions would be improved. Figure 3.15 shows the
modified Arrhenius fit rate parameters suggested by different studies obtained from

Reaction Mechanism Generator online database (RMG).

The modified Arrhenius fit rate parameters for the reaction C3Hs-P+H=C3H3z+H>
have been suggested by different studies (Lopez et al. 2009, Dooley et al. 2010, Bugler
et al. 2016). The Arrhenius fit rate parameters of Dooley et al. (2010) were lower than the
Arrhenius fit parameters of the Master Mechanism (shown as Chemkin in Figure 3.15).
No significant difference in the model predictions of propadien mole fraction has been
found when the Arrhenius fit rate parameters of Dooley et al. (2010) were used (Figure
3.16).
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Figure 3.14. Sensitivity analysis of CsHs-A across the flame
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Figure 3.15. Forward logarithmic rate constant versus inverse temperature for C3Hs-P
+H=C3H3+H>
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Figure 3.16. The effect of the modified reaction rate parameter of CsHs-P+H =CzHs+ H>
on C2H2 mole fraction predictions

The sensitivity analysis of diacetylene (CsHz) across the flame is given in Figure
3.17. The reaction CoH,+OH=C,H+H>O was found as an important reaction for the
consumption of diacetylene. To improve the model predictions of diacetylene mole
fractions, the forward rate parameter was required to be decreased which could decrease
the rate of the consumption of diacetylene. Figure 3.18 shows the modified Arrhenius fit
rate parameters proposed by different studies obtained from Reaction Mechanism
Generator online database (RMG) for CoH,+OH=C,H+H,0.

The modified Arrhenius fit rate parameters for the reaction C;H,+OH=C,H+H,0
have been suggested by different studies (Eiteneer and Frenklach 2003, Acarl et al. 2005).
The Arrhenius fit rate parameters of RMG Group were lower than the Arrhenius fit
parameters of the Master Mechanism (shown as Chemkin in Figure 3.18) and they were
used for modeling the flame. The previously mentioned reaction was also found as an
important reaction for the consumption of acetylene, therefore the model predictions of
acetylene mole fraction have been investigated. No significant differences in the model
predictions of acetylene and diacetylene mole fractions have been achieved when the

modified Arrhenius fit rate parameters of RMG Group were used (Figures 3.19 and 3.20).
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Figure 3.17. Sensitivity analysis of C4H across the flame
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Forward logarithmic rate constant versus inverse temperature for CoH>+OH
=CoH+H20
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Figure 3.19. The effect of the modified reaction rate parameter of C;H,+OH=C,H +H,0
on C2H2 mole fraction predictions
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Figure 3.20. The effect of the modified reaction rate parameter of CoH>+OH=C,H +H,0
on C4H2 mole fraction predictions
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The sensitivity analysis of vinylacetylene (CsHs) across the flame is given in
Figure 3.21. The reaction C4H4+H=i-C4Hs+H: has been found as an effective reaction for
the consumption of vinylacetylene. The forward rate parameter of the reaction needed to
be decreased, therfore the model predictions of vinylacetylene mole fractions would be
improved. Figure 3.22 shows the modified Arrhenius fit rate parameters given by
different studies (Bugler et al. 2016, RMG-Groupl 2019, RMG-Group2 2019). The
Arrhenius fit rate parameters of RMG Group 1 were the lowest so they were used for
modeling the flame. The modified Arrhenius fit rate parameters had almost no effect on
the predictions of the C4Hs mole fraction (Figure 3.23). Since there was no significant

difference in the model predictions, these rate parameters have not been used in the

Master Mechanism.
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Figure 3.21. Sensitivity analysis of C4H4 across the flame
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Figure 3.22. Forward logarithmic rate constant versus inverse temperature for CsHa
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Figure 3.23. The effect of the modified reaction rate parameter of CsHs+H=i-CsH3 +H>
on C4H2s mole fraction predictions

The sensitivity analysis of benzene (CsHs) across the flame is given in Figure 3.24.

The reaction C3Hz+OH=C,;H3+HCO has been found playing a role for the destruction of
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benzene. The forward rate parameters were required to be increased to avoid the
overpredictions of CsHe mole fractions and improve model predictions on the flame. The
model overprdicted the benzene mole fractions specifically at high distances above the
burner. Figure 3.25 shows the modified Arrhenius fit rate parameters proposed by
different studies (Lopez et al. 2009, Bugler et al. 2016) . The Arrhenius fit rate parameters
of Bugler et al. (2016) were higher than the Arrhenius fit parameters of the Master
Mechanism (shown as Chemkin in Figure 3.25). As these parameters used for modelling
work, it had better effect on the predictions of the CsHe mole fractions specifically at high
distances above the burner (Figure 3.26). These rate parameters have not been used in the
Master Mechanism, since there was no significant difference in the overall model
predictions.

The sensitivity analysis has been carried out for precursor species and benzene,
and updated reaction rate parameters have been tested. When the updated reaction rate
parameters have been altered in the mechanism, no significant improvements for the
model predictions have been achieved. This might be attributed to the developments made
on the Base Mechanism (Degirmenci 2018) using altered parameters for different
sensitive reactions. Therefore, no changes have been made for the Master Mechanism

regarding the reaction rate parameters of the sensitive reactions.
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Figure 3.24. Sensitivity analysis of benzene across the flame
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Model Validation

To investigate the capabilities of the Master Mechanism, model validation has
been carried out using various experimental data available in the literature for different
combustion systems. Rapid compression machine (RCM) experimental data (Kumar and
Sung 2011) were used to validate the ignition delay time estimations of methanol by the
Master Mechanism. The mole fraction profiles of species were validated by experimental
data of premixed, laminar n-heptane/methanol flame (Chen et al. 2012). Table 4.1 shows

the general characteristics of the two studies that have been used for the model validation.

Table 4. 1. Experimental conditions of the studies used for the model validation

Conditions Chen et al. (2012) | Kumar and Sung (2011)
System type Premixed flame RCM
Temperature (K) 400~ 1980 850-1100
Pressure (atm) 0.04 14.8
Equivalence ratio ¢ 1.6 1

n-C7Hie mole fraction 0.078 -

CH3OH mole fraction 0.018 0.1227

O2 mole fraction 0.549 0.184

Ar mole fraction 0.355 0.693

The model validations were done using ignition delay time experimental
measurements of methanol (Kumar and Sung 2011) to understand the capabilities of the
Master Mechanism. The ignition delay time is the time between injecting the fuel into the
engine cylinder, and the start of combustion (Lakshminarayanan and Aghav 2010). A

closed, homogenous batch reactor with a constant volume was used in the modeling as a
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rapid compression machine. As seen in Figure 4.1, there were underestimations by the
Master Mechanism for the ignition delay times of pure methanol fuel. Kumar and Sung
(2011) have also used a kinetic mechanism to predict ignition delay times. The modeling
predictions of the Master Mechanism developed in this study were closer to the
experimental measurements compared with the performance of their model. The model
validation of the Master Mechanism using RCM experimental data has shown that the
Master Mechanism is able to predict ignition delay times of pure methanol fuel.

100.0 ¢ e Experimental (Kumarand Sung 2011)
- Modeling (This study)
[ = = Modeling (Kumar and Sung 2011)

10.0

Ignition delay time (ms)

1.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
1.00 1.05 1.10 1.15 1.20

1000/T (L/K)

Figure 4. 1.Validations of the Master Mechanism by ignition delay times

Additional model validation has been carried out by one dimensional, laminar,
premixed n-heptane/methanol flame of Chen et al. (2012). The fixed temperature solver
was used with the measured temperature profile. The comparison between the model
predictions and experimental measurements of species concentration profile for H is
shown in Figure 4.2. The modeling results of H, by the Master Mechanism have fitted
most of the experimental results. A good prediction has been achieved by the Master

Mechanism for hydrogen mole fractions.
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The model predictions and experimental measurements of CO mole fraction

profiles are shown in Figure 4.3. There were underpredictions by the model at low heights
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above the burner. At higher distances, the model predicted the experimental
measurements very well. The comparison between the model predictions and
experimental measurements of species concentration profile for CO2 is shown in Figure
4.4. 1t can be seen that, Master Mechanism slightly underpredicted the carbon dioxide
mole fraction profile at 0 to 20 mm HAB. However, the Master Mechanism has given

proper results at higher distances for the carbon dioxide mole fraction profile.
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Figure 4. 4. Validation of the Master Mechanism on CO2 mole fraction profiles of a
Flame (Chen et al. 2012)

4.2. Effects of Temperature Correction on the Model Performance

The model predictions of species mole fractions in the target flames (n-heptane
and n-heptane/methanol) (Inal and Senkan 2002b) were affected by the temperature
corrections. To better understand the difference in the model predictions using the
corrected and measured temperature profiles, a comparison of some species mole
fractions predictions were carried out.

As seen in Figure 4.5 there was a difference between acetylene mole fraction
predictions by the Master Mechanism using corrected and measured temperature profiles.

The model with the corrected temperature profile could predict the experimental
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measurements of acetylene mole fractions better than the model with the measured
temperature profile. Figure 4.6 shows the effect of temperature profile on propadiene
mole fractions profiles. The temperature corrections slightly increased the model
predictions of propadiene mole fractions at lower heights above the burner surface (HAB
< 2 mm). For HAB greater than 2 mm, no significant differences in propadien mole

fractions were found (Figure 4.6).
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Figure 4. 5. Effect of temperature profile on acetylene mole fractions

The effect of temperature profile on mole fraction predictions of vinylacetylene is
given in Figure 4.7. The effect of temperature corrections was greater than the previously
mentioned species (propadien). The model with the corrected temperature profile has
given closer predictions to the experimental measurements than the model with the
measured temperature profile (Figure 4.7). For benzene (Figure 4.8), the effect of
temperature correction on the mole fraction profile was not considerable in terms of the
benzene mole fraction predictions.

For two aromatic ring species, the effect of temperature profile on naphthalene
mole fractions is given in Figure 4.9. The effect of using the corrected temperature profile
instead of measured temperature profile improved the model predictions of naphthalene

mole fractions specially at HAB greater than 2 mm. At lower heights above the burner
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surface (HAB < 2 mm) the temperature corrections did not affect the model predictions

(Figure 4.9).
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Figure 4. 6. Effect of temperature profile on propadiene mole fractions
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Figure 4. 7. Effect of temperature profile on vinylacetylene mole fractions
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Figure 4. 9. Effect of temperature profile on naphthalene mole fractions

As seen in Figure 4.10, the corrected temperature profile had significant effect on
the acenaphthylene mole fraction predictions. The mole fraction predictions of

acenaphthylene were much closer to experimental measurements when the corrected
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temperature profile was used (Figure 4.10). The difference between the model predictions
using the corrected and measured temperature profiles was high and it seemed

acenaphthylene was highly sensitive to the temperature.
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Figure 4. 10. Effect of temperature profile on acenaphthylene mole fractions

The investigations of the effect of the temperature corrections on the model
predictions of species mole fractions in the flame have shown that the uncertainties in the
temperature measurements can have high influence on the mole fraction predictions for

some species.

4.3. Detailed Analysis for the Flames

To analyse the flame in details, rate of production and pathway analyses should
be carried out. The aim of doing the rate of production/consumption analysis is to find
the elementary reactions that form/decompose the species. While the pathway analysis
has been done for some important species (i.e., important precursors and aromatics) to
understand the formation or the decomposition pathways of these species. The pathway

analysis shows the reaction sequences of the formation or decomposition of the species
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based on either carbon, hydrogen or both fluxes. Basically, these fluxes pathways can be
drawn using the software by following the carbon and hydrogen elements on the reaction
sequences. The thickness of the drawn lines is proportional with the formation ratio of the
species for the pathway analysis. The thicker the line is the faster the reaction rate will
be. It is worth mentioning that the experimental measurements at low HAB (0 ~2 mm)
were considered questionable due to the higher amount of uncertainty at the microprobe
sampling caused by the possible interactions between sampling microprobe and the
burner surface (Inal 1999). Based on that, the experimental measurements at these heights

were considered less reliable, especially for PAHSs.
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Figure 4. 11. Comparison of species profiles of n-heptane

As seen in Figure 4.11, the Master Mechanism predicted the n-heptane mole
fraction profiles in both flames. The fuel completely consumed at HAB ~3 mm according
to the experimental measurements while the model predictions showed consumption of
n-heptane at lower HAB (~1 mm) for both flames.

According to the rate of production analysis for n-heptane in n-heptane flame

(Figure 4.12), the n-heptane consumption occurs at 0 to ~1.25 mm HAB. The main
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reactions consuming the n-heptane are either hydrogen abstraction reactions (by H or OH
radicals) or third body reactions (these reactions are listed in Figure 4.12). The minimum
point of the total consumption rate of n-heptane for n-heptane flame corresponds to
0.8125 mm. This point has been chosen to do the pathway analysis for both carbon and
hydrogen fluxes. Based on the decomposition analysis, the most dominant reactions are
NC7H16+H=C7H15-2+H; and NC7H16+H=C7H315-3+H> (C7H15-2 and C7H15-3 refer to 2-
heptyl and 3-heptyl radicals, respectively). The same reactions have been reported as the
most dominant reactions for the oxidation of fuel-rich n-heptane in a jet-stirred flow
reactor in the temperature range of 950-1200 K at atmospheric pressure (Chakir et al.
1992). The decomposition reactions of n-heptane (i.e., n-C7H16(+M)=CsH11-1+CyHs(+M)
and n-CsH1s+OH=C7H15-2+H,0) were also found as important decomposition reactions,
which is consistent with a study of laminar premixed low pressure n-heptane/methanol

flame at an equivalence ratio of 2 by Xu et al. (2013).

2

2 3.0E-05

§ 0.0E+00 1 1 1 1 1 1 1 1 1

g 30E-05 | E:ﬁ 2 3 4 5 6 7 8 9 10

~ - HAB (mm)

S -6.0E-05 f

% -9.0E-05 |

s -1.2E-04 t

5 L

o -15E-04 *

T
Total NC7H16(+M)=C5H11-1+C2H5(+M)
NC7H16(+M)=PC4H9+NC3H7(+M) ——NC7H16+H=C7H15-1+H2
NC7H16+H=C7H15-2+H2 ——NC7H16+H=C7H15-3+H2

——NC7H16+H=C7H15-4+H2 ——NC7H16+0OH=C7H15-2+H20

—NC7H16+OH=C7H15-3+H20

Figure 4. 12. Rate of production analysis for n-C7Hzs across the flame (n-heptane)
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Figure 4. 13. n-Heptane decomposition pathways at HAB=0.8125mm (both H and C
fluxes) (n-heptane flame)

The pathway analysis for the decomposition of n-heptane can be seen in Figure
4.13 (both hydrogen and carbon fluxes). The n-heptane decomposes to 2-heptyl and 3-
heptyl. After that 2-heptyl mainly breaks down to 1-butyl (PC4Hg) which decomposes to
ethene (Cz2Hs) (Figure 4.13). The reaction C7His-2= PCsHo+C3Hs was found as the
thermal decomposition of 2-heptyl radical by B-Scission of C-C bond at high temperatures
(Chakir et al. 1992). The decomposition path for 3-heptyl is not shown in Figure 4.13
since the decomposition rate is very low (-3.20 x10 mole/cm3.sec). For the n-heptane
decomposition reactions, the hydrogen abstraction reactions by H radical form H, while
hydrogen abstraction reactions by OH radical form H>O (Figure 4.12). The n-heptyl
radicals, which formed by H-atom abstraction reactions, are assumed to rapidly undergo
thermal decomposition through the B-scission of a C-C bond at high temperatures (Held,
Marchese, and Dryer 1997, Dagaut, Reuillon, and Cathonnet 1994).

C7H15-1= CsH11-1 +CoH4 (CsH11-1 refers to 1-pentyl)

C7H15-2= PC4Ho+C3He

C7H15-3= CeH12-1+ CH3 (CsH12-1 refers to 1-hexene)
C7H15-4= CsH10-1+CoHs (CsH10-1 refers to 1-pentene)

The rate of production analysis for n-heptane in n-heptane/methanol flame (Figure

4.14) shows that the n-heptane consumption occurs at 0 to ~1.25 mm HAB. The
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consumption of n-heptane in n-heptane and n-heptane/methanol flames occur at the same
HAB. The minimum point of the total rate of n-heptane decomposition for n-
heptane/methanol flame is different from that one for the n-heptane flame, which
corresponds to 0.75 mm HAB. So that means n-heptane consumption starts earlier by
having methanol as an oxygenate in the fuel. The pathway analysis for both carbon and
hydrogen fluxes has been done at 0.75 mm HAB. The main reactions consuming the n-
heptane are either hydrogen abstraction reactions (by H or OH radicals) or third body
reactions (these reactions are listed in Figure 4.14). Figure 4.15 shows the pathway
analysis of both hydrogen and carbon fluxes for the decomposition of n-heptane for n-
heptane/methanol flame. There was no significant difference in the decomposition of n-
heptane in both flames (i.e., n-heptane/methanol and n-heptane flames) (Figures 4.13 and
4.15). The main difference that has been found between these two flames is the rate of
consumption of the reaction NC7H1s+H=C7H15-1+H> becomes slightly higher for n-
heptane/methanol flame (Figure 4.14).
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Figure 4. 14. Rate of production analysis for NC7Hze across the flame (n-Heptane/
methanol)
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C7H15-3 | C7H15-2

Figure 4. 15. n-Heptane decomposition pathways at HAB=0.75mm (both H and C flux) (n-
heptane/methanol flame)

The rate of production analysis for methanol across the flame can be seen in Figure
4.16. The rate of consumption of methanol mainly occurs at 0-2 mm HAB. The minimum
point of the methanol total rate of consumption is at 1 mm HAB, and the pathway analysis
is carried out at this point for both hydrogen and carbon fluxes. From the pathway analysis
(Figure 4.17), the most dominant reactions for the methanol consumption were
CH30OH+H=CH>OH+H, and CH3OH+H=CH30+H,. Methanol decomposes majorly to
CH20H and H: as seen from the reactions in Figure 4.16. In JSR fuel-rich methanol study
(at atmospheric pressure and temperature range of 633 to 873 K), the same reactions have
been reported for methanol consumption paths (Held and Dryer 1998). Methanol
decomposes predominantly through H abstraction and produces either hydroxymethyl
radical (CH20H) or methoxy radical (CH30). Subsequently, CH>OH decomposes mainly
to formaldehyde (CH20) by hydrogen abstraction reaction, which is the most important
intermediate product during methanol oxidation. This leads to have high concentration of
CH20 in n-heptane/methanol flames. Because of the high amount of formaldehyde in
methanol consumption paths, most of the carbons in the hydrocarbon species would be
oxidized through a route involving formaldehyde (Egolfopoulos, Du, and Law 1992). In

addition, the methanol decomposes in less important paths to H.O and CHa (Figure 4.17).
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Figure 4. 16. Rate of production analysis for CH3OH across the flame

Figure 4. 17. Methanol decomposition pathways at HAB=1mm (both H and C flux)

The modeling results of species mole fractions of n-heptane and n-

heptane/methanol flames have been compared against the experimental results of the
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target flame. The H2> mole fraction predictions and experimental measurements profiles
are shown in Figure 4.18. There were underestimations by about a factor of 2.5 in the
model predictions of hydrogen mole fractions for both n-heptane and n-heptane/methanol
flames. The uncertainties of kinetic and thermodynamic properties in the model might be
the reason behind the underestimations by the model of both flames.

There were underpredictions by the model of CO mole fractions for both n-
heptane and n-heptane/methanol flames, as seen in Figure 4.19. The mechanism has
predicted the reduction in mole fractions of CO as methanol included in the flame (Figure
4.19). The CO mole fractions decreased with the addition of methanol, similar results
were also found in other studies (Bata and Roan 1989, Yanju et al. 2008). There was a
fair agreement between model predictions and experimental measurements for CH4 mole
fractions (Figure 4.20). The model predictions showed underestimations for both flames
at 1 mm < HAB < 6 mm, and reductions in CHs mole fraction in methanol-blended flame.
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Figure 4. 18. Comparison of species profiles of hydrogen
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Figure 4. 19. Comparison of species profiles of carbon monoxide

The mole fractions of low molecular weight stable species were also determined

since they are important for the formation of first aromatic ring and PAHSs. For acetylene,

as seen in Figure 4.21 the modeling results showed underestimations for both flames, n-

heptane and n-heptane/methanol. There were acetylene mole fraction reductions when

methanol was added in both the experimental and modeling data (Figure 4.21).
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Figure 4. 20. Comparison of species profiles of methane
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The acetylene is one of the important precursors for the first aromatic ring
formation and PAH growth (Richter and Howard 2000, Frenklach and Wang 1994).
Therefore, the rate of production and pathway analyses should be done for acetylene
across the flame to gain deeper understanding for the acetylene formation and
decomposition. The pathway analysis for acetylene (n-heptane flame) for both hydrogen
and carbon fluxes was carried out at 1.5 mm since the peak point of the total rate of
production corresponds to this height (Figure 4.22). The major acetylene formation was
by the decomposition reaction of vinyl radical (C2Hs). Acetylene was mainly decomposed
by the reaction with O> which formed formaldehyde (CH.O) and OH radical. Based on
the pathway analysis the acetylene was mainly formed from vinyl radical by the reverse
reaction of CoH>+H(M)=C,H3z+M (Figure 4.23), and it was mainly decomposed by the
reaction of CoH»+0,=HCCO+0OH and it forms HCCO (Figure 4.24). The same finding
has been reported for fuel-rich n-heptane flame (Seidel et al. 2015). The acetylene also
decomposes to CH, and CO by reacting with O radical whereas H>O is formed when
C2H2 reacts with OH radical.

0.05 r
[
[
[
= 004 r ) ] - o )
Q - - - ® °
B ° n n
e |
s 003+ *
g 4 n
T
S 002 N ® n-Heptane (Exp.)
I n-Heptane (Model)
001 | = n-Heptane/Methanol (Exp.)
= = n-Heptane/Methanol (Model)

0 1 1 1 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7 8 9 10

HAB (mm)

Figure 4. 21. Comparison of species profiles of acetylene
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Figure 4. 23. Acetylene formation pathways at HAB=1.5mm (both H and C flux)(n-
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Figure 4. 24. Acetylene decomposition pathways at HAB=1.5 mm (both H and C flux)
(n-heptane flame)

The acetylene formation and decomposition pathways in the n-heptane/methanol
flame are almost the same according to the rate of production and pathway analyses
(Figures 4.25-4.27). The noticeable differences in the pathway analysis of the two flames,
n-heptane/methanol and n-heptane is, the reaction rate of CoH3+CH3=C,H,+CHs that
forms acetylene becomes less important when methanol is included in the fuel mixture.
In addition, a significant difference has been found for the rate of decomposition of
acetylene to formaldehyde when methanol was included (i.e., the acetylene
decomposition to formaldehyde becomes higher in n-heptane/methanol flame) (Figures
4.22 and 4.25). That increase in formaldehyde coincides with the previously reported
results of a fuel-rich laminar n-heptane/methanol flame (Chen et al. 2012).

For both n-heptane and n-heptane/methanol flames, the predictions of the mole
fractions of propadiene (CsHs-A) were underestimated by the model as shown in Figure
4.28. The modeling results of methanol-blended flame showed an average reduction in
propadiene species mole fractions of about 8% whereas the average reduction of

propadiene mole fractions was about 22% according to the experimental data.
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Figure 4. 26. Acetylene formation pathways at HAB=1.5mm (both H and C flux) (n-
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H20

Figure 4.27. Acetylene decomposition pathways at HAB=1.5 mm (both H and C flux)
(n-heptane/methanol flame)

1.0E-01 ¢

C;H,-A mole fraction

1.0E-05 ¢

1.0E-06

1.0E-02
1.0E-03

1.0E-04 ¢

e n-Heptane (Exp.)
n-Heptane (Model)

m  n-Heptane/Methanol (Exp.)
= = n-Heptane/Methanol (Model)

W@
e
e
»
L J
»

HAB (mm)

Figure 4.28. Comparison of species profiles of propadiene
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Figure 4.29. Rate of production analysis for CsHs-A across the flame (n-heptane)
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Figure 4.30. CsHs-A formation pathways at HAB=0.875mm (both H and C flux) (n-
heptane flame)

Propadiene (CsHs4-A), as a precursor specie, plays an important role for the

formation of aromatics and polycyclic aromatic hydrocarbons. The rate of production and
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pathway analyses were carried out for CsHs-A of both n-heptane and n-heptane/methanol
flames. C3Hs-A is formed in the range 0.8~1 mm HAB and decomposed in 1.125~2 mm
HAB according to the rate of production analysis in n-heptane flame (Figure 4.29). The
peak point of the total rate of production corresponds to 0.875 mm HAB, and it is used
for the pathway analysis. The formation pathways of CsHs-A at HAB=0.875 mm for n-
heptane flame is shown in Figure 4.30. The allene is mostly formed from allyl radical
(CsHs-A) by the hydrogen abstraction reaction CsHs-A=CsHs-A+H while the dominant
reactions for the destruction of allene are the reverse reactions of Cz3Hs-A+H=CzHs-A+H>
and C4H71-2=C3Hs-A+CHj3 (C4H71-2 refers to 1-Butene2yl).

The rate of production analysis for CsHs-A across the n-heptane/methanol flame
is shown in Figure 4.31. By comparing the rate of production and pathway analyses of
propadiene for both flames (i.e., n-heptane/methanol and n-heptane flames), there is no
significant difference between them (Figures 4.30-4.32). Propyne (p-CsHa4) and allene
(CsH4-A) are reported previously as crucial species to the formation of the CzHs and a-
CsHs which play significant role in the formation of benzene (Hansen et al. 2009). It has
been found that when methanol was added to n-heptane, the decomposition reaction of
CsH4-A= CsHs+H became less important which might play a role in the reductions of the
mole fractions of aromatics and polycyclic aromatic hydrocarbons. That may be attributed
to the addition of methanol which reduces the system reactivity by converting an active
hydroxyl radical, OH, into inactive hydrogen peroxide, H.O> by the following set of
reactions (Xu, Yao, and Xu 2012);

CH3;OH+OH=CH,0OH+H,0
CH>0OH+0,=CH,0+HO>
HO2+HO»=H,0,

OH is an important radical which plays a decisive role in the fuel ignition stage.
When methanol is added to the fuel in laminar, premixed n-heptane/toluene/methanol
flame, active OH is converted into inactive H.O. (Xu et al. 2013). This agrees with the
result of ethanol converting the active OH into inactive H.O; in the ethanol/PRF fuel
mixture study (Haas, Chaos, and Dryer 2009). Therefore, the activity of the system

decreases and the ignition is delayed.
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Figure 4.31. Rate of production analysis for C3Hs-A across the flame (n-heptane/
methanol)

For both n-heptane and n-heptane/methanol flames, the predictions of the mole
fractions of diacetylene (CsH2), and vinylacetylene (CsH4) were underestimated by the
model as shown in Figure 4.33 and Figure 4.34, respectively. The modeling predictions
of methanol-blended flame showed average reductions in these species mole fractions of
about 7% and 5% for diacetylene and vinylacetylene, respectively. On the other hand, the
average reductions of the mole fractions of diacetylene and vinylacetylene were about

30% and 35%, respectively according to the experimental data.
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Figure 4.32. C3H4-A formation pathways at HAB=0.875mm (both H and C flux) (n-
heptane/methanol flame)
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Figure 4.34. Comparison of species profiles of vinylacetylene
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Vinylacetylene is considered as one of the precursor of the aromatic and PAHs
formation. The rate of production analysis for vinylacetylene across the n-heptane flame
can be seen in Figure 4.35. The minimum point for the decomposition of vinylacetylene
is roughly at 1.5 mm HAB where the peak point of the formation of vinylacetylene is at
1mm HAB (Figure 4.35). The pathway analysis shows that the dominant reaction for the
formation of vinylacetylene is by the reaction of acetylene and vinyl radical
CoH2+CoH3=C4Hs+H (Figure 4.36). In addition, vinylacetylene can be formed by the
combination reaction between ethylene (C2H4) and Cz2H (ethyne). The main consumption
path of vinylacetylene is from hydrogen abstraction reaction by H radical which forms i-
CsHs and hydrogen CsHs+H=i-C4Hs+H> (Figure 4.37). Other less important
decomposition paths for vinylacetylene are the reaction of C4H4 with O which forms CO,
C4H4+0=C3H4-P+CO, and the reaction of propargyl radical (CsHs) and vinylacetylene
C4Hs+C3H3=CsHsCH>.
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Figure 4.35. Rate of production analysis for C4H4 across the flame (n-heptane)
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Figure 4. 36. C4H4 formation pathways at HAB=1mm (both H and C flux) (n-heptane
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Figure 4. 37. C4H4 decomposition pathways at HAB=1.5mm (both H and C flux) (n-
heptane flame)

The total rate of production and pathway analyses for the vinylacetylene in the n-
heptane/methanol flame are shown in Figures 4.38-4.40. The main differences that have
been found in the pathway analysis for C4H4 between n-heptane/methanol and n-heptane
flames, the reaction of CoH2+CoH3=CsH4+H has higher rate of production (which equals
3.4E-06 mole/cm®.sec for n-heptane/methanol flame and 2.8E-6 mole/cm?.sec for n-

heptane flame). The rate of destruction of C4Hys is slightly different for two flames (-3.0E-
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6 mole/cmd.sec for n-heptane/methanol flame and -3.80E-6 mole/cm®.sec for n-heptane

flame).
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Figure 4. 38. Rate of production analysis for C4H4 across the flame (n-heptane/
methanol)
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Figure 4. 39. C4H4 formation pathways at HAB=1mm (both H and C flux) (n-heptane/
methanol flame)
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H20

Figure 4. 40. C4H4 decomposition pathways at HAB=1.5mm (both H and C flux) (n-
heptane/methanol flame)

The mole fractions of benzene decreased in the presence of methanol (Figure
4.41). There was a good agreement between the experimental measurements and
modeling predictions of benzene mole fractions. However, at low heights above the
burner there were underestimations by the model (due to possible burner surface-
sampling probe interaction) while for HAB greater than 4 mm there were overestimations
for both n-heptane and n-heptane/methanol flames. The average reductions in benzene
mole fractions when methanol was added were 15% for the model predictions and 40 %
for the experimental data. Xu et al. (2013) have reported that the average benzene mole
fractions reduction was about 12.5% in the presence of methanol, and 33.3% in the
presence of ethanol for low-pressure, laminar, premixed n-heptane/toluene/methanol and
n-heptane/toluene/ethanol flames, respectively. Reuter et al. (1992) have also reported
that the blending of gasoline with ethyl tertiary-butyl ether (ETBE) in a spark ignition

engine, reduced the emissions of benzene.
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Figure 4. 41. Comparison of species profiles of benzene
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Figure 4. 42. Rate of production analysis for A1 across the flame (n-heptane)

Benzene is considered as a first aromatic ring in non-aromatic hydrocarbon flames

(Richter and Howard 2000) . Therefore, there is a need to carry out the rate of production
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analysis for benzene across the flames. The total rate of production of benzene for the n-
heptane flame is positive at HAB 0 - 1.5 mm. However, at HAB 1.5 - 2.5 mm it is negative
(rate of decomposition is higher) as seen in Figure 4.42. The benzene decomposition and
formation reactions are mainly hydrogen abstraction reaction by hydrogen radical (Figure
4.42). To see different formation pathways of benzene for the n-heptane flame, two
heights above the burner are used (i.e., HAB ~1.25 mm and ~4 mm) corresponding to the
corrected flame temperatures of 1480 K and 1600 K, respectively (Figures 4.43 and 4.44).
As seen in Figure 4.43, benzene is mostly formed by a combination reaction of two
propargyl radicals (CsHs) (2C3Hs=A1). In addition, benzene is formed by the reaction
between vinyl radical and vinylacetylene (C4Hs4+C2Hs=A1+H). As seen in Figure 4.44,
benzene is mainly formed by the reaction of toluene and H radical at 4 mm HAB
(CsHsCH3z+H=A1+CHz). The two propargyl radicals combination reaction is also a path
of benzene formation reaction at HAB=4.0 mm. Benzene is also formed by the
bimolecular reaction between vinylacetylene and vinyl radical (CsHs+CoH3z=A;1+H). That
consists with the reported pathway of benzene formation by C, + C4 reactions (i.e., the
reaction between C>H> and n-C4Hs/n-C4H3 radicals) (Frenklach and Warnatz 1987, Cole
et al. 1984, Raj et al. 2012). Vinylacetylene plays an important role in the formation of
benzene by the reaction C4Hs+CoHs=A1+H. Acetylene is the main reactant that forms
vinylacetylene and propargyl radical so that it is considered as an important precursor for

benzene formation (Richter and Howard 2002).
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Figure 4. 43. A; formation pathways at HAB=1.25mm (both H and C flux) (n-heptane
flame)
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Figure 4. 44. Al formation pathways at HAB=4mm (for both H and C fluxes) (n-
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Figure 4. 45. Rate of production analysis for Az across the flame (n-heptane/methanol)

The rate of production analysis for benzene across the n-heptane/methanol flame
is shown in Figure 4.45. The slight difference in the pathway analyses between n-
heptane/methanol and n-heptane flames is the reverse reaction rate of
CsHsCH3s+H=A+CH3 becomes slightly higher (2.40E-07 and 2.82E-07 mole/cm?.sec for
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the n-heptane and n-heptane/methanol flames, respectively). However, at high distances
above the burner the reverse reaction rate of CéHsCH3s+H=A:+CHzs is almost the same for
n-heptane and n-heptane/methanol flames (Figure 4.45). The reactions of
CeéHsCH3+H=A1+CH3z and 2CsHs=A: were also reported for premixed fuel-rich n-
heptane/methanol flame at equivalence ratio of 1.6 and 30 torr pressure for the benzene
formation (Chen et al. 2012). The pathway analysis for benzene in n-heptane/methanol
flame at HAB ~1.25 mm and ~4 mm is shown in Figures 4.46 and 4.47. At 1.25 mm
HAB, the benzene is mostly formed by 2C3Hs=A1, and a direct path of acetylene also
forms benzene (Figure 4.46). However, the reverse reaction of Ai+H =Ai.+H; is the
dominant reaction for the formation of benzene at 4mm HAB (Figure 4.47). The reaction
rate of A1+CHs=A;-+CH4 becomes higher at low distances above the burner when
methanol is included in the flame. It is reported that adding oxygenates to flames does
not change the reaction flux of benzene (Chen et al. 2012). Chen et al. (2012) have also
reported reductions in species mole fractions; like CsHsz and a-CsHs decreased by 29%
and 22%, respectively so the reduction of CeHs should be attributed to the reduced
concentrations of its precursors. The dominant reaction for the destruction of benzene for
both n-heptane/methanol and n-heptane flames is the reaction of benzene with the methyl
radical which forms methane A1+CH3z=A1-1+CH, (Figure 4.42 and Figure 4.45).

Figure 4. 46. A; formation pathways at HAB=1.25 mm (both H and C flux) (n-heptane/
methanol flame)
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Figure 4. 47. A; formation pathways at HAB=4mm (both H and C fluxes) (n-heptane/
methanol flame)

C,Hg mole fraction

1.0E-03
1.0E-04
1.0E-05 -
1.0E-06
1.0E-07 -

1.0E-08

e n-Heptane (Exp.)
n-Heptane (Model)

m  n-Heptane/Methanol (Exp.)
= = n-Heptane/Methanol (Model)

HAB (mm)

Figure 4. 48. Comparison of species profiles of toluene
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Figure 4. 49. Comparison of species profiles of phenylacetylene

The experimental measurements and model predictions for toluene and
phenylacetylene in n-heptane/O2/Ar and n-heptane/methanol/O2/Ar flames are shown in
Figure 4.48 and Figure 4.49, respectively. As mentioned previously, the experimental
mole fractions within 2 mm HAB were considered questionable (Inal 1999). For HAB >
4 mm, there were overestimations by the Master Mechanism for both flames. The average
reductions in mole fractions of toluene and phenylacetylene with methanol addition were
about of 40% in the experimental measurements. However, the model was able to predict
an average of 20% reductions for toluene and 27% reductions for phenylacetylene with
the addition of methanol.

The experimental measurements and model predictions mole fraction profiles for
indene and naphthalene for n-heptane and n-heptane/methanol flames are shown in Figure
4.50 and Figure 4.51, respectively. For indene mole fractions profiles, the difference
between model predictions and experimental measurements decreased as the height above
the burner increased (Figure 4.50). The addition of methanol to n-heptane resulted 20%
of average mole fraction reductions for indene regarding the modeling results. However,
the average mole fraction reductions were about 50% for the experimental measurements.
There was a good agreement between the modeling and experimental results of

naphthalene mole fractions for both flames (Figure 4.51). Naphthalene mole fractions
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were also reduced with the addition of methanol to n-heptane. In the model predictions,

there was an average of 27% reduction for naphthalene mole fractions, whereas in

experimental measurements the average decrease was around 50%.

CyHg mole fraction

Naphthalene mole fraction

1.0E-04

1.0E-05

1.0E-06

1.0E-07

e n-Heptane (Exp.)
n-Heptane (Model)
1.0E-08 = n-Heptane/Methanol (Exp.)
= = n-Heptane/Methanol (Model)

1.0E_09 1 1 1 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7 8 9 10

HAB (mm)

Figure 4. 50. Comparison of species profiles of indene
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Figure 4. 51. Comparison of species profiles of naphthalene
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As a reference for two-ring aromatic hydrocarbon, the rate of production analysis
has been carried out for naphthalene (A2) firstly for n-heptane flame as seen in Figure
4.52. The peak points of the total rate of formation profile of naphthalene in n-heptane
flame are at HAB of 1.25 and 4 mm. At these points the pathway analysis for n-heptane
flame regarding A2 was carried out. For the decomposition of naphthalene hydrogen
abstraction reactions are responsible for the consumption of naphthalene Ax+H=A2-2+H;
and Ax+H=A>-1+H> (A>-1 and A»-2 refer to naphth-1-yl and naphth-2-yl, respectively)
(Figure 4.52). The pathway analysis has been carried out for naphthalene (A.) for n-
heptane flame at 1.25 mm and 4 mm HAB as seen in Figures 4.53-4.54. The most
important reaction for the formation of naphthalene at 1.25 mm HAB is the reaction
between benzyl radical CsHsCH. and propargyl radical C3Hs (CsHsCH2+CaH3z=Ax+2H).
Another path of acetylene also contributes to naphthalene formation (CgH7+C2H:
=A>+H). Similar to 1.25 mm HAB pathway analysis, the dominant reaction for the
naphthalene formation is CeHsCH2+CsHs=A>+2H at 4 mm HAB, which was also reported
for a fuel-rich, laminar, premixed, low-pressure n-heptane/methanol flame (Xu et al.
2013). Another study has reported similar path of the recombination of benzyl radical and
propargyl radical which has a significant contribution for the formation of naphthalene in
fuel-rich premixed n-heptane flame (Seidel et al. 2015). The other reactions of the

naphthalene formation are much slower than the previously mentioned reactions.
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Figure 4. 52. Rate of production analysis for Az across the flame (n-heptane)
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The total rate of production and pathway analyses for naphthalene in n-
heptane/methanol flame have been also carried out (Figures 4.55-4.57). The peak points
of the total rate of formation profile of naphthalene in n-heptane/methanol flame are at
HAB of 1.5 and 4 mm (Figure 4.55). The peak point of the rate of naphthalene formation
by the reaction of CeHsCH2+CzH3=A>+2H is shifted to lower HAB when methanol is
included in the flame. The pathway analysis was done for the naphthalene at HAB 1.5
mm and 4 mm to see different formation pathways of naphthalene for the n-
heptane/methanol flame (Figures 4.56, 4.57). The most important paths for the formation
of naphthalene at 1.5 mm HAB are through benzyl radical C¢HsCH>, propargyl radical
CsHs and acetylene CoH,. However, the dominant path for the naphthalene formation at
4 mm HAB is by benzyl radical CeHsCHa.
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Figure 4. 53. A, formation pathways at HAB=1. 25mm (both H and C flux) (n-heptane
flame)

Generally, the oxidation of n-heptane and n-heptane/methanol flames show no
substantial change for the low-molecular-weight species and PAHs paths after methanol
addition, which consists with the study of laminar, premixed n-heptane/toluene flames

with oxygenates addition (methanol or ethanol) (Xu et al. 2013).
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Figure 4. 55. Rate of production analysis for Az across the flame (n-heptane/methanol)
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Figure 4. 56. A, formation pathways at HAB=1.5mm (both H and C flux) (n-heptane/
methanol flame)

The model predictions and experimental measurements for mole fraction profiles
of higher PAHSs species (i.e., acenaphthylene and 4H-cyclopenta[def]phenanthrene) for
both fames are shown in Figures 4.58 and 4.59, respectively. For acenaphthylene mole
fractions, there was a good agreement between experimental measurements and model
predictions for both flames (Figure 4.58). The average reductions in mole fractions of
acenaphthylene were around 58% for the experimental measurements and 34% for the
model predictions when methanol was added. There were underpredictions by the Master
Mechanism for the mole fractions of 4H-cyclopenta[def]phenanthrene for both flames by
a factor of about 10 (Figure 5.59). The average reduction in mole fractions of 4H-
cyclopenta[def]phenanthrene was about 45% for model predictions when methanol was
added. However, there was an average of 60% reduction for the experimental data of 4H-
cyclopenta[def]phenanthrene mole fractions.

The differences between the model predictions and experimental measurements
for the major, minor, trace species are attributed to; the possible uncertainties in the
experimental measurements, some missing reactions in the Master Mechanism, the
uncertainties in the reaction rate parameters in the kinetic database and the uncertainties

in the thermodynamic and transport properties database.
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Figure 4. 57. A, formation pathways at HAB=4mm (both H and C flux) (n-heptane/
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Figure 4. 58. Comparison of species profiles of acenaphthylene
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Figure 4. 59. Comparison of species profiles of 4H-cyclopenta[def]phenanthrene

4.4. Model reduction

The detailed chemical kinetic mechanisms generally consist of high number of
species and reactions. This leads to enormous computation and makes the 3-D simulation
processes difficult. Based on that, model reduction plays an important role to overcome
these problems. Skeletal mechanism reduction is one of the mechanism reduction types.
A skeletal mechanism is derived by omitting the unimportant reactions and species that
can be carried out by particular analysis. There are several methods for skeletal reduction:
principal component analysis (PCA) (Vajda, Valko, and Turanyi 1985), directed relation
graph (DRG) (Lu and Law 2005) and directed relation graph with error propagation
(DRGEP) (Pepiot-Desjardins and Pitsch 2008), etc. The DRG and DRGEP methods are
the most effective methods for the mechanism reduction since these methods are
straightforward and effective methods that need less computation cost (An and Jiang
2013).

The theory of directed relation graph (DRG) can be identified by eliminating the

unimportant species and the associated unimportant elementary reactions. Because of the
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coupling of the species the removal of unimportant species from the master mechanism
is done by the removal of a group of species strongly coupled to it. For instance, a species
A can be strongly coupled to species B either directly if they appear together in a fast
reaction or indirectly if each of them is strongly coupled to another species C, even if they
themselves do not appear together in any reaction (Lu and Law 2005). The species B has
to be kept in the mechanism if and only if their removal would directly bring out
significant error to the production of species A. The rate of production of species A is
considered as:

Ry = Zi=1,1 Vp,i Wi (4.1)

where the subscripts i designate the ith elementary reaction, Va; is the stoichiometric
coefficient of species A, and wi the production rate.

The immediate error, (r,5), is the removal of a species on the production rate of
selected species and to quantify the direct influence of one species on another. The

immediate error calculated by the equation below:

Fas= Tiz1j|vaioil (4.2)
_ (1, if the i" reaction involves species B
Bi= : (4.3)
0, otherwise

where A is the selected species and B is the removed species.

The removal of species B from the reduced mechanism is expected to bring
significant error on the production rate of species A. Accordingly, if A has to be kept, B
should also be kept, which means species A strongly depends on species B.

To quantify the dependence of A on B, a small threshold value & should be
defined. In case of ras < &, the dependence can be considered to be negligible, and there
is no edge from A to B (no direct dependence between A and B). A directed edge from A
to B exists only if ras> & To run model reduction, the relative tolerance was defined as
500 % of the all major, minor, and trace species experimentally quantified. By defining
the relative tolerance as a high value gives an opportunity to see different versions of

reduced mechanisms. The differences between n-heptane mole fraction profiles in the
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Master and Skeletal Mechanisms were calculated as an error percentage. The removal of
the species/reactions is related with threshold values. Threshold value of 1 means the
removal of all species/reactions. There was a sudden increase of the n-heptane mole
fraction predictions percentage error with the increasing threshold value (Figure 4.60).
The reduced mechanism that corresponds to that sudden increase point was selected as
the optimal reduced mechanism. The Reduced Mechanism was obtained at threshold
value of 0.1875. Figure 4.60 shows the effect of mechanism reduction on n-heptane mole
fraction predictions.

The Master Mechanism of n-heptane/methanol flame contains 4480 reactions and
945 species, which is too large to be adopted by a 3-D simulation model. Therefore, a
model reduction has been carried out using Chemkin software by DRG method to obtain
a skeletal model which contains 1113 reactions and 156 species. Table 4.2 illustrates the
number of reactions and species of Master and Reduced Mechanisms.

2500 1 === Number of reactions - 10
====0 Error of n-heptane profile i
. @
2000 - -9 &
B o
% i e
S [ S
5 1500 - -8 ©
o i &
S L5
£ 1000 - (7 8
g L L
z i
500 - L 6
0 - L 5
0.175 0.1875
Threshold

Figure 4. 60. Effect of mechanism reduction on n-heptane mole fraction predictions
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Table 4. 2. The number of reactions and species of Reduced and Master Mechanisms

Number of reactions | Number of species
Master Mechanism 4480 945
Reduced Mechanism 1113 156
Reduction % 75.15% 83.49%

4.9. Validation of Skeletal Mechanism

The Skeletal Mechanism was also validated against the same experimental data
used for the detailed mechanism in order to investigate the prediction capability of the
Skeletal Mechanism comparing with the Master Mechanism. The experimental
conditions of ignition delay time experiment (Kumar and Sung 2011) and the premixed
fuel-rich n-heptane/methanol flame experiment (Chen et al. 2012) are given in Table 4.1.

The hydrogen, carbon monoxide, and carbon dioxide mole fraction profiles of
both experimental measurements and model predictions for the n-heptane/methanol flame
study (Chen et al. 2012) are given in Figures 4.61-4.63. As seen in Figure 4.61, the Master
Mechanism fits very well the experimental measurements of hydrogen mole fractions
whereas the Reduced Mechanism slightly underpredicts them. The Reduced Mechanism
predictions for the carbon monoxide mole fractions are almost the same as the Master
Mechanism results, and both of them are in a good agreement with the experimental
measurements (Figure 4.62). For carbon dioxide the Reduced Mechanism profile is
slightly lower than Master Mechanism profile for HAB 3-9 mm (Figure 4.63). The
average differences between the mole fraction predictions of the Reduced and Master
Mechanisms of H,, CO, and CO- are; 17%, 6% and 8%, respectively. Both mechanisms

are in fair agreement with the experimental data.

The ignition delay time validations of the Reduced Mechanism were done for
rapid compression machine RCM experimental data at 15 bar and an equivalence ratio of
1 (Figure 4.64). The Reduced Mechanism predictions of the ignition delay time were very
close (almost the same) to the Master Mechanism predictions. Both the Master and
Reduced Mechanisms gave closer predictions to the experimental measurements than the

modeling results of Kumar and Sung (2011).
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Figure 4. 61. Hydrogen mole fractions (Validation of the skeletal mechanism using
premixed n-heptane/methanol flame) (Chen et al. 2012)
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Figure 4. 62. Carbon monoxide mole fractions (Validation of the skeletal mechanism
using premixed n-heptane/methanol flame) (Chen et al. 2012)
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Figure 4. 63. Carbon dioxide mole fractions (Validation of the skeletal mechanism
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Figure 4. 64. Validations of the skeletal mechanism by ignition delay time (Kumar and

Sung 2011)
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According to the validation results of the Skeletal Mechanism, it can be used

instead of the Master Mechanism when the computational power is limited.

4.10. Comparison Between the Master and Skeletal Mechanisms on the Target

Flame

The experimental measurements of particular species of the target flame by Inal
and Senkan (2002a) have been compared with the predictions of both Master and Skeletal

Mechanisms for the n-heptane/methanol flame.

The comparisons between the predictions of the Master and Skeletal Mechanisms,
and the experimental results for acetylene, propadiene, diacetylene and vinylacetylene for
n-heptane/methanol flame are shown in Figure 4.65-4.68, respectively. Both mechanisms
underpredict the experimental results for these species. Moreover, the Reduced
Mechanism has given slightly better results than the Master Mechanism for these species
(acetylene, propadiene, diacetylene and vinylacetylene) as seen in Figures 4.65-4.68. The
average differences between the mole fraction predictions of the Reduced and Master

Mechanisms of C2H. and C4H4 are; 4% and 11%, respectively.

0.06 r ® Exp. Results
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- 0.05 = = Reduced Mechanism
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Figure 4. 65. Comparison between the Master and Skeletal Mechanisms of acetylene
mole fraction predictions on the n-heptane/methanol flame
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Figure 4. 66. Comparison between the Master and Skeletal Mechanisms of propadiene
mole fraction predictions on the n-heptane/methanol flame
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Figure 4. 67. Comparison between the Master and Skeletal Mechanisms of diacetylene
mole fraction predictions on the n-heptane/methanol flame
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Figure 4. 68. Comparison between the Master and Skeletal Mechanisms of
vinylacetylene mole fraction predictions on the n-heptane/methanol flame

For benzene and toluene, the difference between the Master and Skeletal
Mechanisms predictions are relatively greater than the low-molecular-weight species as
seen in Figures 4.69 and 4.70, respectively. For benzene, the Master Mechanism
predictions are closer to the experimental results even though both mechanisms have
overpredictions (Figure 4.69). The Reduced Mechanism performs better than the Master
Mechanism at low HAB for toluene mole fractions predictions. However, at high HAB
the Master Mechanism predictions are closer to the experimental data (Figure 4.70).

The average differences between the mole fraction predictions of the Reduced and
Master Mechanisms of Ce¢Hs and Ce¢HsCH3 are; 63% and 75%, respectively. The
comparisons between the predictions of Master and Reduced Mechanisms, and
experimental measurements for phenylacetylene, indene and naphthalene are shown in
Figures 4.71-4.73, respectively. The model predictions of Master and Skeletal
Mechanisms show overpredictions at HAB higher than 5mm for phenylacetylene, indene
and naphthalene. Although there is a slight difference between the predictions of both

mechanisms, they are in good agreements with experimental data.
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Figure 4. 69. Comparison between the Master and Skeletal Mechanisms of benzene
mole fraction predictions on the n-heptane/methanol flame
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Figure 4. 70. Comparison between the Master and Skeletal Mechanisms of toluene mole
fraction predictions on the n-heptane/methanol flame
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As a result of the comparisons between the Skeletal and Master Mechanisms

predictions, it can be deduced that the Skeletal Mechanism has given applicable results

and it can be used for flame simulations instead of the Master Mechanism.
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Figure 4. 71. Comparison between the Master and Skeletal Mechanisms of
phenylacetylene mole fraction predictions on the n-heptane/methanol
flame
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Figure 4. 72. Comparison between the Master and Skeletal Mechanisms of indene mole
fraction predictions on the n-heptane/methanol flame
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Figure 4. 73. Comparison between the Master and Skeletal Mechanisms of naphthalene
mole fraction predictions on the n-heptane/methanol flame
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CHAPTER 5

CONCLUSION

A detailed chemical kinetic model has been developed for the oxidation of n-
heptane and n-heptane/methanol mixture to predict the effects of methanol addition on
combustion chemistry. The Base Mechanism is about the detailed chemical kinetic model
of n-heptane oxidation including the formation of polycyclic aromatic hydrocarbon
species. The Donor Mechanism is methanol oxidation mechanism. The yielded Master
Mechanism consists of 4480 reactions and 945 species. Sensitivity analysis for some
species has been carried out to understand the most sensitive reactions across the flame
that may improve the model predictions of species mole fractions. The Master
Mechanism has been validated against experimental measurements of premixed flame
species mole fractions and ignition delay time measurements in rapid compression
machine. It has been applied to burner-stabilized, atmospheric pressure, laminar,
premixed, fuel-rich n-heptane and n-heptane/methanol flames at an equivalence ratio of
2.10. The mechanism predicted most of the low-molecular weight stable products of the
fuel-rich, premixed n-heptane and n-heptane/methanol flames. It has been found that
methanol has reduced the mole fraction of these species. Based on the model predictions
of aromatic and polycyclic aromatic hydrocarbon mole fractions, the addition of methanol
to n-heptane fuel has reduced the mole fraction of these species. The reductions in the
species mole fractions can be attributed to; the addition of methanol converts an active
hydroxyl radical, OH, into inactive hydrogen peroxide, H2O>, that leads to reduction the
system reactivity. The fuel oxygenates could be a reliable method for reducing toxic
species mole fractions in hydrocarbon fuel combustion. Rate of production (ROP) and
pathway analyses have been carried out for some species in both flames. The
formation/decomposition of acetylene, propadiene, vinylacetylene, aromatics and
polycyclic aromatic hydrocarbons were also investigated for the n- heptane and n-
heptane/methanol flames. Acetylene, propargyl radical and vinylacetylene were found as
important precursors for the formation of first and second aromatic ring species. The
pathway analysis of benzene shows that benzene is mostly formed by a combination

reaction of two propargyl radicals (CzHs) (2C3Hs=Ay). In addition, benzene is formed by
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the reaction between vinyl radical and vinylacetylene (CsHs+CoHs=A:1+H). A model
reduction has been conducted to investigate the combustion chemistry of n-heptane and
n-heptane/methanol with less computational effort. By directed relation graph method
(DRG), the Skeletal Mechanism has been generated with 1113 reactions and 156 species.
The Skeletal Mechanism was in a good agreement with the Master Mechanism in terms
of the species mole fraction predictions of the n-heptane/methanol flame. As future work,
more sensitivity analysis for particular species should be carried out to improve the model
predictions by the Master Mechanism. In addition, better model predictions can be
achieved by including some missing reactions for the formation and decomposition of the

major, minor, and trace species.
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