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SUMMARY

Jet fuels comprise a major share of liquid trantsimn fuels and are used to power both
civilian and military aircraft. Rapid growth of theviation sector has led to increased consumption
of jet fuels, caused increased emissions of canbitrogen, sulfur species and a number of volatile
organic compounds and a wide range of particulatéétan These emissions cause significant
environmental damage and the inhalation of paditeumatter is hazardous to human health.

A direct experimental and numerical study of jeeléuis not feasible because jet fuels
consist of several hundreds of chemical componkeeaksnging to different chemical classes. For
example, a speciation experimental study wouldireghe quantification of the decay of each of
these chemical species present in jet fuels whiohldvmake the experiments impossible. The
numerical study would require development of thencical kinetic pathways for the decay of each
of these species which would make these modelgefdiuels voluminous and the size of these
models will be too large for the current computadiloresources. In addition to this, thermochemical
data of most of the jet fuel components needs tddwveloped or improved so that it can be used in
chemical kinetic models.

Hence, a simplified approach was followed in conichgcthe experiments and developing a
chemical kinetic model for the combustion of je¢lgs Experiments and models were developed for
surrogates of jet fuels. These surrogates consgtdttee or four component chemical mixtures of
a particular composition such that they mimic thggical and chemical nature of the jet fuel. Two
surrogate fuels were chosen for this project aresehare called theS'land 39 generation
surrogates. TheSlgeneration surrogate is comprised of iso-octardeaane and toluene. Th&'2
generation surrogate is comprised of iso-octanelodecane, n-propylbenzene and 1,3,5-
trimethylbenzene. In the present work, the combuasthemistry of the aromatic surrogate fuel
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components, n-propylbenzene, 1,3,5-trimethylbenzasrme m-xylene was studied. The combustion
chemistry of n-alkane and iso-alkane componentshefjet fuels is being studied by another
researcher from this laboratory. The species, reng/lwas also studied so that it could be
integrated into the 1,3,5-trimethylbenzene oxidatimodel. The species, toluene, has been
previously studied in this laboratory and hencedhemistry of this species has been adapted from
the prior work. This project was executed in thcegelated approaches
1) Development of an experimental databaseExperiments were conducted in the High
Pressure Single Pulse Shock Tube on aromatic satedgel components of jet fuels which

are m-xylene, 1,3,5-trimethylbenzene and n-propyikeee for pressures of 20 — 60 atm, for
temperatures ranging from 900 — 1800 K and foredéffit equivalence ratiap = 0.5, 1, 2

and «. Hence, an experimental database for the combugifothese three aromatic
surrogate fuel components is now available foreddht temperatures and pressures.

2) Development of a thermochemical databasethe products formed from the oxidation of
these aromatic fuels were analyzed both qualitigtisad quantitatively by using GC and
GC/MS. Several volatile organic compounds (VOC’shd a polycyclic aromatic
hydrocarbons (PAHs) were also measured in the pted&ince, the compounds formed
from the fuel breakdown are now known, the therneocical database for these species was
developed either from the sources available imditee or by using group additivity based
estimates or density functional theory.

3) Development of a chemical kinetic validation databse: A detailed chemical kinetic
model was developed for each chemical species st asclude the chemical kinetic
pathways responsible for the formation of these ¥@@d PAHs from the fuel (step 2). This
model was not only validated against our experiadeti@ta but also for other experimental

data available in literature, so as to developragrehensive validation database.
XX



In addition to steps 1, 2 and 3, oxidation expentsef jet fuel, Jet-A POSF 4658
and £'and 29 generation surrogate were conducted in the labirdty another researcher
and excellent agreement was observed when the chkreactivity of surrogate fuels and
the jet fuels were compared. The results imply thatchosen surrogate fuel is successful in
replicating the combustion behavior of jet fuelsende, in the present work, an
experimental, thermochemical and chemical kinesitabdase was developed for combustion
of aromatic surrogate fuel components of jet fueiéch can later be integrated with models
for n-decane and iso-octane so as to provide a @mpsive model for the combustion of

jet fuels and surrogate fuels.
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1. INTRODUCTION

1.1. Scope and Outline

Energy is one of the most important needs of thmdnity and it is used to operate devices
which help in improving our standard of living. Fexample, energy is required in various sectors
of modern life like transportation, food productiocommunications, lighting and other basic
amenities. However, energy is available in nature in a vemyde form and it has to undergo
conversion processes that impart the charactevisBcessary for using energy in practical devices.
The need for energy sources rises as the standatosng are improved. In addition to this, the
rapid industrialization and growth in the develapicountries, has further increased the usage of
energy*

One of the most abundant and readily convertibien$ of energy is fossil fuels. The usage
of fossil fuels has increased tremendously in tast few years, which has led to the depletion of
fossil fuels at faster rates. The world energy ocomgion (in millions tonnes of oil equivalent) is
shown in Fig 1, for the year 1970 and the projextiare drawn until 2036, From the graph we
can observe that the trends of energy consumptiotinue to increase. There are also some
environmental issues caused by the extensive uséossil fuels. For example, one of the
greenhouse gases, &Qvhich is emitted during the combustion of fodsiéls, results in global
warming. Another example is the formation of sowfthich is a byproduct of incomplete
combustion. Inhalation of soot particles causese# health effects which are both carcinogenic
and mutagenic. Hence, the combined effects ofirtbeeased depletion of the fossil fuels and
environmental pollution have encouraged the sdientommunity worldwide to provide viable

solutions to these problems.



Few of the solutions are
1) Discovering alternative sources of energy and dgmey the technologies to assist the
efficient conversion of energy from these resoutoassable form.
2) Reducing the formation of the pollutants during twmbustion of fossil fuels not only
reduces environmental pollution but also helpscdhieving higher efficiency of conversion

of energy to a usable form.
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Fig 1. World energy consumption since the year 1970 andjections towards the year 2030



1.1.1. Alternative Sources of Energy

Alternative sources of energy include nuclear poamd renewable means such as hydro,
geothermal, wind, solar power and bionfad3espite the availability of such a wide range of
renewable resources, the production of energy tirahese resources is significantly midfhe
total primary energy supply by fuel is shownFig 2. From the figure, it can be observed that the
major contribution to energy production is fromdibguels (such as coal, oil and natural gas). The
percentage contribution of each of these sourcéiset@roduction of energy is shown for the years
1973 and 2009 in Fig 3. From comparison of the pi® diagrams shown in Fig 3, it can be
observed that the total production of energy frassil fuels has increased from about 5292 Mtoe
(million tonnes of oil equivalent) in 1973 to 98RAoe in 2009 (calculated by multiplying the total
Mtoe of that particular year with combined percegptaontribution of coal, oil and natural gas to
the total energy supply). There is also a significacrease in utilizing nuclear power for energy
from 55 Mtoe in 1973 to 705 Mtoe in 2009. The uédiofuels has almost doubled from the year
1973 to 2010, from 623 Mtoe to 1239 Mtoe, but il sbntributes to a very minor share of the
energy production. The percentage contributionhef hydropower, geothermal, solar and wind
energy to the total energy production is minute nvb@empared to the contribution of fossil fuels to
the total energy supply. All these statistics iatkcthat fossil fuels will continue to be major
contributors to energy production at least forgmgicant amount of time, until efficient conversio
technologies could be built for the large scal&zatiion of the renewable sources for the produnctio

of energy.
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1.1.2. Achieving Higher Efficiency from the Fossil Fuels

Since fossil fuels will remain the significant cohttors to the production of energy for the
next few decades, efforts have been made to ratiec€Q emissions. For example, power plants
are now using increasingly more natural gas instdambal to generate electricity. The advantage
of using natural gas is that it leads to an in@eafficiency and also produces lower gs@r unit
chemical energy due to higher hydrogen contentaldb produces lower NO, CO, SOx and
particulate matter. In recent years, significampiovements have been made in the carbon dioxide
capture and sequestration technologies that detiadso power generation plants burning heavy
hydrocarbons. Low carbon fuels can also be pradiércen the captured C&

Another area where fossil fuels are widely usecdeotinan electricity generation is the
transportation sector. Liquid transportation fusigch as jet fuels, gasoline and diesel fuels are
produced from petroleum. Currently about 96% ofehergy needs of the transportation sector are
met by fossil fuels, which contribute to a greaicfion of CQ and soot emissions. Unlike for power
plants, decarbonization technologies cannot be usechnsportation vehicles. Hence a different
strategy has to be employed in reducing the enmissio

Among the liquid transportation fuels, aviation lRieconstitute a major share. Rapid
globalization has led to increase in air traffieothe past few decades. Projections by the awiatio
industry predict a future growth of about 5 % peaf}. Increase in air traffic has also contributed to
increase in emissions such as carbon, nitrogefyrsspecies and a number of volatile organic
compounds and a wide range of particulate ntattdhese emissions cause significant
environmental damage and the inhalation of padieumatter is hazardous to human health. The
key element in reducing the emissions is knowleafghe combustion chemistry of these fuels. The

coupling of computational fluid dynamics with dégai chemical kinetics will provide insight into



the effect of the fuel composition on pollutantf@tion and thereby allows the chemical processes
to serve as an optimization parameter for increpsie fuel efficiency and reducing the emissions.
Apart from this, if we can quantify the combustibahavior of jet fuels in terms of the species
composition of the fuel and the pollutants thatlddae emitted as a result of this fuel composition,
the data thus obtained will serve as a benchmadoimparing the combustion behavior of other
liquid fuels to jet fuels and help in interpretige relationship between the change in fuel

composition to the pollutants emitted.

1.1.3. Surrogate Fuels that Emulate the Jet Fuels

Quantification of the combustion behavior of jeelsi requires the development of an
experimental and chemical kinetic validation datshalThe experimental database will provide
information about the combustion characteristicsjatf fuels such as the chemical reactivity,
autoignition behavior and flame extinction limit¥he kinetic database will also provide the
chemical pathways for the formation of various prtd. The development of such an extensive
validation database is a challenging task becatiseeocomplex chemical nature of jet fuels. Jet
fuels are gasoline and kerosene based fuels andcibsist of several hundreds of chemical
components.

The jet fuel sample was analyzed using the two dgimmal GC x GC system at UIC. Using
the two dimensional gas chromatographic (GC x Gf£hiique the components of the jet fuel
sample were separated using two columns of diffeselectivity (RTX-5 and RTX-17), which were
connected in series via a thermal modulator. Thepgawas injected into the first chromatographic
column, which is also called the primary column ¥9). Molecules eluted from the primary
column were trapped or periodically sampled by aufator. The modulator injected these trapped
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components onto a second column (RTX-17) at regaotarvals. These fractions were separated in
the second column and eluted into the det&cfdre chromatograph of the jet fuel sample analyzed
using the 2-D GC x GC system is shown below, in&igach peak represents single species that

was quantified.

Fig 4. 2-D GC x GC chromatogram of JP-8 obtained@iC.

Development of a composite fuel model based onnabamation of each of these species is
prohibitive because the size of the model wouldtbe large for the current computational
resources. In addition, the composition of the vitiial components of jet fuels vary in each

geographic location because the composition ofefiaery streams and the feed stocks vary with
7



time even though the overall chemical class contiposof the jet fuel remains almost the same.

The typical composition of the jet fuels is showrHg 5.

isomerised alkanes HEE alkylbenzenes
[[[[[]]] cycloalkanes 3% T naphthalenes
e | normal-alkanes
25.5% i 29.6%
£ U]
Ws.s%

38.6%

Fig 5. Molecular class composition of Jet-A POSF %%’

The complex and variable chemical composition bfyels poses a problem in developing a
detailed chemical kinetic model of the completefiedl. Hence, simplified “surrogate fuels” are
chosen. A surrogate fuel is composed of a mixtdir@ f'@w pure components such that it emulates
the physical and chemical characteristics of theemtafuel. Hence, the main focus has been on
developing the appropriate surrogate fuels forawation fuels and developing an experimental,
thermochemical and chemical kinetic database fer adambustion of individual surrogate fuel
components, the surrogate fuels and represent@ivéuels for the temperature and pressure

conditions of practical combustion devices.
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This project is a collaborative effort among diffiet universities, which includes Princeton
University, Pennsylvania State University, the Wmsity of Connecticut and the University of
lllinois at Chicago. The project is sponsored by Porce Office of Scientific Research (AFOSR),
through the grant number FA9550-07-1-0515. Thiswgreas awarded in 2007 Multi-disciplinary
University Research Initiative (MURI) competition the category of “Science-Based Design of
Fuel Flexible Chemical Propulsion/Energy ConversBystems”. The project title is, “Generation
of Comprehensive Surrogate Kinetic Models and VBlatabases for Simulating Large Molecular
Weight Hydrocarbon Fuel8”and the principal investigator is Prof. FrederlckDryer from the
Princeton University.

The selection of the surrogate fuel componentsthadcomposition of the surrogate fuels
were determined predominantly by Prof. Dryer's grai Princeton University. The surrogate fuel
was chosen such that its molecular fragment gra@spoan adequately emulate the autoignition,
heat release rate, adiabatic flame temperatural logxing limited stoichiometric constraint,
extinction and sooting behavior of jet futl¥he components comprising the surrogate fuel were
chosen to represent a few of the generic classesotdcular structure found in existing jet fuels.
The structures of the selected surrogate comporsetshown in Fig 6 and Fig 7. The percent
composition of each individual surrogate fuel comgrat in the surrogate fuel was determined by
matching against targets such as the sooting psityehl/C ratio, average molecular mass and the
derived cetane number (DCN)The derived cetane number measurements of tlotgpe jet
fuel’, Jet A POSF 4658, surrogate fuels and suteo@ael component mixtures were performed
using an ignition quality testing (IQT) apparatlise name POSF 4658 refers to the specific batch
of jet fuel and is named as such only for logidtimarpose¥’. The empirical formula of POSF 4658
was determined experimentally using the Perkin EI2400 Series Il CHN Analyzer. The
Threshold Sooting Index (TSI) is a direct measufrgéhe sooting propensity and the TSI was

9



determined by using the smoke point techntu®ver the course of this project two different
surrogate fuels were chosen by the Princeton gfoufurther examination. The agreement in the
degree of emulation was closer for the second fiuah the first fuel. The first surrogate fuel
matched only the DCN and the H/C ratio, whereass#mnd surrogate matched the DCN, H/C
ratio, and molecular weight and TSI measurementsnwtompared to that of POSF 4658. These
surrogate fuels are called th& dnd 39 Generation Surrogate. The composition of thesmgate
fuels and the comparison with the combustion targéteach surrogate fuel and of Jet A POSF

4658 are shown in Table 1.

n-Decane

NN NN

n-Dodecane

SN

Iso-octane

Fig 6. Aliphatic surrogate fuel components of jatéls
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Toluene 1,3,5-Trimethylbenzene  n-Propylbenzene

o~

Fig 7. Aromatic surrogate fuel components of jetdis

Table 1. £ Generation and % Generation Surrogate formulation and comparison BICN, H/C,
MW, TSI of surrogate fuels with that of Jet-A POS#658

MW
Mole Fraction DCN H/C /gmol-1 TSI
Jet-A POSF 4658 47.1.957 142.01 21.4
iso-
1% Generation n-decane octane toluene
Surrogate 0.427 0.33 0.243 47.20.1 120.7 14.1
n- iso- 1,3,5- n-
2% Generation dodecane octane trimethylbenzenpropylbenzene
Surrogate 0.4 0.24 0.07 0.23 48.3.95 138.7 20.4

The degree of agreement in the combustion pragsedi the proposed surrogate fuel® (1
and 29 generation surrogate) and POSF 4658 was evalusteekperimental measurements in
different devices, by research groups at the usities mentioned in the preceding paragraph. The
high temperature and high pressure speciation me@asmts and chemical reactivity of these fuels

were studied in the High Pressure Single Pulse ISfiabe (HPST) by Tom Malewicki from Prof.
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Kenneth Brezinsky’'s group at University of lllino& Chicago. The low temperature speciation
measurements and chemical reactivity of these fugs studied in a Variable Pressure Flow
Reactor (VPFR) by Prof. Dryer's group at Princetdmiversity. The chemical kinetic molecular
diffusion coupling of POSF 4658 and POSF 4658 gat® were evaluated by measurement of
strained extinction limit of diffusion flames, byd®. Yiguang Ju’s group at Princeton University.
The shock tube ignition delay experiments of thesés were conducted by Prof. Oehlschlaeger’'s
group at Rensselaer Polytechnic Institute, at héghperatures. The ignition delay experiments in
the negative temperature coefficient (NTC) reginegenconducted in a rapid compression machine
(RCM) by Prof. Jackie Sung’s group at UniversityGidnnecticut. The TSI measurement of these
fuels was determined by Prof. Santoro’s group anBglvania State University.

The experimental measurements and the degree daeomuof the combustion behavior of
Jet-A POSF 4658 by*1and 2° Generation surrogates are discussed in publicatignDooley et
al.”® and Malewicki and Brezinsk The ' Generation surrogate matched the diffusion flame
extinction limits and the chemical reactivity oft juel (in a variable pressure flow reactor)
adequately well. The®1generation surrogate (n-decanefiso-octane aneérelmixture) failed to
emulate the two stage autoigntion behavior exhiblty POSF 4658 in the Rapid Compression
Machine study. Based on these experimental regwitss proposed that including larger molecular
weight alkanes and alkyl aromatics could lead tprimement in the surrogate performancehis
observation has led to the development of the Zmeigation surrogate in which the species decane
in the first generation surrogate was replaced arger molecular weight alkane, n-dodecane and
two alkylbenzenes, n-propylbenzene and 1,3,5-thiglbenzene were introduced. The composition
of the 29 generation surrogate is provided in Table 1. Expental measurements of the improved
surrogate fuel and POSF 4658 in different devidessved that both the fuels exhibit the same
global combustion behavior. The only exception betmat the > generation surrogate also could
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not emulate the two stage autoignition behavior thee Rapid Compression Machine
(RCM) and the authors mentioned that this dispargguires additional elucidation of the
experimental techniques used in obtaining the igmitdelay data From the various studies
conducted on the two surrogates, Dooley étmabposed that the chemical reactivity of the jeti f
primarily depends on the composition of the fualgnents (methyl, methylene and benzyl type
groups) formed during the combustion of the jetl.fuélence the only criterion needed for
successful emulation of jet fuel combustion behaliipa surrogate fuel is that the chosen surrogate
fuel should be able to produce the same compositidumel fragments as the real jet fuel.

Now that the validation database of the experimlemt@asurements of the combustion
behavior of the surrogate fuels and the jet fuetlasumented, the next step is to develop the
chemical kinetic models for simulating shock tubedation experimental data for thé",12™
generation surrogate. These models will also bd tsenodel the results of oxidation experiments
examining Jet-A POSF 4658.

The surrogate fuel and jet fuel models are dewslopy including the kinetics of the
individual surrogate fuel components. The individsiarrogate fuel components are n-decane, n-
dodecane, iso-octane, toluene, n-propylbenzeneldhl-trimethylbenzene. Several experimental
measurements exist in literature for the combustbraliphatic components like n-decane, n-
dodecane and iso-octdriié® However, very limited experimental or kinetic @ available for the
combustion of the aromatic surrogate fuel companelike n-propylbenzene and 1,3,5-
trimethylbenzene. Hence experiments were also adaduon the individual surrogate fuel
components, n-propylbenzene, 1,3,5-trimethylbenzenrdecane, n-dodecane and iso-octane in
order to develop and also to extend the existintpldeses for the combustion of these fuel
components, for varied experimental conditions. &eeriments on n-decane, n-dodecane and iso-
octane were conducted by another researcher inatwratory as a parallel program. Chemical
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kinetic models for the oxidation of these speciesendeveloped'®to simulate the shock tube
experimental results. My contribution to this patjevas to conduct experiments on the aromatic
surrogate fuel components, n-propylbenzene and-trig)ethylbenzene and to develop chemical
kinetic models for the oxidation and pyrolysis bése species. Development of chemical kinetic
models for these species is important becauseigts fire comprised of aromatics (15 %) and the
presence of aromatic species leads to the undksiredsmation of polycyclic aromatic
hydrocarbons due to the presence of the phenylirintpe chemical structure. Hence, another
important reason for studying the combustion ofahmmatic surrogate fuel components is that the
pathways to the formation of PAH species could balyezed and linked to the particulate matter
emissions from the jet fuels.

In general, the side chains of the alkylbenzeimeghis case n-propylbenzene and 1,3,5-
trimethylbenzene) are oxidized or pyrolyzed iniiato shorter side chain length alkylated
aromatics or non-alkylated intermediates. For eXanitpis well known, that toluene is initially
oxidized to form benzene, by losing the methyl groliherefore, we can safely assume that a few
of the major products from the combustion of 1 Bifethylbenzene will be m-xylene and toluene.
The structure of 1,3,5-trimethylbenzene and lowkylated intermediates, m-xylene and toluene
and the non-alkylated aromatic, benzene, is pravigeFig 8. We previously investigated the
oxidation and pyrolysis of toluene in our laborgt@nd developed a detailed chemical kinetic
modef’™° Hence, this model can be integrated into the5ty@nethylbenzene oxidation model.
However, limited experimental or kinetic data isagable for the oxidation of m-xylene at our
experimental conditions. Hence we conducted oxdatind pyrolysis experiments on m-xylene,
and also developed a kinetic model in order tograe it into the 1,3,5-trimethylbenzene oxidation

model. Oxidation and pyrolysis experiments of ngytbenzene, 1,3,5-trimethylbenzene and m-
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xylene have been conducted in the High PressumggeSRulse Shock Tube at University of Illinois

at Chicago.

1,3,5-trimethylbenzene m-xylene toluene benzene

G0 C

Fig 8. Structures of 1,3,5-trimethylbenzene, m-xyé& toluene and benzene

This introduction section provides only the ovewief the project. The literature review for
the species 1,3,5-trimethylbenzene, n-propylbenzeree m-xylene will be included in separate
chapters wherein not only the experimental and mmgleesults but also the literature reports for
each of these species will discussed in detailr&fbhee the topics that will be encountered in the
subsequent chapters are fashioned in a specifictavdne most relevant to the experimental and
modeling results of the species being discussed.

A detailed discussion about the operating primspf the single pulse shock tube and the
protocol followed in conducting the experimentslescribed in Chapter 2. The modeling software
used and the basic principles of modeling are dised in Chapter 3. The major findings in the
experiments and the modeling studies of each sktpecies, n-propylbenzene (Chapters 4 and 5),

m-xylene (Chapter 6 and 8) and 1,3,5-trimethylberz&hapter 7 and 8) are then discussed.
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2. EXPERIMENTAL APPARATUS

2.1. Introduction to Shock Tubes

The pioneering work in shock tubes was done byl&ft|Vielle made measurements of the
speed of a pressure pulse in a 6-m cylindrical wdiag a series of mechanical pistons along the
tube and a rotating drum. He later on improvedetkgerimental technique by dividing the tube into
two sections with a thin diaphragm. Following therkvof Vielle, later scientific advances in the
development of shock tube were widely spread i t&nd rather disconnected. However, the shock
tube was rapidly developed in the later 1940s amty 4950s and was mostly used for a variety of
aerodynamic studiés?> During this period of time, the shock tube wag paly used for
gualitative measurements but also for quantitatmeasurements. For example, shock tube
experimental studies were also conducted on mewsthe rates of thermal dissociation of several
simple diatomic molecules such as bromine)8rand oxygen (§?’ and polyatomic molecules
such as B0, NO®, C,N.*, N,O* and NOCT? and various simple hydrocarbons. Since, then
the shock tube has evolved into a useful tool tmlystphysical and chemical processes at high
temperature. There are several advantages in tienghock tube for studying chemistry

1) It instantaneously brings the test gas to a knoteady high initial temperature and
pressure which persists at this condition for a fiesdred microseconds

2) Very high temperatures of the order of a few thadsié could be attained.

3) The gases are heated homogenously in finite tintteowt wall effects

4) The gases could be subjected to various pressanggng from sub-atmospheric to a
1000 atm or higher

5) It could be conveniently used to study the chemistra variety of gases

6) It offers the flexibility to study both pyrolyticra oxidative chemistry
16



7) The progress of chemical reactions or physical ggses, such as the relaxation of
vibrational energy can be studied by including ptical device or some other means at
some point along the tube

Even though the most of the kinetic research irckhiiabes was primarily devoted to gas

phase homogeneous systems, shock tubes were @dofarsheterogeneous kinetic studies. For
example, Culbertson and Brezinsky investigated hi&erogeneous kinetics of graphite particles
with carbon dioxide and steam under high pressangliions®. The shock tube also provides an
excellent environment for the study of nucleatiow g@rowth of particles from the vapor phase at
high temperature. For example, Frenklach ef atudied silicon particle nucleation and growth
during gas phase pyrolysis of silane and sootgartormation behind shock waves from different
hydrocarbon sources was investigated by Woiki &% &everal important reviews of shock tube
kinetics, have appeared earlier in the literéfiféand these studies provide a comprehensive and
detailed view about the applications of shock tuhashemical kinetics.

Even though the main thrust was focused on appltfe shock tube for aerodynamic and

high temperature kinetic studies, shock waves fatgbapplications in several other fields such as

geoscience, astrophysics, material synthesis antitine'>*3

2.2. Basics of a Shock Tube

The shock tube is a device in which a planar sheake is produced. The shock tube
consists of three sections, the driver, driven threddiaphragm sections. The driver section isdille
with high pressure gas and the driven sectionlledfiwith low pressure test gas. The diaphragm
separates the driver and the driven sections. Afiesting of the diaphragm a series of event takes
place which are described below and also showmgi® F
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1) A series of compression waves are formed in theedrisection which rapidly
coalesces to form the shock front. Simultaneouslgxansion or rarefaction waves
moves back into the driver section.

2) In the driven section, the experimental and thevedrigas make contact at the
‘contact surface’ which rapidly moves behind thedhfront.

3) The shock wave gets reflected from the end walihef driven section and further
heats the test gas to higher temperatures.

4) The rarefaction waves reflects from the end wattiea of the driver section and the
reflected rare fraction wave reaches the end veadtien of the driven section and

guenches the reflected shock wave.
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Fig 9. x-t Diagram of a simple shock tube. (1) Irat test gas, (2) shocked gas, (3) driver gas
behind contact surface, (4) initial driver gas, (5st gas subjected to reflected shitick

The schematic of the shock tube, the pressurel@rafid the temperature profile along the
shock tube, at a specific time, during the abovatiored sequence of events is shown in Fig 9.

The temperature and pressure are denoted by P,amithTthe subscripts giving information about
19



the specific location within the shock tube. Foample, R and T, denote the temperature and
pressure of the undisturbed test gas (region;1anB T, denote the temperature and pressure in the
region between the shock front and the contactsarfregion 2). £and & denote the temperature
and pressure in the region between the contacidnd the rarefaction fan (region 3)aRd T,
denote the temperature and pressure in the higisyme driven gassRnd T denote the conditions

in the reflected shock region (region 5).

In most of the cases, = Ty, since both the driven and driver section gasesaaroom
temperature. The ratio in pressurestd®P, determines the strength of the shock wave. Thegtes
temperature is initially raised from;To T, after passing of the incident shockwave. After the
incident shock wave is reflected from the endwak, temperature of the test gas is further raised t

T5 (not shown in the temperature profile). In siempases Jis about twice of 7.

2.3. The Single Pulse Shock Tube

The single pulse shock tube or the chemical shalok tvas first developed by Glick et*al.
to study the bond scission reactions of hydrocasbdime modification in the single pulse shock
tube when compared to the basic shock tube is tbgepce of a dump tank, in addition to the
driver, driven and the diaphragm sections. The dtang prevents multiple reflections of the shock
wave and operates the shock tube in a single fagésson.

The advantage of using the single pulse shock tums the basic shock tube is that
conditions of instantaneous heating followed byidaguenching of the reactive mixture after a
short well defined reaction time by the cooling waould be achieved. The pressure signal from
one of the side-wall pressure transducers is shovwig 10 and it shows the instantaneous rise in
pressure as a result of the arrival of the reftbsteock wave and the drop in pressure after arofval
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the cooling wave after a short residence time. Sifecked product samples can be withdrawn from
a port located at the endwall section of the shobtle (region 5) and can be used for subsequent
chemical analysis using Gas Chromatography and asstrometry. Hence, the shock tube has
evolved into a scientific tool to study the cherhikimetics of various species over wide range of

temperature and pressure conditions.
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Fig 10. Pressure trace from a typical Single PulSaock Tube

2.4. The UIC High Pressure Single Pulse Shock Tube

The UIC High Pressure Single Pulse Shock Tube (HP&3% a similar construction as that
proposed by Glick et 4f. It also has a driver, driven, diaphragm and eltank section. One
major difference in the construction of these twbets is with regard to position of the dump tank.

The shock tube design by Glick et al. had the dtamj positioned behind the high pressure driver
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section whereas the UIC HPST has the dump tankteiduadjacent to the diaphragm section and

connected the driven section of the shock tubech®ematic of the UIC HPST is shown in Fig 11.

Driver Diaphragm Driven
P,

l

Fig 11. Schematic of the High Pressure Single PulSkaock Tube (source Fiona Tranter, shock
tube archive)

2.4.1. Outline

The essential features of a single pulse shock didmissed in previous sections are also
applicable for the High Pressure Single Pulse SAatle at UIC. A very detailed description of the
design, construction and operation of the shock talpresented in an earlier publicaft hence
only a brief outline will be provided here.

The driver section of the shock tube is a 60 ingléube with a bore of 2 in. and a wall
thickness of 1 in. The driven section is constrdétea modular fashion and consists of three pieces
of interchangeable and variable lengths of 20,#D &0 in., all of which have a bore of 1 in. and a

wall thickness of 1 in. These sections of variallegths are connected to a transducer section,
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which consists of eight transducer ports and aed@mnd wall section with a gas sampling port and
a ninth transducer port. The current driven sectienup of the shock tube consists of the 80 in.
long section connected to the 21 in. transducdraggeavhich leads to nominal reaction times on the
order of 1.5 ms. The shock tube is a convergerd arbe and increased shock strengths can be
achieved due to the reduction of bore from 2 inl ta. from the driver to the driven section. The
dump tank placed just ahead of the diaphragm sediothe driven side rapidly quenches the
reflected shock wave, thereby permitting the shindde to be operated in a single pulse fashion.
The driver section and the various parts of theeairisection were machined from a solid bar of 17-
4 PH stainless steel. The following sections wilcdss in detail, how various experimental
parameters such as reaction pressure, temperatation times and species concentrations were

determined.

2.4.2. Shock Velocities, Reaction Times and Reaati®ressures

The shock velocities are calculated from the respoof six piezoelectric pressure
transducers (PCB model nos. 113A23 [0-10000 psi] BIBA22 [0-5000 psi]) located in the side
wall of the transducer section. The first transdubat is placed farthest from the endwall sectton
used as a trigger channel and signals are subsgquefiected once the incident shock wave
triggers this transducer. The output from the tdaers is fed to an in-house data acquisition
system (DAQ) for subsequent operations performedhieyDAQ. The in-house data acquisition
software written in Labview by Dr. R. S. Trantes, used to extract the time intervals and the
reaction time.

The shock velocities can be calculated from thewkndime intervals and the distances
between the pressure transducers. The shock vefeite shown as a function of the transducer
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spacing in Fig 12. The uncertainty in the measurgroéthe shock velocities is 1%. To get the

best measure of the reflected shock wave velocities shock velocities obtained using the six
sidewall transducers are extrapolated to the endivaé extrapolated endwall velocities are then
used to determine the temperature of the reflestedk using the chemical thermometer technique,
which will be discussed shortly. The extrapolatadveall velocities thus give a best estimate of the
temperature conditions that persist in the endatition, right where the samples are drawn for

subsequent analysis.
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Fig 12. Shock velocities shown at different locat®of the transducer section, for three shocks.

The pressure trace from the endwall pressure tumesdP9) is shown in Fig 13 and it is a
plot of pressure (psi) vs. time (s). The reactionetis the time interval between arrival of the
reflected shock wave at the end wall pressure dases and the time at which reaction pressure
reaches 80% of the maximum pressure due to quemnblyithe rarefaction wave. This is shown by

the ‘RxnTime’ line in the figure and the reactiomé¢ is 1.54863 ms.The reaction pressure is the
24



average maximum pressure that is attained by flected shock wave during the reaction time and
is denoted by R The times at which the shock wave arrives atpitessure transducers is also

recorded by the DAQ and can be seen in the tirsedton of the figure.
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2.4.3. Reaction Temperature

2.4.3.1. Temperature from Ideal Shock Tube Theory

Apart from shock velocities and reaction time &eotimportant experimental parameter is
the reaction temperature. The temperature in tlaetiom zone must be accurately known to
evaluate the experimental data and to simulateeperimental results. The reaction temperature
could be calculated from standard shock tube egmtiThese equations require the experimental
parameters such as shock wave velocity and inéraperature and pressure conditions to compute
the temperature in region 5.

Ideal Shock Tube Theory is usually used to desdfigegas flow and the conditions of
temperature, pressure and density in a shock tfibe laursting of the diaphragm. This theory is
based on the assumptions that gas flow is invigodl adiabatic. It also assumes that the sequence
of events that take place after bursting of thelgiagm is instantaneous and the gases inside the
shock tube can be described by ideal gas equatistate. The theory also assumes that there are
negligible heat losses by conduction, radiation emravection, due to the short residence time, low
emissivity and inviscid nature of the gases. Ifitligal conditions in the driven section of theosk
tube, such asJ P;, andp; are known, then the conditions in the reflectedc&hregion, F, B and
ps can be determined by using the equations deritged fldeal Shock Tube Thedfy*® Only the
equation used to calculate the temperature in éflected shock region will is provided below.

More detailed information about the derivation tanobtained from Gaydon and Hiifle

Ts _ {20r-DMI+B-NHBy-DM{-2(y-1)}
T, (y+1)2M2
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wherey = specific heat of the test gas

Mach number, Mis the ratio of velocity of shock wave in the @gi(\W\) to the speed of sound in

the same region {pand T, P;, andp; denote the temperature, pressure and densityeatasgly.

2.4.3.2. Chemical Thermometers

However, these equations are valid up to relativetdest pressures and temperatures and
for our experimental conditions, which are at hpghssures and high temperatures; the temperature
computed using these ideal equations may not gipeeeise value due to non-ideal gas dynamic
effects during propagation of the shock wave. lohscases when the temperature in the reaction
zone cannot be computed accurately from the ideatkstube equations, the temperature in the
reflected shock region is determined using the dt@nthermometer technique, wherein the
reflected shock velocities are correlated to theperature determined from chemical reactions in
the test section. The temperature determined ulmghemical thermometer is referred to as the
‘chemical’ temperature. The temperature determumadg the ideal shock tube relations is referred
to as the ‘ideal’ temperature.

Three chemical thermometers, cyclohexene, 1,iflderoethane (TFE) and carbon
disulfide were used for a combined ideal tempeeatange of 1100 to 2388 K. The use of three
chemical thermometers enabled us to make measuremeer a wide ‘ideal’ temperature range of

1100 — 2388 K. Cyclohexene decomposes unimolegulathe ideal temperature range of 1100 to
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1176 K TFE decomposes unimolecularly in the ideatgerature range of 1253 to 1446 K.,CS
decomposes in the ideal temperature range of 2608388 K. The decomposition of carbon
disulfide is not unimolecular and a different prdoee was adopted to determine T5 when GBS
used as a thermometer. The procedure for detergnthim temperature behind the reflected shock

region (Ts) using each of these chemical thermometers igitheskin the sections below.

2.4.3.2.1. TFE and Cyclohexene

The rate coefficient parameters for the decompwsitf TFE and cyclohexene are critical in
determining the temperature. HF elimination fromETENnd retro-diels-alder decyclization of
cyclohexene have well characterized high pressonié date constants and occur in a unimolecular

fashion, as shown in reactions, R2.1 and R2.2.

1,1,1-GHsFs ———>  1,1,1-GH.R+HF  (R2.1)

c-CoHiz —> CoHa+1,3-CGHg (R2.2)

The rate constant for (R2.1) is taken from Tsamg)lafshitz, who studied the unimolecular
decomposition of TFE in a single pulse shock tub2.a bars and a temperature range of 1050 —
1200 K. They also performed an RRKM calculation and atedik, for two AEqewn values of 500
and 1000 ci. The difference in the calculated temperature weéigmer of these rate constants is
used is no more than 10 K. Since the authors re@mded the use of the rate constant that was
determined using the energy transfer parameter 06f &m', this rate constant was used to

determine the temperature in the reflected shogiome The rate constant for (R2.2) is considered
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from Kiefer and Shaff The authors developed an RRKM model for R2.2 aathfthis model an
expression for the high pressure limit rate cogdfit has been obtained. The rate constants for

reactions (2.1) and (2.2), which were taken fromanEsand Lifshit?’ and Kiefer and Sh&hare

shown in equation (2.3) and (2.4).

K21y = 4x 10" exp(-39000/T) s (2.3)
Koz2) = 4x 10° T2 exp(-33467/T)S  (2.4)

(unit of k,: cc, mol, s-1)

Dilute mixtures of TFE and cylcohexene (about 1pthpwere prepared in bath gas Argon.
Experiments were conducted in the High Pressurgl&iRulse Shock Tube for reflected shock
pressures of 25 and 50 atm. For each of the expatsithe temperature behind the reflected shock

wave was calculated from equation (2.5) based emé&tomposition of the parent molecule.

(—Ea

T5 =——r (2.5)
In(["572]

Wherex = (ITFElo—ITFE]y) (2.6)

[TFE],

E, and A are the activation energy and the pre-exmtalefactor for the decomposition of

TFE. For the experiments using TFE and cyclohexBgpand A are taken from equations (2.3) and
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(2.4). tis the reaction time obtained from thewealtl pressure transducer,is the extent of reaction

and [TFE} and [TFE] are obtained from the analysis of the preshock postshock samples

respectively.

2.4.3.2.2. Carbon Disulfide (G

The chemical thermometers, TFE and cyclohexene spamemical’ temperature range
from 1071 — 1359 K. At temperatures above 1359 ${n@ TFE as a chemical thermometer gives
inaccurate estimate of the conversion of TFE tdudibethene. At temperature above 1359 K
carbon disulfide is used as a chemical thermometer.

The rate constants for the decomposition of &8 obtained from the publication of Saito et
al*®, who measured the unimolecular decomposition catestant of CSbehind reflected shock

waves.

CS+M —/8> CS+S+M (R2.7)

CS+S —> CS+% (R2.8)

CS, decomposes unimolecularly at the lower temperatwiegen C$ starts to decay to CS
and S (R2.7). At higher temperatures, the S atamdymred in the unimolecular decay reacts with
CS and forms CS and,S(R2.8). To minimize the secondary reaction (R2#)very low
concentration of CSin argon (about 30 ppm) was used to conduct thegpeéeature calibration

experiments. However, to get an accurate estinfatieeotemperature both the reactions R2.7 and
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R2.8 were used to calculate the ‘chemical’ tempeeabehind the reflected shock waves. The rate

constants of these two reactions are shown in Table

Table 2.CS Model Rate Constants

Reaction A (mol/cnts) E. (cal/mol)
R2.7° 2.51E+14 74000
R 2.8° 1.00E+14 4070

The rate constants for these two reactions, R&d7 R2.8 were included in the chemical
kinetic model and the GSlecomposition was simulated for a particular, terapure, pressure and
the reaction time. The initial temperature was gadsand the simulations were performed until the
temperature at which the experimental, €8nversion matched the simulated,@8nversion. This

temperature was taken to be the ‘chemical’ tempegaif the reflected shock.

2.4.3.2.3. Temperature Calibration using the Chewidhermometers

Two different approaches are used for this techaiqu
1) Internal chemical thermometer technique
2) External chemical thermometer technique
In the internal chemical thermometer techniquehliie chemical thermometer and the

reagent of interest are subjected to the same tatope and pressure conditions. The chemical
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thermometer is “internal” to the reagent mixtureiaghhimplies that the reagent mixture consists of
the chemical thermometer and decomposition of bigenical thermometer is followed to determine
the temperature in the reaction zone. One of thmitant criteria of using this technique is tha th
species formed from the decomposition of the chahtltermometer should not interact with the
species formed due to decomposition of the reagamture. Internal chemical thermometer
technique is used in the shock tube community terdene the reaction temperature as long as
there are no cross-reactions between the reagdriharthemical thermometér*

Since many of the experiments involved in thiglgt consist of complex mixtures of stable
species and radicals, we used the external chetthieahometer technigtfe In this technique, the
chemical thermometer is “external” to the reagenttume and hence the reagent mixture does not
consist of the chemical thermometer. Experiments @nducted on both the reagent and the
chemical thermometer for similar temperature amm$sure conditions. Since the mixtures consist of
very dilute concentrations of the chemical therm@mé Argon, the experiments are essentially
conducted in pure bath gas Argon. Hence, the gustkstemperature for pure Argon bath gas using
a chemical thermometer could be correlated agamsie experimentally measured parameter such
as shock velocity and a temperature calibrationegan be developed that can be applied to Argon
containing very small amounts of reagent.

A typical temperature calibration plot is shownrFig 14. The plot shows the temperature on the y-
axis and the extrapolated end wall velocities @xttaxis. To get the best measure of the reflected
shock wave velocity the shock velocities obtainsohg the side wall transducers are extrapolated
to the end wall. The extrapolated end wall velopitgvides the best estimate of the reflected shock
velocities at the end wall where the gas samplesvahdrawn. For each shock, based on the pre-
shock and post-shock concentrations of the chertheammometers, cyclohexene TFE and, @&d

the reaction time, t, the temperature T5 was detsanusing the procedure described in Sections
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2.4.3.2.1 and 2.4.3.2.2. Hence a correlation cdudddrawn between the range of temperature
measurement and the range of the extrapolated ethdelocities. Based on our hypothesis, that for
such dilute concentrations, the experiments coeleédsentially assumed to be carried out in pure
bath gas argon, we can then determine the tempemiftany shock consisting of a different reagent
based on the extrapolated endwall velocity, fot freticular shock. The temperature calibration

plot using C%as the chemical thermometer is shown in Fig 15.

1500

o T5-TFE
O T5-cyclohexene
—— T5-ideal

1400+

1300+

1200+

Temperature (T ) /K

1100+

650 700 750 800
Extrapolated Endwall Velocities (m/s)

Fig 14. T5 for nominal post shock pressure of 50mt[-]-T5 calculated from ideal shock tube
relations; [0]-T5 calculated from cyclohexene decomposition; {b% calculated from DFE
decomposition
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Fig 15. T5 for nominal post shock pressure of 50mt[-]-T5 calculated from ideal shock tube
relations; [4]-T5 calculated from C$decomposition

The temperature calibration plot including all theee chemical thermometers is shown in
Fig 16. Cyclohexene, 1,1,1-trifluoroethane and ocarlisulfide were used for a ‘chemical
temperature range of 1071-1134 K, 1217-1359 K a@#i942033 K respectively, for nominal
reflected shock pressures of 25 and 50 atm. Fgpodeatures between 1134 and 1217 K and 1359 K
and 1619 K, an interpolated calibration curve wasdu The diaphragm opening process causes

minor variations (£20%) in the final pressure; camgently the experiments are referred to as being

performed at “nominal” pressures of 25 and 50 atm.
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Fig 16. Temperature calibration plot using all théaree chemical thermometers. T5 for nominal
post shock pressure of 50 atm, [-]-T5 calculatecorfr ideal shock tube relations;o]-T5
calculated from cyclohexene decomposition; [0]-Ta&lculated from DFE decomposition;4]-T5
calculated from C%decomposition, [---]-interpolated calibration line

2.4.4. Reagent Mixtures and Ancillary Equipment

Shock waves are produced by means of burstingl@&@ragm which is placed between the
driver and the driven section of the shock tube. the present work, aluminum diaphragms were
used. These diaphragms are circular in shape wittuatly perpendicular scores in the center,
which facilitates clean opening of the diaphragrd #re generation of a shock wave with minimal
disturbances. Diaphragms with two different scoeptds were used to generate shock waves of
different average reflected shock pressures ofni2658 atm. The types of the diaphragms used and

their score depths are provided in the table below.
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Table 3. Diaphragm Specifications

Average Reflected Material Thickness Score Depth
Shock Pressure (0.001") (0.0017)
(bars)

25 Aluminum 25 10

50 Aluminum 25 5

Reagent mixtures consisting of the reactant, ~390 (99+%, Acros Organics) and krypton
(99.999%, Specialty Gases of America) diluted ithlgas, argon (99.999%, Airgas) were prepared
manometrically in heated tanks and allowed to staretnight before use. A freeze-thaw procedure
was used before admitting the reactants into theumd vessel to minimize the air content. Krypton
was added as an internal standard in the expernterdccount for any dilution of the post-shock
gases by the driver gas, helium (99.998%, Airg&@s)ce krypton is an inert compound, the post-
shock and pre-shock samples of the mixture shdwevsame concentration of krypton. The ratio
of concentration of krypton in the post-shock sama the concentration of krypton in the pre-
shock sample (rk) should be close to 1. In caseilation of post-shock gases by helium the
concentration of krypton will be reduced and.thigoraf concentrations of krypton in the post to the
pre-shock samples (rk) will be lower than 1. Inerdo obtain the actual concentrations, the
concentrations of the species in the diluted mectare divided by rk. The concentrations of the
species in the pre-shock and post-shock samplesiedegmined using gas chromatography and
mass spectrometric techniques which are explameéetail in the following section (Section 2.4.5).

Low initial concentrations of the fuel were usedtie experiments in order to maintain

isothermal conditions in the shock tube and toiratj@od carbon totals. These low mole fractions
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minimize the temperature drop due to initial endothic reactions and temperature rise due to later
exothermic oxidation reactions, thereby maintairnisathermal conditions over the time range (1.5
— 2.0 ms) of the current experiments. The tablexgferimental conditions for the three different
fuels, n-propylbenzene, m-xylene and 1,3,5-trimkidnyzene are provided in the subsequent
chapters along with the modeling results.

Prior to each experiment, the driven section ofsiheck tube was evacuated t& 1.0° torr
by a rotary-pump (Edwards E2M-1.5) and a turbo-pBgbwvards EXT-250HI). A separate rotary
pump (Edwards RV-8) was used to evacuate the dswetion. The shock tube and all the lines to
the shock tube were heated to 100 °C to minimizeftiel losses due to condensatidhe gas
samples were withdrawn from the center of the shiabk via a straight channel connected to the
gas sampling port. The location of the gas samioig minimizes the boundary layer effects; the
sample is withdrawn from the center and close ® ¢hdwall section of the shock tube. The
boundary layer effects become prominent for lowspuees around 6-10 atm, where the
concentration of the fuel is observed to reachwa fmn zero stable value even at very high
temperatures, indicating incomplete conversionheffuel. All the experiments in this paper were
performed for nominal reflected shock pressuresval®0 atm where boundary layer effects are

minimized.

2.4.5. Analytical Technique

Gas chromatography and mass spectrometric techsigeee used to identify and quantify
the species present in the pre-shock and the poskssamples. Gas chromatography is a
separation method in which the components of angature are partitioned between the stationary

and the mobile phas®s The stationary phase is a layer of liquid or &mer on an inert solid
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phase which is present inside a glass or a metaintoand the mobile phase is the carrier gas
which carries the gas phase sample through themeold’he gas phase components partition
between the stationary and the mobile phases andegarated from one another based on their
relative vapor pressures and their affinities tagahe stationary phase. The device which operates
on the principle of gas chromatography is the Gam@atograph (GC). While gas chromatography
enables us to quantify the species, mass spectpnseused to identify the species. In mass
spectrometry the samples are ionized and the cthigrgeicles are repelled and attracted by charged
lens into the mass analyzer. Here the ionic spexieseparated by their mass-to-charge ratio (m/z)
by either magnetic or electrical fields. Hence, ttwipling of gas chromatographic and mass
spectrometric techniques enabled us to quantify idedtify the stable intermediates from our
experiments.

The sample from the shock tube is transferred ¢oattalytical apparatus through a heated
line (150 °C) and was analyzed by two GCs conneictesgtries with the sample lines to and from
the GC’s were heated to 180. The first GC (HP-6890) (closest to the end vsaittion of the
shock tube) was used for the measurement of simggeand multi-ringed aromatic hydrocarbons,
so as to minimize and prevent the loss of speaiestd condensation. The first GC system was
equipped with a Flame lonization detector (FID) mected to a DB-17MS column. The FID has a
detection capability up to sub-ppm levels and thB-IJMS column has a good separation
capability for the polycyclic aromatic hydrocarbon¥he first GC oven was temperature
programmed to 328 and this excludes the possibility of species dpe@tained on the GC column.

In addition to this, a post-run performed at 320for prolonged periods of time showed a stable
baseline, with no polycyclic aromatic hydrocarbehging from the column. The second GC (GC2)
was used for the measurement of alkanes, alkeri@sCQ,, O, and inert gase¥he separation and

measurement of such gaseous species was attaitiecd WiP-PLOT Q column connected to the
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FID for the measurement of alkanes, alkenes, COG@gd A nickel catalyst (Methanizer) was
placed in between the HP-PLOTQ column and the flameation detector (FID) to convert CO
and CQ eluting from the column to methane, thereby pamgtCO and C@to be detected on the
FID. GC2 was equipped with a Thermal Conductiviggtétor (TCD) connected to a MOLSIEVE
5A column, which enabled the detection of &d krypton. Identification of reaction productasv
achieved with the aid of mass spectrometer. Treettetectors were calibrated and the calibrations
were periodically checked for consistency. Moreadgtabout the experimental set up could be
found in the publication of Comandini et®al.

During the course of the experiments, the fuel8,%ttrimethylbenzene, n-propylbenzene
and m-xylene) were calibrated numerous times ared dhlibration factors were periodically
checked. The calibration factor of the speciesnbérest was determined by injecting a sample
containing known concentration of the species,tédun helium. The calibration chart of 1,3,5-
trimethylbenzene (135-tmb) is shown in Fig 17. Dhdinate shows the concentration of the species
in ppm. The abscissa shows the peak area obtagmeglth of the concentrations of the species
divided by the injection pressure. From the chaan be observed that three separate mixtures of
135-tmb concentrations of approximately 17 ppmp@gb and 211 ppm were prepared by diluting
135-tmb in helium. The peak area is obtained froe@&C analysis and since the injection pressure
of each sample is known, and the peak area andyseesire used together to obtain the peak
area/psi numbers. The slope of the line is théoration factor (shown ifrig 17 as y = 3.00601e-
5x). Using this calibration factor the concentrataf 1,3,5-tmb can be determined in an unknown
sample if the peak area/psi value is known for t8b-in the sample. Repetitive runs on the GCs
with a single mixture composition and varied migtlwomposition were performed to attain an

accurate calibration.
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135-tmb calibration chart

y = 3.00601E-05x
R2 = 9.98461E-01

& 135-tmb

Linear (135-tmb)

Concentration (ppm)

Peak Area/lnjection Pressure (Area/psi)

Fig 17. 1,3,5-Trimethylbenzene (135-tmb) calibratichart.

For a few of the species measured in the expergniée G, CO, CQ, methane (Ch,
ethane (@Hg), ethene (g@H,), acetylene (gH), propane (gHg), propene (gHg), 1,2-propadiene
(CsHy), propyne (GH4), 1,3-butadiene (§He), toluene (GHsCH3), benzene (EHg), ethylbenzene
(CeHsCzHs), m-xylene (GH1g), p-xylene (GH1g) and o-xylene (gH1g), calibration mixtures were
available from Sigma Aldrich and Airgas and a sengbint calibration was used to determine the
calibration factor. The gas mixtures provided bgn$ Aldirch and Airgas were injected and the
area/psi was noted for the concentration of eadtisp present in the gas mixture, and this is
referred to as the single point calibration. Faaraple, if the concentration of methane in the Sigma

Aldrich mixture is 15 ppm, the calibration factdrmethane (concentration divided by area/psi) was
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obtained for 15 ppm . For two ringed, three ringed four ringed species, which have a low vapor
pressure, based on the feasibility of obtaining shecies, a different calibration procedure was
adopted. For the species such as naphthalene, pitbyl@ne, acenaphthene, fluorene,

phenanthrene, anthracene, fluoranthene, pyrenezof@anthracene and chrysene, which are
readily available in solution form, the calibratitattors were determined using a procedure, which
will be discussed shortly. For all the other polglay aromatic hydrocarbons, the calibration factors
were estimated using flame ionization detectoroasp factors.

For the polycyclic aromatic hydrocarbons which wexeailable in solution, varying
concentrations (ug/ml) of these species were peeper dichloromethane. Unlike the calibrations
for the single ringed aromatic and aliphatics, ¢healibrations were done in liquid phase, where
about 1pl of the solution was injected onto theugol using a syringe and the liquid calibrations
were obtained. After obtaining the liquid phaselrations, the gas phase calibration factors of
these species were estimated using benzene agftérence or standard species. The gas phase

calibration factors were computed using the fornsilawn below’

DRCGP.)(: (DRQ_.x/DRCL.s) X DRCGP.SX (Mx/Ms)

where DRGp.x = gas phase calibration factor of the unknown igsec
DRC..x = liquid phase calibration of the unknown species
DRC._.s= liquid phase calibration of standard (benzene)
DRCgp.s= gas phase calibration of the standard (benzene)
Mx = molecular weight of the unknown species

Ms = molecular weight of the standard (benzene)
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The calibration factors of polycylic aromatic hydasbons other than the ones mentioned
above were estimated from the flame ionization ateteresponse factors available in literatfire
Benzene was taken to be the standard and the gas phlibration factors of the unknown species

were calculated using the formula given befow

Calibx = (fx/fs) x (calibs) x (MWs/MW(x)

Where Calibx = calibration factor of the unknownmygaound
fx = relative response factor of the unknown sp&ci
fs = response factor of the standard species énez
calibs = calibration factor of the startigpecies (benzene)
MWHx = molecular weight of the unknown gooond

MWs = molecular weight of benzene

2.4.6. Uncertainties in the Experimental Parameters

2.4.6.1. Uncertainties in Temperature

Two kinds of uncertainties are present in the terajure measurement. The first one is
caused due inconsistencies of the shock velocitibgh results in a maximum error of 1% in the
extrapolated endwall velocities. This deviation temperature as a result of the error in the
extrapolated velocities is minimized by the facattfor the same temperature and pressure

conditions, the attenuation is similar for both #wtual experiments and the temperature calibration
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experiments. On the other hand there is an unogytai temperature due to the use of interpolated
calibration fits among different chemical thermoemst used for different temperature ranges.
Maximum uncertainty in temperature as a resultha interpolated fits is less than +1 % for

temperatures less than 1350 K and around 2 %efopératures greater than 1350 K.

2.4.6.2. Uncertainties in Pressure

Reaction pressures and reaction times are obtdined a pressure trace recorded from a
high frequency pressure transducer mounted inridengll of the driven section parallel to the long
axis of the shock tube. The uncertainty in the messpressure by using the pressure transducers is

* 1%.

2.4.6.3. Uncertainties in Reaction Time

The present set up gave reaction times in the rahde?-2.0 ms with exact reaction times
measured for each experiment. The reaction timgslwaa maximum of 0.5 ms from the nominal
reaction time of 1.5 ms. This variation is causgdha non-idealities in the quenching process as a
result of usage of inserts of varying lengths asstep up in temperature to attain a flat plateau
shock pressure profile. As the exact reaction tipnessure and temperature of each shock is used in

the simulation, these changes in the reaction tohoeasot vary the computed results significantly.

43



2.4.6.4. Uncertainties in Species Concentration

Uncertainties in species mole fractions are es@thab be no more than 5% for GC
measurements of the fuels and some of the majohatlc and mono-aromatic hydrocarbons. For

multi-ring aromatic hydrocarbons the error in thedes measurement could be between 15-20%.
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3. MODELING
3.1. Modeling Software, CHEMKIN

The CHEMKIN 3.6” and CHEMKIN 4.%% suite of programs have been used to simulate
our experimental data. The program solves firseodifferential equations for the rate of change of
species molar concentrations, and the solutiohede equations describes the species evolution for
a particular temperature, pressure and reactiom.tiffhe differential equations are shown in
equation (2.9) and (2.10) and are derived from naaskenergy conservation equations, assuming
an adiabatic constant pressure process. More sleghibut how equations (2.9) and (2.10) are
derived are provided in chapter 6 of ‘An Introdoatito Combustion’ textbook by TurfisEach of

the terms in the equation (2.9) and (2.10) areaempt below.

i . Zd)i 1dT
= @i — X [m*‘;;} (2.9)

Where

ar _ (3)-Zamy

at — Yx) (2.10)

and the terms

[X;] = Molar concentration of species i
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wi= molar production rate of th& ispecies, which can be written as a summation ®fréite of
progress variables for all reactions involving fispecies

Q = heat, T = temperature,t = timg,= molar enthalpy of the species, V = volume

w; = TRo1vaqe (2.11)
Where vy, = v’ —v; andv;’, v; are the stoichiometric coefficients in the chericsaction

expressed a8l_, v x; <=> Y!_, v x; andy; is the symbol of thé"ispecies

Whereg, for the K" reaction is the difference of the forward and reeeates

Ak = kg, §=1[Xi]vik_krk {zl[Xi]vik (2.12)

ks, is the forward rate constant of th8 teaction and,, is the reverse rate constant of tife k
reaction

The forward rate constants have the following esgign

—E
ks = AkTﬁkexp(ﬁ) (2.13)
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A, is the pre-exponential factgs, is the temperature exponent ddis the activation energy of
the reaction k.
T = temperature, t = time

V = volume, wherd/ = m is the mass of the mixture and M¥®molecular weight of

_m
ilxmMwy)’
the i" species

The molar enthalpy of the speciés,in equation (2.10) is calculated using the calogfjuation of

State

hi= R+ [, , CpidT (2.14)

The superscript o, ref, refers to the standare sthone atmosphere. The molar heat capacity of the

species, at any temperature can be calculatedtfreraquation provided below

C’;i = a; + a,T +a3T? +a,T3? + asT* (2.15)

The coefficients, which are of the formatage called NASA polynomial coefficients. The molar

enthalpy and entropy can also be calculated fraetjuations having 6 or 7 of these polynomials.
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2T+ 2T +22T3 + 2 T442 (2.16)

0
== a1+_
2 3 4 5

RT

0
—= ailnT + ayT +2T? + 2T + 2 T4+a, (2.17)
Hence, the input files to CHEMKIN provide informati about

(1) The initial species concentration, the temperatoressure and the reaction time.

(2) The kinetic information consisting of several réaa$ which describe the reactant decay

and the formation of other products.

Reaction A B Ej
C3H8+H=NC3H7+H2 1.33E+06 2.54 6756
(3) The NASA polynomials or the thermochemical inforioatrequired to calculate the molar

heat capacities, enthalpy and entropy are providdue following format.

HE L10/90HE 1 0 0 0G 200.000 6000.000 1000

2. 50000000E+00 0. 00000000E+00 0. 00000000E+00 0. 00000000E+00 0. 00000000E+00
- 7.45375000E+02 9. 28723974E-01 2. 50000000E+00 0. 00000000E+00 0. 00O00000E+00
0. 00000000E+00 0. 00000000E+00- 7. 45375000E+02 9. 28723974E-01 0. 00000000E+00

BWN R

The thermochemical information is also used toudate the reverse rate constants, when the rate
constants for the reverse reaction are not providée first set of 7 constants belong to the

temperature range of 1000 to 6000 K and the sesehdf 7 constants belong to the temperature

range of 200 to 1000 K

The output of the program provides information dlibe time evolution of all the species
of the model as a function of temperature and pres§ he simulations are performed assuming an
adiabatic constant pressure process. For shock éMperiments with less than 15% endwall
pressure increase the adiabatic constant pressagess assumption leads to reasonable accuracy in
predicting the stable species profifésAll the pressure profiles considered for theseusitions

had less than 15% endwall pressure increase. Tliemage of reactions occurring in the quenching
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period have insignificant effect on the concentraf the stable species; hence the quench was not
simulated®®

Reaction path analysis and Sensitivityanaf{sigere the two important tools (provided by
CHEMKIN®"?9) that were used to refine the chemical kinetic eiedhat were built in this project.
Reaction path analysis gives information aboutdietribution of each reaction to the net rate of
production or destruction of each specidg )( The sensitivity analysis provides quantitative
information about how each rate coefficient affeitte temperature and species fractions.In the

simplest form, the sensitivity coefficient can bgreessed as

d[A];

Al
5= A /di
Kk

The sensitivity coefficient represents the conadimin sensitivity of species [AJfor a rate
parameter k A negative sensitivity coefficient indicates tivatrease in rate constant for reaction k,
results in decrease in the yield of species i.

Using the reaction path analysis and sensitiviglysis tools, the important reactions in the
model which directly influenced the decay of thelfer the formation and destruction of the
intermediates were identified and in some casessetlhreactions were modified to improve the

predictions of the model against the experimerdé.d
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4. DISCUSSION OF N-PROPYLBENZENE OXIDATION EXPERIME NTS
AND MODELING RESULTS

4.1. Introduction

Previous studi€$®® probed the kinetics of n-propylbenzene oxidatidnasmospheric
pressure and for temperatures below 1250 K. Wah%tmeasured the extinction strain rates of n-
propylbenzene flames. Roubaud et**aperformed ignition delay experiments on a seriés o
aromatics including n-propylbenzene around 17 atwh at a temperature of about 840 K. The
present study further extends the temperature aesspre range of n-propylbenzene oxidation
kinetics to high temperature and high pressure itiond which are pertinent to the operation of
practical devices. The oxidation experiments ofropglbenzene were performed in our High

Pressure Single Pulse Shock Tube.

4.2. Experimental Results

The oxidation experiments of n-propylbenzene werégpmed for two different nominal
reflected shock pressures of 25 and 50 atm, fdrléa@, stoichiometric and fuel rich conditions.

The experimental conditions are listed in Table 4.
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Table 4. n-Propylbenzene experimental conditions

Average Shock Fuel Temperature @ Reaction
Pressure /atm  /ppm Range /K Time /ms
28 86 907-1550 0.54 1.40-2.05
51 90 959-1558 0.55 1.27-1.78
49 90 838-1635 1.0 1.21-1.95
24 89 905-1669 1.9 1.36-2.93
52 90 847-1640 1.9 1.26-1.95
54 83 1027-1678 1.19-2.07

4.2.1. Effect of Pressure and Equivalence Ratio onPropylbenzene and Oxygen Decay

The fuel and oxidizer decay are shown as a functbntemperature, pressure and
equivalence ratio in Fig 18 (a - b). The concerdrabf the fuel is plotted against the reflected
shock temperature for two different equivalencesabf 0.5 and 1.9 and for two different nominal
reflected shock pressures of 25 and 50 atm. Theuwoption of the fuel was observed to be
independent of the pressure and is slightly depgnole the equivalence ratio. The consumption of
the oxidizer was also seen to be independent optéssure but it is slightly dependent @nfor

temperatures greater than 1200 K.
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Fig 18. a) n-Propylbenzene and b) oxygen decay pesf from the shock tube oxidation
experiments of n-propylbenzenef][ - average P5 = 51 atm® = 0.55, f] - average P5 = 28 atm,
@ = 0.54, p] - average P5 = 52 atmg = 1.9, X] - average P5 = 24 atm¢g = 1.9, nominal
reaction time = 1.5 ms

4.2.2. Effect of Equivalence Ratio on the Formatioof the Intermediates

Several stable intermediates were identified amdntffied from the current sets of
experiments. These included aliphatic hydrocarbsush as CO, C£ methane (Ch), ethane
(CoHg), ethene (@H.), acetylene (gH)), allene (GH.), propyne (GH.), 1,3-butadiene (§s),
diacetylene (¢H,), vinylacetylene (¢H,) and aromatic hydrocarbons such as styregel{CHs),
toluene (GHsCH3), benzene (gHs), benzaldehyde @E1sCHO), bibenzyl (G4Hi4), phenol
(CeHsOH), benzofuran (gHs0), indene (GQHsg), naphthalene (gHg), fluorene (GsHig) and
anthracene (GH10).

Species such as benzaldehyde, phenol and benzafiniah are formed either by addition
or addition-elimination reactions of benzyl and pyleradicals with HQ, OH and Q radicals are
referred to as the oxygenated intermediates. Spesich as toluene, styrene, benzene,

ethylbenzene, ethene, ethane, methane and bibareykferred to as the pyrolytic intermediates.
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These species are formed from the fuel or fuelceddieither by homolysis or beta-scission yielding
both stable intermediates and radicals, the lafterhich recombine with H atom, methyl or benzyl
radical yielding the above mentioned intermediafBise maximum attained concentrations of
several of the oxygenated and pyrolytic intermesdiatepended on the equivalence ratio.

The maximum concentrations of several of the oxggnh intermediates decreased with an
increase in the equivalence ratio. On the othedhtdre maximum concentrations of several of the
pyrolytic intermediates increased with an increesequivalence ratio. For instance, the species
profiles of two oxygenated intermediates, benzatlderand benzofuran are shown in Fig 19 (a— b),
for a nominal reflected shock pressure of 50 atwh fam three different equivalence ratiohd €
0.55, 1, 1.9). As evident from these figures, thaximum concentration of benzaldehyde and
benzofuran was obtained for the fuel lean oxidaérperiments and was twice greater than that of
the maximum concentration of these species obtdmoea the fuel rich dataset. On the contrary, for
a few of the major pyrolytic intermediates like e, ethene, toluene and ethylbenzene the
greatest concentrations were attained for the fiohl dataset. These species profiles for three
different equivalence ratios are shown in Fig 20 & The only major pyrolytic intermediate that
showed the opposite behavior is styrene. Slighglyrelasing maximum concentration of styrene was

obtained for increasing and the profiles are presented in Fig 21.
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Fig 19. a) Benzaldehyde and b) benzofuran profiles a function of equivalence ratio from the

shock tube oxidation experiments of n-propylbenzerid] - average P5 = 51 atn® = 0.55, {] -
average P5 =49 atn® = 1.0, p] - average P5 = 52 atm® = 1.9, nominal reaction time = 1.5 ms
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Fig 20. a) Methane, b) Ethene, c) Toluene and d)hklbenzene profiles as a function of
equivalence ratio from the shock tube oxidation expnents of n-propylbenzene 4] - average
P5 =51 atm@ = 0.55, P] - average P5 = 49 atm® = 1.0, p] - average P5 = 52 atn® = 1.9,
nominal reaction time = 1.5 ms
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Fig 21. Styrene profiles as a function of equivalen ratio from the shock tube oxidation
experiments of n-propylbenzene][- average P5 = 51 atm® = 0.55, ] - average P5 = 49 atm,
@ = 1.0, p] - average P5 = 52 atm® = 1.9, nominal reaction time = 1.5 ms

These variations in the product distribution asraction ofd® are indicative of a shift in the
mechanistic pathways for the fuel decay. Knowledfjghe major consumption routes of the fuel
will assist us in interpreting the experimentaladdtdence, a diversion is taken here and the major
pathways of n-propylbenzene decay mentioned imalitee are discussed. Litzinger et®&l.
proposed three different routes for n-propylbenzeoesumption based on the species observed
from their experiments. These pathways are illtstién Fig 22.

(1) The abstraction of the benzylic, primary andoselary hydrogens by H, O, OH and HO
radicals produces 1-phenyl-1-propyl, 1-phenyl-2gyto and 3-phenyl-1-propyl radicals
respectively. The structures of these speciestaersin Table 5. The 1-phenyl-1-propyl radical
undergoes beta scission to form styrene and medhjdals, (reaction | in Fig 22). The 1-phenyl-2-
propyl radical isomerizes to form 2-phenyl-1-propgtiical which undergoes beta scission to form
styrene and methyl radical ( reactions Il andnlFig 22). The 3-phenyl-1-propyl radical undergoes
beta scission to form benzyl and ethene (reacWoin Fig 22).

(2) The homolysis of the side chain produces beamgl ethyl radical (reaction V in Fig 22).
55



(3) The displacement of n-propylbenzene side cbgifydrogen atom produces benzene

and n-propyl radical (reaction VI in Fig 22).

©_| I O/\CHZ :
— + CHs

v
_— + Hzc—CHz
Vv 2
Y (e
" VI
O e
|60

Fig 22. n-Propylbenzene decay pathways proposetitynger et al.



Table 5. Structures of phenylpropyl radicals

Species Structure

3-pheny-1-propyl radics CH,
(APHC3H6) [::::(/A\\//

1-pheny-2-propyl radics

(BPHC3HS6) /CHS
CH'
1-pheny-1-propyl radicz CH CHs
(CPHC3H6) [:::]// N4
2-pheny-1-propyl radice CH'Z

(BPHROPY) |
CH
©0H3

Fig 23 shows the C-C and C-H bond energies of thepyl side chain of n-propylbenzene.
Based on the lower benzylic and secondary C-H amaydic C-C bond dissociation energies of the
n-alkyl side chain we can infer that the hydrogbsteaction routes primarily produce styrene and
methyl radical with minor amounts of benzyl andygttadical and the homolysis route primarily
produces benzyl and ethyl radical. Now that we haeasic idea of how the fuel decays, we can
now see how the observed species are qualitatoarigistent with this information. For example,
the increase in styrene with decreasing equivaleato® is consistent with an increase in the rddica
pool capable of abstracting benzylic and secondgmyrogens from the n-propyl side chain.
This qualitative observation will be confirmed byetreaction path analysis derived from the

chemical kinetic model discussed shortly.
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Fig 23. C-H and C-C bond dissociation energies (Koaol) of the n-propyl side chain of n-
propylbenzene. The C-H bond energies are computsthgi the thermochemistry from Dagaut et
al.** and are denoted by plain numbers. The C-C bondreies are taken from Litzinger et &
and are denoted by red bold italicized numbers.

For another example, the maximum peak concentratidoluene and ethylene at fuel rich
conditions highlights the increasing contributiodnhomolysis of the side chain when compared to
the hydrogen abstraction pathways. Another indicafcdominance of the homolysis route is the
increasing maximum concentrations of bibenzyl poedlias a result of recombination of benzyl
radicals and these plots are illustrated in Fig D4e slightly decreasing concentration of styrene
indicates the lower contribution of the hydrogerstediction routes. Again these observations are

confirmed by the reaction path analysis discusatsd .|
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Fig 24. Bibenzyl profiles as a function of equivalee ratio from the shock tube oxidation

experiments of n-propylbenzened][- average P5 = 51 atmd = 0.55, {] - average P5 = 49 atm,
@ = 1.0, p] - average P5 = 52 atm$ = 1.9, nominal reaction time = 1.5 ms

In addition to bibenzyl, the concentration vs. tengpure plots of other polycyclic aromatic
hydrocarbons formed in these experiments are piegen Fig 25 (a - b), for nominal reflected
shock pressure of 50 atm and at fuel rich conditio greater number of polycyclic aromatic
hydrocarbons were identified and measured at tlee riadh and stoichiometric conditions when
compared to fuel lean conditions. For the fuehldataset only two ringed compounds were at a
high enough level to be quantified, whereas forstoéchiometric and fuel rich datasets, measurable

concentrations of three ringed compounds like acgme and fluorene were also detected.
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Fig 25. Polycyclic aromatic hydrocarbons formed frothe shock tube oxidation experiments of
n-propylbenzene, average P5 = 52 atwh, = 1.9, a) U] - Stilbene, p] - Bibenzyl, p —

Diphenylmethane, b)4] - Fluorene, [o] - Indene, [x] - Anthracene, p] — Naphthalene

4.3. Modeling

Chemical kinetic modeling provides the link betwepialitative species rationalization and
guantitative prediction. Predictive chemical kioetmodeling has special importance for n-
propylbenzene since it is a suggested componeatsofrrogate jet fuel formulation that would be
used to simulate the combustion behavior of anahgti fuel.

The only existing detailed model for n-propylbemzexidation available in literature was
developed by Dagaut et #l. This model produces satisfactory predictions rfigsropylbenzene
consumption and formation of the major intermedidte their jet stirred reactor experimental data,
at atmospheric pressure. The rate constants fort mibghe reactions were estimated from
corresponding reactions of propane, toluene aner alkyl radicals or by using the rules provided

in publications of Dedh and Walke¥.
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The Dagaut et &% model has been used to simulate our experimeatal @he simulations
were performed for three different equivalenceosatior a nominal reflected shock pressure of 50
atm and corresponding reaction times. The expetahand modeling profiles of the major species,
fuel, oxygen, ethene, toluene, styrene, ethylbemzerd bibenzyl are plotted for ea¢hand the
results are shown in Fig 26 (a — i). The model shtairly good predictions for the fuel decay. The
model shows lower consumption of oxygen for all éxperimental datasets. It also shows greater
amounts than actually measured of toluene, ethyloes ethene and bibenzyl for the fuel lean and
stoichiometric datasets. It shows fairly good pesfifor the formation and consumption of styrene.
The peak modeling predictions @& = 0.5, show the toluene and ethylbenzene condenisa
increased by a factor of 6 and 2 respectively, wtwmpared to the experimental data, in Fig 26 (b
and c). As discussed in the previous section, m@uethylbenzene, ethene, bibenzyl, styrene and
benzene are a few of the intermediates which aradd primarily from the fuel breakdown. The
excellent agreement of the model with fuel andestgrprofiles but poor agreement with the toluene
profiles indicates that the relative contributioh tbe hydrogen abstraction, homolysis and the
displacement pathways are probably different tHawsé proposed by Dagaut et al. Hence, an
independent n-propylbenzene oxidation model has lwes/eloped aiming to capture the fuel
behavior and formation of the other intermediaté \greater accuracy and relevance to surrogate

fuel applications over the range of the currentegxpental conditions.
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Fig 26. Experimental and modeling profiles of stabintermediates from the shock tube oxidation
experiments of n-propylbenzene using the Dagaugketmodef’, [o, -]- n-Propylbenzene A4, ---]-

O, [, ....]- Ethene, Jo, --- ]-Styrene, ¢, -]- Toluene, m, -]- Ethylbenzene, X, ---]-Bibenzyl,
[a — c] - average P5 =51 atm®p = 0.55, [d - f] - average P5 = 49 ath, = 1.0, [g - i] - average
P5=52atm@=1.9

4.3.1. UIC n-Propylbenzene Oxidation Model

A quantitative, predictive n-propylbenzene oxidatrmodel has been developed to simulate
our experimental data based in part on the quaktapathways put forth by Litzinger and
coworker§®. The rate constant for homolysis of the n-propgeschain to form benzyl and ethyl
radical is taken from Roubaugh efalThe rate constants for beta-scission of phengldradicals

and recombination reactions of phenylpropyl radicaith hydrogen atom were estimated using the
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rate constant rules proposed by D@amd Allara and Shat% A few reactions for the oxidation of

phenylpropyl radicals were taken from Dagaut &t.aThis set of kinetics is shown in Table 6.

Table 6. Rate constants for the recombination, bsetission and oxidation reactions of
phenylpropyl radicals and homolysis of the n-propghzene side chain.

Reactiorf

number  Reactior? A n E,
9gPec CPHC3H6+H= GHsC3H- 1.00E+14 0 O
ggsec BPHC3H6+H= GHsC3H- 1.00E+14 0 O
985°8¢ APHC3H6+H= GHsC3H- 1.00E+14 0 0
9865 CPHC3H6=GHsC,H3+CHs 2.00E+13 0 42051
987°%¢ BPHC3H6=GHs+C3Hs 2.00E+13 0 44167
9ggsd APHC3H6=GHsCH,+C,H4 2.00E+13 0 42051
9gd’¢ CgH=C3H7=CsHsCHo+CoHs 3.00E+15 0 69600
99(:?5'(:j C6H5C3H7:C6H5CH2CH2+CH3 8.00E+15 0 87862
99155d CeHsCsH7=CeHs+NC3H- 8.00E+15 0 102240
101¢* BPHC3H6 = BPHPROPY 2.00E+11 20000
10115 BPHPROPY = @HsC,Hz+CHs 1.00E+14 0 49675
1013° BPHC3H6+H=GHg+AC3Hs 1.00E+14 0 38000
10141 BPHC3H6+0 = GHsCH, +CH;HCO 2.00E+13 0 4000
1015 BPHC3H6+0H = @HsCHs+CH;HCO 2.00E+13 0 4000
1016 BPHC3H6+HQ => CsHsCH,+CH;HCO+OH  2.00E+13 0 4000
1017 CPHC3H6+0 = @HsCHO+GHs 1.60E+13 0 O
10181 CPHC3H6+0H = gHsCHO+GHg 1.60E+13 0 0
10191 CPHC3H6+HQ=> CHsCHO+GHs+OH 5.00E+12 0 O

®The reaction number is the number of the reacticdhé UIC n-Propylbenzene Oxidation Model
Pk = AT" exp(~Ea/RT ): rate constant (units: mol, s3coal).

°Estimated based on rules proposed by Allara and/$ha

dEstimated based on rules proposed by Bean
°A-factor x 1.4
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The rate constants for the abstraction of hydrogms from the n-propyl side chain by R

species (where R = H, OH, HOCH; and Q) were estimated from the rate constants of n-prepa

and toluene reactions. The procedure is describkxahvtand also shown in Table 7.

1)

2)

3)

The rate constants for the abstraction of the pgrhgddrogens’ by R species were estimated
from rate constants for abstraction of the termimagrogens of n-propane by R species.
Since there are half as many primary sites in pyh®nzene as in n-propane, the pre-
exponential factor is taken to be half of that of-pxponential factor of the corresponding

n-propane+R reaction and the same n and activatiergy is considered

The rate constants for the abstraction of secondgalyogens by R species are taken to be
the same as that of the rate constants for ahistinaof the secondary hydrogens in n-

propane by corresponding R species

The rate constant of abstraction of benzylic hydregin the n-propylbenzene side chain by
R species were estimated from the correspondirgioea for abstraction of the hydrogens

from the methyl side chain in toluene. The estimai&e constants had the same n and
activation energy but the pre-exponential factos weduced by a factor of 2/3 to take into

account the number of abstract-able hydrogensarbénzylic site of n-propylbenzene side

chain when compared to the methyl side chain oieioé.
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Table 7. Reactions of n-propylbenzene oxidation whaate constant parameters were estimated
based on the procedure described in Section 4.3.1

Modifications to the rate

Reactiorf constant of reference
Number Reactior? A n E; reaction
Abstraction of the primary
hydrogens
A-factor x 0.5 of
992° CgHsC3H;+H=APHC3H6+H 6.63E+032.546756 C3Hg+H=NC3H/+H,
A-factor x 0.5 of
993°  CgHsCsH,+O=APHC3H6+OH 9.65E+02.683716 CzHg+O= NGH7+OH

A-factor x 0.5 of

994° CeHsCsH7+OH=APHC3H6+HO 2.97E+12.008219 C3Hgt+tOH= NGH+H>O
A-factor x 0.5 of

995 CeHsCsH7+HO,=APHC3H6+H0O, 2.38E+042.5516492 C3Hg+HO2= NGH:+H,0,
A-factor x 0.5 of

996°  CeHsCaH+O=APHC3H6+HQ  1.99E+13.0050933 CzHg+02= NGH7+HO,
A-factor0.5 of

997% CeHsCsH7+CHs=APHC3H6+CH  4.52E-013.657153 C3Hg+CH3= NGH/+CH,4

Abstraction of the secondary

hydrogens
Same as
99&° CeHsCsH7+H=BPHC3H6+H 7.22E+0%.404471 CzHg+H=IC3H+H,
Same as gHg+O=
999°  CeHsCsH+O=BPHC3H6+0H 4.76E+02.712106 IC3H7+OH

Same as ¢Hg+OH=
1000°  CgHsCzH,+OH=BPHC3H6+HO  5.30E+12.005974 ICzH+H,0

Same as gHg+HO,=
1001  CgHsCsH,+HO,=BPHC3H6+HO, 2.38E+0£.5516492 IC3H,+H,0,

Same as gHg+0O,=
1002°  CgHsCsH+0,=BPHC3H6+HQ  1.99E+13.0050933 IC3H,+HO,

Same as gHg+CHs=
1003°  CgHsCsH,+CHs=BPHC3H6+CH  1.00E+0(B.465480 IC3H-+CH,

Abstraction of the benzylic

hydrogens
A-factor x (2/3) of
1004°  CgH:C3H,+H=CPHC3H6+H 5.31E+023.4 3120 ®CHz+H=OCH,+H,
A-factor x (2/3) of
1005"  CgHsC3H,+O=CPHC3H6+0H 1.97E+1B003522 ®CHs+O=0CH,+OH

A-factor x (2/3) of
10062  CgHsCsH+OH=CPHC3H6+HO  1.63E+0%.40-602 ®CHz;+OH=®CH,+H20

A-factor x (2/3) of
1007°  CgHsCsH7+HO,=CPHC3H6+HO, 6.23E+04£.5014683 ®CHz+HO,=®CH,+H,0,

A-factor x (2/3) of
1008°  CgH=C3H;+0O,=CPHC3H6+HQ 1.74E+072.5044946 ®CH3+02=bCH2+HO?2
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A-factor x (2/3) of
1009®  CgHsCsH7+CHs=CPHC3H6+CH  2.67E-055.609000 ®CHs+CH3=DCH2+CH4
®The reaction number is the number of the reacticdhé UIC n-Propylbenzene Oxidation Model
Pk = AT" exp(~Ea/RT ): rate constant (units: mol, s?ccal).

The estimated rate constants for abstraction ohtpeopylbenzene side chain hydrogen atoms
have been compared with other rate constants alaila literature. Qi Chen and Froméhused
bond dissociation energy, radical activity and m@chemistry as important guidelines to get an
initial estimate of the rate constants. These catestants were further constrained by minimization
functions and thermodynamic analysis. Since thbaatstudied thermal, oxygen free cracking of
the n-propylbenzene, only the rate constants ferpyrolytic steps of n-propylbenzene decay are
provided. Dagaut et &t.estimated the rate constants based on the rae giten by Dedn and
Walker® and from analogous n-propane, toluene and othet eddical reactions. Won et .
estimated the rate constants from analogous tolueaetions. The total rate constants for the
abstraction of the n-propylbenzene side chain hgelmoatoms by H, O and OH radicals are
compared in Fig 27. From the Fig 27 (a), it canobserved that all the estimated rate constants
other than that of Qi Chen and Froment are withifacior a two. The reason for an order of
magnitude difference between the rate constantigedvby Qi Chen and Froment and the other
three estimates is uncertain. A quick comparisoraté constants of other n-alkyl radical reactions
in Qi Chen and Froment model with those currentigilable in literature also showed about an
order of magnitude difference in rate constantsweéier, based on the agreement of our rate
constants with those from Dagaut ef’aand Won et af?, the uncertainty in our estimated rate

constants is probably no more than a factor of two.
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Fig 27. Comparison of total rate coefficients fohe abstraction of side chain hydrogen atoms by
H, O and OH radicals. fi]-QiChen and Froment* (figure a), [-]-Won et. af? (figures a, b and c),
[----] — Dagaut et. af* (figures a, b and c), k] — Present work (figures a, b, ¢ ), (a)8sCsH7+H

=> phenylpropyl radicals + H (b) GHsCsH;+O => phenylpropyl radicals + OH, (c)
CsHsC3H7+0OH => phenylpropyl radicals + BD

The thermochemistry of n-propylbenzene and the ylpewpyl radicals were taken from
Dagaut et af’. Since this project is part of a collaborativeoeffwith other universiti€s the n-
propylbenzene oxidation chemistry is coupled toeC&mechanism taken from Dooley et’al.
which includes the toluene, styrene, ethylbenzbamzene chemistry and also the chemistry for the
formation of lower carbon numbered intermediatesifthe above mentioned species up to CO and
CO,. The C0-C8 chemistry which is adopted from Dodadegl? also includes the 0, chemistry.

The UIC n-Propylbenzene Oxidation Model has bedidated against our high pressure

experimental datasets (sections 4.3.2 and 4.3@}tenflow reactor data of Litzinger et®al.and
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jet stirred reactor data of Dagaut et’a(section 4.3.4). Unless specified, all the experital

profiles illustrated are denoted by symbols andredteling results are denoted by lines.

4.3.2. Modeling of Aliphatic and Single Ring Aromait Intermediates from the Shock Tube
Experiments

The experimental and modeling profiles of n-propylbene and £ CO and CQfor all the
experimental datasets are shown in Fig 28 and Bige&pectively. The model shows excellent
agreement for the fuel decay for all the experiraedatasets. The model also shows fairly good
agreement with the oxygen decay and CO and fGfnation for all the experimental datasets. The
excellent agreement of the experimental and moglginofiles for the fuel and oxygen decay for
temperatures where the fuel is completely consu(meti300 K) during the observation time are
suggestive that the oxidation kinetics of n-propylbene are accurate and sufficient. Other
appropriate validation targets for the n-propylbame oxidation kinetics would be the concentration
vs. temperature profiles of the stable intermediditee styrene, ethene, toluene, benzene, bibenzyl,

ethane, methane and ethylbenzene.
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The experimental and modeling profiles of the abmestioned intermediates are shown for
a nominal reflected shock pressure of 50 atm antiffo extremes of the equivalence ratio 0.5 and
1.9. The fuel lean and fuel rich datasets are chasethat the differences in experimental and
modeling species distribution could be distinctbserved. The experimental and modeling profiles
for all the other experimental datasets can bedoarthe Appendix.

Among the single ring aromatics, fairly good agreemcould be seen between the
experimental and modeling profiles of styrene, ktbyzene, toluene, ethene and bibenzyl for all
the experimental conditions, shown in Fig 30 (3.-lecreased modeling peak concentrations of
toluene, ethylbenzene, ethene, benzene and bibeomid be observed as we proceed from fuel
lean to fuel rich experimental dataset, in Fig BO-(f) and this correlates with the results froma th

experiments.
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Fig 30. Experimental and modeling profiles of stabintermediates from the shock tube oxidation
experiments of n-propylbenzene;,[-] - average P5 = 51 atn® = 0.55, p, ---] - average P5 =52
atm, @ = 1.9, a) Styrene, b) Ethylbenzene, c) Toluene Etfyene, e) Bibenzyl, f) Benzene, Q)
Phenol, h) Benzaldehyde

However, the modeling results for the fuel richtadat show almost half the peak
concentration of benzene than is found experimignadiich could be attributed to the formation of
increased amounts of phenol and benzaldehyde imibdel. The dominance of the oxidation
pathways of phenyl and benzyl radicals over theceddadical recombination pathways leads to
increased concentrations of phenol and benzaldehatdduel rich conditions and lower
concentrations of benzene in the simulated profildge experimental and modeling profiles of

phenol and benzaldehyde are shown in Fig 30 (g - h)

Among the aliphatics fairly good agreement is deetveen the experimental and modeling
profiles of methane ethane, acetylene, allene, yor@p 1,3-butadiene, vinylacetylene, and

diacetylene and the profiles are shown in Fig 3% ija
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Fig 31. Comparison between experimental mole fractiprofiles and model predictions [-] of
stable intermediates formed from the shock tubedation experiments of n-propylbenzene, {]

- average P5 =51 atn® = 0.55, p, --] - average P5 = 52 atm® = 1.9, a) Methane b) Ethane c)
Acetylene d) Allene e) Propyne, f) Propene g) Vamgtylene h) 1,3-Butadiene i) Diacetylene

For all the experimental datasets, the model sHawly good results for the decay of the
fuel and the formation of major intermediates likduene, styrene, ethylbenzene, ethene and
ethane, which are formed directly from the fuel dhid assures us that the fuel decay part, C9

chemistry, is sufficiently accurate.
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4.3.3. Modeling of Two Ringed and Three Ringed Aromtic Species from the Shock Tube
experiments

Indene is the major polycyclic aromatic intermeeliabeasured for all the datasets. The
maximum concentration of indene attained for tloéchiometric and fuel lean data sets is about 6
ppm. The concentration of indene decreases to dbppin for the fuel rich dataset. Minor amounts
of naphthalene, benzofuran, ethynylnaphthalenerdiue and anthracene were also measured.

Reactions for the formation of indene, naphthaleme anthracene were considered from the
atmospheric pressure soot model of Slavinskaya FnaeiK>. This model was developed for
predicting the formation of polycylic aromatic hgdarbons and their growth up to five aromatic
rings in methane and ethane fueled flames. It shbal noted that the model of Slavinskaya and
Frank has been developed for much lower presshegstiiose in our experiments; however their
model could be used as an initial estimate of thportant reactions in the formation of these
polycyclic intermediates at our experimental coods. Reactions for the formation of benzofuran,
biphenylmethane and fluorene were included fromhHIggmperature Mechanism of the Heavy
Hydrocarbons from Ranzi's gro(fp

The experimental and modeling profiles of indere gltown in Fig 32 andig 33 For our
rich data about 1 ppm of indene is formed, whetlasnodeling profiles show minor amounts, less
than 0.3 ppm of indene being formed at higher teatpees, Fig 32 (a). Reaction path analysis of
indene using the model that predicts indene in 32g(a) at 1499 K foxd = 1.9, showed the
contribution of cyclopentadienyl species in thenfation of indene. Most of the indene at these
conditions is formed from the recombination of opntadienyl radical and vinylacetylene.
Several recent studigs® have cited the importance of C5 species in theéion of indene and in
the formation of other multi-ringed aromatic compds. These pathways for the formation of

indene by the recombination of C5 species seene televant only for the fuel rich conditions and
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at high temperatures. The modeling profiles (Fig(Il82 c)) also show very low concentrations of
indene being formed (< 0.02 ppm) at fuel lean atmckiometric conditions, whereas the
experiments show about 4 to 6 ppm of indene beimmpéd at temperatures of around 1200 K,
which is a significant amount for our low startiogncentrations of n-propylbenzene. This severe
under prediction of indene concentration in the eliog) profiles indicates the possibility of having

a different pathway for indene formation that iigtive at lower temperatures (T < 1400 K) and

for different equivalence ratio®(= 0.5 — 2.0).
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Fig 32. Comparison between experimental mole fractiprofiles and model predictions [-] of

indene from shock tube oxidation experiments of mpylbenzene a) average P5 = 52 atdh,=
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Fig 33. Comparison between experimental mole fraction ptes and model predictions [-] of
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Lindstedt et af! and Vereecken and Peeférdiscuss in their paper the pathways for the
formation of indene. The primary step is the fororatof the GHg radical (1-phenyl-2-propenyl
radical, referred to as RAD1 in Vereecken and Pgélewhich subsequently cyclicizes and
dissociates to form indene and a hydrogen atom.efailéd description of these pathways is
provided in the references mentioned above andkitietics for these pathways was adopted from
Sivaramakrishnan et &l.The GHs radical could be formed from the interactions bepyl and
allene, phenyl and propargyl radical and benzyicaddand acetylene. All these pathways were
included in the sub-mechanism from Slavinskaya BrahK®. Inclusion of these routes in the
model had negligible effect on the production afene for all the experimental conditions, which
indicates the presence of another source for thmdon of GHg radical. In addition to the
pathways discussed previously, theHgradical could also be formed from 1-phenyl-2-propyl
radical by subsequent hydrogen abstraction reactidhe 1-phenyl-2-propyl radical dissociates to
1-propenylbenzene and H atom, and hydrogen absmactactions by H, OH, HY CH; and O
radicals produce 1-phenyl-2-propenyl radicaHg).

These pathways have been included in the modebemndhown in Table 8. The modeling
results with this set of kinetics are shown in BRy(a — ¢) and considerable improvement in the
prediction of indene concentrations could be okes#trWhen Fig 32 (a - ¢) and Fig 33 (a — ¢) are
compared, we can see that the peak modeling caatiens increased from 0.005 ppm to about 3.7
ppm, 0.016 ppm to 2.33 ppm and 0.2 to 1.4 ppmtherfuel lean, stoichiometric and the fuel rich
datasets respectively. Even though the modelindigtiens are still lower than the experimental
concentrations, the absence of these pathwaysetgverder predicts the indene concentrations and
hence the inclusion of these pathways was necesBagysensitivity analyses of indene are shown
in Fig 34. These analyses were performed for aspresof 56 atm, temperature of 1250 K, a

reaction time of 1.71 ms and for three differentieglence ratios. These conditions correspond to
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the temperature at which peak concentrations adriegdabout 4 ppm, are attained in the modeling

profiles at fuel lean and stoichiometric conditiorf$e plot shows the normalized sensitivity

coefficients of different reactions as a functidnttte equivalence ratio. From the graph it can be

observed that the formation of indene is sensitivéhe reactions producing 1-phenyl-2-propyl

(BPHC3HS6) and the ¢ radical (reactions 998, 1000, 1027 and 1029).

Table 8. Reaction steps for the formation 0§y radical from 1-phenyl-2-propyl radical

Reactiorf

Number Reactiorf A n E,
1022°¢  BPHC3H6=GHsCsHs+H 3.00E+13 0 31586
1025°¢  CgHsCsHs=CgHg+H 3.50E+15 O 107143
10269  CgHsCsHs+O=CyHg+OH 5.24E+11 0.7000 5884.0
1027%  CeHsCaHs+OH=CyHg+H,0 3.12E+06  2.0000 -298.0
1028 CeHsCaHs+HO,=CoHo+H,O ~ 2.70E+04  2.5000 12340.0
1029 CeHsCsHs+H=CoHg+H 1.73E+05  2.5000 2490.0
1030%  CgHsC3Hs+0,=CoHg+HO, 4.00E+12  0.0000 39900.0
103¢  CgHsCsHs+CHs=CoHg+CHa 2.21E+00 3.5000 5675.0

#The reaction number is the number of the reacticdhé UIC n-Propylbenzene Oxidation Model

Pk = AT" exp(-Ea/RT ): rate constant (units: mol, s3coal).

‘Rate constant estimated based on rules proposBe

‘Rate constants same as analogous reactions o
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1 1058.INDENE+H=INDENYL+H,
555. C;H,CH,(+M)=C H,CH,+H(+M)
B 989. PHC3H7=C_H_CH,+C H,
[ 1004. PHC3H7+H=CPHC3H6+H,
(I 9. H+O,(+M)=HO,(+M)
1029.CH,C H,-2+H<=>R1CIHI+H,
1 998.PHC3H7+H=BPHC3H6+H,
I 591.C H_CH,+HO,=C H,CH,0+OH
1027.CH,C,H,-2+OH<=>R1CIHI+H,0
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Fig 34. Sensitivity analysis of indene at differeatjuivalence ratios for P5 = 55.9 atm, T5 = 1250
K and reaction time = 1.71 ms

The experimental and modeling profiles of naphthalat fuel lean conditions are shown in .
The experimental and modeling profiles of naphth@ldluorene and anthracene at stoichiometric
and fuel rich conditions are shown in Fig 36 ang 8r. The modeling profiles show less than 3
ppm, 0.5 and 2 ppm of naphthalene, fluorene andacene being formed for the experimental data
set at fuel rich conditions (Fig 37). Unlike indemaphthalene does not show a specific trend in its
maximum peak concentration as a function of theivadgnce ratio. The maximum peak
concentrations of naphthalene in the experimentdllps are 0.3 ppm a = 0.55, 1.8 ppm ab =
1 and 1.2 ppm a® = 1.9. The maximum amount of naphthalene was fdratestoichiometric
conditions. Since the experimental uncertainties goantifying the polycyclic aromatic

hydrocarbons is about 15-20 %, the maximum conagatrs in naphathalene for the stoichiometric
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and fuel rich conditions could be similar. The miodg profiles show that the maximum
concentration of naphthalene increases asbtliecreases. The sensitivity analyses of naphthalene
are included in Fig 38. These analyses were peddrfor a pressure of 56 atm, temperature of
1250 K, a reaction time of 1.71 ms and for thrdéedint equivalence ratios. From the graph it can
be observed that the naphthalene formation is tbemdd the reactions involving phenylethynyl,
cyclopentadienyl and benzyl radicals (reactions71AD71 and 1076). The concentration of these
species increases with increasidg which results in increased formation of naphthalén the
modeling profiles. The displaced peaks for the iotheee ringed compounds like anthracene and

fluorene could be due to unaccounted formationam$umption reactions.
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Fig 35. Comparison between experimental mole fractiprofiles and model predictions [-] of
naphthalene from shock tube oxidation experimentsmpropylbenzene,d] — average P5 = 51
atm, ® = 0.55
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555. CH,CH,(+M)=C_H,CH,+H(+M)
HEl 13 HO_+OH<=>H,0+0,

(MM 1076.CH,CH,+H,CCCH=>A2+2H
I 1071.2C H,=>A2+2H

B 989. PHC3H7=C H,CH,+C H,
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Fig 38. Sensitivity analysis of the naphthalene different equivalence ratios for P5 = 55.9 atm,
T5 = 1250 K and reaction time = 1.71 ms

The modeling profiles for the other two ringed nmtediate benzofuran are shown in Fig 39.
These graphs show benzofuran formation at highmepéeatures only for the fuel rich dataset. The
model includes the steps for formation of benzofuyg recombination and elimination reactions of
phenoxy radicals with acetylene, styryl radicalsw® and OH, benzyl radicals with CO and HCO
and phenyl radicals with G’®. Another route for the formation of benzofuran fiem
dibenzofuran. Including the pathway for the forroatiof dibenzofuran by recombination of
phenoxy radicals and elimination os®F° showed considerable amounts i.e., about 8 - 15 gipm
dibenzofuran in the modeling profiles, denoted dgngles in Fig 39. The reaction network for the
formation of benzofuran from dibenzofuran is showrFig 40 as proposed in literatfité® but

detailed kinetics has not been provided as a resultvhich only a qualitative mechanistic
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description is shown. In general, the model shaatisfactory predictions for the formation of two

ringed and three ringed compounds.
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Fig 39. Comparison between experimental mole fractiprofiles of benzofuran from the shock
tube oxidation experiments of n-propylbenzene andodwul predictions of benzofuran and
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Fig 40. Reaction mechanism for the formation of bewfuran from dibenzofuraf®
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4.3.4. Comparison with Other Experimental Data Avdiable in Literature

The UIC n-Propylbenzene Oxidation Model has beempayed against the flow reactor
oxidation data of Litzinger et &.and the jet stirred reactor data of Dagaut &t ahd the results
are discussed in sections 4.3.4.1 and 4.3.4.2cteply. Published ignition delay data available in
the literature is limited to the study by Roubau@lé®. This data is at a lower temperature (600 —
900 K) than our experimental data. It was furthiescassed in a later publication by these auffiors
that including the low temperature chemistry isc@bin predicting their ignition delay data. Since
the fuel decay for our experimental conditions esct higher temperatures (> 1000 K), the low
temperature chemistry for n-propylbenzene oxidati@s not included. Hence the model is not
compared against the ignition delay data of Roubetual®®. Validation of the flame speed d%fta
requires additional evaluation of new thermochempeaameters as well as transport parameters

which is beyond the scope of the current work.

4.3.4.1. Modeling of Major Intermediates from the Fow Reactor Data

The experimental data from Litzinger ef%knd the modeling profiles of the fuel and the
major intermediates are shown in Fig 41 (a — i)e Timndel shows very good agreement with the
fuel decay for all the experimental data setsldb ahows fairly good agreement with most of the
major intermediates like styrene, toluene, ethyfleme and ethene. From the profiles it can be
noticed that a majority of styrene was formed wlwempared to toluene for the experimental
conditions of Litzinger et &° and the model could capture the fuel decay anddtmation of

toluene and styrene satisfactorily.
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Fig 41. Experimental and modeling profiles of stablintermediates from the atmospheric
pressure flow reactor oxidation experiments of nemylbenzen®, [o, -]-n-Propylbenzene, A, --
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[d-f]-T=1064 K@ =1.0,[g-i]—T =1063 Ke = 1.5, time shift = 0 ms.

4.3.4.2. Modeling of Major Intermediates from the &t-stirred Reactor Data

The UIC n-Propylbenzene Oxidation Modeling resuts plotted against Dagaut et®al.
experimental data in Fig 42. The model shows fagbpd agreement with the fuel decay and
styrene formation. The model under predicts thmédion of toluene, ethylbenzene and ethene. The
agreement between experimental and the modelirfggsrdor these species improves considerably

as the equivalence ratio is increased.
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Fig 42. Experimental and modeling profiles of stabintermediates from the atmospheric jet-
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Considerable agreement between the experimentalttenanodeling results for the fuel
decay indicates that the overall kinetics for ngytbenzene decay is accurate. We have discussed
in the previous sections about the major pathwagpansible for n-propylbenzene decay and the
important role played by the hydrogen abstractioth the homolysis reaction in the fuel decay and
the formation of the intermediate species. Comparisf the total rate constants for the hydrogen
abstraction reactions in Fig 27 (a — c) showed tiratlargest deviation between our estimated rate
constants and the rate constants estimated by Dagal is within a factor of two. However, the

branching ratios for the abstraction of hydrogeset from different sites of the n-propylbenzene
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side chain by H, O and OH radicals differ signifittg and these plots are shown in Fig 43 (a-c).
The branching ratios calculated using our estimat¢el constants are shown by symbols and the

branching ratios calculated using Dagaut &t edte constants are shown as straight lines.
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Fig 43. Branching ratios for the formation of 3-pheyl-1-propyl (APHC3HS6), 1-phenyl-2-propyl
(BPHC3H6) and 1-phenyl-1-propyl radicals (CPHC3H®)Y hydrogen abstraction reactions with
(@) H (b) O and (c) OH radicals computed using ratenstants estimated by Dagaut et®al.
(lines) and in our present work (open symbolsh, [-]-CsHsC3sH+R=APHC3H6+RH, p, -
CeHsC3H7+R=BPHC3H6+RH, U,-]-C¢HsC3H+R=CPHC3H6+RH
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From Fig 43 (a) we can observe from that the Dagdual. branching ratios for the
abstraction of hydrogen atom from the primary s{@#1sCsH;+H=>APHC3H6+H) by H radical
are consistently higher and the branching ratiostlie abstraction of hydrogen atom from the
benzylic sites by H radical (6sCsH,+H=>CPHC3H6+H) are consistently lower than that of the
present work. This difference in the branchingostresults in greater formation of toluene,
ethylbenzene and ethene when Dagaut et al. modesaed. Comparison of the homolysis rate
constants also showed that the rate constant pedpmg Dagaut et al. is a factor of 3 higher than
the rate constant used by us, which was taken finrexperimental study However if we use
similar branching ratios and the same rate congtarttomolysis reaction as that of Dagaut et al.,
the predictions of toluene, ethene and ethylbenzzme be improved but there will also be a
disagreement in predicting not only our experimledéa but also the flow reactor data of Litzinger
et al. The UIC n-Propylbenzene Oxidation Model tptsvides an optimum agreement between all
the three experimental datasets and any variatidhd rate constants would result in either under
predicting or over predicting the major intermedsafor the other two datasets. Hence, the rate

constants were not modified.

4.3.5. Interpretation of the Experimental Data usiig the UIC n-Propylbenzene Oxidation
Model

Two different fuel decay behaviors could be obsdrfrom our shock tube experiments and
the flow reactor experiments of Litzinger et®&lWithin the range of fuel decay, the shock tube
experiments show increasing relative maxima oféon&iwhen compared to styrene with increasing
®. In contrast, the flow reactor experiments of inger et af’ show slightly increasing
contributions of toluene wittb and a dominance by styrene. In order to gain sasight into this

difference in the species distribution, all the exxmental data available in literature have been
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compiled and analyzed in the following sectionsic8ithe UIC n-Propylbenzene Oxidation Model
shows fairly good predictions against our experitakedata and the flow reactor data of Litzinger et
al®® it has been used to perform a reaction path sisalyf the fuel, to reveal the important

pathways from the fuel to the formation of thederimediates.

4.3.5.1. Low Temperature Datasets

Litzinger et al’® performed n-propylbenzene oxidation at 1060 K dfor 0.65 to 1.5 and at
atmospheric pressures. The authors have obsergeghged amounts of styrene when compared to
toluene for their experimental conditions. Theaati toluene to styrene increases from 0.34 to 0.45
for ® = 0.65 to 1.5 and a residence time of 40 ms. @nCand Fromefit studied the thermal
cracking of n-propylbenzene at a pressure of lt3dyaa temperature range of 893 — 1063 K. The
authors have reported greater yield of styrene wt@mpared to toluene over their range of
experimental conditions. Dagaut et"ahas also observed lower amounts of toluene beinged
when compared to styrene at temperatures less 1080 K from their experimental data. Our
experiments also showed similar results at low@peratures. The toluene to styrene ratio from our
experiments increased from 0.10 to 0.34dor 0.5 to 1.9 and these ratios were computed af 110
K, a nominal pressure of 50 atm and reaction tifme 4l ms.

Since the model shows fairly good agreement foiptioeuction of styrene and toluene, both
at atmospheric and high pressures, it can be aspdrform a reaction path analysis of the fuel, to
gain insight into the important pathways from thelfto the formation of these intermediates. The
cumulative percentage contributions of differenthpays to the fuel decay forming 1-phenyl-1-
propyl (CPHC3HS6), 2-phenyl-1-propyl (BPHC3H6) angt®nyl-1-propyl radical (APHC3H6) and

benzyl radicals (homolysis pathway) are shown fametion of equivalence ratio in Fig 44 (a). This
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analysis was performed for a temperature of 110@r&ssure of 56 atm and a reaction time of 1.71
ms for three different equivalence ratids= 0.55, 1 and 1.9. From the figure it can be ratithat

the contribution of the hydrogen abstraction patysvaecreases slightly with an increase in
equivalence ratio and the contribution of the horsisl route increases slightly. The formation of 1-
phenyl-1-propyl and 2-phenyl-1-propyl radicals ledad the formation of styrene, the formation of
3-phenyl-1-propyl radicals and the homolysis ropteduce toluene. Even though there is a
cumulative 8 % increase in the benzyl radical potida routes from fuel lean to fuel rich
conditions, the formation of benzyl radicals atrslmwv temperatures leads to increase in bibenzyl
concentrations rather than increase in toluenee®as this analysis and the experimental results
we can conclude that irrespective of the pressndeeguivalence ratio, styrene is always found to

be the major intermediate for temperatures aro@&d K.

100
40 | N APHC3H6 772 BPHC3H6 a I APHC3H6 7774 BPHC3H6 b
[l CPHC3HS6 EX& Homolysis 804 [ CPHC3H6 &R Homolysis
i c B
S 30+ o K = &
B= ot K < 604 &
i = K 2 &
it s it &
7l s 7 litss &
& BB Tl i
0- g K Z K . é ki 0- . %I'E:i
0.5 1.0 15 2.0 0.5 1.0 15 2.0
Equivalence Ratio Equivalence Ratio

Fig 44. Percentage contribution of different pathwsa to fuel decay as a function of equivalence
ratio, (&) P5 =55.9 atm, T5 = 1108 K and reactiome = 1.71 ms, (b) P5 = 55.9 atm, T5 = 1250 K
and reaction time = 1.71 ms
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The sensitivity analysis of the fuel is shown ingH5 and it was performed for a
temperature of 1250 K, a pressure of 55.9 atm aneaation time of 1.71 ms. At lower
temperatures the fuel decay is sensitive to thendtion phenylpropyl radicals by hydrogen
abstraction reactions and benzyl radicals by thadtgsis route (reactions 1000, 1009, 998, 1006,

1004 and 989).

77721 989. PHC3H7=C H,CH,+CH,
E= 591. CH,CH,+HO =C H,CH,O+OH
(I 1000.PHC3H7+OH=BPHC3H6+H,0

9. H+02(+M):HOZ(+M)
EH 1. H+0,<=>0+0H

XXX 1009. PHC3H7+CH =CPHC3H6+CH,
B 998. PHC3H7+H=BPHC3H6+H,

555 CH,CH,(+M)=C H,CH,+H(+
B2 1013. BPHC3H6=C H +AC H,
EE 36. CH+HO,<=>CH,+O,

- 13.HO,+OH<=>H,0+0,

(IIIII0 1006. PHC3H7+OH=CPHC3H6+H,0 s
I 1004. PHC3H7+H=CPHC3H6+H,
E=3557.C_H.CH +0,=C H.CH_+HO,
e L s E——
-0.3 -0.2 -0.1 0.0
Normalized Sensitivity Coefficient

¢=0.5

Fig 45. Sensitivity analysis of the fuel at P5 =.85tm, T5 = 1108 K and reaction time = 1.71 ms.

4.3.5.2. High Temperature Datasets

At high temperatures the relative maximum of toki@r styrene at a particular temperature

depends on thé. For our experimental datasets, the ratio of twdu® styrene increases from 0.57
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to 2.75 ford = 0.5 to 1.9, for a temperature of about 1275 € amominal pressure of 50 atm. This
increase in toluene concentrations with temperaua® also observed in a few other experimental
studies available in literature. Dagaut ef'alobserved higher amounts of toluene being formed
when compared to styrene at higher temperatures freeir experimental data. The only other
available high temperature study of n-propylbenzen¢hat of Anderson et &. The authors
studied the naphthalene formation pathways in mempxed methane flames doped with
alkylbenzenes. High concentrations of toluene wbt@mpared to styrene were observed in the n-

propylbenzene flames, at temperatures of about K600

The cumulative percentage contributions of difféngsthways to the fuel decay forming 1-
phenyl-1-propyl (CPHC3H6), 2-phenyl-1-propyl (BPH@® and 3-phenyl-1-propyl radical
(APHC3H6) and benzyl radicals (homolysis pathway) shown as a function of equivalence ratio
in Fig 44 (b). This analysis was performed for mperature of 1250 K, pressure of 56 atm and a
reaction time of 1.71 ms for three different eqlenae ratiosp = 0.55, 1 and 1.9. From the figure,
we can notice that the contribution of the homalysiute to the fuel decay increases significantly
with an increase in equivalence ratio, which resuft the increased formation of toluene at
stoichiometric and fuel rich conditions and thisswabserved from both the experimental and the
modeling results. However, at fuel lean conditiomgen though the contribution of the routes for
the formation of benzyl radical (homolysis and 2pyl-1-propyl radical) is almost twice greater
than the routes forming styrene, the benzyl radiocaidize to form benzaldehyde (a maximum of
10 ppm measured in the fuel lean dataset), theresyiting in lower amounts of toluene being
formed when compared to styrene. As the conceatraif oxidizer decreases a lower amount of
benzaldehyde is formed and this results in incibdsamation of toluene. Based on this analysis
and the experimental results discussed above, wanter why the relative maximum of toluene or

styrene for temperatures above 1200 K dependsebodimcentration of the oxidizer. The sensitivity
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analysis of the fuel is shown in Fig 46 and it wasformed for a temperature of 1250 K, a pressure
of 55.9 atm and a reaction time of 1.71 ms. At bigtemperatures, considerable increase in
normalized sensitivity coefficients, from about @35 can be observed for the formation of benzyl
radicals by the homolysis route, when comparedhéonormalized sensitivity coefficients at lower

temperatures (compare reaction 989 in Fig 45 agdié6).

EZ221 989. PHC3H7=C H_CH,+C H,
[ 1. H+0,<=>0+0OH

E=3591. CH,CH,+HO,=C H.CH,0+OH %__
(I 1006. PHC3H7+OH=CPHC3H6+H,0 == ¢=2.0
B 994. PHC3H7+OH=APHC3H6+H,0 B

B 1004. PHC3H7+H=CPHC3H6+H,

565. CoH,CH,(+M)=CH,CH +H(+M)— =
BN 155. C H,+O<=>CH_+HCO = =10
9. H+O,(+M)=HO,(+M) =

E 559. C H.CH_+H=C H.CH +H,

BS 560. C,H.CH +OH=CHCH +HO

0.5
E=3557. CH.CH,+0,=C_H.CH,+HO, =N
1 13. HO,+OH<=>H,0+0, ="
T T — T ' T — T
-6 -4 -2 0 2

Normalized Sensitivity Coefficient

Fig 46. Sensitivity analysis of the fuel at P5 =.85tm, T5 = 1250 K and reaction time = 1.71 ms.

4.4. Conclusions

The oxidation of n-propylbenzene has been studietbminal reflected shock pressures of

25 and 50 atm, for a temperature range of 838-16& fuel lean, stoichiometric and fuel rich
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conditions. Species concentrations of small hydlmmas, mono-aromatic and multi-ringed
aromatic species were obtained as a function opéeature. A kinetic model was assembled to
describe the decay of n-propylbenzene and the foymaf the stable intermediates, as measured
from the experiments. The fuel decay pathways dégedion the temperature. At low temperatures
the majority of the fuel decayed by hydrogen alutiva reactions from the n-alkyl side chain. At
high temperatures the majority of the fuel is caned primarily by the homolysis route. A direct
pathway from the fuel was identified to be respblesfor minor amounts of indene being formed.
The model simulates the fuel decay and formatioma$t of the intermediates accurately for all the
experimental data sets. The model has also beatated against the flow reactor oxidation data

and jet stirred reactor oxidation data availablgéterature.

92



5. DISCUSSION OF EXPERIMENTS AND MODELING RESULTS OF N-
PROPYLBENZENE PYROLYSIS

5.1. Introduction

The detailed pyrolysis, i.e. oxygen free, chemktaétics of n-propylbenzene compound has
been investigated. Previous studies on n-propykremxkinetics were limited to oxidatiSh® The
oxidation studies provided valuable informationameting the influence of oxygen on the reactivity
of the fuel and the formation of the intermediafi@svaried concentrations of oxygen. However,
pyrolytic studies are also important in analyzihg fuel decay behavior without the influence of
oxygen in regimes of combustion where thermal pses dominate. The pyrolytic reaction
chemistry then becomes an important subset of cetitsumodels. Hence, developing accurate
kinetics for the pyrolytic reactions is critical developing fully comprehensive combustion models.
Therefore, we studied the pyrolysis of n-propyllre at conditions pertinent to combustion in

practical devices, at an average pressure of 5aathtemperatures from 1027-1678 K.

5.2. Experimental Results

n-Propylbenzene pyrolysis experiments were conduatean average pressure of 54 atm
and for a temperatures range of 1027-1678 K. Tlegperiments were performed to extend the
experimental validation database for n-propylbeezenetics to pyrolysis and to confirm that the
hypothesized pyrolytic steps in our oxidation m8Uaire accurate and sufficient. Most of the
species measured for this set of experiments wieng¢as to those measured in the shock tube
oxidation experimenf§ except for a few species such as triacetylenethgnylnaphthalene,

methylfluorene, diphenylethyne, methylanthracendenylnaphthalene, m-, p-terphenyl and
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acenaphthylene. Since, it was not possible to ngdjgish, between the three ringed species,
anthracene and phenanthrene, with the current iexpetal set-up, both these species were lumped
into one species, which is referred to as anthm@ethis paper. These species have been measured
for the first time during the pyrolysis of n-propghzene. Leigh and Szw&tdnvestigated the
pyrolysis of n-propylbenzene, but the authors’ mead only ethylene concentrations from their
experiments. Chen and Froménstudied the thermal cracking of n-propylbenzend #mey
measured only single ringed aromatic hydrocarbeom ftheir experiments. Hence, the current
study is of importance because of the measuremespecies, a number of which, were not
observed from the previous experimental studiesrteg in the literature.

The observed species distribution depended on #rmapdrature range. At lower
temperatures, of about 1052 K where the fuel startiecay, several species such as ethane, ethene,
propene, benzene, toluene, ethylbenzene, bibenayl styrene are formed. The fuel decay,
formation and consumption profiles of these intediates are shown in Fig 47 (a) and (b). The
hydrogen abstraction reactions and the homolysistiens of the side chain, lead to the above
mentioned species and the specific pathways fofdimeation of these species will be discussed in
the subsequent sections. Hence, at lower tempegatilie n-propyl side chain chemistry appears to
be dominant and the reactions that occur are sinailthe reactions of n-propane. These similarities

were discussed in detail in Section 4.2.2.
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Fig 47. n-Propylbenzene decay and the formationpobducts.

Reactions at higher temperatures, greater than K326ad to the formation of two ringed
and three ringed aromatic hydrocarbons, which @attsibuted to the aromatic characteristic to n-
propylbenzene. For example, considerable concemigabf species such as indene, naphthalene,
anthracene and acenaphthylene are observed atpertgore of about 1326 K and these species
profiles are shown in Fig 47 (c). At temperaturesater than 1400 K, the polycylic aromatic
hydrocarbons decay to form acetylene, diacetylenetaacetylene. The species profiles of these
intermediates are shown as a function of reflesteatk temperatures in Fig 47 (d). In fact, most of
the polycyclic aromatic hydrocarbons observed i plyrolysis experiments of n-propylbenzene,

such as indene, naphthalene, anthracene and atieylapk are also formed from the high
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temperature pyrolysis of toluelfé®°°! This observation indicates that since toluengaésmajor
intermediate formed from the side chain reactiohe-propylbenzene the subsequent reactions of
the benzyl radical that results from toluene cdagdresponsible for the formation of the polycylic
aromatic hydrocarbons. The specific pathways thatrasponsible for the formation of the major

polycyclic aromatic hydrocarbons will be discusgsethe subsequent sections.

5.3. Modeling

The UIC n-Propylbenzene Oxidation Mofehas been used as the basis to simulate the
experimental data since it contains within it agbysis subset of reactions. The Oxidation Model
has been validated for oxidation experiments, whndhuded the speciation data from our shock
tube®, flow reactor data of Litzinger et #l.and jet stirred reactor data of Dagaut étal.he model
showed excellent agreement with the fuel decaythadormation of the major intermediates, for
these three different oxidation experimental ddasadéence this model has been used as the initial
basis for interpretation of the pyrolysis experitiserOnly the oxygen free reaction subset of the
UIC n-Propylbenzene Oxidation Model is consideredimulate the pyrolysis experimental data.
This model which is devoid of any reactions invalyioxygen containing compounds is the initial
version of the UIC n-Propylbenzene Pyrolysis Maated is referred to as Mod1.

CHEMKIN 4.1.1°° suite of programs was used to simulate our exmerial data initially
with Mod1. For the modeling calculations, the exaction time, temperature and pressure are
specified for each shock along with the initial diions of the fuel, oxidizer and the diluent. The

simulations are performed assuming an adiabatistaahpressure process.
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5.3.1. Modeling Results and Discussion

The experimental and modeling profiles of the faetl the major intermediates such as
ethene, toluene, styrene, bibenzyl, ethane, beremmh@ropene are shown in Fig 48 (a) and (b). The
modeling profiles were generated using Modl. Theeerents are denoted by symbols and the
modeling profiles are shown by the correspondinglsyl and connecting line. The model, shows
excellent agreement with the fuel decay and sHeisly good agreement with the formation of the
other intermediates over the temperature rangéeofuel decay i.e., from 1052 to 1257 K, which
indicates that the reactions included in the Modd fliel decay are sufficient and accurate. The
percentage contribution of each reaction to theratet of destruction of the fuel is shown in Fig 48
(c). This analysis was performed at a temperatrl68 K and reaction time of 1.8 ms, which
corresponds to the experimental conditions at whlatost 50 % of the fuel has decayed. From the
plot, Fig 48 (c), it is evident that about 60 %tloé fuel decays by the homolysis reaction (reaction
R6) and about 40 % of the fuel decays by hydrodestraction reactions from the propylbenzene
side chain, producing radical species such as CPH8E3-phenyl-1-propyl radical), BPHC3H6 (1-
pheny-2-propyl radical) and APHC3H6 (3-phenyl-1proradical). The sensitivity analysis of the
fuel, which was also performed at the same expetiaheonditions shows that the fuel decay is
most sensitive to the homolysis pathway (reacti6in Rrevious studié$®*®*¥have shown that the
hydrogen abstraction pathways are important toftleé decay in the presence of oxygen and at
temperatures below 1060 K. In this pyrolysis stugdyhave identified the homolysis pathway to be

the dominant route for fuel consumption, irrespexctf the temperature.
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Fig 48. Experimental and modeling profiles of spesiusing Mod1.

Bibenzyl is the major intermediate among the twg aromatic hydrocarbon products. This

species is formed by the recombination of benayjicads (reaction R18 in Table 9).
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Table 9. Reactions in Mod1 responsible for the fation of naphthalene, indene and anthracene

Number  Reactiorf A n Ea
R1€” 2CHs=> A2+2+ 4.30E+1. 0 971:
R1€ CeHsCHo+CeHsCH,=Cy,H1s  5.00E+1: O 454
R1¢™ R22C9H9=INDENE+} 1.00E+1: O 3715¢
R2("” INDENYL+CsHs=>A3+2H 4.30E+1: 0 971:
R21% A2-+C4H,=A3+H 3.30E+3! -5.7 2533«

% = AT" exp(-Ea/RT ): rate constant (units: mol, s; coal).

From Fig 48 (b) it can be observed that the Modiwshfairly good prediction for the formation
of bibenzyl. Among the polycyclic aromatic hydrdoans the major species formed were indene,
naphthalene, anthracene and acenaphthylene. Tloictmes of Modl are shown against the
experiments in Fig 49, denoted by symbols and dhshes. Mod1l over predicts the formation of
naphthalene and under predicts the formation oféniedand anthracene. Reaction path analysis of
naphthalene was performed at a temperature of kK568e temperature at which the maximum
concentrations were predicted by Mod1l. The reagbiath analysis showed that naphthalene (A2)
is formed primarily from the recombination of cypentadienyl radicals (R16 in Table 9). Reaction
path analysis of indene at a temperature of abd2b K showed that indene is formed froHg
radical, which is produced from 1-phenyl-2-propgldical by subsequent hydrogen abstraction
reaction&® (R19 in Table 9). Modeling profiles showed thenfation of anthracene (A3) at higher
temperatures, which is produced as a result ofmeamation of indenyl and cyclopentadienyl
radical and naphthyl radical (A2-) and vinylacengde(R20 and R21 in Table 9). Since Mod1 did

not quantitatively capture many of the polycyclroraatic temperature profiles, the modifications,
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as described in the following paragraph, were m@adéhe model to predict the formation and
consumption these major polycyclic aromatic hydrboas with greater agreement. In addition to
this, the reactions for the formation of a numbieotber minor polycyclic aromatic hydrocarbons,
which were not originally present in the Mod1, wetso included, from various referente¥

The references to this set of reactions are alsaigied in the model. This updated version of Mod1

is the final version of the UIC n-Propylbenzeneddysis Model and is referred to as Mod2.
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Fig 49. Experimental profiles and modeling prediofis of polycyclic aromatic hdyrocarbons,
[Symbols]-Experiments

Since naphthalene is primarily formed from the mbmation of the cyclopentadienyl radicals,
in order to decrease the formation of naphthalenember of the rate constants for the decay of
cyclopentadiene and cyclopentadienyl radicals wepelated from the recent publication of

Robinson and Lindstett ( R23, R24, R17 and R26 in Table 10 ). The authberetically
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investigated the chemical kinetics of cyclopentadiexidation and pyrolysis. Inclusion of updated
kinetics for these reactions has significantly @lthe formation of naphthalene in the modeling
profiles, from 14 ppm to about 0.5 ppm and alsadased the production of acetylene and

diacetylene by about 40 ppm and 7 ppm, respect{gely Fig 49 and Fig 50).

Table 10. Reactions in Mod2 which are discussedhina text

Number Reactiorf A n E
R14% CeHsCH,+C,H, = INDENE+H 6.00E+1. O 999F
R2:2% CsHe+CHs=CsH,CHz+H 2.00E+1. O 6214
R24% C:H,CH3=CsH,CH,+H 1.00E+1° O 5186
R17% H,CCCH+CH,=CsHs 6.87E+5! -12.F  4201:
R2€% CsHe=CsHs+H 1.61E+1( 0.8 8957¢
R27% CsHs+C:H==INDENYL+CH, 2.50E+1. O 956(
R2€% CiH,=>A3+H, 2.50E+1! 2 8470(

% = AT" exp(—Ea/RT ): rate constant (units: mol, s;’caoal).

Updated rate constant for the formation of indermnf the reaction of benzyl radical and
acetylené has considerably increased the indene formaticeraperatures greater than 1300 K
(R27 in Table 10). The formation of anthraceneoatdr temperatures could not be reproduced by

any of the reactions from the included referefft&s® which comprised of recombination
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reactions among indenyl and cyclopentadienyl rdslicaaphthyl radicals and diacetylene,
vinylacetylene, phenylacetylene and phenyl raditathynyl naphthyl radical and acetylene and
biphenyl radicals and acetylene. The formation ofheacene at lower temperatures could be
predicted, from stilbene through reactioni,=>CsHiotH.* (R28 in Table 10). The formation
and consumption reactions of acenaphthylene werledad from the atmospheric pressure soot
model of Slavinskaya and FraikkThe predictions of Mod2 are shown in Fig 49 foe tmajor
polycylic aromatic hydrocarbons and are denotedyybols and lines. Mod2 also showed fairly

good predictions for the formation of other minotermediates.
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Fig 50. Experimental and modeling profiles ofo] —Acetylene, §] — Diacetylene, A] —
Triacetylene, [Symbols]-Experiments
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Based on the development of Mod2 two importaneolsions could be made with regard
to the formation of the polycyclic aromatic hydrdwan species. The formation pathways of few of

the intermediates like indene are dependent otethperature. The sensitivity analysis of indene is

shown in Fig 51 (a) and (b) at low and high tempees respectively.

2.4

T Y T T T T T T
| " R3. CH,C,H +H=C H,CHCH,CH +H,

T T T T T T T T
—— R7. C,H,CH,(+M)=C_H,CH,+H(+M)

6 53 7 1 1.8- 4
—R4.CH,CH +H=CH.CH CHCH +H, |- R11.CH,CH,=CH+CH,
164 X R5. CH.C,H +H=CH.CH,CH.CH_+H, i —R12.C H =C H +H
" —R6.CH,CH=CHCH+CH, 1.24 4 R13.INDENE=INDENYL+H b
1— R7. C,H,CH,(+M)=C_H,CH_+H(+M) | ==—R14. CHCH,+C H,=INDENE+H
Lo -. — R15. C H +H=C H_+H
£ 0.8 R10. CH,C H-2+H=R1C_ H_+H, . 106 X 24 2 '3 2 |
Q
% __________
o 0.01 4 0.0 .
O FX XX XXX XX XX b
2 18 '
= T T T T T T T T T T
=
‘0
= T T T T 1 5 T T T T T T
% 3.24 + R1e. CH,CH +H=C H.CH,+H, 4 497 ——R7.CH.CH,(+*M)=CH.,CH_ +H(+M) b
8 04 11— R11.CH,CH,=CH+CH, = R8. CH,CH +H=C H.CH+H,
N & 1 ---R12.C H =C H +H 1 1.0- —R14.CH,CH,=CH+CH, |
g 1 6-— R17.2C H=>C, H +2H 1| 7 R12.C H, =C H +H
5 ’ ] X R18. H,CCCH+C,H,=C_H, ] X RS5. CH,CH +H=C H CH CH,CH,+H2
pd 0.5 e T T T .
0.81 ]
| B -7 2 i
0.0 R 1 0.0 Z )
4 X 5 v L 4
-0.84 ¢ XK d
0.0000 0.0007 0.0014 0.0000 0.0007 0.0014 0.0021
time (s)

Fig 51. Sensitivity analysis of (a) Indene, T5 =22K, P5 = 56 atm, t = 2.04 ms (b) Indene, T5 =
1375 K, P5 =52 atm, t = 1.92 ms (c) NaphthalenB,71407 K, P5 = 56 atm, time = 1.59 ms (d)

Anthracene, P5 =52 atm, t = 1.92 ms using Mod?2
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At low temperature the formation of indene is séwsito the production of R1C9H9 and
BPHC3HE6 radicals (R4 and R10 in Fig 51 (a)). Bdtihese radicals are responsible for formation
of indene at these low temperatures (also discugs&gction 4.3.3). At higher temperatures the
formation of indene is sensitive to reaction oforebination of benzyl radical and acetylene and is
also influenced by the production of benzyl andyviradicals (R11, R14 and R15 in Fig 51 (b)).
The formation of a few of the polycyclic aromatigdnocarbons is dependent on the radical pool
formed from the breakdown of the fuel. For examplace the fuel decays primarily by homolysis
pathway, the benzyl radical is one of the majoenmiediate species formed. We can observe from
Fig 51 (c), that the formation of naphthalene issg@se to the availability of benzyl radical artet
intermediates produced from the decay of benzyicadsl such as the cyclopentadienyl radical
(R11, R16 and R17 in Fig 51 (c)). Benzyl radicadoaplays a role in the formation of indene
(reaction R14) and is indirectly related to thariation of anthracene. The formation of anthracene
is sensitive to the production of bibenzyl (R1Zig 51 (d)), which decays by hydrogen abstraction
reactions to produce stilbene. Stilbene is respbadior the production of anthracene through
reaction R28 in Table 10. Hence, the modeling testdlidate our initial hypothesis that the benzyl
radicals could be responsible for the formatiothef major polycylic aromatic hydrocarbons.

The updated pyrolysis subset of reactions in Modha® been included into the UIC n-
Propylbenzene Oxidation Model. The revised UIC opytbenzene Oxidation Model consisting of
the updated pyrolysis subset of reactions showedlasi predictions, when compared with the
original oxidation data model, for the fuel decaydahe formation of most of the intermediates
which were primarily formed from the fuel decay Bwas toluene, styrene, bibenzyl, ethylbenzene,
ethane, benzene and propene. However, the reviseation model showed increased consumption
of oxygen and ethene by about 25 % and 40 % raspbgtfor temperatures greater than 1400 K
and for fuel rich and stoichiometric conditions,emhcompared to the original motfelresulting in
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a greater agreement with the experimental data. rekiesed oxidation model also showed a
significant increase in acetylene and indene cdnatons for the experimental datasetsbat 0.5,

1 and 2, which results in the modeling profileswsimg improved agreement with the experimental
data. The revised model also showed the formatibranthracene at the right experimental
temperatures and a decrease in the formation dfthalene by about 90 %, irrespective of the
equivalence ratio, which resulted in under predicteodeling concentrations of naphthalene for all
the experimental datasets. Overall, including theated pyrolytic subset of reactions into the UIC
n-Propylbenzene Oxidation Model has also improvedgredictions of a number of major species

from the oxidation experiments such as oxygen,letteyand acetylene, indene and anthracene.

5.4. Conclusions

The pyrolysis of n-propylbenzene has been invesdyan the High Pressure Single Pulse Shock
Tube (HPST) at University of lllinois at Chicagoy fa nominal reflected shock pressure of 50 atm and
for a temperature range of 1027 to 1678 K. Sewstadile intermediates have been measured from the
experiments using gas chromatographic techniqubssd intermediates included aliphatic, single
ringed aromatic and polycyclic aromatic hydrocarhorhe subset of pyrolysis reactions in the UIC n-
Propylbenzene Oxidation Model was utilized as aisb&s model the formation of these stable
intermediates. This model was further modified iolude and update reactions for predicting the
formation of polycyclic aromatic hydrocarbons, wigineater agreement. From the final pyrolysis
model, it was found for our experimental conditiotisat the fuel decays primarily by a homolysis
pathway which has been seen to be the dominanivpgithirrespective of the temperature range of the
decay of the fuel. The formation pathways of indemere dependent on temperature. At low

temperatures, indene formation was influenced byptiesence of §Elg radicals. At high temperatures,
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indene was formed through the recombination pathefyenzyl radical and acetylene. Benzyl
radical, cyclopentadienyl radical and propargylical$ influenced the formation of other polycyclic

aromatic hydrocarbons like naphthalene, anthraeedeacenaphthylene.
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6. DISCUSSION OF EXPERIMENTS AND MODELING RESULTS OF M-
XYLENE OXIDATION

6.1. Introduction

The m-xylene experimental data available in literatfall into three categories: species
profiles obtained from reactdfs”® ignition delay time measurements in shock téb¥sand rapid
compression machin®and laminar flame spee€lls The temperature and pressure ranges over
which these experiments were performed are showrilahle 11. Despite the number of
experimental studies conducted there is a lack xgeemental data simultaneously at high
temperature and high pressure conditions, whicltlaaeacteristic of combustion environments. To
address this lack of data, as well as the abseheewalidated chemical kinetic model at high
temperature and pressure, the oxidation of m-xyleag studied in our high pressure single pulse

shock tube (HPST).

Table 11. Experimental conditions of the m-xylentidies available in literature

Experimental

Measurement Pressure/atm  Temperature/K Apparatus
species profiled 1 ~1160 Flow reacto
species profile¥ 1 1050-1400 Je-stirred reactc

ignition delay time¥ 7-9 1336-1712 Shock tube
ignition delay time¥ 9-45 941-1408 Shock tub
Rapid compressio
ignition delay time% 20 600-900 machine
burning velocitie® 3 450 Spherical vesst
Shock tube (thi:
species profiles 27-53 1024-1584 work)
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6.2. Experimental Results

m-Xylene oxidation experiments were performed & fean, stoichiometric and fuel rich
conditions @ = 0.53, 1, 2.35), for a temperature range of 10243 K. Experiments at fuel lean
and fuel rich conditions were done at two nomiredlected shock pressures of 25 and 50 atm,
whereas all the experiments at stoichiometric doons are at an average pressure of 51 atm. The
diaphragm opening process causes minor variatie2@%) in the final pressure; consequently the
experiments are referred to as being performednamfnal” pressures as quoted above. The
reaction times for these experiments are in thgeaf 1.5 + 0.5 ms. The experimental conditions

are listed in Table 12.

Table 12. m-Xylene experimental conditions

Average Shock Fuel Temperature @ Reaction
Pressure /atm /ppm Range /K Time /ms
27 102 1025-1561 0.62 1.37-2.01
52 103 1056-1569 0.55 1.28-1.97
50 61 1080-1514 1.2 1.35-2.1
27 90 898-1632 2.1 1.3-1.96
49 93 1131-1583 2.3 1.38-1.92
54 54 1060-1579 1.28-1.91
50 102 1025-1741 1.17-1.92
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6.2.1. Effect of Pressure on m-Xylene Decay

The profiles of the fuel are shown as a functioriemperature in Fig 52, for two different
reflected shock pressures and similar equivaleaties: Over the pressure and temperature range of
the current experiments, no significant pressungeddence was seen for the decay of the fuel,

oxidizer and for the formation of the intermediates
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Fig 52. m-Xylene decayA|-average P5 = 53 atmp = 0.53, p]-average P5 = 27 atmp = 0.55,

[o]-average P5 = 50 atnmgp = 2.35, X]- average P5 = 28 atmp = 2.1, nominal reaction time =
1.5ms

6.2.2. Effect of Oxygen Concentration on the Fuel &ay

As seen in Fig 52, for similar temperatures a loamount of m-xylene is consumed at fuel
rich conditions when compared to the fuel lean doots. The species distribution also varied for

different equivalence ratios with greater numbepalfycyclic aromatic hydrocarbons being formed

109



for the experiments at fuel rich conditions whemmpared to the fuel lean and stoichiometric
conditions. The structures of a few of these padlicyaromatic hydrocarbons and other relevant
species mentioned below can be found in Table 13)&nd Table 14 (T14). Note: Following the
initial mention of species not thought to be of coom knowledge a T13 or T14 is placed to

provide the reader with a guide to location ofgpecies structure.

Table 13. Structures of major polycylic aromatic dinpcarbons measured in the m-xylene
oxidation experiments

Species Structure Species Structure
3,3- CH di-m-
Dimethylbibenzyl Tolylmethane HsC CHz
(CadHig O O CHs (Coho

m-Tolyl-p- Indene
tolylmethane HsC (CgHg)
(CisH16)

CH3

8

Naphthalen Fluorent

(CicHo) (CiHa)
Biphenylen: Pyrent

() OIO (CuHho 90

Acenaphthylen ‘ Anthracen
(CIZHS) OO (C14H 10)
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Table 14. Structures of the species, whose readiare discussed in this publication

Species Structure Species Structure
m-Xylene HaC 3,E-Dimethylphenoxy radice Ha
(CHACH) @ (OCHH(CH)) @

o’ CHj

CHj

m-Xylyl radical or HsC 1,3-Dimethylcyclopentadien

m-methylbenzyl radical (CsH4(CHa),) HC
(CH:CeH.CHy) @

CH, CHg

m-Methylpheny GHs 1-Methylcyclopentadienyl radic i

radical SN (CsH4CHy) c

(CeHCHs) P

_ \_/
Fulvenallen ﬁHz 3-Methylbenzaldehyc HsC
@\%

(C/He) (CH4CgH,CHO)
p-Xylylene GH 1-Ethynylcylcopentadier Vi
(CHCGH.CHy) ¢ (CoH:CoH) ¢

radical (CsHsCHO)
(CeH4,CHO) A

m-Formylphenyl EN Formyl cyclopentadier O\E

6.2.2.1. Fuel Lean Oxidationd = 0.53)

Fuel lean oxidation experiments were performedafeemperature range from 1025 to 1560
K and nominal post reflected shock pressures @&rizb50 atm.

Apart from the fuel and oxidizer, several othereimntediates were also measured, among
which the major small hydrocarbon intermediatesnied were CO, CObenzene (gHs), toluene
(CeHsCHs), 3-methylbenzaldehyde (GHsH4,CHO)T14, methane (ChH, acetylene (gH,), and
ethene (GH,). Small amounts (<3 ppm) of 1-ethyl-3-methylberedlHCsH4CoHs), styrene
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(CsHsCoH3), phenylacetylene @EisC,H), 1, 3-cyclopentadiene (Hg), vinylacetylene (GH,4), and
ethane (GHg) and trace amounts of allenesk), propyne (GH,), 1,3-butadiene (), 1,3-
hexadiene (gHi0), p-xylene (GHig), 1,3,5-cycloheptatriene ¢(Hg), 5-methylcylopentadiene
(CsHsCHs), benzaldehyde @E1sCHO) and 1-ethenyl-4-methyl-benzene ((CkH4C,H3) were also
measured.

The major species profiles are shown in Fig 53 Bigd54 as a function of temperature.
Above 1350 K, @ decays rapidly and CO and g€&iart to build up. The aliphatic and aromatic
intermediates reach their peak concentrations adag860 K.

Dimeric species like bibenzyl (GHi4), 3,3-dimethylbibenzyl (GH1g)T13, di-m-
tolylmethane (@H16)T13 and m-tolyl-p-tolyl-methane (@H16)T13 were also formed from the
interactions of benzyl, methylbenzyl (m-xylyl) antethylphenyl radicals. It can be seen from Fig
55 that 3,3’-dimethylbibenzyl and bibenzyl reackithmaximum concentrations around 1250 K,
which corresponds to the temperature at which aln2®86 of the fuel has decayed. This
observation suggests since 3,3’-dimethylbibenzay, éxample, is a recombination product of m-
xylyl radical, that the fuel decays primarily toxylyl radical at temperatures below 1300 K. Above
1300 K the methylphenyl radicals are formed leadmghe formation of small amounts of di-m-

tolylmethane and m-tolyl-p-tolylmethane.
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Fig 55. m-Xylene oxidation species profiles, avgeaP5 = 53 atm@ = 0.53, nominal reaction
time = 1.5 ms d]-3,3'-Dimethylbibenzyl, §]-di-m-Tolylmethane, {]-m-Tolyl-p-tolylmethane,
[X]-Bibenzyl

Other multi-ring aromatic hydrocarbons which wereasured include indene dds)T13,
naphthalene (Hg)T13, fluorene (GH10)T13 and biphenylene (gHg) T13.

The carbon totals were calculated for this setgfeeéments and are shown in Fig 56.
Almost 95 % of the carbon was recovered for thisadeexperiments. Except for the oxygenated
species like 3-methylbenzaldehyde and benzaldelgltiéhe other aromatic and aliphatic species
observed in this set of experiments were also nmmedsn experiments at stoichiometric and fuel

rich conditions.
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Fig 56. m-Xylene oxidation carbon totals, averagé B 53 atm, nominal reaction time = 1.5 ms,
@ = 0.53, p]-Preshock carbon, 4]-Postshock carbon

6.2.2.2. Stoichiometric Oxidationdf = 1.2)

Stoichiometric oxidation experiments were perfornf@da temperature range from 1079 to
1514 K and an average post reflected shock presgut@ atm. New species which were measured
in this set were diacetylene 443), triacetylene (6H»), 1-methylindene (¢Hi), acenaphthylene
(C12Hg)T13, anthracene (GH10)T13, 2-ethynylnaphthalene {§s), 4-methylfluorene (&Hi2) and

diphenylethyne (&H1o).

6.2.2.3 Fuel Rich Oxidation¢ =2.35)

Fuel rich oxidation experiments were performeddoemperature range from 1079 to 1583
K and an average post reflected shock pressur28 ahd 50 atm at fuel rich conditions

Fig 57 shows the carbon totals as a function optgature for this set of experiments.
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Fig 57. m-Xylene oxidation carbon totals, averagé P 50 atm @ = 2.35, nominal reaction time
= 1.5 ms, §]-Preshock carbon, 4]-Postshock carbon

More than 95% of carbon is recovered for tempeestup to 1385 K which corresponds to
the temperature for which almost 85% of the fuetassumed. In between 1385 K and 1450 K
about 86% of the carbon is recovered. For tempegatoelow 1385 K maximum mole fractions of
the polycyclic aromatic hydrocarbon intermediatexevformed, which explains the good carbon
balance at these temperatures. Some of these RAkhediates are shown in Fig 58 and Fig 59. At
temperatures in between 1385 and 1450 K thesemiptiates decay, possibly forming heavier
aromatics which were not identified in the presset up. Heavy aromatics up to pyrene
(C16H10)T13 were measured in the current experiments.ai found to be important to measure
even sub-ppm levels of these polycyclic aromatidrbogarbons so as to attain better carbon
recovery. The highest carbon number hydrocarbonsumed for these sets of experiments was
pyrene (GgH10); even 0.5 ppm of measured pyrene will have aarBan count which accounts for

1% loss of carbon.
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Fig 58. m-Xylene oxidation species profiles, aveeaB5 = 50 atm@ = 2.35, nominal reaction
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Fig 59. m-Xylene oxidation species profiles, aveeaB5 = 50 atm@ = 2.35, nominal reaction
time = 1.5 ms, d]-1-Methylindene H]-1-Methylnaphthalene, KX]- 1,3,6-Trimethylnaphthalene,
[0]-2-Methylanthracene, §]-2-Methylphenanthrene

The pathways involving polyacetylenic species cobkl important in the decay and
formation of polycyclic aromatic hydrocarbdfisAs shown in Fig 60, acetylene and diacetylene
start building up around 1335 K and their maximwnaentrations are attained at 1450 K, which is

the same temperature window within which the maxmuarbon loss is observed. Polyacetylenes
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up to triacetylene (§H,) were identified and quantified in the presentesikpents. Most of the

carbon was recovered at temperatures above 1450cK all the carbon is converted to CO and

CO; in the oxidation experiments.
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Fig 60. m-Xylene oxidation, species profiles, avgeaP5 = 50 atm@ = 2.35, nominal reaction
time = 1.5 ms, §]- Acetylene, Jf]-Diacetylene

6.3. Modeling

As observed from the experiments, the oxidatiomefylene produced both lower carbon

number aromatics and aliphatics and higher carhonber aromatics than the fuel. This chapter

discusses the modeling results up to the formaifaime lower carbon number first aromatic ring.

The modeling of the formation of higher carbon nemimulti-ring aromatic hydrocarbons from the

fuel will be discussed in Chapter 8.

Three chemical kinetic models, the Gail and Dagaotdef’, the Battin-Leclerc et al.

modef®, and Narayanaswamy et al. mddetere initially used to simulate our experimentatad
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The Battin-Leclerc et al. model had been validaggginst their shock tube ignition delay
experiments of the xylenes, spanning a temperatunge from 1300 to 1800 K and pressures from
6.7 to 9 atm. The Gail and Dagaut model was deeeldp simulate their m-xylene oxidation data
in an atmospheric jet stirred reactor. The Naragamamy et al. model was validated against the
experimental data available in literature and thdudes the flow reactor experiments, shock tube
ignition delay experiments and laminar burning eéles of m-xylene. Both the CHEMKIN 3.6.2
and CHEMKIN 4.1.%2 suite of programs were used to simulate our empertal data with these
models. For the modeling calculations, the exaekctien time, temperature and pressure are
specified for each shock along with the initial dilons of the fuel, oxidizer and the diluent.

The Battin-Leclerc et al. model provides a bettetd the experimental data than the Gail
and Dagaut model and the Narayanaswamy et al. nbedelll the three of them fail to predict the
experimental data accurately. The Gail and Dagaadainand the Narayanaswamy et al. model
show lower consumption of the fuel and oxygen awnation of the intermediates. The Battin-
Leclerc et al. model shows fairly good consumptidfuel and oxygen but shows displaced profiles
for the formation and consumption of the intermeslalike CO, benzene and toluene as seen in Fig
61 and Fig 62. Improved agreement of the Battinldrecet al. model with the experimental data
can be achieved by modifying or including the rieaxs to which the fuel decay and formation of
intermediates is sensitive. This model has beeh ioua hierarchical fashion and consists of their
toluene, benzene and-Cs oxidation mechanisms. However, as a result oftgrdamiliarity with
and confidence our own high pressure toluene awxidand pyrolysis models, an independent m-

xylene oxidation model has been developed basedioprevious work.
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6.3.1. The High Pressure Toluene Oxidation Model

The high pressure toluene oxidation mé¥akas used as the base model in constructing the
m-xylene oxidation model. Hence, it was importamtupdate the rate parameters and include
additional pathways as available from the literatufhe rate constants for the pyrolytic steps of
toluene, CO/H oxidation and ethane oxidation were updated frbereferencég§*91%11%2 || of

which have been studied in our laboratory. In addito this, rate constants for a few important

reactions were updated based on the suggestiongasii et af’>. Recent experimental and

120



modeling work have highlighted the dominance oféwa pathways in toluene oxidation such as, the
decomposition of the benzyl radit&'® the benzyl+@ methylphenyl+®@ and benzyl+H®
pathway$’>™% The benzyl radicals decays to form a seven cartonbered intermediate, which
has later been identified by theoretical calculaito be fulvenallene (Elg)T14 by both Da Silva

et al’® and Cavallotti et ad® and this further decays to form cyclopentadieradical and
acetylene. Murakami et & investigated the potential energy surface for rérction of benzyl
radical with molecular oxygen, using ab initio editions. Pressure dependent rate constants were
calculated for the dissociation reactions of thezZyperoxy radicals, forming benzaldehyde and
OH as the major products, along with minor amowftphenoxy radical and formaldehyde. The
addition of molecular oxygen to methyphenyl radidarms methylphenoxy radic¢al and fulvene,
propyne, CO, C@and ethenyl radical as produ€tsAll of the above reactions and subsequent
reactions of fulvene forming benzene, phétyand propargyl radicat® have been included in the

updated toluene oxidation model. The rate constantshe modified reactions and included

pathways are shown in Table 15.

Table 15. Modifications and additions to the Higlréssure Toluene Oxidation model referred to
as Updated Toluene Oxidation Model 1

Reaction

Number Reactiorf A n E,
R1"2 CeHsCHy+CeHsCHO=CGH:CH4+CsH-CO 2.18E+07 2.5 46045
R2" CeHsCHs+OH=CH:sCH,+H,0 1.81E+05 2.39 -602
R3 CeHsCHz+H=CsH-CH,+H, 6.47E+00 3.98 3384
R4 CeH=CHg+H=C¢Hg+CH; 3.90E+08 1.25 2371
R5% CeH,CH3+0,=0CH,CHs+O 8.57E+20 -2.27 7189.29
R6'° C¢HsCH,+HO,=>C4HsCHO+H+OH 3.67E+13 0 0
R7° C¢HsCH,+HO,=>C4Hs+CH,O0+0OH 1.17E+13 0 0
Rg CeHsCH,=>C,Hg+H 6.28E+22 -2.056 93400
RO C;Hg+H=>C¢HCH, 1.12E-06 6.25 6040
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R10'° CeH=CH»+0,=>C¢H-CH,00 1.75E+09 -0.02 -7700

R11%° CeHsCH,00=>C¢HsCH»+0O, 6.87E+11 O 17341
R121%° CeHsCH,00=C¢Hs0+CH,0O 1.56E+07 O 33817
R13'° CeHsCH,00=C¢H-CHO+OH 1.65E+09 0 29040
R14% CeH4CH3+O=0C¢H,CH3 1.00E+14 0 0
R15% C¢H4CH3+OH=0C¢H ,CH5+H 3.00E+13 0O 0
R16% C¢H4,CH3+HO,=OC¢H,CH4+OH 3.00E+13 0O 0
R17% CeH4CH5+0,=>CsH,CH,+CO,+H 2.55E+13 -0.44 -1649.1
R18* CeH4CH3+0,=>PC3H ++C,H3+2CO 2.55E+13 -0.44  -1649.1
R19™! CsH4CH»=CeHs 2.95E+31 -4.97 175780
R20'* CsH4CH,=C¢Hs+H 8.51E+24 -2.505 225187
R21% H,CCCH+H,CCCH=CsH,CH, 8.25E+46 -10.1 16959.9

% = AT" exp(-Ea/RT ): rate constant (units: mol, s, coal).
Bolded reactions denote the reactions added tmtuel.

The benzyl+HQ chemistry has been accounted for previously inHigh Pressure Toluene
Oxidation modéf® by the global reactions, R6 and R7, as shown bieTa5 but were adjusted for
the current work by being lowered by a factor ofwliflen compared to the original High Pressure
Toluene Oxidation Model. The updated High PresJuieiene Oxidation Model consisting of all
the changes mentioned in the above paragraphteisag to as Updated Toluene Oxidation Model
1.

The high pressure toluene oxidation experimentah dg ® = 1 and 543 atM’ are
compared against the original High Pressure ToluU@xidation Model and the Updated Toluene
Oxidation Model 1 in Fig 63. Both the models arsoatompared against ignition delay data of
Vasu et af?in Fig 64. The Updated Toluene Oxidation Modebgsia fairly good job in predicting

the ignition delay times, when compared to theinalgHigh Pressure Toluene Oxidation Model.

122



Mole Fraction (ppm)

9.0

O
754 A
A
o
6.0 B4
o
45- o)
a
3.0 @
15- 8
1250 1300 1350 1400

Temperature (K)

Fig 63. Comparison of the experimental data and theodeling results for toluene oxidatidf,
average P5 = 543 atm® = 1, nominal reaction time = 1.4 ms, o Experiments, H]-High
Pressure Toluene Oxidation Mod¥P [o]-Updated Toluene Oxidation Model 1

10

Ignition delay timeij us)

000 ‘
Y
000 VA o =
A 0 3D
(@)
100{ B
104

0.80 0.85 090 095 1.00 1.05
1000/T (1/K)

Fig 64. Toluene/air, P5 = 50 atng = 1, comparison of experimental ignition delay datdf S.S.
Vasu et al’> and modeling results, d]- Experiments, }]-High Pressure Toluene Oxidation
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Despite the good prediction abilities of the Updai®luene Oxidation Model 1, before its

inclusion in a xylene model would be warrantedtfar modification of the global steps, R6 and R7

were necessary in view of recent scientific develepts. The global reactions R6 and R7 have now
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been replaced by an elementary mechanism becawaseoént computational study by Da Silva et
al**?™%on the benzyl+H@reaction. These researchers have identified behzadical and OH to

be the major products of the reaction for tempeestigreater than 800 K. The formation of
benzylhydroperoxide molecules was seen to be domiaé lower temperatures and higher
pressures. The decomposition kinetics of benzcgjical was also studied by the same group with
major product channels identified as benzaldehydiety benzene and HCO and phenyl ang@H

in decreasing order of importance. Benzoxyl radiwak identified to be the major product in
benzyhydroperoxide decay. The reactions R6 andnRlie Updated Toluene Oxidation Model 1
were consequently replaced by the elementary slep®n in Table 16. Pressure dependent rate
constants were included, as available in the reém® found in Table 16, for the formation of
benzylhydroperoxide and benzoxyl radical and tlseiosequent reactions. For pressures above 1
atm, the high pressure limit rate constants areidened for the formation of benzylhydroperoxide
and benzoxyl radical from benzyl+H®@eaction and subsequent decay of benzylhydropseat
benzoxyl radical. The Updated Toluene Oxidation Blddwith reactions R6 and R7 replaced with

elementary mechanism shown in Table 16, is nownedeto as Updated Toluene Oxidation Model

2.
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Table 16. Reactions R6 and R7 in Updated Toluenadaton Model 1 replaced by reactions R22
to R37, now referred to as Updated Toluene OxidatModel 2

Reaction Pressure
Number (atm) Reactiorf A n E.
R22M 1 GHsCH,+HO,=C¢HsCH,O0H  3.70E+37 -16.33 -67470
R23' >1 CeHsCHo+HO,=C¢HsCH,OOH  8.29E+04 2.20 -5130
R24 1 GHsCH,O0H=GHsCH,O+OH 2.03E+47 -10.27 50710
R251 >1 CsHsCH,O00H=GHsCH,0+OH 3.29E+13 0.42 39890
R26' 1 CHsCH,+HO,=CgHsCH,O+OH 1.19E+09 1.03 -2250
>1 (900<
T<1300
R2712P K) CeHsCHo+HO,=CsHsCH,O+OH 1.24E+10 0 -1433
>1
(T>1300
R2g12P K) CeHsCHo+HO,=CsHsCH,O+OH 3.86E+10 0 1456
R29 1 CeHsCH,0=CsHsCHO+H 5.26E+28 -5.081 22250
R30" 10 GHsCH,0=C¢HsCHO+H 1.68E+22 -2.901 20760
R31 >100 GHsCH,0=CsHsCHO+H 5.07E+08 1.56 16850
R321 1 CsHsCH,0=CgHs+CH,0 7.21E+33 -6.21 36850
R33" 10 GHsCH,0=CgHs+CH,O 1.32E+27 -4.009 35070
R34 >100 GHsCH,0=CsHs+CH,O 1.09E+14 0.157 31160
R35 1 CeHsCH,O=CsHg+HCO 2.37E+32 -6.095 28810
R36" 10 GHsCH,0=C¢Hg+HCO 3.82E+31 -5.663 29840
R37Y >100 GHsCH,0=CgHg+HCO 1.81E+13 0 22717

% = AT" exp(—Ea/RT ): rate constant (units: mol, s;’coal).
PRate constant estimated utilizing steady stateceqimation for the benzylhydroperoxide adduct

The Updated Toluene Oxidation Model 2 is compargairest the high pressure oxidation and
the ignition delay data in Fig 65 and Fig 66. Ib &g seen that the model under predicts the toluene
consumption and over predicts the ignition delayeti To achieve similar predictions of Updated
Toluene Oxidation Model 2 as the Updated Toluen&&ion Model 1, the rate constant for the
formation of benzylhydroperoxide from benzyl+kH@eaction had to be modified to the value
shown in Table 17. The Updated Toluene Oxidatiovd® 2 with the modified rate constant for
the formation of benzylhydroperoxide from the bd®iyO, reaction is now referred to as Updated

Toluene Oxidation Model 3. The Updated Toluene @ti@h Model 3 shows a closer agreement
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with the toluene high pressure experimental daththe ignition delay data when compared to the
Updated Toluene Oxidation Model 2. To retain thensistency of the original High Pressure
Toluene Oxidation Model predictions with the prewchigh pressure toluene experimental §3ta
the Updated Toluene Oxidation Model 3 is considdtetle the final version of the revised High
Pressure Toluene Oxidation Model and is includethis form in the m-xylene oxidation models

discussed below.
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Fig 65. Comparison of the toluene oxidation expeemtal data and the modeling restf,
average P5 = 543 atm® = 1, nominal reaction time = 1.4 msp]- Experiments, {]- Updated
Toluene Oxidation Model 2,X]-Updated Toluene Oxidation Model 3.
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Table 17. Reactions R23 in the Updated Toluene @tioh Model 2 replaced by reaction R38,
now referred to as Updated Toluene Oxidation Mo@el

Reaction
Number Pressure (atm) Reactiorf A n E,
R38™ =21 CsHsCH,+HO,=C¢HsCH,O0OH 8.00E+13 0.00 O

% = AT" exp(-Ea/RT ): rate constant (units: mol, s’ coal).
PEst, short notation of estimated

6.3.2. The High Pressure m-Xylene Oxidation Model

6.3.2. 1. The Preliminary m-Xylene Oxidation Mod@JIC m-Xylene Oxidation Model 1)

The independent m-xylene oxidation model is bultai hierarchical fashion based on the
Updated High Pressure Toluene Oxidation Model & fi@action mechanism of m-xylene oxidation

was taken from Emdee et®3).which was proposed based on the product disioibigeen in an
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atmospheric flow reactor experiments, for a tenfpeearange of 1093-1199 K and an equivalence
ratio from 0.4 to 1.7. The oxidation of m-xylenesasauggested to take place by sequential oxidation
and removal of the methyl side chains producinduetoe, m-methylbenzyl alcohol, m-
tolualdehyde, m-ethyltoluene, m-methylstyrene, myetftlopentadiene, m-cresol and benzene as
intermediates. Due to an absence in the literadtilénetic data for most of the reaction steps, the
rate constants for their proposed mechanistic stegye assumed by us to be similar to analogous
reactions of toluertf&*'% The thermochemistry of m-xylene and its oxygesgteoducts was
taken from the Gail and Dagaut model. Thermochewyistf dimethylphenoxy radical
(OCeH3(CH3)2)T14, dimethylphenol (HOgH3(CHs),), methyltolyl (dimethylphenyl) radical
(CeH3(CHg)2) and key reaction steps for the formation of miktiyl were taken from the Battin-
Leclerc et al. model.

The m-xylyl+HQ, reactions and their rate constants have been asstorbe analogous to
the benzyl+HQ ones. The m-xylyl+@chemistry was included from theoretical study ofrbkami
et al''® on the oxidation of o-, m- and p-xylyl radicalshély proposed pressure dependent rate
constants for the formation and decay of o-xylytper radicals (CHCsH,CH,OO0), yielding 2-
methylbenzaldehyde (G8sH,CHO), OH radical and other products. The authoss atentioned
that the position of the methyl groups on the atmang had little influence on the heats of
reactions and the barrier heights of xylyb+@actions; hence pressure dependent rate exprgssio
for the formation and consumption of m-xylylperosadicals were assumed to be same as that of
corresponding o-xylylperoxy radical reactions.

Reaction path analyses and sensitivity analys#seoihitial assembled model (referred to as
Model 1 hereatfter), revealed the pathways importarhe fuel consumption and formation of the
intermediates. The sensitivity analysis of the fioel50 atm fuel lean oxidation experiments at a
nominal temperature of 1331 K and reaction timé&.6fms is shown in Fig 67. Reactions to which
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m-xylene concentration shows considerable sens#svihave been plotted as a function of the
normalized sensitivity coefficient. The fuel decag sensitive to the formation of m-
xylylhydroperoxide, methylbenzaldehyde, m-xylypeyoradicals, m-xylyl and dimethylphenyl
radicals, through the reactions shown in Fig 67.e Thonsumption reactions for m-
xylylhydroperoxide and m-xylylperoxy radicals areluded in Model 1 and are shown in Table 18.
The dimethylphenyl radicals are oxidized to diméttssol and dimethylcresoxyl radic¥is The
dimethylcresoxyl radical reaction mechanism hasnbassumed to be similar to the reaction
mechanism of methylcresoxyl radical. In additionthds, the reaction path analyses of the fuel
showed that fromP = 0.53 to 2.35, most of the fuel decays by hydnogbstraction reactions
forming m-xylyl radicals and the percentage conttitm of these reactions increase as the
equivalence ratio is increased.
The sensitivity analyses and reaction path analgb#®e fuel helped us to concentrate on the areas
needing further improvement, which were:

(1) The decomposition pathways for cresoxyl radicals

(2) The decomposition pathways for the methylcresoagiaals.

(3) The decomposition pathways for the m-xylyl radicals
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Fig 67. Sensitivity analysis of m-xylene, P5 = 58ra @ = 0.53, time = 1.9 ms using the UIC m-
Xylene Oxidation Model 1.

Table 18. m-Xylyl+@Q and m-Xylyl+HG reactions in UIC m-Xylene Oxidation Model 1

Reaction

Number Reactiorf A n E,
R39'° CH;3CeH,CH,+0,=>CH,C:H,CH,00 1.17E+09 -0.05 -2414
R40"° CH4CeH,CH,00=> CHCsH,CH,+O, 1.56E+11 0 6502
R41™"° CH4CeH.CH,00=CH;C¢H,CHO+OH 1.11E+11 o 9401
R42'%° CH43CeH,CH,00 =OGH,CHz+CH,0 5.55E+09 0 17341
R4312P CHsCeH,CH+HO,=CH;CH,CH,00H  3.70E+37 -16.33  -67470
R4412P CH3CeH,CH,00H=CH,CH,CH,0+OH  2.03E+47 -10.27 50710
R4513P CH3CeH,CH+HO,=CH;CeH,CH,0+OH 1.19E+09 1.03 -2250
R4614P CH4CeH,CH,0=CH;CsH,CHO+H 5.26E+28 -5.081 22250
R474P CH3CeH,CH,0=CsH,CHz+CH,0 7.21E+33 -6.21 36850
R48H4P CH;3CsH,CH,0=CsHsCHz+HCO 2.37E+32 -6.095 28810

% = AT" exp(-Ea/RT ): rate constant (units: mol, s>ccal).
PRate constants assumed same as analogous redotionthe benzyl+H® mechanism, only the
low pressure rate constants are shown in tablajldétreaction mechanism is present in the model.
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6. 3.2.2 UIC m-Xylene Oxidation Model 2

The following sections describe the changes thate Hhaeen made to UIC m-Xylene
Oxidation Model 1 based on the sensitivity analyaed reaction path analyses of the fuel and
major intermediates. The UIC m-Xylene Oxidation Mbd with the added and modified reactions,

presented in Table 19 and Table 20 is referred the UIC m-Xylene Oxidation Model 2.

Table 19. Reactions added to UIC m-Xylene Oxidatdndel 1

Reaction
Number Reactiorf A n E,
Decomposition of m-Xylyl Radicals
R49° CH4CeH4CH,=CH,CsH,CH,+H 3.26E+13 0.128 70300
R50° CH4CeH4CH,=C;Hg+CHs 4.00E+15 0 76100
Decomposition of Fulvenallene
R51* C/HgtH=>CsHsCH, 1.12E-06 6.25 6040
R52'7 CHegtH=>CsHs+C,H, 8.55E-21 10.35 12590
R53"/ C/HegtH=>CsHsC,H+H 2.72E-29 12.88 11510
R54%7 CsHsCH+H=>CsHs+C,H, 4.44E+20 -1.82 14450
R55"/ CsHs+CoHo=>C/HetH 1.15E-44 17.07 22460
R56' CsHsC,H+H=>C;Hgs+H 8.56E-31 13.1 8670
R57' CsHs+C,H,=>CsHsC,H+H 7.24E+15 -0.61 34040
Decomposition of p-Xylylene
R58"® CH,CeH,CH,+O=CHOGH,CH,+H 3.16E+13 0 0
R5%* CHOGH,CH,+0,= CHOGH,CHO +OH  6.31E+12 0 3000
R6C* CHOGH,CHO+H=CHOGH,CO+H, 5.00E+13 0 4928
R61* CHOGH,CHO+0O=CHOGH,CO+OH 9.04E+13 0 3080
R62* CHOGCH,CO+H=CHOGH,CHO 3.00E+13 0 0
R63* CHOGH,CO=GH,CHO+CO 3.98E+14 0 29400
R64* CeH,CHO+H=GHsCHO 3.98E+15 0 83701
R65™ CeH.CHO+0,=0C;H,CHO+O 2.09E+12 0 7470
R66™ CHOGH,CHO+CH=CHOGH,CO+CH, 2.77E+03 2.81 5773
R67%* OCsH,CHO=GH,CHO+CO 3.98E+14 0 29400
R6&* CsH,CHO=GHsCO 1.00E+12 0 0
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R6S* CsHsCO=GHs+CO 2.00E+12 O 0

OCsH4CHsz—Products
R70' OCsH4CH3;=CO+GH4CHs 2.51E+11 0 43900
R71* CsH4CH3=CsHsCH 3.00E+12 0 50400
R72! CsH,CHs=n-CgH- 8.00E+13 0 50000
R73* n-CgH7=C,H,+n-C4Hs 3.16E+13 0 43100
R74* CsHsCH,=c-CsH- 1.40E+13 0 17400
R75* c-CsH=CgHg+H 7.45E+13 0 28500
R76™ c-CsH=n-CHs+C,H, 2.00E+15 0 92000

OCsH3(CHs),—Products
R779P OCsH3(CH3),=CO+GH5(CHs), 2.51E+11 0 43900
R7&° CsH3(CHa),=CsH,CH;CH, 6.00E+12 0 50400
R79 CsH4CH5CH,=CsHeCHs 1.40E+13 0 17400
R80'% CHg+CgHg=>CsHsCHs 2.60E+03 2.84 8502
R81'% CeHeCH3=>CHy+CgHs 1.10E+14 0 22425
R82'% CeHeCH3=>CeHsCHz+H 3.76E+13 0 27321
R83% CeHsCHa+H=>CsHCH; 1.93E+06 2.17 4163

m-Xylene+O->Products
R84 1211224 CeH4(CHz),#O=HOGH3(CH), 1.54E+13 0 2710
R85 1211224 CeH4(CHg),#O=CsH4(CHz),+CO 1.04E+12 0 2710
R86% CeHe+O=CHsOH 5.84E+35 -5.89 34534
R87% CeHetO=C;HsOH 2.53E+13 0 6565
R88* CeHe+O=CGHg+CO 1.56E+31 -4.73 33568
R89% CeHegtO=CHg+CO 4.83E+03 0 14929

% = AT" exp(-Ea/RT ): rate constant (units: mol, s>caal).

PRate constants assumed to be same as the anafegotiens of cresoxyl radical

‘Rate constants assumed to be same as the anategotiens of methylcyclopentadienyl radical
9Branching ratios for gH4(CHs)o+O reactions estimated from the analogous reactib@sHg+O
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Table 20. Reactions whose rate constants were niedlifh UIC m-Xylene Oxidation Model 1

Reaction

Number Reactiorf A n E,
R8Y3* CeHa(CHy),+0,=CH3CeH,CH,+HO, 5.23E+07 2.5 46045
R90O'?P CeHa(CHg),+H=CgHsCHz+CH; 6.47E+00 3.98 3384
R9172P CeH4(CHg),+H=CH;CeH,CH,+H, 3.90E+08 1.25 2371

R 1211220 CeH4(CHs),+O=0GCH3(CHs),+H 1.80E+13 0 2710

R93* OCsH,CHz+H=HOGC;H,CH; 1.00E+14 0 0
RO424P OCH3(CHs),+H=HOCH3(CHs), 1.00E+14 0 0
RO CeHetO=CsHsO+H 3.55E+1( 0.91 6328
RO€"2P CeH4(CHa),#OH=CH;CsH,CH,+H,0 3.62E+0' 2.3¢ -602

% = AT" exp(-Ea/RT ): rate constant (units: mol, s’ccal).
PRate constants estimated from analogous reactfciotuene
“Branching ratios for gH4(CHs)+O reactions estimated from the analogous reactib@sHe+O

6.3.2.2.1. OGH,CHsz—Products

The decomposition of cresoxyl radical (HzCHs;) in UIC m-Xylene Oxidation Model 1
takes place by forming benzene, H and CO in a sistgp. This reaction has been replaced by a
series of reactions, shown as reactions (R70R&5) in Table 19. According to this reaction
mechanism, the cresoxyl radicals not only produsezbne and CO but also nHg and GH; as
products.

The decomposition of the phenoxy radical to form @@ cyclopentadienyl radical is the
model reaction for the decomposition of cresoxyical. The cresoxyl radical decomposes to
methyl cyclopentadienyl radical and &OThe rate constant of this step, (R70), was estichiom

Emdee et at'®
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OC¢H4CH3e-CO+GH4CH;3 (R?O)

Further consumption reactions of methylcycloperaej produce both open chain
intermediates (n-¢Hs and GHy) and closed ring compoundssfds), whose rate constants were

taken from Lifshitz et al™.

6.3.2.2.2. O@H3(CHs),—Products

The decomposition of dimethylphenoxy radical gBlgfCHz3),) in UIC m-Xylene Oxidation
Model 1 takes place by forming toluene, H and @G single step. This step has been replaced by
a series of steps, shown as reactions (R77) to)(RBJable 19. According to this reaction
mechanism, the dimethylphenoxy radicals produchk behzene and toluene as products.

This mechanism is similar to the decomposition rae&m proposed by Gregory et'&.
and is shown in Fig 68. The dimethylphenoxy radaedays to dimethylcyclopentadienyl radical,
the rate constant of this reaction was estimatauah finalogous reaction of phenoxy radical decay to
cylcopentadienyl radic&l’. The dimethylcyclopentadienyl radical isomerizesform a cyclic
compound GHeCHs; the rate constant of this reaction was estimateaim franalogous
methylcyclopentadienyl reaction of Lifshitz et®al.The rate constants for decay ofHgCH; to
toluene and benzene by fast dehydrogenation ancttigtation were taken from the theoretical

work of Tokmakov and Lin on the addition of H atotongoluene and benzeré
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Fig 68. Reaction mechanism of dimethylphenoxy raalic

6.3.2.2.3. Decomposition of m-Xylyl Radicals

Emdee et al® suggested two routes for the decay of m-xylyl atsi (CHCsHsCH,)T14,
the oxidation of the methylene side chain and thditeon of methyl group to the methylene side
chain. These routes have been included in UIC nedXglOxidation Model 1.

Due to the similarities in the chemical structusesl decomposition activation energies of
m-xylyl and benzyl radicals, later studies hypothed that these two species decay similarly. Gail
and Dagalf hypothesized that the thermal decomposition ofyfgtxadical yields acetylene and
methylcylcopentadienyl radical or propargyl radiaatl 1,3-cyclopentadiene. The rate constants for
these two reaction pathways for methylbenzyl rddiexe assumed to be similar to corresponding
reactions of benzyl radical decay forming eitheclogentadiene, acetylene or vinylacetylene,
propargyl radical, respectively. Similar reactions have been considered in thérBhéeclerc et al.
modef® and Narayanaswamy et al. modelwhere m-methylbenzyl decays to form aHE

intermediate and acetylene. In a recent study, Dea ®t al'*®

investigated the kinetics of m-
methylbenzyl radicals by high level theoreticalceddtions and proposed that these radicals decay
by forming fulvenallene (&Hg)T14 and p-xylylene (CHCsH4sCH,)T14 as intermediates at low

temperatures. Their estimated rate constant of Iyl-xydical forming p-xylylene+H, was in good
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agreement with the experimentajHg+H measurements of Fernandes ét&lTherefore, these two
channels along with their calculated high pres$iong rate parameters were included in the model
as taken from Da Silva et Hf,

The major products of fulvenallene deeagye found to be benzyl radical, cyclopentadienyl
radical, acetylene and 1-ethynylcylcopentadiengi6C,H)T14 by Cavallotti et a® and Da Silva

I™*” These steps along with their rate constants wagtent from Da Silva et at’ and were

et a
included in UIC m-Xylene Oxidation Model 1, shows steps (R51) to (R57) in Table 19. The
oxidation of p-xylylene leads, as proposed by Emetes®®, to the formation of p-phthalaldehyde,
m-formylphenyl radical (gH4,CHO)T14, formylcyclopentadiene {B,CHO)T14 and
cyclopentadienyl radicals as intermediates. Thpsstiescribing these pathways, shown as reactions

(R58) to (R69) in Table 19, were included in Modelwith their rate constants taken from

Brezinsky et af!® and Dagaut et &f.

6.3.3. Modeling Results and Discussion

The UIC m-Xylene Oxidation Model 2 has been vakdatagainst a wide range of
experimental data. The experimental data can begecezed into high pressure, intermediate
pressure and low pressure datasets. The high peedataset (40- 50 atm) includes species profiles
from our high pressure shock tube m-xylene oxigatexperiments and the ignition delay
measurements of Shen and OehlschldégBne intermediate pressure range (10 - 25 atnh)des
species profiles from our m-xylene oxidation expwmts and the ignition delay measurements
from Batttin-Leclerc et al® and Shen and OehlschlaeferThe low pressure datasets (1 atm)
include the species profiles measurements of EratlaE” and Gail and Dagalitin a flow reactor
and a jet stirred reactor respectively. The UIChhmgressure shock tube m-xylene oxidation
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experiments complete the species profile spectrenosa all pressures and temperatures and play a
crucial role in analyzing the fuel behavior oveesb wide range of experimental conditions.

Ignition delay time measurements were modeled USIHEMKIN 4.1.7% with an adiabatic
constant volume constraint. Maximum slope of the &@idcentration traced to the baseline defined
the modeling ignition delay time. The plug flow céar experiments were modeled as isobaric
homogenous reactors. The jet stirred reactor exygeris were modeled using the PSR code in

CHEMKIN 4.1.1.

6.3.3.1. High Pressure Experimental Datasets

6.3.3.1.1. Species Profiles

The experimental and modeling profiles fr= 0.53, 1 and 2.35, at nominal reflected shock
pressures of 50 atm are shown in Fig 69 through7EigThe model shows good agreement with
fuel decay for different equivalence ratios. Loveemsumption of the ©and formation of the

intermediates is observed for experimental datagiiisd > 1.
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6.3.3.1.2. Ignition Delay Measurements

The model has been compared against the ignititay dfata of Shen and Oehlschladger

These measurements were made at a nominal presisdée atm, for a temperature range from

1023-1269 K and = 0.5 and 1. The model shows excellent agreemghttiae ignition delay time

measurements for the fuel lean data set as showig ii2 (A). It shows fairly good agreement with

the experiments for the stoichiometric conditioRgy 72 (B), with the maximum deviation in the

modeling ignition delay times being lower than etda of 2 at very low temperatures.
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6.3.3.2. Intermediate Pressure Experimental Dataset

6.3.3.2.1. Species Profiles

The experimental and modeling profiles for= 0.5 and 2.1, at nominal reflected shock
pressures of 25 atm are shown in Fig 73 and Figrié. model shows good agreement with fuel
decay for different equivalence ratios. Lower congtion of the @ and formation of the

intermediates is observed for > 1.
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6.3.3.2.2. Ignition Delay Measurements

The model has been compared with the ignition det@asurements of Batttin-Leclerc et
al’® and Shen and Oehlschlaefetgnition measurements by Battin-Leclerc et alravperformed
at very high temperature range of 1399 to 1880dfe= 0.5, 1 and 2, for a nominal pressure of 9
atm. Ignition measurements by Shen and Oehlschffegere performed for a temperature range
of 1153 to 1408 K for a nominal pressure of 10 atmd® = 0.5 and 1.

The experimental ignition delay times and the miodepredictions are shown in Fig 75.
The model shows excellent agreement with the igmitielay time measurements for the fuel lean
data set of Shen and Oehlschlaeger and showsoigmi#lay times with a maximum deviation by a
factor of 3 for temperatures greater than 1590 Kthe Battin-Leclerc et al. data sets. For the

stoichiometric and fuel rich datasets, the maxindewiation in the modeling ignition delay times
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are lower by a factor of 2 for both high temperatalatasets of Battin-Leclerc et al. and low

temperature datasets of Shen and Oehlschlaeger.
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6.3.3.3. Low Pressure Datasets

6.3.3.3.1. Species Profiles

Flow reactor experiments of Emdee ef°alvere performed for three different equivalence
ratios (0 = 0.5, 1 and 2), an average temperature of 1160h€. model predictions and the low
pressure experimental datasets are shown in Figragi6the stoichiometric conditions, the model
predicts good profiles for the decay of the fuel,add the formation of intermediates like toluene,
benzene, methane, methylstyrene and benzylalcoHowever, it shows twice as much
methylbenzaldehyde and much lower amounts of etlughe.

The jet stirred reactor experiments by Gail and 40§ were performed for a temperature

range of 1049-1399 K and for three different eql@nee ratios® = 0.5, 1 and 2). For the jet
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stirred reactor data at stoichiometric conditiohe tmodel shows greater consumption of fuel,
oxygen and earlier formation of the intermediaté®mcompared to the experimental data, which is

shown in Fig 77.
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6.3.4. Sensitivity Analysis of m-Xylene

Sensitivity analyses of the fuel were performediedfy the contribution of the added and

modified pathways to the fuel decay. Sensitivitylgsis of the fuel was performed at fuel lean

conditions for three different cases, which arecdbed in detail below. The analyses were

performed using closed homogenous batch reactoostihe in CHEMKIN 4.1 and the normalized

sensitivity coefficients are plotted against theresponding reaction.

6.3.4.1. High Pressure (40-50 atm)

The sensitivity analysis of the fuel was perforna¢d temperature of 1265 K, pressure of 45

atm and a reaction time of 1.9ms and is shown g /. The temperature and pressure of the

analysis were chosen such that it encompassesiihgetature and pressure range of both high

pressure shock tube and ignition delay experimértis. fuel decay is seen to be sensitive to the
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formation of m-xylyl radical by hydrogen abstractioeactions, followed by the formation of
dimethylphenyl radical, methylcresol and methylosgd radicals through reactions of m-xylene
with O, OH and H@ Reactions of m-xylyl radical with £and HQ leading to the formation of m-
xylylperoxy and m-xylylhydroperoxide radicals arésa important in this regime. At these
temperatures less than 74% of the fuel has beesuowed, so these temperatures are low enough
and at high enough pressures to see noticeable afimm of m-xylylperoxy and m-

xylylhydroperoxide in the simulations.

R39. MXYLYL+O,=>CH,C H,CH,00 |

376 4

RA42. CH,C H,CH,00=CH,C H,CHO+OH
H+O,(+M)=HO,(+M) =———
MXYLENE+OH=C H,(CH,),+H,0
H+0,70+0H e
R92. MXYLENE+0=0OC H (CH,),+H
RA43. MXYLYL+HO =CH,C H,CH,00H
R84. MXYLENE+O=HOC H,(CH,),
R91. MXYLENE+H=MXYLYL+H,
MXYLENE=MXYLYL+H
R96. MXYLENE+OH=MXYLYL+H 0
R40. CH,C,H,CH,00=>MXYLYL+O,

NN
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Normalized Sensitivity Coefficient

Fig 78. Sensitivity analysis of m-xylene performéad T = 1265 K, P = 45 atm and time = 1.9 ms,
using UIC m-Xylene Oxidation Model 2
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6.3.4.2. Intermediate Pressure (10-25 atm)

The sensitivity analysis of the fuel was perforna¢d temperature of 1399 K, pressure of 16
atm and a reaction time of 1.9ms. The temperatndepaessure of the analysis were chosen such
that it encompasses the temperature range of kgth gressure shock tube and ignition delay
experiments. The pressure chosen was the averagsupe for all the experimental datasets. The
fuel decay was seen to be sensitive to the formatib m-xylylhydroperoxide, methylphenyl
radicals and the consumption of methylphenyl rddigth oxygen through reactions shown in Fig
79. At higher temperatures the C-C scission pathlegomes important which explains the fuel
decay being sensitive to the consumption reactiomethylphenyl radicals. At these high enough
temperatures (100 % fuel decay), the methylphesmgical chemistry seems to be more important

than the m-xylylperoxy radical chemistry.
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Fig 79. Sensitivity analysis of m-xylene performést T = 1399 K, P = 16 atm and time = 1.9 ms,
using UIC m-Xylene Oxidation Model 2

6.3.4.3. Low Pressure(1 atm)

The sensitivity analysis of the fuel was perforna¢d temperature of 1161 K, pressure of 1
atm and a reaction time of 0.1s, which are thecsjpieaction times for complete conversion of the

fuel in a plug flow reactor or the residence timaijet stirred reactor, and it is shown in Fig 80.
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Fig 80. Sensitivity analysis of m-xylene performtmt T = 1161 K, P = 1 atm and time = 0.1s,
using UIC m-Xylene Oxidation Model 2.

The fuel decay is most sensitive to the formatibrmexylylperoxy radicals through m-
xylyl+O, reaction and the formation of methylbenzoxyl ratlitom the benzyl+H@reaction. The
fuel decay is also sensitive to the formation ahelhylphenyl radical, methylcresoxy and cresoxyl
radical. A significant observation which can be mé#ar the low pressure datasets is the shift in the
benzyl+HQ chemistry. At low pressures the fuel decay is dedpe sensitive to the formation of
methylbenzoxyl radical whereas at high pressuress itsensitive to the formation of m-
xylylhydroperoxide. The temperatures and the pressare low enough for this system, for the fuel
decay to be dominated by the consumption reactibmsethylbenzoxyl and m-xylylperoxy radical

reactions. The increased amount of methylbenzattkehghown by the model is due to the
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formation of methylbenzoxyl and m-xylylperoxy raals, both of which subsequently form
methylbenzaldehyde.

The m-xylene oxidation chemistry is controlled e tformation of m-xylylhydroperoxide
and m-xylylperoxy radicals at high pressures and temperatures. At high pressures and high
temperatures the methylphenyl radical oxidation pgblytic chemistry becomes important. At
low pressures and low temperatures the m-xylyl atxich chemistry is controlled by the formation

of methylbenzoxyl radicals and m-xylylperoxy radgca

6.3.4.4. Implications for Soot Formation

The experimental and modeling profiles of, @O, CQ, toluene, benzene, methane and
acetylene at fuel lean, stoichiometric and fueh @onditions are shown in Fig 69, Fig 70, Fig 71
and in Fig 73, Fig 74. The model predicts the caomsion of oxygen and formation of the
intermediates CO and GQOfairly well for fuel lean conditions. The modehavs maximum
concentrations of intermediates at the right expental temperatures. For the fuel rich conditions,
the modeling profiles show higher oxygen and cqwoeslingly lower CO and COThe modeling
profiles show lower consumption of oxygen above 5L38. For the consumption of the
intermediates shown in Fig 71 and Fig 74, thera $hift in the modeling profiles when compared
to the experimental data at higher temperatures.t@&mperatures at which the modeling profiles of
intermediates are different from the experimenésthe temperatures at which polycyclic aromatic
hydrocarbons are being formed and decayed. Thigestg that these intermediates, toluene,
benzene, methane and acetylene, play a crucialrrdhee formation and consumption of the multi-
ring compounds. Hence it is important to includefuure development, the channels for the

formation of polycyclic aromatic hydrocarbons teegict the experimental data more accurately.
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However, the model at this stage, is sufficientiyveloped to be combined with a soot model that
includes PAH formation and decay, for attempts iatukating the experimentally measured
formation of soot from m-xylene. Nevertheless,letter soot modeling an extension of this current
work to include pyrolytic experiments on m-xylenere conducted, in order to better identify the
pathways leading to the formation of polycylic aaiia hydrocarbons from the fuel under these
shock tube conditions. The pyrolysis experiment @@ modeling of the PAH formed in the m-

xylene oxidation experiments are discussed in Gapt

6.5. Conclusions

The oxidation of m-xylene has been studied at naieflected shock pressures of 25 and
50 atm, for a temperature range of 1050-1584 Kigtlean, stoichiometric and fuel rich conditions.
Species profiles of small hydrocarbons, mono-ar@mahd multi-ring aromatic species were
obtained as a function of temperature. A model assembled to describe the decay of m-xylene
and the formation of lower carbon number hydrocash@s measured from the experiments. The
formation of dimethylphenoxy radicals and dimetlngpol are seen to be dominant in modeling the
m-xylene decay for fuel lean conditions. The m-r@exidation chemistry is seen to be dependent
on the consumption of m-xylyl radical through myylO, and m-xylyl+HQ reactions. The model
simulates the fuel decay accurately for all theegxpental data sets and fairly good agreement is
seen in modeling profiles of the intermediates wbampared to the experimental data for fuel lean
and stoichiometric conditions. The model has &lsen tested against experimental data obtained
in other laboratories with satisfactory resultsisTbhapter is focused only on the formation of

single ring and substituted mono-aromatic specas the fuel.
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7. DISCUSSION OF EXPERIMENTS AND MODELING RESULTS OF 1,3,5-
TRIMETHYLBENZENE OXIDATION

7.1. Introduction

Prior experimental studies on 1,3,5-trimethylbemz@&xidation were limited to ignition
delay time&'% diffusion flame extinction limif€ and measurement of rate constants for
hydrodealkylation of the side chaiff§ and reaction with the hydroxyl radiczt**® Experimental
data are also limited to low temperatures and press temperatures of about 300 to 1000 K and
pressures up to 21 atm. Detailed product distwioutind mechanism of 1,3,5-trimethylbenzene
oxidation is also not available in literature. Henthe focus of this study is to provide the
‘speciation’ data for 1,3,5-trimethylbenzene oxidatfor pressures between 25 — 55 atm and for
temperatures up to 1650 K and to develop a kimatidel to simulate our experimental data. 1,3,5-
Trimethylbenzene oxidation experiments were perémnm the High Pressure Single Pulse Shock

Tube (HPST) at UIC.

7.2. Experimental Results

1,3,5-Trimethylbenzene oxidation experiments wesdgymed at fuel lean, stoichiometric
and fuel rich conditions, for a combined tempemttange of 1017-1645 K. Experiments at fuel
lean and fuel rich conditions were performed at heminal reflected shock pressures of 20 and 50
atm. All the experiments at stoichiometric condisavere conducted at an average pressure of 50

atm. The experimental conditions are provided ihl@21.
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Table 21. 1,3,5-Trimethylbenzene oxidation experited conditions

Average Shock  Fuel Temperature @ Reaction
Pressure /atm  /ppm Range /K Time /ms
20 76 845-1515 0.46 1.55-4.6
50 87 1018-1561 0.51 1.26-2.8
50 73 1036-1639 0.95 1.13-1.7
20 82 1035-1620 1.79 1.4-3.2
45 86 938-1645 1.86 1.11-2.1

7.2.1. Effect of Pressure on the Fuel and Oxidizédecay

The profiles of the fuel and oxidizer are shown asfunction of temperature and
concentration in Fig 81, for two different nomimaflected shock pressures of 20 and 50 atm and
similar equivalence ratios. Over the pressure antperature range of the current experiments, no
significant pressure dependence was seen for tteeyae the fuel, oxidizer and for the formation of

the major intermediates.
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Fig 81. a)Fuel (1,3,5-trimethylbenzene) and b) oxdr decay, 4]-average pressure = 49.7 atm,
@ = 0.51, reaction times = 1.26-2.8 ms]{average pressure = 20 atr®, = 0.46, reaction times =
1.55-2.55 ms, d]-average pressure = 45.6 atn® = 1.86, reaction times = 1.11-2.11 m&]q{
average pressure = 19.69 atdh,= 1.79, reaction times=1.40-2.47 ms

7.2.2. Development of 1,3,5-Trimethylbenzene Oxitlan Mechanism based on the Product
Distribution

As per the authors knowledge detailed mechanisenabremical kinetic model for oxidation
of 1,3,5-trimethylbenzene is not available in kteire. However, mechanisms and chemical kinetic
models are available for the oxidation of trimebigrizenes. In these cases, the 1,2,3-, 1,2,4- and
1,3,5- trimethybenzenes were lumped into a singkzies®* % Since a detailed mechanism for
the oxidation of 1,3,5-trimethylbenzene was notilatée in literature, the primary task was to
develop a mechanism based on the product distibubbserved from our experiments. The
secondary task was to develop a chemical kinetidainbased on the mechanism developed by us.
In this section we explain the procedure followedeveloping a mechanism for oxidation of the
fuel based on the product distribution. In secfioh we explain the rationale behind choosing the

rate constants for the reactions discussed in gehamism.
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Since there was minor influence of the equivalerat® on the species distribution, the
oxidation experiments a = 0.5, have been chosen to define the reactiorhamism of the fuel

based on the species observed at different temypesatThe concentration profiles of the fuel and
the major intermediates are provided in Fig 82 )@Fte proposed mechanism for the oxidation of
1,3,5-trimethylbenzene is shown in Fig 83. Thedtmes of the stable intermediates are bolded in
Fig 83, to make identification of these speciesesdsr the reader.

At lower temperatures (T5 = 1134 K) of the decayl ¢ 5-trimethylbenzene we observed
the formation of 1-[2-(3,5-dimethylphenyl)ethyl]=3dimethylbenzene (fgH.2), which could be
formed from the recombination of 1,3,5-trimethylbene and 1,3,5-trimethylbenzyl radicals (Fig
82 (a) and pathway | in Fig 83). The latter spedégegormed from 1,3,5-trimethylbenzene via
hydrogen abstraction reactions (pathway Il in 3y &t temperature of about 1181 K we observed
the formation of 3,5-dimethylbenzaldehyde (see &g(a)). This species could be formed from
oxidation reactions of 1,3,5-trimethylbenzyl radifr@action mechanism in the box labeled as Il in
Fig 83). At slightly higher temperatures (T5 = 1264 we observed the formation of m-xylene,
methane, ethane, 1-ethyl-3,5-dimethylbenzene, @rsti3,5-dimethylbenzene, toluene and
benzene (see Fig 82 (b-d)). m-Xylene could be fdrfnem the fuel by displacement of the methyl
side chain by a hydrogen atom (Fig 82 (b) and payhW in Fig 83). The methyl radical could
recombine with a hydrogen atom and other methylcedsl and produce methane and ethane
(profiles shown in Fig 82 (b) and pathways not show Fig 83). Subsequent displacement
reactions of methyl radicals from m-xylene by hygkn atom could lead to the formation of toluene
and benzene (Fig 82 (c) and pathways V and VI ¢n83). Another possibility for the formation of
these species is through a sequence of steps ingobxidation of 3,5-dimethylbenzaldehdye
(reaction mechanism in box labeled as VII, wher®1OPD radical is the dimethylcyclopentadienyl

radical). 1-Ethyl-3,5-dimethylbenzene could be fedmfrom recombination reactions of 1,3,5-
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trimethylbenzyl radical with methyl radical (Fig 82) and pathway VIII in Fig 83) and subsequent
hydrogen abstraction reactions could lead to tmedtion of 1-ethenyl-3,5-dimethylbenzene (Fig

82 (d) and pathway IX in Fig 83).
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Fig 82. Fuel decay and the formation of major interediates, average P5 = 49.7 atgh,= 0.51,
reaction times = 1.26 to 2.8 ms. (a)o]{1,3,5-Trimethylbenzene, J-CigH2, [4]-3,5-
Dimethylbenzaldehyde, (b) [-]-m-Xylene, ¢]-Methane , [x]-Ethane, (c)[ e]-Toluene, [+]-
Benzene, (d) M]-1-Ethyl-3,5-Dimethylbenzene,#]-1-Ethenyl-3,5-Dimethylbenzene,
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Fig 83. Hypothesized mechanism of 1,3,5-trimethylkene oxidation which is proposed based on
the stable species observed from our experiments

This mechanism for the oxidation of 1,3,5-trimetlgyizene which is proposed by us based
on the product distribution observed from our ekpents is analogous to the mechanism of m-

xylene oxidation proposed by Emdee et™alTherefore, we can safely assume that 1,3,5-

trimethylbenzene could be oxidized by sequentigddaton and removal of the methyl side chains.
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The procedure followed by us, in developing thenaical kinetic model for the oxidation of
1,3,5-trimethylbenzene is mentioned in the follogvisection (Section 7.3). In Section 7.4, the
modeling results are compared against the expetaheéata and a sensitivity and reaction path
analysis is performed to get a better understandfnipe decay of the fuel and formation of the

intermediates and it also serves as a means tat@lour proposed mechanism.

7.3. UIC 1,3,5-Trimethylbenzene Oxidation Model

7.3.1. Kinetics for 1,3,5-Trimethylbenzene Decay aFormation of Major Single Ringed
Aromatic Intermediates

The UIC 1,3,5-Trimethylbenzene Oxidation Model isveloped by adding reactions of
methyl side chains oxidation and abstraction to DIUE m-Xylene Oxidation Modéf’ Rate
constants for the oxidation of 1,3,5-trimethylbemzevere directly taken from literature, if they are
available, and when not available, the rate cotsterere estimated from analogous reactions of
toluene and were adjusted for degeneracy. For eeartipe rate constant for abstraction of the
methyl side chain hydrogen atoms of 1,3,5-trimdibgkene by a methyl radical was estimated
from the analogous reaction of a methyl radicatraloing a hydrogen atom from toluene. The pre-
exponential factor was multiplied by a factor ofif3,order to account for the number of abstract-
able hydrogen atoms from the side chains; nine dgehlr atoms in the case of 1,3,5-
trimethylbenzene and only three hydrogen atom&eénchse of Toluene. Toluene has been chosen
as the reference species because the oxidatiopyaokytic kinetics of toluene has been extensively
studied and direct experimental measurements aiéable for most of the reactions for oxidation

of toluene.
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The rate constants for the oxidation of 1,3,5-tthgtbenzene and the formation of the

intermediates discussed and shown in the mechainidAig 83, are listed in Table 22. The rate

constants for the pathways shown in Fig 83 aredublddditional pathways were also included to

develop a comprehensive kinetic model. The strestof the italicized species in Table 22 could be

found in

Table 23 The source from which the rate constant has leséimated is provided in the

superscripts beside the reaction and the lettad®esiperscript will direct the reader towards the

footnotes where any modifications made to the catestants are listed.

Table 22.Rate constants for the decay of the fuel and thenfation and consumption of other

major intermediates

Rxn Reactiorf A n Ea
R1'% CoH1,=CoH11+H 2.24E+16 O 87237
R-11% Reverse 7.80E+13 0 0
R2%5" CoH15=CeH3(CHz)2+CH; 3.37E+17 0 100437
R-213¢c Reverse 1.38E+13 0 45
R3 CoH1+H=CgH11+H> 3.70E+14 0 8628
R-3t3&d Reverse 2.82E+12 0 14500
R4%0¢ CoH12+CH3=CoH11+CH4 351E+11 O 7700
R-4%0f Reverse 1.20E+13 0 27100
R5'0¢ CoH1,+OH=CgH11+H,0 1.56E+10 1 874
R-5/0" Reverse 1.23E+10 0.70 29538
R6™% CoH 12+0,=CoH11+HO> 3.42E+07 2.5 44946
R-6'% Reverse 1.44E+07 1.974 4085
R7-¢ CoH12+H=MXYLENE+CH 3 6.70E+13 0 6468
R-714Ck Reverse 8.00E+11 O 15900
R CgH11+#CH3=DIMETB 1.10E+12 0 0
R-8L%P Reverse 8.00E+14 0 80922
R9’Om DIMETB +H=DIMCHCH3 +H2 7.26E+07 2 5345
R-97%" Reverse 1.98E+06 2.2 22404
R107%° DIMETB +H=DIMCH2CH2+H2 1.59E+08 1.5 7412
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R-10/%
R11/09
R-1179"
R12/%¢
R-12%
R13°Y
R-13°
R14/0W
R-14'0
R15'%Y
R-15412
R 16141,az
R-1@H4%at
R 17141,a(
R- 17141,ac
R 18141,ae
R-1gL4af
R1gPLac
R-19%
R20@
R2 1142,aj
R-2114%ak
R22'%!
R-2231
R23131,al
R_23131,arr
R24*!
R-24'%
R2 5131,ar
R-2 5131,ac

R26115,ap
R_26115,ac

R27115,ar
R28115,as
R-2&8b
R2914E,b
R-2g8b
R 30144,aL
R-30H5ay
R3 1119,avx
R-3 114€,a>(
R321Sa

Reverse

DIMETB +O=DIMCHCH3+0OH
Reverse

DIMETB +HO,=DIMCHCH3 +H,0,
Reverse

DIMETB +HO,=DIMCH2CH2+H,0,
Reverse

DIMETB +OH=DIMCH2CH2+H,0
Reverse
CsH3(CH3)2+C,H,4,=DIMCH2CH2
Reverse
DIMCH2CH2=DIMSTYR+H
Reverse
DIMCH2CH2=DIMCHCH3
Reverse
DIMCHCH3=DIMSTYR+H
Reverse
DIMSTYR-H=DIMCHCH+H2
Reverse
DIMSTYR-O=CgH3(CH3)2+CH,HCO
CsH3(CH3)2+C,H,=DIMCHCH
Reverse
DIMETB+H=MCPHC2H5CHjs
Reverse
DIMSTYR-H=MCSTYREMCH;
Reverse
DIMETB+H=MXYLENE+C5Hs
Reverse
DIMSTYR-H=MXYLENE+C,H3
Reverse

CoH11+0,=CgH1,00
Reverse

CoH1,00=DIMPHHCO+OH

CoH 1100=OC6H3(C H3)2+C H,O
Reverse
DIMPHHCO=DIMPHCO+H
Reverse
DIMPHCO=CgH3(CH3)2+CO
Reverse
DIMPHHCO+O,=DIMPHCO+HO,
Reverse
DIMPHHCO+OH=DIMPHCO+H-0O

159

6.51E+05
491E+13
3.19E+11
1.36E+05
9.75E+05
7.81E+04
2.98E+03
4 .80E+12
8.51E+10
4.04E+03
1.72E+11
1.83E+06
1.63E+06
5.96E+05
2.30E+07
3.74E+08
1.19E+07
1.99E+06
1.98E+06
3.50E+13
2.69E+06
1.35E+14
5.80E+13
1.20E+12
5.80E+13
1.20E+12
5.20E+13
1.20E+11
5.20E+13
1.20E+11
3.076E+1
1
7.85E+13
1.795E+1
2
5.55E+09
1.00E+13
3.98E+15
3.00E+13
1.25E+15
1.17E+12
7.14E+13
3.01E+13
1.20E+10

0
0

-0.01

0

0

0
0
0
0
0
0
0
0
1.18

8720
3795
19027
13522
14045
16849
1621
0
16598
1459
38704
33207
1994
29582
44456
44609
-108
12239
22404
2832
3720
45710
8100
15900
8100
15900
4100
15900
4100
15900

751.8

10224

10066

17341
0
83661
0
27646
2778
38950
0
-447



R_3214E,a2
R 33119,be
R-33L4€bE
R3 4119,bc
R-344€bc
R3 5131,a|
R-3 5131,arr
R 36147,b€
R_3614E,bf
R374"be

R38147,bh

R39131,a|
R_39131,arr
R40112,bi
R4 11120
R4 JLLEbK
R43114,b|
R44114,brr
R45114,br
R47ll4,bc
R-4 714

R4831
R-48"!
R4g3Lba
R_49131,br

R50131,bs
R_50131,bl
R5165,b
R_5168,b
R535P
R-58P
R53131,bc
R_53131,br
R55%P
R-55%8P
R56°P
R-56%8P
R57°8P
R5&8P
R598P

Reverse

DIMPHHCO+H=DIMPHCO+H,

Reverse

DIMPHHCO+O=DIMPHCO+OH

Reverse

DIMPHHCO+H=MCPHHCO+CHjs

Reverse

CyH1:+O=DIMPHHCO +H

Reverse

CoH11+OH=DIMPHCHZ20H
DIMPHCH20H +OH=DIMPHCH20

+H,0

DIMPHCH20H+H=MCPCH20H-CH

3
Reverse

CoH11+HO»,=CyH1,00H
CoH1;00H=DIMPHCH20+0OH
CoH11+HO,=DIMPHCH20+OH
DIMPHCH20=DIMPHHCO+H
DIMPHCH20=CgH3(CHs3)2+CH,O
DIMPHCH20O=MXYLENE+HCO
C6H3(CH3)2+02:OC6H 3(CH3)2+O

Reverse

MCPHC2H5-H=¢pC,Hs+CHj

Reverse

MCSTYREMH=¢$CHz+C;H;

Reverse

MCSTYREMH=¢C;H3z+CH;

Reverse

MCSTYRENCgH4CHz+CoH3

Reverse

MCPHC2H5CgH4CHz+CoHs

Reverse

DIMPHHCO+H=MXYLENE+HCO

Reverse

DIMPHHCO=CgH3(CHz)2+HCO

Reverse

DIMPHCH20H=CgH3(CHa)2+CH,OH

Reverse

CeHa(CHg)2+H=>MXYLENE
CeH3(CHs)2+0=>0CeH3(CHs)2
C6H3(CH3)2+OH=>HOC6H3(CH3)2

5.14E+11
3.50E+14
1.31E+11
6.33E+13
4.22E+13
5.80E+13
1.20E+12
4.00E+13
3.98E+13
2.00E+13

5.00E+12

5.80E+13
1.20E+12
8.00E+13
3.29E+13
3.86E+10
5.07E+08
1.09E+14
1.81E+13
8.57E+18
2.21E+25

1.70E+14
1.20E+12

5.20E+13
1.20E+11

1.70E+14
1.20E+12
8.00E+15
2.00E+13
8.00E+15
2.00E+13
5.20E+13
1.20E+11
8.00E+15
2.00E+13
8.00E+15
2.00E+13

1.00E+14
1.00E+13

1.35

0
0

1.00E+14 O

0
0

26000
4928
17600
3080
0
8100
15900
0
102540
0

0

8100
15900
0
39890
1456
16850
31160
22717
7189
16945

8100
15900

4100
15900

8100
15900

114177
0

100907
0

4100
15900

147206
0

148412
0

0

0
0

®rate constant, k = A'Texp(-Ea/RT): rate constant (units:



mol, s, cm, cal), denotes the phenyl ring
PEstimated using rate rules proposed by Beand Allara
and Shaw?

‘k same agh+CHz=pCHs

Y% same agCH,+H,=pCHz+H

°A-factor x 3 of CH+¢$CHz=CH;+dCH,

'k same agCHy+CH,=¢pCHa+CHs

9A-factor x 3 of OH4pCHs=H,O+$pCH,

"k same agCH,+H,0=pCHz+OH

'A-factor x 3 of Q+¢$pCHz=HO,+¢$pCH,

'k same agCH,+HO,=$pCHz+0,

kA-factor x (2/3) of CH+CeHe=pCHz+H
'A-factor x (1/10) ofdpCHx+CHs=$pC;Hs, adjusted based on
the agreement of the modeling results with the expntal
data

MA-factor x 2.2 ofpCoHs+H=pCHCHs+H,

"k same agCHCHz+H,=¢pC,Hs+H

°A-factor x 2.2 ofpCoHs+H=¢pCH,CHy+H;

Pk same agCH,CH +Ho=¢pCoHs+H

9A-factor x 2.2 ofpCoHs+O=pCHCHz+OH

'k same agyCHCHz;+OH=pC,Hs+O

*A-factor x 2.2 ofpCoHs+HO,=pCHCHz+H,0,
'k same ag CHCHz+HO,=pC,oHs+HO,
“A-factor x 2.2 ofpCHs+HO,=¢pCH,CH,+H,0;
'k same agCoHs+HO,=pCHCHz+HO,

"k same agC,Hs+OH=products

*k same a¢CH2CH2+H02:(1)C2H5+OH

Yk same ag+C,H=pCH,CH,

’k same agCH,CH,= ¢p+C,Hy

%k same agpCH,CH, =¢pCoHs+H

A same agCoHs+H =pCH,CH,

%%k same agCH,CH,=pCHCH;

¥k same agCHCHz=pCH,CH,

*k same agpCHCHs=pCoH3z+H

3 same agC,Hz+H=pCHCH;

&A-factor x 3 ofpCoHz+H=pCHCH+H,

Ak same ag)CH,CH,+H=pCoHs+H

4k same agC,Hz+O=p+CH,HCO

Ak same ag+CoHr=pCoH3

A same agCrHs=p+CH;

3k same as DIMETB+H=MCPHC2H5+GH
&k same as MCPHC2H5+GHDIMETB+H
4k same as DIMETB+H=MXYLENE+gHs
%k same as MXYLENE+gHs=DIMETB+H
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%k same as gHo+0,=CgHyOO

%k same asgHyO0 =GHg+O,

#A-factor x (1/10) of GHyOO=CH;CsH4CHO+OH, adjusted based
on the agreement of the modeling results with #peemental data
&k same as OgE3(CH3)2+CH,O =GH1,00

2k same a$pCHO=pCO+H

%k same agpCO=p+CO

%k same ag+CO=pCO

A-factor x 7 ofpCHO+O=pCO+HO,

#k same as HCO+H@products

BA-factor x 7 ofpCHO+OH=pCO+H,O

¥ same as HCO+H&CH,0+0OH

P°A-factor x 7 ofCHO+H=$pCO+H,

"’k same as C}CO+H,=CH;CHO+H

PA-factor x 7 ofCHO+O=hpCO+OH

b4 same as CHCO+OH=products

bk same agpCH,+O=pCHO+H

bk same as HCO+H=0+GH

b% same aghCH,+OH=¢pCH,OH

P same agCH,OH+OH=¢pCH,0+H,0

bl same agCH,+HO,=pCH,O0H

Pik same agCH,OOH=¢pCH,O+OH

P4 same aghCH,+HO,=¢pCH,0+0OH

Yk same agCH,O=pCHO+H

Py same aghCH,O=p+CH,0

b same aghCH,O=CsgHg+CHO

P°A-factor x (1/100) of @H4CHs+0,=0CsH4CHs+0, adjusted
based on the agreement of the modeling resultsthéth
experimental data

PPA-factor x (1/100) of O@H,CHz+O=CsH4CHs+0,, adjusted
based on the agreement of the modeling resultsthéth
experimental data

b same as MCPHCH5+HFCHs+CoHs

bk same aghCHa+C,Hs=MCPHCH5+H

b same as MCPHC2H5+HsC,Hs+CHs

Pk same agC,Hs+CHz=MCPHC2H5+H
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Table 23. Structures of species present in reactiam Table 22 and Table 24, discussed in the

text

Species name in

Species Structure

Species name inSpecies

model model Structure
X
I
CoH1o /©\ CsHz(CHa): c
e HZC./@ DIMETB /ﬁj\/
DIMCHCH3 /@CH,@% DIMCH2CH2 /ﬁjvw;
DIMSTYR /ﬁj\/ MCPHC2H5 @\/
MCSTYREN Ot CoHu00 o
DIMPHHCO /@V/O OGCsH3(CHs)2 /@\ .
(@]
DIMPHCO /@ O MCPHHCO @\/
c” 0
DIMPHCH20OH /©\/OH DIMPHCH20 /©\/0'
MCPCH20H @\/OH CoH1:00H /ﬁjvo\w
b E HOGCsH3(CHs3) /@\
CigH22 OH
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DIMERS196

CH
RDIMERS196a \Q/ \O

PTRIARO192 PTRIARO192a

s OO

FLUORENE O.Q
HC—
Asc2n 0

CH,
Cyclopentaphenanthrene QQ J
.Q Methyleneindene O’
HyC c
Dimethylcyclopentadienyl \ /
radical (DIMCPD)

RPTRIARO178

INDENE

A2

7.3.2. Kinetics for the Formation of Major Two Ringed, Three Ringed and Four Ringed
Intermediates from 1,3,5-Trimethylbenzene

The major two ringed aromatic hydrocarbons measure our experiments were 1-
(phenylmethyl)-3,5-dimethylbenzene (DIMERS196), 21(B,5-dimethylphenyl)ethyl]-3,5-
dimethylbezene ({sH»2). The major polycyclic aromatic hydrocarbon intediates measured in

our experiments were indene (INDENE), naphthal&®),(anthracene (A3) and methylanthracene
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(A3CH3) for all the oxidation experiments. Consel@de concentrations of fluorene,

cyclopentaphenanthrene, methyleneindene and etrghyhcene were measured for the fuel rich
oxidation experimentsd( = 2). The profiles for the formation of the majoolycylic aromatic

hydrocarbon intermediates are provided in Fig 84.
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O Indene a - + Phenanthrene b
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2. i
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Fig 84. Major polycyclic aromatic hydrocarbons fored in 1,3,5-trimethylbenzene oxidation
experiments, average P5 = 45.6 atgh, = 1.86 and reaction time = 1.11 to 2.11 ms, (a]-[

Indene, [p]-Naphthalene, (b) [+]-Anthracene, f-Methylanthracene, (c) {l]-Fluorene, [#]-
Ethenylanthracene, (d){]-cyclopentaphenanthrene of]-methyleneindene
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A list of all the other polycylic aromatic hydrotan intermediates which were identified is
provided in the supplementary information. The @mrations of these intermediates were
considerably small, so we were not successful itaining profiles for the formation and
consumption of these intermediates. Neverthelb@ssidentification of these intermediates provides
valuable information about the polycyclic aromahgdrocarbons that are formed from the
oxidation of 1,3,5-trimethylbenzene, for our experntal conditions. With the current experimental
apparatus, it was not possible to differentiateveen various isomers of three ringed aromatic
hydrocarbons. Hence, the three ringed aromaticdogtbons have been assumed to be anthracene
and methylated anthracene species.

The reaction mechanism and the rate constanthéfarmation of three ringed aromatic
hydrocarbons were included from the publicationFoketti et at*! In this paper, the authors
studied the pathways leading to the formation ofhaiee from methylated monoaromatics, which
includes 1,2,4-Trimethylbenzene by conducting pysial experiments at a temperature range of
668-723 K and a pressure of 100 bar. The authapoged the mechanism for the formation of
various three ringed aromatic hydrocarbons (andmagrwith different degrees of alkylation from a
trimethybenzene (and not specifically 1,2,4-, }208 1,3,5-Trimethylbenzene). Hence these
pathways have been incorporated into our kinetidehoThe rate constants for the formation of
anthracene and methyl anthracene from trimethyk@mavhich were adapted from the work of
Fusetti et af** are provided in Table 24. The reactions for thenfation of other major polycyclic
aromatic hydrocarbons like indene, naphthalenena®ghylene and ethenylanthracene were
included from the atmospheric pressure soot maid8lavinskaya et a, Slavinskaya and Frafik
MIT atmospheric pressure soot mddéland High Temperature Mechanism of the Heavy

Hydrocarbons from Ranzi's grolfp This reaction subset is provided in Table B5was not
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possible to include reactions for the formationradthylene indene and cyclopentaphenanthrene in

the model due to the limited information availabte the literature for the formation and

consumption of these species.

Table 24. Reactions for the formation of 16H,,, DIMERS196, anthracene and methyl

anthracene

Rxn Reactiorf A Ea
R46'°CP CoH11+CoH11=C1gH 2, 1.58E+12 0.4 0
R-46"“¢  Reverse 7.94E+14 0 57361
R54%1  CyH 1+ CoH12=CigHo+H 1.99E+11 0 3994
R-54%¢  Reverse 1.99E+14 0 29400
R60°Y  CgHy1+CsHe=DIMERS196-H 1.99E+11 0 3994
R-60"% Reverse 1.99E+14 0 29400
R61*! DIMERS196-CoH.;=RDIMERS196&CH,, 1.60E+11 0 12800
R-61+% Reverse 1.60E+09 0 12800
R62:! DIMERS196H=RDIMERS196#aH, 4.00E+15 0 8400
R-62* Reverse 2.80E+11 0 14500
R63%! DIMERS196 CH;=RDIMERS196aCH, 1.60E+12 0 8800
R-63 Reverse 6.60E+11 0 27500
R64! RDIMERS196aPTRIARO192H 4.20E+11 0 23500
R-64"! Reverse 5.80E+13 0 29400
R65° RDIMERS196aPTRIARO178CHj 8.40E+11 0 23500
R-65"1 Reverse 1.20E+12 0 29400
R66"! PTRIARO192H=RPTRIARO192&H, 4.00E+15 0 8400
R-66"1 Reverse 2.80E+11 0 14500
R673! PTRIARO178H=RPTRIARO1788H, 4.00E+15 0 8400
R-673! Reverse 2.80E+11 0 14500
R68>! PTRIARO192CH;=RPTRIARO1928CH, 1.60E+12 0 8800
R-68"! Reverse 6.60E+11 0 27500
R69"! PTRIARO178CH,=RPTRIARO1788CH, 1.60E+12 0 8800
R-69" Reverse 6.60E+11 0 27500
R70"! RPTRIARO178aA3+H 3.50E+13 0 28400
R-70" Reverse 4.30E+13 0 4500
R71* RPTRIARO1928A3CH;+H 3.50E+13 0 28400
R-71* Reverse 4.30E+13 0 4500
R72°%9 A3CH3+H=A3+CHs 6.70E+13 0 6468
R-72%M  Reverse 1.20E+12 0 15900
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R73P%4¢ DIMERS1968H=DIMERS182CHs 6.70E+13 0 6468
R-73! Reverse 1.20E+12 0 15900
R745%49 DIMERS196H=DIMERS182CHs 6.70E+13 0 6468
R75™! Reverse 1.20E+12 0 15900
R76°%49 DIMERS182H=CgHsCH,CgHs+CHs 6.70E+13 0 6468
R-76"! Reverse 1.20E+12 0 15900

@A-factor x 5 ofdCH,+$CH,=C14H14, adjusted based on the agreement of the modelsuts
with the experimental data

Pk same as GH1.= $CH2+ HCH2

°A-factor x (1/2) Of(l)+C6H6:C12H10+H

da-factor x (1/2) GoHig+H=d+CgHs

°A-factor x (1/2) of GHg+CsHs=C1oH10+H

'Rate constant same agHz,+H=MXYLENE+CHs

% same ag§CoHs+CH;=MCPHC2H5+H

Table 25. Reactions for the decay of anthracene d&dnation of acenaphthylene, indene and
naphthalene

Rxn Reactiorf A n Ea
R77° A3+H=A3-+H2 2.50E+14 0 15896
R78" A3+OH=A3-+H20 1.70E+12 1.42 1496
R792 A3-+H=A3 1.00E+14 0 0
R80™  A2C2H*+C2H2=A3- 4.67E+06 1.787 3262
R81% A2-+C4H2=A3- 3.30E+33-5.7 25334
R82* A2-+CA4H4=A3+H 3.30E+33 -5.7 25334
R83™  INDENYL+C5H5=A3+2H 5.00E+12 0 8000
R84% A2-+H=A2 1.00E+14 0 0
R85 A2C2H*+H=A2R5 5.00E+13 0 0
R86% INDENE=INDENYL+H 1.10E+15 0 77096
R87? A3-+02=>CO+HCOA2R5 2.00E+11 0 7352
R88%*°  INDENYL+H2CCCH=A2R5+H2 9.50E+12 0 0
R89* A2-+C2H2=A2R5H 1.90E+31 -5.26 20863
R90% A2C2H+H=A2R5H 4.60E+37 -7.03 22949
R91% A2R5-+H=A2R5 1.00E+14 0 0
R92? A2R5-0O=A2R5-+0OH 2.00E+130 14704
R93? A2R5-0=>A2-+HCCO 2.00E+130 14704
R94% A2R5-H=A2R5-+H2 2 50E+14 0 15896
R95% A2R5-OH=A2-+CH2CO 1.00E+130 9935
R96% A2+O=>INDENYL+CO+H 3.60E+14 0 43899
R97? A2+0O=A2-+OH 2.00E+13 0 14704
R98” A2+H=A2-+H2 2.50E+14 0 15896
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R99» A2+OH=A2-+H20 2.10E+130 45701

R100? A2+CH3=A2-+CH4 2.00E+120 14962
R101® C6H5+H2CCCH=¥NDENE 3.86E+11 0 1361
R102?  A2-+O=>INDENYL+CO 1.00E+14 0 0
R103%? A2-+HO2=>INDENYL+CO+OH 1.00E+130 0
R104%? A3+C2H=A3C2H+H 5.00E+13 0 0
R105%?  A3-+C2H2=A3C2H+H 1.20E+26-3.44 30004
R106°*¢ DIMERS182H=C¢HsCH,CsHs+CH; 6.70E+13 0 6468
R_

10619 Reverse 1.20E+120 15900
R107®  CgHsCH,CeHs=FLUORENE-H, 1.00E+08 0 32000

% = ATn exp(-Ea/RT): rate constant (units: molsr, cal)
PA-factor x (1/10)

‘Rate constant same agHz+H=MXYLENE+CH3;

4 same agC,Hs+CH;=MCPHC2H5+H

7.4. Discussion of the Modeling Results

This section discusses the modeling results ofubk oxygen and the major intermediates

for the experimental datasets at nominal reflesteack pressure of 50 atm and for three different
equivalence ratiosd( = 0.51, 0.95 and 1.86). The experimental and nioglgdrofiles for the fuel

lean and fuel rich oxidation datasets at a nonpnassure of 20 atm could be found in the appendix.
The experimental data is shown by open and clogmtbals and the modeling results are shown by

straight or dashed or dotted lines.

7.4.1. Interpretation of Modeling of the Fuel Decand Formation of Methane, Ethane and
Major Single Ringed Aromatic Hydrocarbons

The experimental and modeling profiles of the fu@l, CO and CQ for three different

equivalence ratiosf{ = 0.51, 0.95 and 1.86) and for a nominal reflectiedck pressure of 50 atm,
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are presented in Fig 85 (a —f). The modeling pesféhow good agreement with the decay of the
fuel. The modeling profiles show increased fuelszonption at lower temperatures when compared
to experiments. The experimental and modeling l@®ffor the decay of the oxygen and the
formation of CO and C®are shown in Fig 85 (b, d and f). The modelingdrgons show fairly
good agreement for the decay of the oxygen anddimeation of CO and C@for all the three

experimental datasets.
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Fig 85. Experimental and modeling profiles for treecay of the fuel and oxidizer, (a-b)-average
P5 = 49.7 atmgh = 0.51, reaction time = 1.26-2.8 ms, (c-d)- averd®p = 50.2 atme¢ = 0.95,

reaction time=1.13-1.697 ms, (e-f)-average P5 =685¢=1.86, reaction time=1.11-2.11 ms;.f
]-1,3,5-trimethylbenzene,-]-O5, [0,---]-CO, [9,...]-CO,, [Symbols]-Experiments, [Lines]-
Modeling Results
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The results of the simulation are shown againsetperimental data in Fig. 86, Fig. 87 and
Fig. 88, for major intermediates such as methat@ne, benzene, toluene, m-xylene, 1-ethyl-3,5-
dimethylbenzene (DIMETB), 1-ethenyl-3,5-dimethyl  nkene (DIMSTYR), 3,5-
dimethylbenzaldehdye (DIMPHHCO) andg8,, for the datasets at a nominal pressure of 50 atm
and for three different equivalence ratigs £ 0.5, 1 and 2). The modeling results show peak
concentrations of these intermediates at the doegeerimental temperatures which indicate that
the hypothesized pathways and the estimated ksfiche consumption of the fuel and formation

of the intermediates are accurate.

164 o - Methane ' a | i ---'--Be'nzeﬁe L b
{ X ----- Ethane 18] ® —Toluene, -~ |
124 3 e | A
8. 1 124 ) -
4 T '/ ° N
T 41 1 6 L e % ]
o 1 e o +i ey
% 0- T T T T T T T T ()' — 0- T .T‘%;_’l_r"pT\SL‘TH' —
S 1050 1200 1350 1500 1650 4 1050 1200 1350 1500 1650
012+ T T T T T T T T T T T T T S T T T T T
E — ——m-Xylene c | v ---- DIMETB d
p A e DIMPHHCO 34 ¥ ——DIMSTYR 1
o° 8 s i i v,
= R ] . ]
0 ewy M
41 . - 1 14 i,
—~ ox
’ - 1 s X
0 ‘ - AZ‘. 0+ v———-—v‘—'—';m 9
' 1dso ' 12'00 ' 13'50 ' 15'00 ' 15'50 10|50 12|OO 13:50 15|00 16|50
Temperture (K)

Fig 86. Experimental and modeling profiles of theajor intermediates formed in the oxidation of
1,3,5-trimethylbenzene, [Symbols]- average P5 =748m, ¢ = 0.51, reaction time = 1.26-2.8 ms,
[Lines]-Modeling profiles

171



N
+

' & I M:ethar']e a 1 + ---- Benzene b
18 X ----- Ethane 1184 e ——Toluene .
12 12 7 ]
1 S n
_ i . . ' ]
£ 61 1 6 FE I
3 11 . - : L] \\
% O- T T T T T T T T T T = O- T T T --I’ T T T T T T -
§ " 1050 1200 1350 1500 1650 1050 1200 1350 1500 1650
L — ——mXylene - ' <1 3T ——owes ' q
S B DIMPHHCO ] % ——DIMSTYR
S 8- ) 1 24 v 4
PR v
4 J > 1 1- v N 1
7 v ,/
- 7\\ 1 v o, X gy
O- T T T |Z Z' T %'Az T T T . 0- -"‘ >§<%‘i§ ]
1050 1200 1350 1500 1650 1050 1200 1350 1500 1650
Temperture (K)
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Reaction path analysis of the fuel and the majderimediates was performed for a
temperature of 1381 K, reaction time of 1.58 msgl pressure of 46 atm and at fuel lean conditions
to validate our hypothesized mechanism and thdtseate shown in Fig. 89. The direction of the
arrow indicates the contribution of that specifathway to the formation of the species shown
below the arrow. For example, the formation of HyeB8,5-dimethylbenzene is shown by pathway
VIII in Fig. 89. It is formed from the recombinatiaeaction of 1,3,5-trimethylbenzyl and methyl
radicals. The number 100 % beside VIl indicatest this pathway is the only contributor to the
formation of 1-ethyl-3,5-dimethylbenzene. A fewardsting aspects could be observed from Fig.
89 and these points (1) and (2) are discussecemtgrdetail in the following sections.

(1) Less than 70 % of toluene (V and Vlla), m-xylen¥ @&nd X) and 3,5-
dimethylbenzaldehdye (llla and 1lIb) is formed frahe pathways shown in the
figure implying that there are other pathways (sbbwn in Fig. 89) which
contribute to the formation of these species.

(2) Pathway V shows that 0% of benzene is formed frolmene. About 91 % of

benzene is produced from dimethylphenoxy radicéb()V
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Fig 89. Reaction path analysis of the fuel, P5 = d6n, T5 = 1381 K, reaction time = 1.58 ng,
=0.51

7.4.1.1. Importance of ¢H1,+0,, GH1;+HO, and GH1;+O Reactions in the Formation of
Intermediates
It was previously mentioned in Section 7.3.1, #dditional pathways have been included in

the model apart from those proposed in Fig. 89asdo build a comprehensive kinetic model.
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These additional pathways included reactions ¢fi;¢radical with HQ, O, and O species and
reactions for the formation of lower alkylated daxgng aromatic hydrocarbons like m-xylene and
toluene from di-alkylated and tri-alkylated singieg aromatic intermediates (reactions R22-R25
and R48-R56 in Table 22). The species, m-xyleng;d8nethylbenzaldehyde and toluene are
partially formed from the reactions shown in Fi§@. &d are partly formed from these additional
pathways.

About 36 % of 3,5-dimethylbenzaldehyde is formeaahfrGH;;,00 radical (X1 in Fig. 90).

The GH11,00 radical is formed from the reaction ofHz; and Q.

o
& o

Hyc” ~] +H
? X1-36%
—_———
HyC CH, -OH H CHy

3

C,H,,00 3,5-dimethyl
radical benzaldehyde

Fig 90. Reaction path analysis of 3,5-dimethylbefdehyde, P5 = 46 atm, T5 = 1381 K, reaction
time = 1.58 ms

About 20 % of m-xylene is formed from 3,5-dimettstizaldehyde by displacement of the
formyl side chain by the hydrogen atom (Xl in F&j.). About 45 % of toluene is formed from 3-
methylbenzaldehyde, 3-methylbenzylalcohol radigad 8-methylstyrene by displacement of the

non-methyl side chains by a hydrogen atom (seenzath XIlI, XIV and XV in Fig. 92).
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Fig 91. Reaction path analysis of m-xylene, P5 =dfn, T5 = 1381 K, reaction time = 1.58 ms
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Fig 92. Reaction path analysis of Toluene, P5 =din, T5 = 1381 K, reaction time = 1.58 ms

From the pathways shown in figures 90, 91 and 9,can deduce that the oxidation of
CyH1; radical by @, HO, and O radicals is important and influences thendion of the stable
intermediates such as dimethylbenzaldehyde, angllem&. Toluene and m-xylene are formed from
dialkylated and trialkylated single —ring aromatida displacement of the non-methyl side chains

by a hydrogen atom.
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7.4.1.2. Importance of Dimethylphenoxy Radical Chistny in the Formation of Benzene

Unlike m-xylene and toluene, benzene is not forfneoh toluene, styrene, benzaldehyde or
benzylalcohol through displacement reactions. Ab®lt% of benzene is formed from cyclic

species, €HsCHs. Hence, this cyclic species is the primary coniiob to the formation of benzene.

VI1-91%

benzene
~H  -CH,

CeH,CH,

Fig 93. Reaction path analysis of benzene, P5 =adi, T5 = 1381 K, reaction time = 1.58 ms

We have previously noticed the importance of thelicycompound GHe¢CHs in the
formation of benzene and toluene in our m-xyleniglation experiment§”. In m-xylene oxidation,
the GHeCHs radical is produced from dimethylphenoxy radicaisl the decay of ElsCHs species

leads to the formation of benzene and toluene (ar@sim shown in Fig. 94).
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Fig 94. Reaction mechanism of dimethylphenoxy raalic

In order to emphasize the importance of this payheeen in the oxidation of 1,3,5-
trimethylbenzene, a simple modeling experiment e@sducted by removing the reactions for the
formation benzene and toluene fromHgCH; (Vila and VIIb in Fig. 94) The results of the
simulation are shown in Fig. 95 (a-i). The modelnegults for the formation of benzene, toluene
and oxygen in 1,3,5-trimethylbenzene oxidation expents by including these reactions are shown
by dashed lines and the modeling results after vaiof these reactions are shown by straight
lines. From Fig. 95, we can observe that removdhe$e reactions significantly under predicts the
consumption of oxygen for the fuel lean and staotetric experimental datasets (see Fig. 95 (a,
d)) and the formation of benzene for all the expental datasets (see Fig. 95 (b, e, h)). We can see
significantly lower concentrations of benzene bdmgned, when these reactions are not included.
Similarly, the concentrations of toluene are alsmlar predicted when these pathways are not
included (see Fig. 95 (c, f, i)). Hence, this mattpkexperiment reveals the importance of including
the dimethylphenoxy radical chemistry in the maaglof not only m-xylene oxidation but also in
the oxidation of 1,3,5-trimethylbenzene. In theecat1,3,5-trimethylbenzene the dimethylphenoxy

radicals are formed from the oxidation of dimettngpyl radical (XVI and XVII in Fig. 96).
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Fig 95. Experimental and modeling profiles of4[]-O,, [+]-Ce¢He, [0]-CsHsCH3, in 1,3,5-
trimethylbenzene oxidation experiments, (a-c)-avgeaP5 = 49.7 atmg = 0.51, reaction time =
1.26-2.8 ms, (d-f)- average P5 = 50.2 atgh= 0.95, reaction time=1.13-1.697 ms, (g-i)-average
P5 = 45.65,4=1.86, reaction time=1.11-2.11 ms, [Symbols]-Expeents, [---]-Modeling Results
including the chemistry of cyclic C6 species, [-]ddeling results without including the chemistry
of cyclic C6 species
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Fig 96. Formation of dimethylphenoxy radical in 1,3-trimethylbenzene oxdiation, Reaction
path analysis at P5 = 46 atm, T5 = 1381 K, reacttone = 1.58 ms
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The model shows very low concentrations of toluéeeng formed, in spite of having
reactions for displacement of the non-alkyl sidaichby a hydrogen atom, from di-alkylated
aromatics like m-xylene, 1-ethyl-3-methylbenzend 8methylbenzaldehyde. This implies that an
alternative pathway exists for the formation otisie from 1,3,5-trimethylbenzene.

If we compare the modeling profiles for the formatiof toluene and benzene (shown by
straight lines), in Fig. 95 (b) and (c), (e) andgihd in (h) and (i), we can observe the similairity
the peak shapes of these two intermediates, ittkence of the chemistry of the cycligHgCH;
species. This observation confirms our hypotheka tan alternative pathway exists for the
formation of toluene, which has not been includethe model

Several publications on atmospheric kinetics halieeoved the formation of alkylated
phenols in the oxidation of aromatit$ such as tolueri& ***and trimethylbenzeri@*®* Since our
experiments are conducted at much higher prestheasechanism of decay of the trimethyphenol
is probably not similar to what is postulated iegt publications. However, similar to the decay of
dimethylphenoxy radical which results in the forioat of benzene and toluene, the
trimethylphenoxy radical could result in the forioat of minor amounts of m-xylene and major
amounts of toluene. The trimethylphenoxy radicauldobe formed from the oxidation of
trimethylphenyl radical. The pathways and kinetmsthe formation of m-xylene and toluene from
trimethylphenoxy radical is at present not cleansoHence, these pathways have not been included
into the model. We hypothesize that inclusion a$ thathway will result in increased amounts of
toluene being formed in the modeling concentrations

The reaction path analysis of the major intermediaalidates our hypothesized mechanism
for the oxidation of 1,3,5-trimethylbenzene. Hente oxidation of 1,3,5-trimethylbenzene indeed
takes place by sequential oxidation and removamethyl side chains. However, the decreased
concentrations of toluene observed in the modeliegults, indicate the possibility of having
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alternative pathways for the formation of this spsavhich do not fit into our generic description
of ‘oxidation of 1,3,5-trimethylbenzene by sequehtvxidation and removal of the methyl side

chains’.

7.4.2. Interpretation of the Formation of Two Ringeand Three Ringed Aromatic Hydrocarbons

The experimental and modeling profiles of indenegphthalene, anthracene, 1-
(phenylmethyl)-3,5-dimethylbenzene (DIMERS196),  21(B,5-dimethylphenyl)ethyl]-3,5-
dimethylbezene ({sH,;) and methyl anthracene are shown in Fig. 97, fuwed different
equivalence ratiosj( = 0.51, 0.95 and 1.86). The model showed the foomaf DIMERS196 and
CigH2, at the right experimental temperatures. The mskelws good predictions for the formation
of DIMERS196, for all the experimental dataset® (B&. 97 (a, d, g)). ForigH,,, the modeling
concentrations are slightly under predicted foradtrall the experimental datasets but the degree of
disagreement decreases as the equivalence rafiacrisased, from about 50 % at fuel lean
conditions to about 30 % at fuel rich conditiongy(P7 (a, g)).

Displaced profiles for the formation of indene aragphthalene could be observed in the fuel
lean dataset (see Fig. 97 (b)). However, for tbeektometric and fuel rich dataset significantlylo
concentrations of indene and naphthalene couldbisereed (see Fig. 97 (e, h)). The model was
successful in capturing the formation of anthraceané methyl anthracene at lower temperatures
and increased amounts of anthracene and methydaetie are observed at higher temperatures for
all the experimental datasets. The modeling resiitsved negligible concentrations of fluorene

and ethenylanthracene being formed for the fuél diataset (the profiles are not shown).
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Fig 97. Experimental and modeling profiles of [, -]-CigH22, [0,--]-DIMERS196, [o,-]-Indene,

[o,--]- Naphthalene, [+,-]-Anthracene, [x,--]-Methylathracene(a-c)-average P5 = 49.7 atngh =
0.51, reaction time = 1.26-2.8 ms, (d-f)- average+#50.2 atmg = 0.95, reaction time=1.13-

1.697 ms, (g-iverage P5 = 45.65%=1.86, reaction time=1.11-2.11 ms, [Symbols]-Expenents, [Lines]-
Modeling Results

Reaction path analysis of £, revealed that this species is formed from themdgpation
of 1,3,5-trimethylbenzene and 1,3,5-trimethylbenmdical followed by removal of a hydrogen
atom (see pathway X in Fig. 89). The species, DIBES6 (100 %) is formed from recombination
of 1,3,5-trimethylbenzyl radical with benzene foWled by removal of hydrogen atom (shown in

Fig. 98).
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Fig 98. Reaction path analysis of DIMER196 P5 = 4&én, T5 = 1381 K, reaction time = 1.58 ms

Anthracene and methylanthracene are confirmed ttotmed from DIMERS196 through
the sequence of steps shown in Fig. 99, which iar#as to the mechanism proposed by Fusetti et
al**? The authors studied the thermal cracking of metied monoaromatics which included 1,2,4-
trimethylbenzene and proposed a generic pathwaythierformation of methylanthracene from
trimethylbenzenes. This generic pathway has beatifimd by including the isomerization step so
that methylanthracene could be formed from DIMERS1(@eaction path analysis was not
performed for the formation of anthracene and niatitiracene, since only this reaction sequence
is present in the model for the formation of thepecies). Displacement of the methyl side chain

from anthracene by hydrogen atom produces antheacen
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Fig 99. Mechanism for the formation of anthracenend methylanthracene from DIMERS196,
which is similar to the mechanism proposed by Fuset al®?

Reaction path analysis was not performed for indame naphthalene because of the very
low modeling concentrations and displaced profitesthe formation of these intermediates, as of
result of which the analysis might not give accaraformation for the formation of these species
But the absence of formation of indene and napétigain the modeling profiles could be due to the
lower concentration of toluene being formed in #imulation results. The importance of the
presence of intermediates of toluene oxidationh ascbenzyl radical, cyclopentadienyl radical and
fulvenallene in the formation of indene and naplgha has been mentioned previously in many
publications’’"9882163169mnroved predictions for the formation of toluecan also result in

improved modeling profiles for indene and naphthale

7.5. Concluding Remarks

The oxidation of 1,3,5-trimethylbenzene has beardietd at nominal reflected shock
pressures of 25 and 50 atm, for a temperature rah$@18-1640 K at fuel lean, stoichiometric and

fuel rich conditions. Species profiles of small hychrbons, mono-aromatic and multi-ringed
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aromatic species were obtained as a function op¢eature. The 1,3,5-trimethylbenzene oxidation
model was developed to predict the decay of thé dund the formation of aliphatic and single

ringed aromatic hydrocarbons, as measured fromerperiments. The model shows satisfactory
predictions for the formation of most of the majatermediates. Through reaction path analysis it
was identified that the pathways involving oxidatioof the 1,3,5-trimethylbenzyl and

dimethylphenyl radical play an important role lne tformation of the major intermediates such as
3,5-dimethylbenzaldehdye, benzene and toluenecidlg aromatic hydrocarbon species such as
anthracene and methylanthracene were formed thrawggguence of steps, following the reaction
of 1,3,5-trimethylbenzyl radical with benzene. Theechanism for the oxidation of 1,3,5-

trimethylbenzene does not fit into our simple hyyasts of oxidation by simultaneous oxidation and
abstraction of the methyl side chains and additiggeghway have to be included so that the

predictions of the modeling results could be imgahv
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8. MODELING OF 1,3,5-TRIMETHYLBENZENE AND M-XYLENE
PYROLYSIS EXPERIMENTS AND THE FORMATION OF POLYCYCL IC
AROMATIC SPECIES IN M-XYLENE OXIDATION EXPERIMENTS

The 1,3,5-trimethylbenzene oxidation model was tperl in stages. In the first stage, the
m-xylene oxidation model was developed because lengywas one of the major intermediates of
1,3,5-trimethylbenzene oxidation and the modelsilava in literature did not succeed in
simulating our high pressure m-xylene oxidationexkpental data (see Chapter 6, section 6.3). The
m-xylene oxidation model was developed and valdiagainst the stable species profiles obtained
from our experiments, up to single ringed aromhtidrocarbons. Since m-xylene is not one of the
proposed surrogate fuel components and only aidethe building the 1,3,5-trimethylbenzene
oxidation model, the kinetics for the formation mdlycyclic aromatic hydrocarbons, which were
observed in m-xylene oxidation experiments wereimdtided in the m-xylene oxidation model, at
this stage.

In the second stage, the 1,3,5-trimethylbenzengatixin model was developed using the m-
xylene oxidation model as the base mechanism. T8&-Irimethylbenzene oxidation model was
validated against our high pressure 1,3,5-triméykene oxidation experimental data and it
showed satisfactory predictions for the formatidnirdermediates ranging from CO and £O
methane up to the three ringed compounds (morelsiet®e present in Section 7.3 and 7.4 of
Chapter 7).

In the third stage the 1,3,5-trimethylbenzene axatamodel was used to simulate the 1,3,5-
trimethylbenzene pyrolysis experiments, m-xylenaolygis experiments and the polycyclic
aromatic species observed in the m-xylene oxidatqreriments. Since the 1,3,5-trimethylbenzene
oxidation model also consists of 1,3,5-trimethylbame and m-xylene pyrolysis kinetics, it can be

used to simulate all the sets of experimental é&asentioned in the previous two sentences. The
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experimental conditions of the 1,3,5-trimethylbereeand m-xylene pyrolysis experiments are
shown in Table 26 and the experimental conditiohthe m-xylene oxidation experiments were

shown in Table 12.

Table 26. 1,3,5-Trimethylbenzene and m-xylene pys® experimental conditions

Fuel Average Concentration Temperature @ Reaction
Shock /ppm Range /K Time /ms
Pressure /atm

1,3,5-

Trimethylbenzene 47.96 51.39 1085-1663 o 1.19-2.40

m-Xylene 54.47 54.43 1061-1579 o 1.28-1.91

The experimental and modeling profiles for the geo# 1,3,5-trimethylbenzene and m-
xylene in 1,3,5-trimethylbenzene and m-xylene pys@ experiments are shown in Fig 100 (a-b).
The model shows good predictions for the decay,8fitrimethylbenzene (Fig 100 (a)) and m-

xylene (Fig 100 (b)).
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Fig 100. Experimental and modeling profiles of 13trimethylbenzene (a) and m-xylene decay
(b) in the pyrolysis experiments, (ap]fP5avg = 48 atm, reaction time = 1.19-2.40 ms, [
P5avg = 54 atm, reaction time = 1.28-1.91 ms, [SgihExperimental results, [Lines]- Modeling
results

In the case of 1,3,5-trimethylbenzene pyrolysigesinents, the agreement of the modeling
profiles and experimental profiles for the formatiof few of the major intermediates such as m-
xylene and GH», could be considered to be satisfactory (see Fig (a)). The model shows the
formation of m-xylene at the correct experimenwnperatures and the deviation in the peak
concentration in the modeling results when compacedhe experiments is about 25 %. The
modeling results show a slightly displaced profde the formation of GHy, and the deviation in
the peak concentration of the modeling results wéwnpared to the experiments is about 36 %.
For m-xylene pyrolysis experiments, the modelingfipgs and the experimental profiles for toluene
match well (see Fig 101 (b)). The modeling ressh®w a slightly displaced profile for the
formation of toluene and the deviation in the peakcentration of the modeling results when

compared to the experiments is about 21 %.
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Fig 101. Experimental and modeling profiles of (ap-xylenef,---] and GgHzJ0,-] formed in
1,3,5-trimethylbenzene pyrolysis experiments, P5av48 atm, reaction time = 1.19-2.40 ms (b)

tolueneld, -] formed in m-xylene pyrolysis experiments, P§av 54 atm, reaction time = 1.28-
1.91 ms, [Symbol]-Experimental results, [Lines]- Meling results

The 1,3,5-trimethylbenzene oxidation model alsowshainder predicted or displaced
profiles for the formation of most of the otherennediates observed in 1,3,5-trimethylbenzene and
m-xylene pyrolysis experiments such as benzeneenal, 1-ethyl-3,5-dimethylbenzene, methane
and GgHig and the experimental and modeling profiles of ¢hesermediatesare shown in Fig 102
(a-e). For example, the model shows almost no lmEnand toluene being formed in 1,3,5-
trimethylbenzene pyrolysis experiments. Modelingfile of benzene (in Fig 102 (a)) shows a
maximum concentration of about 0.018 ppm of benzeneg formed at a temperature of 1503 K,
whereas the experiments show maximum peak contientraf 8 ppm at 1503 K. The modeling
profile of toluene (in Fig 102 (b)) shows a maximaoncentration of 0.185 ppm of toluene being
formed at 1407 K, whereas the experiments showndgeamum peak concentration of 4.86 ppm at
1407 K. The modeling profile of 1-ethyl-3,5-dimelibgnzene shows maximum peak concentration
of 4.07 ppm at 1482 K, whereas the experiments shavaximum peak concentration of 0.93 ppm

at 1327 K (shown in Fig 102 (c)).
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Similarly the modeling profile of one of the majmtermediates of m-xylene pyrolysis,
CieHig (shown in Fig 102 (f)) shows a maximum concentratdf 0.0165 ppm of gHig being
formed at 1340 K whereas the experiments show amuam concentration of 2 ppm being formed
at 1302 K. The modeling profiles of benzene andhare, formed in the m-xylene pyrolysis
experiments are shown in Fig 102 (b) and (c). Tlweleting profiles show steady formation of
benzene (3.07 ppm at 1579 K) and methane (31.11gtdB66 K), whereas the experiments show
that at these temperatures of 1579 K and 1566lKhalbenzene and methane has reacted and only

about 0.18 ppm of benzene and 2.79 ppm of mettsastdliremaining.
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Fig 102. Experimental and modeling profiles of (&),---]-benzene, (b)d,---]-toluene, (c) [x,-]-1-
Ethyl-3,5-dimethylbenzene formed in 1,3,5-trimethghzene pyrolysis experiments, P5avg = 48
atm, reaction time = 1.19-2.40 ms (d),{--]-benzene, (e)d,---]-methane, (f) [7,-]-benzene-1,1'-
(1,2-ethanediyl)bis[4-meth ({gH1s), formed in m-xylene pyrolysis experiments, P5av4 atm,
reaction time = 1.28-1.91 ms, [Symbol]-Experimentakults, [Lines]- Modeling results
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The experimental and modeling profiles for the fation of acetylene, diacetylene and
triacetylene in 1,3,5-trimethylbenzene and m-xyleyeolysis experiments are shown in Fig. 103
(&) and (b). The model under predicts the formatibmacetylenic types of species in both 1,3,5-
trimethylbenzene and m-xylene pyrolysis experimeftsm Fig. 103 (a) it can be observed that the
1,3,5-trimethylbenzene pyrolysis model shows al®itppm of acetylene being formed at the
highest temperature of 1662 K, whereas the expetsrghow 157 ppm of acetylene being formed
at 1662 K. The experimental vs. modeling conceianat of diacetylene and triacetylene in 1,3,5-
trimethybenzene pyrolysis experiments are 32 ppmlv@2 ppm and 11 ppm vs. 0.0047 ppm
respectively. Similarly the model also under preslihe formation of acetylene, diacetylene and

triacetylene in m-xylene pyrolysis experiments #émelprofiles are shown in Fig. 103 (b).
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Fig 103. Modeling profiles of (a) §,-]-acetylene, {1 ,---]-diacetylene, k,...]-triacetylenec, (a)-1,3,5-

Trimethylbenzene pyrolysis experiments, P5avg =a#t@, reaction time = 1.19-2.40 ms, (b)- m-
Xylene pyrolysis experiments, P5avg = 54 atm, reactime = 1.28-1.91 ms
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In addition to this, the 1,3,5-trimethylbenzenedation model has been used to predict the
formation of major polycyclic aromatic hydrocarbimtermediates formed during the oxidation of
m-xylene. The modeling profiles show negligible amis of major polycyclic aromatic
hydrocarbon intermediates such as indene, naphiabnthracene and methylanthracene being
formed when compared to the experimental resufjar@s are not shown).

The disagreement between the modeling results lmaexperimental results merits some
comments. It is known from the discussion in thevigus paragraphs that the model shows good
agreement in predicting the decay of 1,3,5-trimisttyzene and m-xylene in the pyrolysis
experiments (shown in Fig 100 (a) and (b)); howgethex model fails to capture the formation of the
major intermediates in the 1,3,5-trimethylbenzend an-xylene pyrolysis experiments, such as
benzene, toluene, 1-ethyl-3,5-dimethylbenzene, amethacetylene, diacetylene, triacetylene and
Ci6Hi1s. The experimental and modeling profiles of thesermediates are shown in Fig 102 (a-f)
and Fig. 103 (a) and (b). Since the decay of the? i captured but not the formation of the
intermediates which were mentioned in the previEergtence, there are two possibilities that could
describe these modeling results

(1) The intermediates formed from the fuel decay inrtiegleling results, which are

also referred to as the modeling intermediates hatenecessarily the ones that
are observed from our experiments.

(2) The model does not include steps for the decayh@fniodeling intermediates

that lead to the formation of the intermediateseobsd in our experiments.

These points are described in greater detail iti@&ec8.1 and 8.2.
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8.1. Comparison of Major Intermediates Observed irl,3,5-Trimethylbenzene and m-Xylene
Experiments and Modeling results

8.1.1. 1,3,5-Trimethylbenzene Pyrolysis

In order to test the case 1, all the species (stdble and radical species) in the 1,3,5-
trimethylbenzene pyrolysis modeling results, whstlowed concentrations greater than 1 ppm have
been identified. As per our proposed hypothesisyaof these species were indeed different from
the intermediates that were observed from our éxests.

The major intermediates formed in the 1,3,5-trimgidenzene pyrolysis experiments were
methane, acetylene, diacetylene, triacetylene,drenzoluene, m-xylene andd#8,, The modeling
results of 1,3,5-trimethylmethylbenzene pyrolydiewed m-xylene, 1-ethyl-3,5-dimethylbenzene,
methane, acetylene, benzene, toluene apH.e being formed and these species were also
observed in the 1,3,5-trimethylbenzene pyrolysipeexnents. Other than these species, the
modeling results also predicted the formation 8f3-trimethylbenzyl radical (§E11), fulvenallene
(C7He) and p-xylylene (CH2PCH2)and their profiles are shown in Fig 104 (a - EBulvenallene
and p-xylylene were not detected in our experimbaotdhe modeling results show that 5.18 ppm of
p-xylylene and 2.81 ppm of fulvenallene persisthia modeling results at the highest temperature
of 1662 K. From the modeling results ofHz;, shown in Fig 103 (a), we can observe that abfut 2
ppm of GH;; radical remains unreacted at the highest temperatii1663 K. Even though the
CoHsiradical cannot be quantified in our experiments,car infer from the modeling results that

substantial concentrations o§kfi; radical are present at the highest temperatui&@3 K.
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Fig 104. Modeling profiles of (a)d]-1,3,5-trimethylbenzyl radical,{]-fulvenallene, [o]-p-
xylylene, [1]-m-xylyl radical, formed in 1,3,5-trimethylbenzenand m-xylene pyrolysis modeling
results, [Symbol]- Modeling results, (a — b)-Modedj results for 1,3,5-trimethylbenzene pyrolysis
experiments, P5avg = 48 atm, reaction time = 1.192ms, (d-e)-Modeling results for m-xylene
pyrolysis experiments, P5avg = 54 atm, reactiondim1.28-1.91 ms

8.1.2. m-Xylene Pyrolysis

The major intermediates formed in the m-xylene [ygis experiments were methane,

acetylene, diacetylene, benzene, toluene, stymethéCaH,,. The modeling results showed toluene,

ethane, benzene ande«8;5 being formed, and these species were also obserthd experiments.

Other stable intermediates which were observetienntodeling results but not in the experiments

are p-xylylene and fulvenallene. The modeling pesfiof these intermediates are shown in Fig 103

(d) and (e) and these profiles show 14 ppm of gdgyle and 26 ppm of fulvenallene at the highest

temperature of 1579 K. The modeling results alsgd maximum concentrations of 4 ppm of m-

xylyl radical being formed at a temperature of 1391{Fig. 103 (c)). Since m-xylyl decays to p-
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xylylene and fulvenallene, we can observe only (pgB of m-xylene remaining in the modeling
profiles at the highest temperature of 1579 K.

The modeling results of 1,3,5-trimethylbenzene emdylene show a few different stable
intermediates (fulvenallene and p-xylylene) beiogrfed when compared to the experiments. The
modeling results of 1,3,5-trimethylbenzene pyraysexperiments also show substantial

concentrations of §H;; radical being formed.

8.2. The Decay Pathways of §£;; Radical, Fulvenallene and p-Xylylene

Since at present the pyrolysis steps for consummifoCH;; radical are not known, these
steps were not included in the kinetic model ansd lgads to the build-up of48;; radical in the
modeling results. The m-xylyl radical consumptiautes are included in the model. The m-xylyl
radical decays to fulvenallene and p-xylylene. Hgmee observe the presence of small amount of
m-xylyl radical (0.4 ppm) and considerable amouwftfulvenallene (25 ppm) and p-xylylene (14
ppm), at the highest temperature of 1579 K in thrylane pyrolysis modeling results. In spite of
including the steps for the decay of fulvenallerte cyclopentadienyl radical, acetylene and
ethynylcyclopentadiene, we can still observe thes@nce of fulvenallene in the modeling results at
the highest temperature of 1579 K. This observasioggests that there could other intermediates
being formed in the decomposition of fulvenalleffdie model includes the steps which are
important for the decay of fuvenalléhéSince the kinetics of this intermediate are siitider
investigation by other research&fs®31%¢-19additional steps have yet to be included in tioeleh
for the consumption of fulvenallene. The steps fgrolysis of p-xylylene remain to be included in
the model based on recent theoretical and expetithstudies conducted on p-xylyléh®and

xylene isomers™,
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Based on the discussions presented in Sectionsar®l18.2, it can be concluded that
including additional, but currently still under iestigation, steps for decay of the fulvenallene, p
xylylene, m-xylyl and GH;; radical will result in improved predictions foretHformation and
consumption of the major intermediates formed B,5trimethylbenzene pyrolysis experiments

and m-xylene oxidation and pyrolysis experiments.
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9. CONCLUSIONS

In the present work an experimental (A), thermaogical and kinetic database (B) have

been developed for the combustion of aromatic gate fuel components of jet fuels, n-

propylbenzene and 1,3,5-trimethylbenzene. Experisn&rere also conducted on m-xylene and

kinetic model was developed for m-xylene oxidatsmthat it could help in the development of

1,3,5-trimethylbenzene oxidation model.

(A) The experiments on n-propylbenzene, 1,3,5-trimétgrytene and m-xylene were conducted

in the High Pressure Single Pulse Shock Tube avedsity of Illinois at Chicago. The

experiments were performed for two different norhedlected shock pressures of 25 and
50 atm and for fuel leanp(= 0.5), stoichiometricd = 1) and fuel rich conditions(= 2).

The stable intermediates species measured frontdh#ustion of of n-propylbenzene,
1,3,5-trimethylbenzene and m-xylene were analyzethgu gas-chromatography/mass
spectrometry techniques, which included specieh ag CO, CQ n-alkanes, alkenes,
single ringed, two ringed and polycyclic aromatigdiocarbons (PAH). Almost similar
major PAH species were formed from the experimeits-propylbenzene, m-xylene and
1,3,5-trimethylbenzene, which included indene, tiaglene and anthracene. However, the
maximum peak concentrations of these species vaiitbdthe fuel, which indicates that the
formation of these species is dictated by the faglicture. For example, for n-
propylbenzene experiments, bibenzyl and indene weremajor two ringed species that
were formed. For the m-xylene and 1,3,5-trimethygitene, the dimers of the m-xylyl and
1,3,5-trimethylbenzyl radicals, indene, naphthalemel anthracene were the major two
ringed and three ringed compound that were fornias species distribution obtained from
n-propylbenzene, 1,3,5-trimethylbenzene and m-xylexperiments was crucial in the

development of the mechanism and kinetic modeleémh individual fuel decay.
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(B) Kinetic models were developed for the oxidatiomedropylbenzene, m-xylene and 1,3,5-
trimethylbenzene. Development of these models kelpeinderstanding the decay of these
fuels.

a. n-Propylbenzene: The oxidation of this species depended on the ¢eatpre and
the concentration of the oxidizer . At low temparas (around 1060 K) the species
decayed by hydrogen abstraction reactions formingrese as the major
intermediate. At higher temperatures (around 12%0tle species decayed by the
homolysis pathway of the n-propyl side chain thgrétrming benzyl and ethyl
radical. The concentration of the oxidizer influedcthe formation of the single
ringed aromatic hydrocarbon intermediates suchleagdidehyde and two ringed and
three ringed aromatics such as bibenzyl, indene amtiracene. At fuel lean
conditions greater peak concentrations of benzdigeehwere attained when
compared to the experiments at fuel rich conditioifie maximum peak
concentrations of the polycyclic aromatic hydrocerintermediates increased as the
equivalence ratio were increased. A direct pathfsay the fuel decay was found to
be responsible for the formation of indene, whicdswhe major polycyclic aromatic
hydrocarbon measured in the fuel lean and stoickiomoxidation experiments.
The oxidation model was also validated againstflthe reactor data from different
laboratories so as to extend the operating rantf@fmodel.

The pyrolysis of the fuel was seen to be primadBpendent on the homolysis
pathway; hence benzyl radicals were the major biestatermediate species. Benzyl
radical and the species formed from the decomposdf the benzyl radical such as

the cyclopentadienyl radical and propargyl radicauenced the formation of

198



polycyclic aromatic hydrocarbons such as indenghtielene, anthracene and
acenaphthylene.

. m-Xylene: The oxidation model of m-xylene was developed tdjmt the formation
of species with carbons numbers ranging from CT& which also included the
major single ringed aromatic hydrocarbons (toluané benzene) observed from the
experiments. The oxidation chemistry of the fuebwléctated by the formation and
consumption of the dimethylphenoxy radicals. Tokievas primarily formed from
m-xylene by displacement of the methyl group byyarbgen atom and minor
amounts of toluene was formed from dimethylphenmgical. Major amounts of
benzene was formed from dimethylcyclopentadienyldical by internal
rearrangement and subsequent loss of the methypgmehich was in turn formed
from dimethylphenoxy radical by CO elimination. Timeportance of the including
the pathways for the formation of benzene and t@ueom dimethyphenoxy radical
was further confirmed in the 1,3,5-trimethylbenzexéation model development.
In addition to developing kinetics for the formatiof benzene and toluene from
dimethylphenoxy radical, the toluene oxidation sibs kinetics was also updated
for a few major reactions such as benzyl+H&hd benzyl+@ The m-xylene
oxidation model has not only been validated agadnsthigh pressure experimental
data but also validated against the flow reactdrsiirred reactor data and shock tube
ignition delay data for different experimental megs of low pressure (1 atm ),
intermediate pressure (10 -25 atm) and high pres&@5-50 atm) regimes, so as to
develop a comprehensive model for the oxidatiomodylene.

. 1,3,5-Trimethylbenzene:The 1,3,5-Trimethylbenzene oxidation model inclutiesl
subset of kinetics for m-xylene and toluene oxatat The mechanism was
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developed based on the product distribution obthinem the experiments and the
kinetic data for most of the reactions in the medsa were estimated from
analogous reactions of toluene. The model predittedfuel decay, oxygen decay
and the formation of major intermediates such as CQ and m-xylene adequately
well. However, the over-prediction or under-preidictof other major intermediates
such as toluene has highlighted the specific ldaeh the model which need to be
included A number of pathways such as for formatidnthe trimethylphenoxy
radical have to be included so as to improve tlegliptions of toluene. Among the
polycyclic aromatic hydrocarbons a direct route \whBesntified for the formation of
anthracene from the fuel. However, the formationnafene and naphthalene was
under predicted and it is possible that the presicbf these species could be
improved if the formation of toluene is predictextarately by the model.
In the present work, the combustion of aromaticagate fuel components was studied both
experimentally and theoretically. Hence, an expental, thermochemical and kinetic validation

database are now available for these aromatic gateduel components of jet fuel.
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10. FUTURE WORK

The oxidation model for n-propylbenzene, whichoatensists of pyrolysis kinetics shows
excellent predictions not only for our experimerdata but also for the data obtained from other
laboratories. Therefore the oxidation model of ogytbenzene can be considered complete and no
further work is needed in the development of n-gliopnzene kinetics.

The oxidation model for 1,3,5-trimethylbenzene whiecludes 1,3,5-trimethylbenzene and
m-xylene oxidation and pyrolysis kinetics has to foether improved. One of the challenges
associated with improving the 1,3,5-trimethylbereeoxidation model is that experimental
measurements of the rate constants for the formatimd decay of most of the intermediates
observed in our experiments are not available. iBhm®t surprising since the species distribution i
1,3,5-trimethylbenzene oxidation and pyrolysis ekpents was obtained for the first time in the
present work and such measurements do not exibeifiterature. Most of the models available in
the literature for m-xylene are validated only agaithe oxidation experiments and the pyrolysis of
these species has not been studied. Specificalyyholysis kinetics are not complete for 1,3,5-
trimethylbenzene and m-xylene and further rese@clequired in this area. Both experimental
measurements and theoretical calculations arenestjtor further development of the m-xylene and
1,3,5-trimethylbenzene oxidation and pyrolysis kitee The pathways for the formation of
different polycyclic aromatic hydrocarbons has &oflrther investigated, since in our present study
we have identified that a few of the PAH speciesl@de formed from the fuel via unconventional
channels, which depended on the fuel structuretiaadype of intermediates formed from the fuel

decay.
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APPENDICES

n-Propylbenzene and 1,3,5-Trimethylbenzene OxidatioExperiments

Oxidation experiments were conducted on 1,3,5-ttylbenzene (60 %) and n-
propylbenzene (40 %) mixture for an equivalencmrat 1.4 and at an average pressure of 22 atm,
in the High Pressure Single Pulse Shock Tube. Thegeriments were conducted to examine the
differences in reactivity of 1,3,5-trimethylbenzeaed n-propylbenzene in the mixture when
compared to oxidation of pure 1,3,5-trimethylberezemd n-propylbenzene. The decay of 1,3,5-
trimethylbenzene and n-propylbenzene are showigir& 1 as a function of temperature. From the
figure it can be observed that n-propylbenzene ydeed lower temperatures when compared to
1,3,5-trimethylbenzene. For instance, at a tempezatf 1193 K, about 98 % of n-propylbenzene

has been consumed whereas only 45 % of 1,3,5-tiyllenzene was consumed at the same

temperature.

200- ‘o 1,35-trimethylbenzene |
_ ] o n-propylbenzene
€ 1604 o o Oy .
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Figure 1. Decay of 1,3,5-trimethylbenzene (1,3,8tnand n-propylbenzene (npb) in 1,3,5-

trimethylbenzene (60 %) and n-propylbenzene (40n¥#&ure experiments, average P5 = 22 atm,
average reaction time = 2.16 nds= 1.4

The decay of 1,3,5-trimethylbenzene in the presemckabsence of n-propylbenzene (100
% 1,3,5-trimethylbenzene) is comparedFigure 2 In the latter case, 1,3,5-trimethylbenzene (100
%) oxidation experiments were conducted at an geepressure of 24 atm, average reaction time
of 1.77 ms and an equivalence ratio of 1.3. From fiigure it can be observed that 1,3,5-

trimethylbenzene decays at lower temperaturesdrptesence of n-propylbenzene. For example, at
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a temperature of approximately 1250 K, almost 76f%,3,5-trimethylbenzene has been consumed
in the presence of n-propylbenzene, whereas ordyta2? % of 1,3,5-trimethylbezene has decayed
in the absence of n-propylbenzene. The decay ¢b-iriBnethylbenzene at lower temperatures in
the mixture could be the result of cross-reactioetveen 1,3,5-trimethylbenzene and the radicals
formed from the oxidation of n-propylbenzene. Sinoepropylbenzene decays at lower
temperatures, when compared to 1,3,5-trimethylb@mnzéhe radicals formed in the oxidation
propylbenzene react with 1,3,5-trimethylbenzene grdmote the consumption of 1,3,5-

trimethylbenzene in the presence of n-propylbenzene
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Figure 2. Decay of 1,3,5-Trimethylbenzene in thespnce of n-propylbenzene)(and in the
absence of n-propylbenzens).( Experiments of 1,3,5-Trimethylbenzene (60 %) and
propylbenzene (40 %) were conducted at average P&tf2, average reaction time=2.16 s

1.4. Experiments of 1,3,5-trimethylbenzene weredoated at average P5=24atm, average reaction
time = 1.77 ms¢p = 1.3

The decay of n-propylbenzene in the presence asénab of 1,3,5-trimethylbenzene (100
% 1,3,5-trimethylbenzene) is compared in Figurén3the latter case, n-propylbenzene (100 %)
oxidation experiments were conducted at an avepagesure of 18 atm, average reaction time of
2.29 ms and an equivalence ratio of 0.55. Fronfithee it can be observed that the decay of n-
propylbenzene is similar in the presence and alesericl,3,5-trimethylbenzene. In spite of
difference in the equivalence ratio, it can be oles@ that the decay of n-propylbenzene is not

influenced by the presence of 1,3,5-trimethylbepezen

213



o T npbl T T T |
§%%1 o npbwith 1,3,5mb
& 16oqoR o
T °© “og
< 0.8 .
[ H
e o
© m]
804 6 :
©
£ o
(@)
Z 0.0 | _ oodlo 0 armar
900 1050 1200 1350

Temperature (K)

Figure 3. Decay of n-propylbenzene in the preseavicd,3,5-trimethylbenzeneaf and in the
absence of 1,3,5-trimethylbenzen®. (Experiments of 1,3,5-Trimethylbenzene (60 %) and
propylbenzene (40 %) were conducted at average P&, average reaction time=2.16 s
1.4. Experiments of n-propylbenzene were conduates’erage P5=18 atm, average reaction time

=2.29 msg¢ = 0.55

From the discussion presented in the above parfagy#ran be concluded that the decay of
1,3,5-trimethylbenzene is influenced by the presemicn-propylbenzene but not vice-versa. This
experimental study reveals that when a mixtureuefsfis oxidized, the reactivity of the fuels that

decay at higher temperatures could be enhancetbdbe presence of the fuels that decay at lower

temperatures.
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Figure 4. Reproducibility of the High Pressure Shdabe experiments is shown by comparing the
m-xylene decay obtained from two different expentaédatasets. The experiments were
performed in March 2010 and in October 2008.
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Constant GC Injection Pressure of 16 psi

The scatter in data and over prediction of,@Dhigher reflected shock temperatures in the
experiments could be due to inaccurate GC analyisisrder to test this hypothesis, calibration
mixture of different concentrations of GQvere prepared using Scotty Analyzed Gases Mix14
(mole% of species- £, .979%, CQ .999%, CO 1.0%, C2H6 .997%, C2H4 1%, CH4 .998%,
balance of nitrogen in 14lit vessel at 240 psigy & fixed concentration of GQhe GC injection
pressure was varied from 33psi to 6psi. A Plot-@mm eluting into FID was used to identify GO
A nickel catalyst (Methaniser) was placed in betwéee Plot-Q column and FID to convert £0
eluting from the column to CHthereby permitting COto be detected on the FID. All the sample
lines to the GC, including the pressure gauge \Wweeted.

Molefraction/  Area/Pinj

Filename Pinj/psi Area Area/Pin; ppm %Error
141008ag 29.71 206506048 6950725.3 1856 reference
141008ah 21.8 147053155 6745557.6 1856 2.95%
151008ab 13.17 96699318  7342393.2 1856 -5.23%
151008ac 28.74 191143667 6650788.7 1733.22 reference
151008ad 11.07 81379460  7351351.4 1733.22 -10.53%
151008ae 33.04 121207797 3668516.9 1051.715 reference
151008af 25.45 97748645  3840811.2 1051.715 -4.70%
151008ag 19.34 75961626  3927695.2 1051.715 -7.06%
201008ad 28.88 178936951 6195877.8 1732.64 referenc e
201008ae 28.53 179634975 6296353.8 1732.64 -1.62%
211008ab 23.13 147833511 6391418.5 1732.64 -3.16%
211008ac 16.21 107915247 6657325.5 1732.64 -7.45%
211008ad 6.72 46776256  6960752.4 1732.64 -12.34%

The highest injection pressure chosen was ~30bpsi,ptessure at which the post shock
samples were analyzed. The area/pinj of the highgsttion pressure was taken as the reference
value to calculate the percentage error at subsequessures for each concentration. It can be seen
that the percentage error in area/pinj increasdbhaslifference in the injection pressure increases
This trend is reproducible for different concerites and the response is sensitive to the
concentration as seen in Figure 5. The %error imal if the injection pressures are close (as seen

in thebolded rows).
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In order to test if this error could be caused &yitly reading of the pressure gauge (range:
0-20psi) another gauge (of range: 0-200psi) wasected in series. No discernible difference was

seen in the readings.

Pinj vs Area/Pin;j
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Figure 5

In order to test if the heating of the sample liles caused this discrepancy in the
measurement, experiments were done with sample lineeated (at room temperature). The same
trend was seen, the % error in area/pinj increasi#ld the difference in the injection pressure,

Figure 6. Théolded rows again show reproducibility of constant pressnjections.

Molefraction/  Area/Pin;j

Filename Pinj Area Area/psi ppm %Error
161008ab 31.7 158682686 5005763 1231.83 reference
161008ac 26.8 129811710 4843720.5 1231.83 3.24%
161008ad 19.5 101796354 5220325.8 1231.83 -4.29%
161008ae 8.45 46426313 5494238.2 1231.83 -0.62%
161008af 8.94 49421332 5528113.2 1231.83 reference
181008ab 16.17 76711645 4744072 1177.74 -2.6%
181008ac 16.18 78792659 4869756.4 1177.74  reference
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Area/psi vs Pinj(unheated lines)
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Figure 6

The above results conclude that constant press@ra@ction could minimize the errors in
calibration and quantification of the stable speciEo confirm this, shock tube experiments were
done on the Coreagent mixture at low and high reflected shookperatures (T5 = 1095.51K and
T5 = 1473.84K) at a pressure of 23atm.

Shock Tube Experiments:

Reagent mixtures consisting of g(Bone Dry 99.8%, Matheson tri-gas), 1996.59 ppm,
krypton (Research grade, 99.999%, Specialty gakeésmerica) and balance argon (Ultra High
Purity, Air gas) were prepared in 50-liter vessdie deviation in the CO2 quantification in the
preshock and the postshock sample was 4.50% whielithin the experimental error. For almost
constant injection pressures the peak areas ofi€@@he post shock samples differed by 0.36%,

confirming the hypothesis that constant GC injetpoessure minimizes the error.
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Shock P5/atm T5/K Filename  Pinj/psi Area CQ
(Area/Pinj)

Preshock 271008ag 17.10 146171693 8548052
sample
11 22.91 1095.51 271008ah 17.10 152746694 8932555
12 22.91 1473.84  271008ak 17.06 152944791 8965111
Conclusions:

As a result of the above investigations the follogvconclusions and recommendations have been

formulated.

1) Error in quantification of stable species can benimized by constant GC injection

pressures.

2) The GC injection pressure will be fixed in all safgent analyses by the use of a high flow

(3600 psig), high-sensitivity (0.2%) diaphragm-segs pressure reducing (0-25psig)
regulator (KHF1DRA828A20000, Chicago Fluid Systeechinologies) placed in between
the sample vessel outlet and the inlet valve ofsdm@aple injection rig of the GC/MS. This

regulator can be heated to at least 200°C to bsistent with the heating of the sample gas

transfer lines

3) The regulator and the sample lines to the GC/MQulshbe heated to a constant and

consistent temperature by the use of heating tafesget reproducible results. The

temperature should be measured and a standard shtudd be adopted as a standard

laboratory operating procedure.
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Included for each experimental set presented irergig
» Experimental conditions (temperatures-K, pressatag-and reaction times-ms)

* Mole fraction of the major products ppm
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n-Propylbenzene Oxidation Datasets

Experimental data for n-propylbenzene oxidation, aerage P5 = 51 atm¢ = 0.55

Shock No. 4 25 17 23 30 32 38 42 44 46
T5 /K 958.71|1017.1 | 1052.8 | 1114.3 | 1181 | 1273.2 | 1347.6 | 1408.9 | 1477.9 | 1558.2
P5 /atm 50.55 | 53.28 | 56.33 | 55.11 | 51.83 | 54.54 | 48.91 | 49.52 | 47.84 | 45.11
Reaction Time /ms 164 | 157 163 | 168 | 1.78 1.9 1.71 1.58 15 1.27
n-Propylbenzene 9051 | 84.1 | 79.41 | 53.07 | 176 1.61 0.8 0 0 0
02 1975.9 | 1940.6 | 1883.9 | 1846.3 | 1699.5 | 1616.1 | 1327.9 | 1058.3 | 1069.3 | 1059.6
Cco 0 0.6 1.09 | 8.35 | 69.46 | 333.52 | 418.56 | 180.95 | 37.49 | 29.23
Cco2 0 356 | 329 | 513 | 11.21 | 56.03 | 255.17 | 552.37 | 771.8 | 780.69
Methane 0 0.37 0.6 174 | 417 | 1041 | 322 | 0.37 0.4 0.25
Ethene 0 0 3.04 | 1491 | 3522 | 2925 | 4.44 | 0.74 0 0.25
Ethane 0 0 0.25 | 1.08 1.8 177 | 034 | 0.09 0 0.08
Acetylene 0 0 0.1 0.28 4.8 26.6 | 6.08 [ 0.56 0 0
Propene 0 0 0.22 1.06 | 1.43 0.7 0.16 0 0 0
1,2-Propadiene 0 0 0 0 025 | 051 | 0.19 0 0 0
Propyne 0 0 0 0 0.53 173 | 058 0 0 0
1,3-Butadiene 0 0 0 005 | 033 | 071 | 0.13 0 0 0
Vinylacetylene 0 0 0 0.18 1.26 2.74 0.44 0 0 0
Diacetylene 0 0 0 0 007 | 021 | 0.12 0 0 0
Benzene 0 007 | 016 | 126 | 524 | 7.96 121 | 0.17 | 0.06 | 0.09
Toluene 0 007 | 023 | 122 | 423 | 265 | 0.36 0.1 0 0
Phenylacetylene 0 0 0 0.07 | 0.87 126 | 0.48 0.1 0.04 0
Styrene 0 0.6 371 | 118 | 1952 | 466 | 0.67 | 0.27 0.2 0.25
1-Propenylbenzene 0 002 | 006 | 016 | 018 | 0.02 | 0.01 0 0 0
Cyclopentadiene 0 0 0.05 0.16 1.39 1.7 0.31 0 0 0
Ethylbenzene 0 0 0.7 328 | 461 0.49 0 0 0 0
Bibenzyl 0 018 | 091 | 183 | 1.89 | 0.39 0 0 0 0
Benzaldehyde 0 043 | 042 | 349 | 972 | 402 | 058 | 028 | 0.08 | 0.07
Benzofuran 0 044 | 074 | 179 | 218 171 | 0.88 | 026 | 0.06 | 0.06
Phenol 0 015 | 029 | 284 | 235 | 099 | 039 | 0.16 | 0.04 | 0.08
Indene 0 006 | 017 | 251 | 487 | 273 1.2 0.17 | 059 | 0.27
Naphthalene 0 0 0 0.25 0.3 031 | 0.13 0 0 0
2-Ethynylnaphthalene 0 0 0.02 0.04 | 0.46 0.37 0.03 0 0 0
Biphenylmethane 0 0 0 0 0.24 0.19 0.01 0 0 0
Preshock Carbon 814.55 | 814.55 | 814.55 | 814.55 | 814.55 | 814.55 | 814.55 | 814.55 | 814.55 | 814.55
Postshock Carbon 81455 | 777.84 | 791.34 | 777.46 | 796.1 | 769.78 | 758.7 | 747.72 | 818.54 | 817.18
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Experimental data for n-propylbenzene oxidation, aerage P5 = 49 atm@ = 1.0 (Page 1/2)
Shock No. 5 2 8 11 25 34 28 43 48 45
T5 /K 837.98 | 869.74 | 993.35 | 1027.8 | 1103.3 | 1156.6 | 1220.8 | 1297 | 1374.8 | 1387.4
P5 /atm 47.77 | 49.86 | 53.15 | 46.92 | 52.28 | 50.21 | 52.74 | 48.74 | 48.8 | 48.18
Reaction Time /ms 1.65 1.7 1.7 1.71 1.74 1.95 1.89 1.79 1.77 1.7
n-Propylbenzene 89.44 | 89.73 | 88.59 | 84.22 | 67.81 | 28.04 | 3.87 1 043 | 0.25
02 1038.4(1038.1 | 1030.1 | 1033 | 1029.8 | 1018.2 [ 1018.7 | 968.92 | 721.54 | 538.86
CcO 0 0 0 0 587 | 19.14 | 63.31 | 132.09 | 336.67 | 368.49
CcO2 191 2.89 2.13 2.72 3.03 3.83 9 11.93 | 78.55 | 23342
Methane 0 0 0 0.31 141 2.66 5.59 8.38 | 1348 | 8.42
Ethene 0 0 0 112 | 11.73 | 35.14 | 5355 | 53.9 | 2393 | 11.07
Ethane 0 0 0 0.12 0.92 1.66 2.07 2.56 1.74 0.63
Acetylene 0 0 0 0 0.26 255 | 1127 | 21.85 | 4593 | 19.38
Propane 0 0 0 0 0.76 2.1 147 1.06 041 0.24
1,2-Propadiene 0 0 0 0 0 0.13 0.36 0.74 0.57 042
Propyne 0 0 0 0 0 0.25 0.82 1.35 1.33 0.33
1,3-Butadiene 0 0 0 0 0.05 0.14 0.49 0.8 0.48 0.24
Vinylacetylene 0 0 0 0 0.17 0.84 2.56 3.24 1.77 0.76
Diacetylene 0 0 0 0 0 0 0.1 0.42 0.6 031
Benzene 0 0 0 0.08 1.02 3.94 943 | 1279 | 7.89 341
Toluene 0 0 0.23 0.15 1.22 555 | 1279 | 15.04 | 4.03 1.87
Phenylacetylene 0 0.17 0 004 | 024 | 0.77 1.92 2.38 1.06 | 0.74
Styrene 0 0 0 1.08 | 1052 | 20.25 | 1763 | 9.28 | 1.78 | 0.88
1-Propenylbenzene 0 0 001 | 004 | 014 | 0.18 | 0.12 0 0 0
Cyclopentadiene 0 0 0 0 0.22 094 | 259 3.35 174 | 0.82
Methylcyclopentadiene 0 0 0 0 0.12 0.4 058 | 045 | 021 0.08
1,3-Hexadiene 0 0 0 0 0 031 | 039 | 036 | 0.13 | 0.05
Ethylbenzene 0 0 0 0.33 3.13 6.67 | 4.66 112 | 055 0
Bibenzyl 0 0 0.11 0.3 223 | 145 | 052 | 0.03 0 0
Indene 0 0 0 0 225 | 473 | 645 | 375 | 1.06 | 098
Benzaldehyde 0 0 0 0 2.62 6.72 | 875 | 489 1.81 0.59
Benzofuran 0 0 0 0 0.82 1.04 | 159 1.71 1.47 0.38
Phenol 0 0 0 0 032 | 092 [ 156 | 129 | 0.17 | 0.08
Naphthalene 0 0 0 0 0.08 0.48 1.82 18 0.53 0
2-Ethynylnapthalene 0 0 0 0 0.03 0.05 0.25 0.2 0.14 0
Diphenylmethane 0 0 0 0 0.03 0.05 0.25 0.14 0.04 0
Stilbene 0 0 0 0 0.06 0.07 0.24 0.17 0.07 0
Fluorene 0 0 0 0 0.03 0.04 0.17 0.18 0.03 0
Anthracene 0 0 0 0.04 0.1 0.21 0.23 0.15 0.01 0
Preshock Carbon 807.56 | 807.56 | 807.56 | 807.56 | 807.56 | 807.56 | 807.56 | 807.56 | 807.56 | 807.56
Postshock Carbon 806.87 | 811.82 | 802.75 | 781.69 | 860.84 | 796.66 | 808.5 | 770.02 | 751.53 | 750.75

222



Experimental data for n-propylbenzene oxidation, aerage P5 = 49 atm@ = 1.0

Shock No. 56 54 52 58 60

T5 K 1412.7 | 1448.1 | 1488.2 | 1509.4 | 1635.4

P5 /atm 48.79 | 50.59 | 44.71 | 43.74 | 43.9
Reaction Time /ms 1.52 151 1.48 1.39 121
n-Propylbenzene 0 0 0 0 0
02 2354917658 | 130.31 | 89.05 | 86.27

CO 277.28 | 159.36 | 123.47 | 120.76 | 108.52

CO2 502.19 | 628.9 | 676.41 | 680.92 | 708.75
Methane 0.9 039 | 052 | 031 | 053
Ethene 189 | 0.65 | 007 | 037 | 0.57
Ethane 011 | 0.11 | 0.03 0.1 0.12
Acetylene 683 | 095 | 0.58 0.3 0.21
Propane 0 0 0 0 0
1,2-Propadiene 0.14 0 0 0 0
Propyne 0.16 0 0 0 0
1,3-Butadiene 0.07 0 0 0 0
Vinylacetylene 0.15 0 0 0 0
Diacetylene 0.05 0 0 0 0
Benzene 044 | 018 | 009 | 0.06 0
Toluene 0.39 0 0 0 0
phenace 0.19 0.18 0.26 0.11 0
Styrene 032 | 021 | 0.18 0 0
1-Propenylbenzene 0 0 0 0 0
Cyclopentadiene 019 | 0.17 | 011 | 0.07 0
Methylcyclopentadiene 0.02 0 0 0 0
1,3-Hexadiene 0 0 0 0 0
Ethylbenzene 0 0 0 0 0
Bibenzyl 0 0 0 0 0
Indene 0 0 0 0 0
Benzaldehyde 0 0 0.18 0 0
Benzofuran 0.06 0 0 0 0
Phenol 0.04 0 0 0 0
Naphthalene 0 0 0 0 0
2-Ethynylnapthalene 0 0 0 0 0
Diphenylmethane 0 0 0 0 0
Stilbene 0 0 0 0 0
Fluorene 0 0 0 0 0
Anthracene 0 0 0 0 0

Preshock Carbon 807.56 | 807.56 | 807.56 | 807.56 | 807.56

Postshock Carbon 811.33 | 797.09 | 807.65 | 805.18 | 819.62
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Experimental data for n-propylbenzene oxidation, aerage P5 = 52 atm@ = 1.9 (Page 1/2)

Shock No. 2 5 13 69 16 66 22 63 60 19 57
T5 K 847.38| 923.38| 1009.7| 1040.5| 1133.8| 1107| 1172.7| 1227.6| 1263.2| 1286.4| 13743
P5 /atm 4762| 46.22| 54.19| 5436 54.02| 60.31| 53.06| 54.05| 5527| 57.89| 44.69
Reaction Time /ms 15| 152 161| 159 185 172| 178 195 195 19| 179
n-Propylbenzene 89.99| 88.78| 87.14| 86.44| 4234| 5598 19.79| 528 249 189 0.99
02 575.09| 556.67| 573| 548.84| 554.67| 525.17| 530.89| 508.05| 510.72| 503.05| 433.22
CO 0 0| 554| 332| 2148| 573] 2459 34.38| 39.05| 57.41| 10741
Cc02 0 0| 254| 238 313| 222| 377 313| 424 272| 1215
Methane 0 0 0| 031 22| 177 306 442 562 705 1511
Ethene 0 0 0 18| 288 18.7| 49.99| 63.88] 67.99| 65.76| 5551
Ethane 0 0 0 02| 161] 129 189 219 262 292 234
Acetylene 0 0 0 0] 092| 063 292| 849 1212| 16.36| 57.18
Propene 0 0 0| 008 126 093] 165 173 126| 134 065
1,2-Propadiene 0 0 0 0 0l 008 013 027] 043] 052 115
Propyne 0 0 0 0 0 0| 032 049 072 097 288
1,3-Butadiene 0 0 0 0l 0.6 0| 017] 0.07| 035 041 052
Vinyl Acetylene 0 0 0 0 035 0 08| 145 179 204] 253
Diacetylene 0 0 0 0 0 0 0] 007] 015 021] 228
Benzene 0 0] 009] 019 376 2.1 71| 1063 1256 14.17| 19.92
Toluene 0l 018 02| 032| 668 321| 1476 24.62| 30.38| 29.57| 20.85
Ethylbenzene 0] 0.09] 0.09 04| 713] 476 901 7] 439] 248| 0.63
p-Xylene 0 0l 001] 003 022 018 034 038 035 031 0.1
Styrene 0 0l 033] 126 12.83] 9.38| 16.38| 1491| 1285 10.73] 3.78
Cyclopentadiene 0 0 0 0| 062 03| 155 268 325 36| 292
1,3-hexadiene 0 0l 003] 003 024 024 043 062 071 063] 046
Methylcyclopentadiene 0 0 0 0 04| 023] 068 072 063 056] 0.32
Benzaldehyde 0 0 0 024] 258 168 348] 369 367 33 111
1-Propenyl benzene 0 0 0 0/ 017 011f 0.13] 009 007/ 006| 0.01
Bibenzyl 0 0 0 0] 446| 393 328 197 152 102| 027
Benzylalcohol 0 0 0 0] 015/ 006/ 035 055 063 0.77 1
Phenol 0 0 0 0] 035 026 067 057 047/ 033] 014
Phenylacetylene 0 0 0 0] 018 015 041] 084 101 138] 177
2-Propenylbenzene 0 0 0 0 0 0 0| 008 028 031 101
2-Ethynylnaphthalene 0 0 0 0 02| 009 031 053] 073 041 0
Biphenylmethane 0 0 0 0l 0.14] 004 024] 046 05| 043] 017
Benzofuran 0 0| 002 0] 051 036 051] 036 029 021 0.06
Indene 0 0 0 0] 028 008 051 0.8 09| 102 104
Naphthalene 0 0 0 0 0 0 0] 008 028 031 101
Fluorene 0 0 0 0 0 0| 006] 014 02| 041 035
Stilbene 0 0 0 0] 045 015 045] 033 027 008/ 0.01
1,2-Diphenylethyne 0 0 0 0 0 0| 0.07] 0.04] 003] 008 0.09
Anthracene 0 0 0 0 0 0| 012 019 026 0.39 0.3
Preshock Carbon 809.89| 809.89| 809.89| 809.89| 809.89| 809.89| 809.89| 809.89| 809.89| 809.89| 809.89
Postshock Carhon 809.89| 800.98| 798.11| 806.86| 817.68| 789.97| 800.31| 787.62| 807.09| 789.97| 800.71
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Experimental data for n-propylbenzene oxidation, aerage P5 = 52 atmé = 1.9

Shock No. 54 34 48 51 45 37
T5/K 1419.1| 1448.7| 1471.4| 1500| 1527.1| 1639.9
P5 /atm 50.09( 52.15| 47.09| 47.77| 50.15| 49.68
Reaction Time /ms 1.34 1.59 153 14 1.32 1.26
n-Propylbenzene 0.86 0.66 0.78 0.67 0.56 0
02 260.64| 115.63| 86.63| 41.48| 26.19 8.02
CO 343.48| 500.67| 510.48| 552.94| 557.44| 659.68
CO2 5147 85.48| 91.05| 103.25| 135.72| 119.77
Methane 2239 16.45| 1457 9.85 4.79 1.85
Ethene 18.92 6.14 4.13 2.12 0.74 0.5
Ethane 1.34 0.59 0.55 0.26 0.12 0.07
Acetylene 119.03| 86.78| 71.63| 53.66| 26.56( 11.92
Propene 0.3 0.1 0.16 0.1 0 0
1,2-Propadiene 0.86 0.43 0.38 0.24 0 0
Propyne 2.68 1.18 0.96 0.73 0 0
1,3-Butadiene 0.05 0.07 0.09 0.02 0 0
Vinyl Acetylene 0.92 0.29 0.2 0.1 0 0
Diacetylene 3.92 2.51 1.65 1.4 0.44 0
Benzene 7.53 1.71 1.06 0.35 0.18 0.17
Toluene 35 0.81 0.48 0.23 0.14 0.14
Ethylbenzene 0.12 0.04 0 0.02 0 0.05
p-Xylene 0.06 0 0 0 0 0
Styrene 0.51 0.05 0.1 0.07 0.1 0.1
Cyclopentadiene 0.8 0.19 0.12 0.03 0 0
1,3-hexadiene 0.18 0.01 0 0 0 0
Methylcyclopentadiene 0.09 0 0 0 0 0
Benzaldehyde 0.18 0.06 0.04 0.02 0.02 0.03
1-Propenyl benzene 0 0.01 0 0 0 0
Bibenzyl 0 0 0 0 0 0
Benzylalcohol 0.42 0 0 0 0 0
Phenol 0 0 0 0 0 0
Phenylacetylene 0 0.22 0.11 0 0 0
2-Propenylbenzene 0.47 0.05 0 0 0 0
2-Ethynylnaphthalene 0 0 0 0 0 0
Biphenylmethane 0 0 0 0 0 0
Benzofuran 0 0 0 0 0 0
Indene 0.29 0.01 0 0 0 0
Naphthalene 0.47 0.05 0 0 0 0
Fluorene 0.01 0 0 0 0 0
Stilbene 0 0 0 0 0 0
1,2-Diphenylethyne 0 0 0 0 0 0
Anthracene 0.1 0 0 0 0 0
Preshock Carbon 809.89| 809.89| 809.89| 809.89| 809.89| 809.89
Postshock Carbon 831.5( 833.18| 800.21| 798.18| 762.54| 809.62
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Experimental data for n-propylbenzene oxidation, aerage P5 = 28 atm¢ = 0.54

(Page 1/2)
Shock No. 18 6 4 12 10 14 20 16 40 22
T5 K 906.87 | 989.31 | 1044.6 | 1135.7 | 1175.5 | 1245.1 | 1264.5| 1300 | 1340.6 | 1368.5
P5 /atm 28.56 | 28.05 | 28.84 | 27.67 | 2782 | 2781 | 2699 | 27.6 | 2815 | 275
Reaction Time /ms 1.76 1.84 1.87 1.98 1.9 1.78 2.05 1.91 1.89 1.83
n-Propylbenzene 85.94 | 83.81 | 76.95 | 34.83 | 12.26 | 2.02 0.93 0.52 0 0
02 1891.7| 1900.7 | 1864.8 | 1812.7 | 1793.6 | 1785.1 | 1784.4 | 1451 | 1284.6 | 1131.5
CO 0 0 232 | 2542 | 57.05 | 149.77| 195.73 | 369.43 | 345.65 | 254.34
CO2 0 0 257 | 349 | 535 | 13.09 | 18.85 | 160.39 | 312.76 | 443.12
Methane 0 0 0 2.12 4 6.93 | 8.28 5.81 1.9 0.52
Ethene 0 0 331 | 2759 | 4233 | 46.04 | 42.26 | 1535 | 4.52 1.58
Ethane 0 0 0.34 171 | 206 | 231 | 231 096 | 0.36 | 0.13
Acetylene 0 0 0.48 135 | 572 | 1846 | 2546 | 165 3.7 1.27
Propane 0 0 0.31 134 | 169 125 | 094 | 036 | 0.12 0
1,2-Propadiene 0 0 0 0.13 0.28 0.61 0.69 0.35 0.12 0
Propyne 0 0 0 0.13 0.45 1.09 1.25 0.57 0.28 0
1,3-Butadiene 0 0 0 013 | 035 | 085 | 0.96 0.4 0.12 0.05
Vinylacetylene 0 0 0 0.52 14 2.72 2.86 0.96 0.27 0.1
Diacetylene 0 0 0 0.12 0.21 0.25 0.31 0.14 0.05 0
Benzene 0 002 | 025 | 298 | 611 | 11.03 | 1064 | 4.14 1.22 0.37
Toluene 0 0 025 | 3.73 | 684 | 865 | 7.23 2.05 | 0.67 0.29
Phenylacetylene 0 0 0.2 0.33 0.79 15 1.23 0.51 0 0
Styrene 0 062 | 403 | 20.11 | 21.43 | 11.89 | 8.97 1.91 084 | 0.35
1-propenylbenzene 0.02 0.03 0.08 0.22 0.17 0.06 0.04 0.01 0 0
cyclopentadiene 0 0 0 0.77 161 3.08 2.76 1.05 0.36 0.14
methylcyclopentadiene 0 0 0 0.33 0.44 0.55 043 0.13 0 0
1,3-hexadiene 0 0 0 023 | 024 | 032 | 0.21 0.08 | 0.01 0
ethylbenzene 0 0 0.95 5.37 5.18 241 1.65 0.52 0 0
bibenzyl 0 0 151 | 218 | 0.82 | 031 0.3 0 0 0
Benzaldehyde 0 0.2 0.86 3.71 7.13 5.76 4.46 0.96 0 0
Benzofuran 0 0.16 0.78 1.04 1.15 1.24 1.04 0.75 0.06 0
Phenol 0 005 | 047 | 0.79 | 0.89 1.19 1.49 0.51 0.02 0
Indene 0 012 | 052 | 353 | 558 | 515 | 3.15 | 0.64 | 0.61 0
Naphthalene 0 0 0 003 | 0.18 | 0.23 | 0.32 0.16 0.13 0.12
2-Ethynylnaphthalene 0 0 0 0.03 0.14 0.09 0.07 0.01 0 0
Diphenylmethane 0 0 0 0.04 0.08 0.1 0.11 0.01 0 0
Preshock Carbon 765.63 | 765.63 | 765.63 | 765.63 | 765.63 | 765.63 | 765.63 | 765.63 | 765.63 | 765.63
Postshock Carbon 773.62 | 763.8 | 792.89 | 772.53 | 735.97 | 727.55 | 706.54 | 707.04 | 708.73 | 713.45
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Experimental data for n-propylbenzene oxidation, aerage P5 = 28 atm¢ = 0.54
(Page 2/2)

Shock No. 24 27 29 38 37 33
T5/K 1406.7 | 1432.6 | 1450.2 | 1491.1 | 1527.9 | 1550.5
P5 /atm 26.89 | 2569 | 239 | 2659 | 295 | 28.22
Reaction Time /ms 176 | 167 17 157 | 144 14
n-Propylbenzene 0 0 0 0 0 0
02 1075.4 | 1065.1 | 1030.5 | 993.44 | 1000.3 | 953.2
CO 178.86 | 140.49 | 124,67 | 70.83 | 48.12 | 51.19
CO2 536.5 | 570.7 | 595.91 | 656.57 | 684.43 | 698.08
Methane 0.32 0 0 0 0 0
Ethene 0.37 0.3 0.19 0 0 0
Ethane 012 | 005 | 0.07 0 0 0
Acetylene 0.54 04 0.13 0 0 0
Propane 0 0 0 0 0 0
1,2-Propadiene 0 0 0 0 0 0
Propyne 0 0 0 0 0 0
1,3-Butadiene 0 0 0 0 0 0
Vinylacetylene 0 0 0 0 0 0
Diacetylene 0 0 0 0 0 0
Benzene 0.06 | 0.04 0 0.1 004 | 0.03
Toluene 0 0 0 0 0 0
Phenylacetylene 0 0 0 0 0.04 0
Styrene 0.16 0 0 0 0 0
1-propenylbenzene 0 0 0 0 0 0
cyclopentadiene 0.06 | 0.04 0 0.1 0.05 | 0.07
methylcyclopentadiene 0 0 0 0 0 0
1,3-hexadiene 0 0 0 0 0 0
ethylbenzene 0 0 0 0 0 0
bibenzyl 0 0 0 0 0 0
Benzaldehyde 0 0 0 0 0 0
Benzofuran 0 0 0 0 0 0
Phenol 0 0 0 0 0 0
Indene 0 0 0 0 0 0
Naphthalene 0.05 0 0 0 0 0
2-Ethynylnaphthalene 0 0 0 0 0 0
Diphenylmethane 0 0 0 0 0 0
Preshock Carbon 765.63 | 765.63 | 765.63 | 765.63 | 765.63 | 765.63
Postshock Carbon 720.12 | 713.16 | 721.33 | 728.52 | 733.37 | 749.81
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Experimental data for n-propylbenzene oxidation, aerage P5 = 24 atme = 1.9

(Page 1/2)

Shock No. 60 57 3 12 9 63 33 27 24 18 54
T5 /K 905.26 | 940.86 | 950.76 | 992.06 | 996.02 | 1028 | 1113.3|1159.6 | 1223.8 | 1310.1 | 1330.2

P5 /atm 18.96 | 21.84 | 28.66 | 23.12 | 2821 | 1753 | 2759 | 2752 | 25.63 | 23.86 | 21.39
Reaction Time /ms 163 | 171 | 168 18 177 | 293 | 174 | 191 1.8 166 | 1.75
n-Propylbenzene 88.34 | 89.08 | 89.29 | 87.02 | 87.39 | 8751 | 52.78 | 31.73 | 6.37 | 113 | 0.73
02 563.37 | 553.59 | 550.13 | 558.23 | 558.39 | 553.14 | 550.01 | 525.95 | 517.28 | 509.65 | 512.85

CO2 0 0 0 0 0 2.34 0 0 0 0 0

co 0 0 0 0 0 099 | 3.09 [ 934 | 1641 | 30.95 | 347
Methane 0 0 0 0 0 0 146 | 213 | 296 | 529 | 654
Ethene 0 0 0 0.42 0 0.37 | 20.71 | 39.63 | 63.63 | 69.37 | 68.68
Ethane 0 0 0 0.09 0 008 | 118 | 154 | 1.75 | 294 32
Acetylene 0 0 0 0 0 0 084 | 195 | 579 | 1184 | 16.8
Propane 0 0 0 0 0 0 104 | 149 | 134 | 113 | 1.09
1,2-Propadiene 0 0 0 0 0 0 0 018 | 018 | 045 | 052
Propyne 0 0 0 0 0 0 0 033 | 033 | 087 | 146
1,3-Butadiene 0 0 0 0 0 0 004 | 009 | 017 | 0.28 | 0.38
Benzene 0 0 0.03 | 0.08 | 011 0 214 | 441 | 789 | 1113 | 1311
Toluene 0.17 0.2 018 | 022 | 021 | 021 5 12.97 | 29.18 | 40.79 | 41.11
Ethylbenzene 0 0 0 016 | 018 | 0.15 | 537 | 844 | 861 | 322 | 155
Styrene 0 0 011 | 046 | 041 | 039 | 859 | 13.36 | 1358 | 10.15 | 8.49
Cyclopentadiene 0 0 0 0 0 0 036 | 089 | 192 | 233 | 251
Methylcyclopentadiene 0 0 0 0 0 0 024 | 041 | 047 | 032 | 031
Benzaldehyde 0 0 0.03 | 008 | 0.09 | 0.00 108 | 1.95 | 249 | 229 | 185
Benzylalcohol 0 0 0 0 0 0.00 | 007 | 014 | 032 | 051 | 059
Bibenzyl 0 0 0 0 0 000 | 553 | 642 | 491 | 248 | 171
Vinyl Acetylene 0 0 0 0 0 000 | 019 [ 046 | 095 | 119 | 145
Diacetylene 0 0 0 0 0 0.00 0 0 0 023 | 054
1,2-Butadiene 0 0 0 0 0 000 | 005 [ 0.06 | 0.09 | 008 | 0.07
2-Butyne 0 0 0 0 0 000 | 001 [ 002 | 003 | 005 | 0.5
Phenyl Acetylene 0 0 0 0 0 0.00 0 016 | 035 | 044 | 067
1-Propenylbenzene 0 0 0 0 0 0.00 | 008 | 0.11 | 009 | 0.06 | 0.04
2-Propenylbenzene 0 0 0 0 0 0.00 | 008 | 011 | 009 | 0.06 | 0.04
2-Ethynylnaphthalene 0 0 0 0 0 0.00 | 011 | 0.26 0.5 0.62 | 048
Diphenylmethane 0 0 0 0 0 0.00 | 005 | 0.18 | 036 | 041 | 0.35
Phenol 0 0 0 0 0 000 | 0.1 024 | 026 | 021 | 012
Benzofuran 0 0 001 | 001 | 001 | 000 | 028 | 035 | 037 | 022 | 0.11
Indene 0 0 0 0 0 0.00 | 0.09 0.2 045 | 065 | 073
Naphthalene 0 0 0 0 0 0.00 0 0 025 | 0.16 0.5
Fluorene 0 0 0 0 0 0.00 0 003 | 007 | 024 | 032
Diphenylethylene 0 0 0 0 0 0.00 | 013 | 0.14 | 013 | 0.08 | 0.07
Stilbene 0 0 0 0 0 0.00 | 0.14 0.6 031 | 013 | 013
Anthracene 0 0 0 0 0 000 | 003 [ 007 | 009 | 024 | 035
Preshock Carbon 803.64 | 803.64 | 803.64 | 803.64 | 803.64 | 803.64 | 803.64 | 803.64 | 803.64 | 803.64 | 803.64
Postshock Carbon 796.26 | 803.07 | 806.22 | 791.78 | 794 | 797.57 | 787.44 | 818.91 | 791.45| 791.93 | 785.97

228




Experimental data for n-propylbenzene oxidation, aerage P5 = 24 atme = 1.9
(Page 2/2)

Shock No. 51 15 42 45 39
T5 /K 1390 | 1434.6 | 1512.3 | 1582.1 | 1669.3
P5 /atm 21.34 | 24.34 25.61 24.75 28.59
Reaction Time /ms 1.67 1.7 1.56 1.36 1.51
n-Propylbenzene 0.53 0.5 0.41 0.33 0.3
o2 472.3 | 294.62 | 84.86 45.7 0
CcO2 5.6 40.37 75.58 | 106.21 | 109.24
CO 88.21 | 291.95 | 538.2 | 629.79 | 656.09
Methane 12.84 | 17.79 11.01 5.28 1.88
Ethene 59.39 | 2241 3.9 0.98 0.39
Ethane 2.66 1.6 0.54 0.18 0.06
Acetylene 5955 | 1254 83.9 44.42 19.58
Propane 0.55 0.33 0.26 0.1 0
1,2-Propadiene 1.35 0.93 0.33 0.14 0
Propyne 3.5 2.65 0.95 0.33 0
1,3-Butadiene 0.56 0.16 0.04 0.03 0
Benzene 18.61 8.01 0.99 0.24 0.19
Toluene 26.21 4.26 0.4 0.14 0.1
Ethylbenzene 0.92 0.19 0 0.03 0
Styrene 3.63 0.52 0.08 0.06 0.07
Cyclopentadiene 2.11 0.86 0 0 0
Methylcyclopentadiene 0.24 0.11 0 0 0
Benzaldehyde 0.9 0.17 0.02 0 0.09
Benzylalcohol 0.72 0.88 0 0 0
Bibenzyl 0.29 0.47 0 0 0
Vinyl Acetylene 2.27 0.78 0.19 0.06 0
Diacetylene 4.48 3.76 3.15 1.2 0.21
1,2-Butadiene 0.05 0.05 0.02 0.04 0
2-Butyne 0.1 0.11 0.03 0 0
Phenyl Acetylene 1.08 0.28 0 0 0
1-Propenylbenzene 0.02 0 0 0 0
2-Propenylbenzene 0.02 0 0 0 0
2-Ethynylnaphthalene 0 0 0 0 0
Diphenylmethane 0 0 0 0 0
Phenol 0.02 0 0 0 0
Benzofuran 0.04 0.01 0 0 0
Indene 0.88 0.37 0 0 0
Naphthalene 0.79 0.03 0 0 0
Fluorene 0.3 0.01 0 0 0
Diphenylethylene 0.02 0 0 0 0
Stilbene 0.03 0 0 0 0
Anthracene 0.25 0.05 0 0 0
Preshock Carbon 803.6 | 803.64 | 803.64 | 803.64 | 803.64
Postshock Carbon 791.6 | 793.21 | 833.1 | 845.67 | 813.78
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Figure 7. Comparison between experimental molditnagrofiles and model predictions of stable
intermediates formed from n-propylbenzene oxidaigperiments.d, -] - average P5 = 28 atri, = 0.54,
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Figure 10. Comparison between experimental motdifna profiles and model predictions [-] of stable
intermediates formed from n-propylbenzene oxidaérperiments, symbols - experiments, average £% =
atm,® = 1.0, a) f] — Methane, §] — Ethane, b)d] — Ethene, [0] — Acetylene, cA] — Propene, ] —
Propyne, §] — Allene, d) A] — Diacetylene, 4] — 1,3-Butadiene,d — Vinylacetylene e)d] — Benzene,d]

— Ethylbenzene, )] — Toluene, ¢] — Styrene, g)d] — Benzaldehyde o] — Phenol, h) 4] — Bibenzyl, p] —
Indene, A] — Naphthalene i)d] — Fluorene, ¢§] — Anthracene
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n-Propylbenzene Pyrolysis Dataset

Experimental data for n-propylbenzene pyrolysis, agrage P5 = 54 atm¢ = « (Page 1/3)

Shock 9 22 19 16 25 28 39
T5 (K) 1027.04 | 1052.16 | 1113.02 | 1137.13 | 1158.81 | 1173.3 | 1225.2
P5 (atm) 53.57 53.97 58.81 60.40 58.24 52.67 55.95
Reaction Time (s) 1.61E-03(1.70E-03|1.73E-03|2.07E-03 | 1.80E-03 | 1.89E-03|2.04E-03
n-Propylbenzene 83.00 81.84 67.11 37.43 26.15 19.91 3.02
Methane 0.00 0.51 0.97 1.61 1.90 201 2.65
Ethene 0.00 1.71 14.22 35.45 45.46 49.50 68.71
Ethane 0.00 0.22 0.71 0.93 1.01 111 1.26
Acetylene 0.00 0.07 0.25 0.51 0.64 0.92 1.77
Propane 0.00 0.10 0.59 0.92 1.07 112 1.19
1,2-Propadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.16
Propyne 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1,3-Butadiene 0.00 0.00 0.00 0.00 0.04 0.04 0.08
Vinylacetylene 0.00 0.00 0.00 0.00 0.00 0.03 0.05
Diacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Benzene 0.06 0.19 1.28 2.63 3.18 3.45 4.17
Toluene 0.05 0.25 2.74 9.47 13.46 15.87 26.98
Phenylacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.63
Styrene 0.00 1.38 7.03 13.84 15.07 15.58 15.65
Ethylbenzene 0.22 0.79 4.89 8.71 9.67 9.94 8.78
Triacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bibenzyl 0.00 0.00 3.86 8.41 8.90 9.84 9.38
Biphenylmethane 0.00 0.00 0.23 0.77 1.01 1.19 1.65
Indene 0.00 0.00 0.00 0.00 0.00 0.00 0.08
Naphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1 -Methylnaphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-ethynyl-naphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fluorene 0.00 0.00 0.00 0.00 0.00 0.05 0.31
2-Methylfluorene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-Methylfluorene 0.00 0.00 0.00 0.00 0.00 0.00 0.07
Methylfluorenes 0.00 0.00 0.00 0.00 0.00 0.00 0.07
Phenanthrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Anthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Phenanthrene+anthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Diphenylethyne 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2-Methylanthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2-Phenylnaphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
m-Terphenyl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
p-Terphenyl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Acenaphthylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cyclopentadiene 0.00 0.02 0.02 0.03 0.04 0.00 0.11
Preshock Carbon 756.45 | 756.45 | 756.45 | 756.45 | 756.45 | 756.45 | 756.45
Postshock Carbon 74943 | 761.62 | 816.31 | 804.71 | 782.95 | 776.45 | 744.78
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Experimental data for n-propylbenzene pyrolysis, agrage P5 = 54 atm¢p = « (Page 2/3)

Shack 31 36 42 54 57 51 63
T5 (K) 1256.24 | 1272.81 1326.57 137547 1407.19 1413.52 1429.03
P5 (atm) 56.32 57.73 56.62 52.16 56.47 56.03 51.29
Reaction Time (s) 1.89E-03 | 1.85E-03 | 1.87E-03 | 1.92E-03 | 159E-03 | 153E-03 | 1.38E-03
n-Propylbenzene 1.32 1.13 0.31 0.35 041 0.35 0.40
Methane 321 3.75 6.24 8.73 17.85 19.38 20.96
Ethene 71.71 73.08 71.99 70.66 59.30 55.43 48.84
Ethane 143 157 1.99 1.65 0.74 0.58 0.38
Acetylene 2.65 2.52 5.27 8.72 42.65 52.58 75.19
Propane 1.30 1.46 112 1.02 041 0.44 0.22
1,2-Propadiene 0.16 0.20 0.24 0.55 0.97 0.97 0.98
Propyne 0.16 0.24 0.48 0.99 2.60 240 2.62
1,3-Butadiene 0.06 0.06 0.13 0.21 0.26 0.23 0.17
Vinylacetylene 0.00 0.04 0.11 0.21 0.62 0.62 0.56
Diacetylene 0.00 0.00 0.31 1.19 9.19 12.06 18.17
Benzene 417 427 5.18 6.43 11.93 12.38 12.11
Toluene 30.15 31.58 34.98 33.58 14.73 11.34 6.38
Phenylacetylene 0.64 0.88 1.48 171 3.65 4.27 3.78
Styrene 15.26 14.86 12.59 10.32 5.76 2.90 2.55
Ethylbenzene 6.95 5.83 2.53 0.36 0.48 0.42 0.20
Triacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bibenzyl 7.80 744 2.39 047 0.68 0.60 0.24
Biphenylmethane 151 1.58 121 0.57 0.10 0.10 0.04
Indene 0.22 0.39 0.45 0.70 0.77 0.80 0.64
Naphthalene 0.00 0.00 0.14 0.31 150 134 119
1 -Methylnaphthalene 0.00 0.00 0.04 0.15 0.12 0.10 0.06
1-Ethynyl-naphthalene 0.00 0.00 0.07 0.23 0.32 0.25 0.22
Fluorene 0.35 0.50 0.95 0.96 0.80 0.70 0.41
2-Methylfluorene 0.00 0.00 0.00 0.03 0.05 0.05 0.06
1-Methylfluorene 0.11 0.13 0.18 0.19 0.15 0.14 0.14
Methylfluorenes 0.11 0.13 0.18 0.22 0.20 0.20 0.20
Phenanthrene 0.00 0.00 0.12 0.26 1.01 0.64 0.54
Anthracene 0.00 0.00 0.15 0.63 0.97 0.73 0.52
Phenanthrene+anthracene 0.00 0.00 0.27 0.88 1.98 1.37 1.07
Diphenylethyne 0.00 0.00 0.06 0.10 0.25 0.14 0.09
2-Methylanthracene 0.00 0.00 0.00 0.04 0.06 0.12 0.11
2-Phenylnaphthalene 0.00 0.00 0.00 0.06 0.34 0.39 0.43
m-Terpheny! 0.00 0.00 0.00 0.05 0.07 0.33 0.13
p-Terpheny! 0.00 0.00 0.00 0.04 0.13 0.19 0.21
Acenaphthylene 0.00 0.00 0.21 0.30 0.78 0.96 1.03
Cyclopentadiene 0.12 0.14 0.23 0.24 0.24 0.22 0.20
Preshock Carbon 756.45 756.45 756.45 756.45 756.45 756.45 756.45
Postshock Carbon 721.56 722.16 650.05 612.94 612.17 586.68 583.53
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Experimental data for n-propylbenzene pyrolysis, agrage P5 = 54 atm¢p = « (Page 3/3)

Shock 60 66 72 69 78
T5 (K) 1464.20 1485.27 1523.49 1567.61 1678.05
P5 (atm) 52.53 51.14 48.94 49.20 49.58645
Reaction Time (s) 1.47E-03 1.39E-03 1.33E-03 1.32E-03 1.19E-03
n-Propylbenzene 0.00 0.00 0.00 0.00 0.00
Methane 18.20 11.17 5.39 1.74 1.20
Ethene 18.32 6.66 2.32 1.27 2.01
Ethane 0.16 0.13 0.10 0.07 0.15
Acetylene 170.31 206.17 238.15 239.33 243.60
Propane 0.07 0.10 0.09 0.09 0.15
1,2-Propadiene 0.53 0.41 0.19 0.25 0.14
Propyne 1.18 0.85 0.63 041 0.22
1,3-Butadiene 0.05 0.04 0.05 0.05 0.05
Vinylacetylene 0.28 0.00 0.00 0.00 0.00
Diacetylene 37.16 4452 51.81 57.60 59.86
Benzene 5.48 1.84 0.49 0.16 0.17
Toluene 0.69 0.22 0.10 0.04 0.17
Phenylacetylene 2.08 0.76 0.19 0.19 0.00
Styrene 0.40 0.20 0.13 0.10 0.21
Ethylbenzene 0.00 0.00 0.00 0.00 0.00
Triacetylene 0.90 2.64 6.79 8.82 12.78
Bibenzyl 0.16 0.15 0.00 0.00 0.00
Biphenylmethane 0.00 0.00 0.00 0.00 0.00
Indene 0.36 0.13 0.00 0.00 0.00
Naphthalene 0.51 0.19 0.00 0.00 0.00
1 -Methylnaphthalene 0.04 0.00 0.00 0.00 0.00
1-ethynyl-naphthalene 0.05 0.00 0.00 0.00 0.00
Fluorene 0.02 0.04 0.00 0.00 0.00
2-Methylfluorene 0.07 0.05 0.02 0.00 0.00
1-Methylfluorene 0.07 0.05 0.00 0.00 0.00
Methylfluorenes 0.15 0.10 0.02 0.00 0.00
Phenanthrene 0.08 0.01 0.00 0.00 0.00
Anthracene 0.06 0.03 0.00 0.00 0.00
Phenanthrene+anthracene 0.14 0.04 0.00 0.00 0.00
Diphenylethyne 0.04 0.01 0.00 0.00 0.00
2-Methylanthracene 0.10 0.09 0.04 0.01 0.00
2-Phenylnaphthalene 0.23 0.07 0.00 0.00 0.00
m-Terphenyl 0.19 0.05 0.00 0.00 0.00
p-Terphenyl 0.19 0.14 0.01 0.00 0.00
Acenaphthylene 0.85 0.23 0.01 0.00 0.00
Cyclopentadiene 0.15 0.06 0.00 0.00 0.00
Preshock Carbon 756.45 756.45 756.45 756.45 756.45
Postshock Carbon 640.62 666.90 743.84 771.05 814.47
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Figure 11. Experimental and modeling profiles @ thinor intermediates of the n-propylbenzene pwgisly
experiments, average P5 = 50 atni;[Experimental data, f+]-Modeling Results (Mod2) (a)] — Methane,
[o]-Ethene, (b) §i] — Allene, [0]- Propyne, (c) f] —1,3-Butadiene, d]-Vinylacetylene, (d) §] —
Phenylacetylene, of-Ethylbenzene, (e) d] —Biphenylmethane, d]- Methylnaphthalene, (f) d]
Ethynylnaphthalene, of-Fluorene, (g) §] -1,3-Cyclopentadiene, o]-Diphenylethyne, (h) d] -
Methylanthracened]- Phenylnaphthalene, (in] —m-terphenyl, §]-p-terphenyl
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m-Xylene Oxidation Datasets

Experimental data for m-xylene oxidation,® = 0.53, average P5 = 53 bar (Page 1/2)

Shock No. 2 4 6 10 19 52 21 12 25
T5/K 1056.38 | 1138.31 | 1201.88 | 1265.68 | 1298.82 | 1314.95 | 1331.29 | 1384.78 | 1411.27
P5/bar 51.61 54.77 57.03 52.65 49.91 50.08 49.3 57.87 52.71
Rxn Time/s 1.64E-03 | 1.76E-03 | 1.90E-03 | 1.90E-03 | 1.90E-03 | 1.97E-03 | 1.87E-03 | 1.75E-03 | 1.61E-03
m-CgHyo 87.96 82.18 81.17 64.25 42.25 38.11 33.72 3.67 2.22
0, 1666.41 | 1614.89 | 1585.6 | 1591.41 | 1602.71 | 1583.86 | 1606.06 | 1143.81 | 1074.53
COo 0 0 0 9.42 33.38 43.15 57.76 | 315.93 | 197.44
CO, 0 0 0 0 0 2746 | 425.87
CH, 0.38 141 331 4.47 5.36 1.14 0.38
C,H, 0 0.27 113 1.96 2.32 0.42 0.22
C,Hs 0 0.53 0.95 131 1.52 0.28 0.19
C,H, 0 0.36 1.66 2.59 5.7 1.43 0.51
1,2-Propadiene 0 0.11 0.36 0.47 0.47 0.1 0

Propyne 0 0.33 0.65 0.81 112 0.28 0
1,3-Butadiene 0 0.08 0.27 0.34 0.36 0.06 0
Vinylacetylene 0 0 0.6 0.76 1.25 0.2 0

Benzene 0.1 1.53 4.72 5.82 6.88 0.74 0.22
Toluene 0.22 2.25 4.6 3.52 5.66 0.38 0.17
Phenylacetylene 0.35 0.72 1.02 131 13 0.3 0.09
Styrene 0 0.41 1.44 211 2.55 0.37 0.13
p-Xylene 0.11 0.09 0.1 0.16 0.26 0.23 0.27 0.05 0
m-Ethylmethylbenzene 0.14 1.33 141 13 12 0 0
1,3-Cyclopentadiene 0.03 0.43 1.22 1.56 1.94 0.27 0.14
5-Methylcyclopentadiene 0.03 0.13 0.26 0.33 0.29 0.03 0
1,3-Hexadiene 0.04 0.59 0.88 0.98 0.85 0.05 0.03
1,3,5-Cycloheptatriene 0.07 0.21 0.29 0.22 0.2 0.05 0
Benzaldehyde 0 0.24 0.37 0.45 0.52 0.29 0.05
m-Methylstyrene 0 0.14 0.28 0.42 0.52 0.21 0
Ethylbenzene 0 0 0 0.09 0.23 0.25 0.24 0.05 0
Preshock Carbon 657.44 | 657.44 | 657.44 | 657.44 | 657.44 | 657.44 | 657.44 | 657.44 | 657.44
Postshock Carbon 704.57 | 658.16 | 687.84 672.9 619.79 | 621.05 | 633.52 | 678.03 658.2
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Experimental data for m-xylene oxidation,® = 0.53, average P5 = 53 bar (Page 2/2)

Shock No. 23 43 45 37 35 33

T5/K 1425.98 | 1469.00 | 1480.82 | 1495.54 | 1506.75 | 1569.05

P5/bar 54.50 52.50 55.96 52.44 49.05 52.64
Rxn Time/s 1.60E-03 | 1.50E-03 | 1.42E-03 | 1.35E-03 | 1.42E-03 | 1.28E-03

m-CgHio 1.48 0.83 0.82 0.51 0.90 0.27

0O, 989.66 906.46 878.35 885.25 872.76 957.65
Cco 122.32 62.24 29.23 36.54 25.89 17.07

CO, 511.45 587.99 613.46 610.00 619.61 659.87
CH,4 0.30 0.00 0.00 0.00 0.00 0.00
CoH, 0.13 0.00 0.03 0.00 0.00 0.00
CoHe 0.11 0.00 0.00 0.00 0.00 0.00
CyH, 0.34 0.00 0.50 0.00 0.00 0.00
1,2-Propadiene 0.00 0.00 0.00 0.00 0.00 0.00
Propyne 0.00 0.00 0.00 0.00 0.00 0.00
1,3-Butadiene 0.00 0.00 0.00 0.00 0.00 0.00
Vinylacetylene 0.00 0.00 0.00 0.00 0.00 0.00
Benzene 0.20 0.04 0.10 0.00 0.00 0.00
Toluene 0.10 0.00 0.00 0.00 0.00 0.00
Phenylacetylene 0.00 0.00 0.00 0.00 0.00 0.00
Styrene 0.00 0.00 0.00 0.00 0.00 0.00
p-Xylene 0.00 0.00 0.00 0.00 0.00 0.00
m-Ethylmethylbenzene 0.00 0.00 0.00 0.00 0.00 0.00
1,3-Cyclopentadiene 0.15 0.11 0.16 0.16 0.12 0.18
5-Methylcyclopentadiene 0.00 0.00 0.00 0.00 0.00 0.00
1,3-Hexadiene 0.00 0.00 0.00 0.00 0.00 0.00
1,3,5-Cycloheptatriene 0.00 0.00 0.00 0.00 0.00 0.00
Benzaldehyde 0.00 0.00 0.00 0.00 0.00 0.00
m-Methylstyrene 0.00 0.00 0.00 0.00 0.00 0.00
Ethylbenzene 0.00 0.00 0.00 0.00 0.00 0.00

Preshock Carbon 657.44 657.44 657.44 657.44 657.44 657.44

Postshock Carbon 657.38 657.63 651.70 651.42 653.33 679.96
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Experimental data for m-xylene oxidation,® = 1.19, average P5 = 51 bar (Page 1/2)
Shock No. 2 6 8 10 18 44 14 30 42
T5/K 1079.77 | 1112.17 | 1188.55 | 1256.38 | 1326.58 | 1352.24 | 1375.95 | 1400.25 | 1431.93
P5/bar 50.58 49.23 48.41 49.29 52.74 59.63 52.65 48.72 53.17
Rxn Time/s 1.84E-03 | 1.81E-03 | 2.00E-03 | 2.10E-03 | 1.80E-03 | 1.80E-03 | 1.92E-03 | 1.67E-03 | 1.63E-03
m-CgHo 61.51 60.43 59.68 52.24 31.44 19.93 14.99 9.36 1.05
0, 540.91 | 540.2 | 539.13 | 536.69 | 509.96 | 507.47 | 512.16 | 211.17 | 132.67
Co 0 0 2.1 2.67 19.68 3.44 58.01 | 217.37 | 208.4
(6(0)} 0 0 0 0.77 4.09 7.74 9.1 119.37 | 221.89
CH, 0 0 0 0.79 3.44 5.69 6.72 3.27 0.85
CoH, 0 0 0 0 1.05 2.47 3.02 1.15 0.37
CyHg 0 0 0 0 112 1.54 1.51 0.33 0.14
CyH, 0 0 0 0 3.58 7.56 13.25 8.18 1.79
1,2-Propadiene 0 0 0 0 0.28 0.55 0.57 0.19 0
Propyne 0 0 0 0 0.66 0.95 1.17 0.31 0
1,3-Butadiene 0 0 0 0 0.13 0.25 0.28 0.08 0.27
Vinylacetylene 0 0 0 0 0.44 0.82 111 0.89 0.28
Diacetylene 0 0 0 0 0.26 0.58 0.97 0.42 0.17
Benzene 0 0 0.06 0.21 2.85 5.31 5.71 13 0.28
Toluene 0.02 0.05 0.13 0.47 3.25 497 421 0.7 0.19
Styrene 0 0 0 0.13 2.48 3.19 3.55 0.63 0.25
Triacetylene 0 0 0 0.16 0.61 0.62 0.36 0 0
Phenylacetylene 0 0 0 0.1 0.23 0.66 0.58 0.1 0
p-Xylene 0.06 0.06 0.07 0.1 0.21 0.21 0.18 0.03 0
m-Ethylmethylbenzen 0 0 0 0.35 0.4 0.32 0.27 0.12 0
3-Methylbenzaldehyde 0 0 0 0 0.33 0.45 0.46 0.87 0.22
1,3-Cyclopentadiene 0 0 0.04 0.09 0.64 1 1.06 1.05 0.18
b-Methylcyclopentadiene 0 0 0 0.04 0.1 0.13 0.12 0.11 0.05
1,3-Hexadiene 0 0 0.03 0.11 0.32 0.37 0.3 0.21 0
1,3,5-Cycloheptatriene 0 0 0 0.01 0.07 0.04 0.06 0.04 0
Ethylbenzene 0 0 0 0 0.09 0.16 0.14 0 0
Preshock Carbon 492.07 | 492.07 | 492.07 | 492.07 | 492.07 | 492.07 | 492.07 | 492.07 | 492.07
Postshock Carbon 497.49 | 495.18 | 513.42 510.6 507.68 | 486.67 | 470.73 | 505.25 | 466.31
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Experimental data for m-xylene oxidation,® = 1.19, average P5 = 51 bar (Page 2/2)

Shock No. 34 32 40
T5/K 1441.2 | 1472.99 | 1514.23
P5/bar 47.85 51.26 51.67
Rxn Time/s 1.60E-03 | 1.56E-03 | 1.35E-03
m-CgHio 0.52 0.49 0.32
0O, 127.25 83.68 45.19
Cco 202.55 139.03 126.6
CO, 232.1 302.54 329.78
CH, 0.59 0.34 0.26
CyH, 0.25 0 0
C,Hg 0.07 0 0
C,H, 1.53 0.57 0.42
1,2-Propadiene 0 0 0
Propyne 0 0 0
1,3-Butadiene 0 0 0
Vinylacetylene 0 0 0
Diacetylene 0.1 0.05 0
Benzene 0.17 0.08 0.07
Toluene 0 0 0
Styrene 0.15 0 0
Triacetylene 0 0 0
Phenylacetylene 0 0 0
p-Xylene 0 0 0
m-Ethylmethylbenzene 0 0 0
3-Methylbenzaldehyde 0.11 0 0
1,3-Cyclopentadiene 0.07 0 0
-Methylcyclopentadiene 0 0 0
1,3-Hexadiene 0 0 0
1,3,5-Cycloheptatriene 0 0 0
Ethylbenzene 0 0 0
Preshock Carbon 492.07 492.07 492.07
Postshock Carbon 451.55 451.29 460.45
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Experimental data for m-xylene oxidation,® = 2.35, average P5 = 50 bar, (Page 1/2)

Shock No. 6 8 16 12 25 14 20 31 47
T5/K 1130.51 | 1159.93 | 1205.49 | 1231.8 | 1261.47 | 1290.08 | 1335.53 | 1375.11 | 1385.69
P5/bar 56.72 51.57 50.42 51.65 47.92 56.01 58.73 44.5 47.78
Rxn Time/s 1.69E-03 | 1.92E-03 | 1.90E-03 | 1.88E-03 | 1.91E-03 | 1.89E-03 | 1.81E-03 | 1.84E-03 | 1.72E-03
m-C8H10 92.82 92.21 92.03 91.52 84.25 71.25 54.07 40.49 15.11
0, 414.15 412.8 409.86 | 406.82 | 394.41 | 389.38 | 386.45 | 378.92 | 339.83
Cco 0 0 0 0 0 1.43 16.76 36.08 73.81
CO, 0 0 1.65 0 0 0 3.25 4 7.41
CH, 0 0 0.37 0.38 1.48 1.43 3.31 8.67 17.48
CoH, 0 0 0 0 0.31 0.37 1.47 3.25 7.34
CyHg 0 0 0 0 0.05 0.25 1.49 241 1.94
C,H, 0 0 0 0 0.36 0.37 4.02 8.9 36.2
1,2-Propadiene 0 0 0 0 0.08 0.08 0.35 0.55 1.08

Propyne 0 0 0 0 0.12 0.2 0.79 1.2 2.67
1,3-Butadiene 0 0 0 0 0.08 0.04 0.18 0.28 0.44
Vinylacetylene 0 0 0 0 0.05 0 0.5 0.82 1.82

Diacetylene 0 0 0 0 0 0 0.34 0.83 3.98
Benzene 0 0 0.07 0 0.44 0.55 3.55 5.88 9.91
Toluene 0 0 0.22 0.28 1.09 1.36 5.25 7.12 6.5
Styrene 0 0 0 0 0 0.47 3.86 6.08 6.42

Triacetylene 0 0 0 0 0 0 0.61 0.49 0.17

Phenylacetylene 0 0 0 0 0 0 0.32 0.63 1.56
p-Xylene 0.14 0.13 0.12 0.17 0.22 0.24 0.49 0.56 0.25
m-Ethylmethylbenzene 0 0 0.13 0.17 0.62 0.72 0.96 0.72 0.26
1,3-Cyclopentadiene 0 0 0.04 0.07 0.12 0.16 0.72 1 1.02
5-Methylcyclopentadiene 0 0 0 0.02 0.16 0.15 0.11 0.11 0.1
1,3-Hexadiene 0 0 0 0.03 0.43 0.5 0.36 0.3 0.26
1,3,5-Cycloheptatriene 0 0 0 0.02 0.04 0.05 0.05 0.03 0.02
Ethylbenzene 0 0 0 0 0 0.03 0.21 0.26 0.19
Preshock Carbon 74256 | 74256 | 742.56 | 742.56 | 742.56 | 742.56 | 742.56 | 742.56 | 742.56
Postshock Carbon 744.65 | 747.01 763.6 767.63 | 75895 | 691.15 | 748.19 | 716.14 | 656.93
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Experimental data for m-xylene oxidation,® = 2.35, average P5 = 50 bar, (Page 2/2)
Shock No. 35 41 33 45 43
T5/K 1450.86 | 1473.59 | 1489.04 | 1522.39 | 1583.26
P5/bar 44.64 46.14 47.97 45.86 50.68
Rxn Time/s 1.52E-03 | 1.42E-03 | 1.44E-03 | 1.47E-03 | 1.38E-03
m-C8H10 1.45 1.75 0.85 0.76 0.56
O, 209.24 87.09 63.73 32.05 0
CO 309.23 | 435.71 | 451.06 | 505.86 | 543.65
CO, 37.2 57.21 62.19 74.93 79.07
CH,4 17.42 11.44 9.94 5.14 2.85
CoH, 4.69 1.76 1.4 0.54 0.4
CoHe 0.75 0.23 0.25 0 0
CoH, 80.57 72.09 58.46 42.67 31.86
1,2-Propadiene 0.72 0.47 0.39 0.23 16.82
Propyne 1.58 1.08 0.77 0.41 0.25
1,3-Butadiene 0.12 0.71 0.06 0.08 0.16
Vinylacetylene 0.57 0.24 0.13 0.07 0.04
Diacetylene 6.46 4.82 3.01 1.41 0.52
Benzene 2.63 0.53 0.36 0.08 0
Toluene 0.58 0.11 0.12 0 0
Styrene 0.7 0.27 0.14 0 0
Triacetylene 0 0 0 0 0
Phenylacetylene 0 0 0 0 0
p-Xylene 0 0 0 0 0
m-Ethylmethylbenzene 0 0 0 0 0
1,3-Cyclopentadiene 0.38 0 0 0 0
5-Methylcyclopentadiene 0.03 0 0 0 0
1,3-Hexadiene 0.04 0 0 0 0
1,3,5-Cycloheptatriene 0 0 0 0 0
Ethylbenzene 0 0 0 0 0
Preshock Carbon 742.56 742.56 742.56 | 742.56 742.56
Postshock Carbon 644.14 710.11 672.71 688.98 748.67

242



Experimental data for m-xylene oxidation,® = 0.55, average P5 = 27 bar (Page 1/2)

Shock No. 6 8 10 12 22 24 16 14 28

T5/K 1024.86 | 1054.33 | 1127.17 | 1172.89 | 1233.61 | 1274.04 | 1326.59 | 1342.84 | 1378.26

P5/bar 28.55 27.36 27.18 25.84 25.84 27.41 28.54 27.69 26.05

Rxn Time/s 1.73E-03 | 1.81E-03 | 1.90E-03 | 1.90E-03 | 1.91E-03 | 2.01E-03 | 1.96E-03 | 1.86E-03 | 1.83E-03
m-C8H10 102.29 | 100.58 | 99.43 92.05 100.4 81.07 47.99 22.32 16.54

0, 89.45 90.07 90.8 87.81 83.2 70.42 42.87 19.93 13.17

co 1733.72 | 1711.05 | 1726.07 [ 1689 | 1702.98 | 1706.97 | 1653.19 | 1671.21 | 1560.74

Cco, 0 0 0 0 0 6.29 38.71 | 13243 | 218.16

CH, 6.27 1.85 2.09 251 2.84 3.59 8.53 24.07 63.01

CyH,y 0 0 0 0 0 1.19 2.85 7.07 7.24

CyHg 0 0 0 0 0.16 0.42 1.42 4.29 372

C,H, 0 0 0 0 0.13 0.47 1.53 1.97 1.5
Acetylene 0 0 0 0 0 0.35 2.81 11.13 16.09
1,2-Propadiene 0 0 0 0 0 0.05 0.39 0.71 0.57
Propyne 0 0 0 0 0 0.35 0.88 1.33 1.53
1,3-Butadiene 0 0 0 0 0.02 0.06 0.25 0.54 0.46
Vinylacetylene 0 0 0 0 0 0.12 0.68 1.48 2
Diacetylene 0 0 0 0 0 0 0.11 0.2 0.57
Benzene 0 0 0 0.06 0.13 1.23 5 9.31 7.33
Toluene 0 0 0 0.15 0.33 2.02 5.18 6.09 4.45
Phenylacetylene 0 0 0 0 0.57 1 1.66 1.47 1.73
Styrene 0 0 0 0 0.11 0.66 2.68 3.33 31
Triacetylene 0 0 0 0 0 0.58 0.75 0.46 0.26
p-Xylene 0.06 0.07 0.07 0.09 0.09 0.18 0.27 0.19 0.1
Benzaldehyde 0 0 0 0 0.09 0.19 0.77 1.32 0
4-methylbenzaldehyde 0 0 0 0 0.75 34 5.05 5.42 4.58
m-Ethylmethylbenzene 0 0 0 0.13 0.21 0.79 0.98 1.37 0.4
1,3-Cyclopentadiene 0 0 0 0.02 0.1 0.32 1.06 1.99 1.89
5-Methylcyclopentadiene 0 0 0 0.03 0.06 0.11 0.17 0.24 0.33
1,3-Hexadiene 0 0 0 0.05 0.1 0.38 0.61 0.48 0.41
1,3,5-Cycloheptatriene 0 0 0 0.02 0.04 0.1 0.1 0.05 0.04
Ethylbenzene 0 0 0 0 0.01 0.07 0.22 0.23 0.15
Preshock Carbon 727.04 | 727.04 | 727.04 | 727.04 | 727.04 | 727.04 | 727.04 | 727.04 | 727.04
Postshock Carbon 722.3 723 729.06 | 740.2 | 768.87 | 767.5 | 700.02 | 682.74 | 671.27
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Experimental data for m-xylene oxidation,® = 0.55, average P5 = 27 bar (Page 2/2)

Shock No. 46 31 34 37 40
T5/K 1411.79 | 1447.94 | 1470.19 | 1484.23 | 1560.72
P5/bar 26.4 30.24 28.01 27.32 28.12
Rxn Time/s 1.65E-03 | 1.57E-03 | 1.52E-03 | 1.56E-03 | 1.37E-03
m-C8H10 4.48 1.36 151 1.41 0.78
0O, 2.75 0.25 0.54 0.56 0
CO 1189.41 | 999.75 | 1021.97 | 1023.43 | 996.13
CO, 284.65 115.98 113.66 101.99 69.47
CH, 318.85 534.3 552.03 568.64 649.14
CoH,4 0.93 0 0 0 0
CoHs 0.45 0 0 0
C.H, 0.23 0 0 0 0
Acetylene 2.52 0 0 0 0
1,2-Propadiene 0 0 0 0 0
Propyne 0 0 0 0 0
1,3-Butadiene 0 0 0 0 0
Vinylacetylene 0 0 0 0 0
Diacetylene 0.06 0 0 0 0
Benzene 0.85 0.09 0.1 0.16 0.11
Toluene 0.44 0 0 0 0
Phenylacetylene 0.47 0 0 0 0
Styrene 0.63 0.12 0.1 0.08 0
Triacetylene 0 0 0 0 0
p-Xylene 0 0 0 0 0
Benzaldehyde 0.38 0.21 0 0 0
4-methylbenzaldehyde 0 0 0 0 0
m-Ethylmethylbenzene 0 0 0 0 0
1,3-Cyclopentadiene 0.3 0.13 0 0 0
-Methylcyclopentadiene 0 0 0 0 0
1,3-Hexadiene 0 0 0 0 0
1,3,5-Cycloheptatriene 0 0 0 0 0
Ethylbenzene 0 0 0 0 0
Preshock Carbon 727.04 727.04 727.04 727.04 727.04
Postshock Carbon 659.44 659.64 672.36 676.7 719.29
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Experimental data for m-xylene oxidation,® = 2.15, average P5 = 28 bar (Page 1/2)

Shock No. 5 3 10 12 34 18 14 20 32
T5/K 898.18 | 1051.97 | 1167.95 | 1237.34 | 1346.39 | 1375.72 | 1396.9 | 1416.21 | 1440.1
P5/bar 23.7 28.71 27.53 25.61 28.58 28.32 29.19 271.57 26.78
Rxn Time/s 1.81E-03 [ 1.77E-03 | 1.96E-03 | 1.94E-03 | 1.90E-03 | 1.84E-03 | 1.81E-03 | 1.78E-03 | 1.73E-03
m-C8H10 89.84 89.94 87.2 86.46 42.92 24.31 11.03 0.97 0
0, 44436 | 438.24 | 436.37 | 438.09 | 411.81 | 376.24 | 347.14 | 331.86 | 282.98
co 0 0 0 0 36.94 64.37 | 101.74 | 130.15 | 192.2
CO, 0 0 0 0 7.69 9.51 14.04 18.24 271.5
CH, 0 0 0.28 0.7 6.91 11.04 15.52 16.72 18.05
C,H, 0 0 0 0 33 6.02 7.84 8.97 8.57
C,Hs 0 0 0 0 2.66 2.96 2.25 211 1.52
C,H, 0 0 0 0 7.06 20.06 39.5 56.28 74.72
1,2-Propadiene 0 0 0 0 0.56 0.93 1.25 1.25 1.24

Propyne 0 0 0 0 121 2.1 291 3.17 2.73
1,3-Butadiene 0 0 0 0 0.31 05 0.49 0.46 0.32
Vinylacetylene 0 0 0 0 0.75 1.45 171 1.92 1.55

Diacetylene 0 0 0 0 0.93 2.73 4.87 7.37 8.29
Benzene 0 0 0.04 0.15 4.59 7.65 8.66 8.92 6.96
Toluene 0 0 0.15 0.13 6.18 7.53 5.72 5.01 2.65

Phenylacetylene 0.65 0.56 0.54 0.63 3.96 5.54 4.32 3.95 313

Styrene 0 0 0 0.3 7.4 9.46 7.31 6.35 1.92

Triacetylene 0 0 0 0 0 0 0 0.05 0.06
p-Xylene 0.1 0.08 0.11 0.18 0.55 0.4 0.19 0.15 0

m-Ethylmethylbenzene 0 0 0 0 0.25 0.15 0 0 0
Ethylbenzene 0 0 0 0.03 0.25 0.26 0.14 0.12 0
1,3-Cyclopentadiene 0 0 0 0.02 0.85 1.19 1.18 0.62 0

5-Methylcyclopentadiene 0 0 0 0.01 0.11 0.12 0.11 0.09 0
1,3-Hexadiene 0 0 0 0.02 0.15 0.11 0.08 0.06 0

1,3,5-Cycloheptatriene 0 0 0 0.03 0.08 0.04 0.03 0.01 0
Preshock Carbon 697.6 697.6 697.6 697.6 697.6 697.6 697.6 697.6 697.6
Postshock Carbon 72472 | 7246 | 711.25 | 780.96 | 703.31 | 719.37 | 633.95 | 619.57 | 617.08

Experimental data for m-xylene oxidation,® = 2.15, average P5 = 28 bar (Page 2/2)
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Shock No. 22 26 24 28 30
T5/K 1467.86 | 1506.46 | 1536.08 | 1619.05 | 1632.49
P5/bar 28.53 27.64 28.81 29.25 27.23
Rxn Time/s 1.52E-03 | 1.53E-03 | 1.42E-03 | 1.30E-03 | 1.30E-03
m-C8H10 0.73 0 0 0 0
0, 147.22 82.48 29.07 21 15.33
CcoO 354.82 435.82 502 518.11 520.87
CO, 51.46 65.88 82.95 90.64 87.78
CH, 13.08 9.73 5.77 3.4 2.33
CoH, 4.16 2.03 1.07 0.45 0.33
C,Hg 0.63 0.38 0.21 0.11 0.05
C,H, 76.12 56.91 38.14 21.33 16.47
1,2-Propadiene 0.6 0.37 0.25 0 0
Propyne 1.45 0.86 0.54 0 0
1,3-Butadiene 0.1 0.07 0.04 0 0
Vinylacetylene 0.46 0.22 0.08 0 0
Diacetylene 5.41 2.74 1.04 0 0
Benzene 1.64 0.65 0.19 0.17 0.1
Toluene 0.31 0 0 0 0
Phenylacetylene 0.5 0.3 0 0
Styrene 0.52 0.26 0.09 0 0.1
Triacetylene 0.1 0.1 0.03 0 0
p-Xylene 0 0 0 0 0
m-Ethylmethylbenzene 0 0 0 0 0
Ethylbenzene 0 0 0 0 0
1,3-Cyclopentadiene 0 0 0 0 0
5-Methylcyclopentadiene 0 0 0 0 0
1,3-Hexadiene 0 0 0 0 0
1,3,5-Cycloheptatriene 0 0 0 0 0
Preshock Carbon 697.6 697.6 697.6 697.6 697.6
Postshock Carbon 653.95 654.81 678.57 656.96 646.12
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m-Xylene Pyrolysis Dataset
m-Xylene pyrolysis, Average P5 = 54 atmp =« (page 1/3)

Shock 3 1 2 5 6 8 10

T(5) Decomp 1060.58] 1075.88| 1166.00] 1193.97| 1223.57| 1302.95| 1340.81

P5 (atm) 50.12 57.34 63.72 59.31 55.50 54.12 54.56
Reaction Time (s) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
m-xylene-GC2 54.43 53.70 53.89 53.81 53.31 47.93 32.68
Methane 0.00 0.00 0.00 0.00 0.00 1.05 4.10
Ethene 0.00 0.00 0.00 0.00 0.00 021 1.44

Ethane 0.00 0.00 0.00 0.00 0.00 0.27 1.27
Acetylene 0.00 0.00 0.00 0.00 0.00 0.32 2.45
1,2-Propadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.28
Propyne 0.00 0.00 0.00 0.00 0.00 0.00 0.53
1,3-Butadiene 0.00 0.00 0.00 0.00 0.00 0.00 0.14
Vinylacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.12
Diacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.62
Benzene 0.00 0.00 0.00 0.04 0.08 0.09 0.90
Toluene 0.00 0.00 0.00 0.00 0.00 0.72 2.91
Styrene 0.00 0.00 0.00 0.00 0.00 0.70 5.62
Triacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
p-xylene 0.10 0.09 0.07 0.10 0.09 0.19 0.37
PhenylAcetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.18
Styrene 0.00 0.00 0.00 0.00 0.00 0.00 3.19
Indene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Naphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
diphenylmethane 0.00 0.00 0.00 0.00 0.00 0.00 0.03
Acenaphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2,2'-dimethylbiphenyl 0.00 0.00 0.00 0.00 0.00 0.06 0.15
benzene-1,1'-(1-methyl-1,2-ethanediyl)b 0.00 0.00 0.00 0.00 0.00 0.21 0.38
benzene-1-methyl-3,[4-methylphenyl]Jmethyl 0.00 0.00 0.00 0.00 0.00 0.14 0.19
Fluorene 0.00 0.00 0.00 0.00 0.00 0.00 0.21
benzene-1,1'-(1,2-ethanediyl)bis[4-meth 0.00 0.00 0.00 0.00 0.00 1.99 1.14
diphenylethyne 0.00 0.00 0.00 0.00 0.00 0.46 0.33
9H-flourene-2-methy 0.00 0.00 0.00 0.00 0.00 0.00 0.05
anthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.42
phenylnaphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
m-terphenyl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
p-terphenyl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzoanthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Preshock Carbon 431.04] 431.04] 431.04) 431.04] 431.04] 431.04) 431.04
Postshock Carbon 43546 429.62| 431.09] 430.75| 427.02| 397.30] 352.52
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m-Xylene pyrolysis, Average P5 = 54 atmp =« (page 2/3)
Shock 41 7 24 18 22 25 39 16
T(5) Decomp 1365.66| 1391.01| 1398.79| 1402.58| 1411.59| 1413.18 1428.68 1445.27
P5 (atm) 58.17 62.02 48.41 56.50 55.09 49.48 49.41 61.34
Reaction Time (s) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
m-xylene-GC2 2685 17.00] 1533] 10.89 5.22 5.80 2.84 1.60
Methane 5.81 9.05 9.33 11.87 15.71 14.09 15.82 15.62
Ethene 1.84 3.49 4.11 5.09 6.58 6.70 6.25 4.48
Ethane 1.50 1.69 173 1.56 0.65 1.35 0.47 0.26
Acetylene 3.35 771  10.04] 1264 3295 2022 4322 6L62
1,2-Propadiene 0.37 0.48 5.47 0.72 0.82 0.84 0.82 0.60
Propyne 0.66 1.25 1.36 1.62 1.91 2.01 1.90 0.62
1,3-Butadiene 0.19 0.26 0.27 0.29 1.26 0.29 0.13 0.07
Vinylacetylene 0.15 0.26 0.35 0.43 0.49 0.61 0.47 0.23
Diacetylene 0.99 2.15 3.96 3.97 11.38 8.67 18.01 21.31
Benzene 1.21 2.75 2.85 3.75 5.38 5.06 511 4.20
Toluene 3.64 4.88 4.82 5.51 471 4.36 141 0.40
Styrene 7.19]  10.66 855 1023 4.98 8.49 3.67 1.66
Triacetylene 0.00 0.00 0.39 0.00 0.00 0.00 1.27 2.80
p-xylene 0.43 0.38 0.39 0.30 0.11 0.23 0.06 0.00
PhenylAcetylene 0.28 1.20 0.99 0.67 1.49 2.04 1.39 0.00
Styrene 3.95 6.81 6.64 0.92 4.29 7.08 3.39 0.00
Indene 0.28 0.66 0.99 0.72 1.49 2.04 1.39 0.46
Naphthalene 0.27 0.37 0.51 0.68 1.35 1.08 1.29 1.01
diphenylmethane 0.03 0.10 0.09 0.14 0.16 0.16 0.12 0.08
Acenaphthalene 0.07 0.12 0.26 0.40 0.80 0.59 0.86) 0.96
2,2'-dimethylbiphenyl 0.18 0.25 0.22 0.23 0.17 0.16 0.07 0.00
benzene-1,1'-(1-methyl-1,2-ethanediyl)b 0.35 0.36 0.28 0.23 0.00 0.08 0.00 0.00
benzene-1-methyl-3,[4-methylphenylJmethyl 0.19 0.22 0.17 0.11 0.08 0.08 0.05 0.00
Fluorene 0.24 0.51 0.51 0.53 0.29 0.45 0.25 0.12
benzene-1,1'-(1,2-ethanediyl)bis[4-meth 0.73 0.60 0.40 0.24 0.09 0.14 0.07 0.00
diphenylethyne 0.23 0.21 0.17 0.13 0.17 0.14 0.10 0.13
9H-flourene-2-methy 0.06 0.11 0.15 0.16 0.19 0.13 0.10 0.05
anthracene 0.45 0.62 0.98 1.26 0.98 133 0.85 0.54
phenylnaphthalene 0.00 0.00 0.00 0.12 0.30 0.33 0.41 0.89
m-terphenyl 0.04 0.00 0.06 0.09 0.19 0.11 0.21 0.22
p-terphenyl 0.02 0.02 0.04 0.14 0.27 0.11 031 0.49
benzoanthracene 0.00 0.00 0.09 0.29 0.13 0.10 0.35 1.03
Preshock Carbon 431.04| 43104 431.04| 43104 431.04] 431.04] 431.04] 43104
Postshock Carbon 332.63] 322.58| 323.27| 306.32] 303.61] 292.61] 295.97| 303.76
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m-Xylene pyrolysis, Average P5 = 54 atmp =« (page 3/3)

Shock 15 27 37 35 29 31 33

T(5) Decomp 1453.89| 1474.58| 1480.66| 1490.94| 1506.73| 1566.42| 1579.25

P5 (atm) 63.62 52.47 45.36 49.48 50.80 51.04 51.70
Reaction Time (s) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
m-xylene-GC2 1.13 0.39 0.57 0.40 0.59 0.37 0.41
Methane 14.30 9.72 10.96 11.45 7.70 2.91 2.80
Ethene 3.34 1.35 1.81 1.90 1.01 0.44 0.48

Ethane 0.20 0.20 0.18 0.09 0.16 0.24 0.14
Acetylene 75.88 93.77 94.56 95.85| 10240 114.86] 113.57
1,2-Propadiene 0.45 0.29 0.39 0.38 0.36 0.00 0.24
Propyne 114 0.65 1.01 1.04 0.87 0.88 1.19
1,3-Butadiene 0.06 0.04 0.06 0.05 0.05 0.05 0.05
Vinylacetylene 0.18 0.12 0.12 0.16 0.10 0.09 0.11
Diacetylene 25.44 32.34 33.24 32.16 33.81 30.87 31.03
Benzene 3.11 1.14 1.54 1.34 0.57 0.17 0.19
Toluene 0.19 0.00 0.05 0.00 0.00 0.00 0.00
Styrene 0.63 0.15 0.20 0.23 0.10 0.00 0.00
Triacetylene 3.58 10.44 7.34 9.25 11.92 9.17 10.06
p-xylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PhenylAcetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Styrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Indene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Naphthalene 0.76 0.23 0.28 0.20 0.00 0.00 0.00
diphenylmethane 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Acenaphthalene 0.85 0.27 0.26 0.23 0.02 0.00 0.00
2,2'-dimethylbiphenyl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzene-1,1'-(1-methyl-1,2-ethanediyl)b 0.00 0.00 0.00 0.00 0.00 0.03 0.00
benzene-1-methyl-3,[4-methylphenyl]methyl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fluorene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
benzene-1,1'-(1,2-ethanediyl)bis[4-meth 0.00 0.00 0.00 0.00 0.00 0.00 0.00
diphenylethyne 0.06 0.00 0.00 0.00 0.00 0.00 0.00
9H-flourene-2-methy 0.04 0.00 0.00 0.00 0.00 0.00 0.00
anthracene 0.38 0.12 0.11 0.08 0.07 0.00 0.00
phenylnaphthalene 111 0.46 0.05 0.00 0.00 0.00 0.00
m-terphenyl 0.22 0.07 0.00 0.00 0.00 0.00 0.00
p-terphenyl 0.57 0.13 0.15 0.10 0.06 0.00 0.00
benzoanthracene 0.82 0.32 0.13 0.00 0.00 0.00 0.00
Preshock Carbon 431.04| 431.04| 431.04] 431.04| 431.04| 431.04] 431.04
Postshock Carbon 329.04] 386.12| 387.09] 390.93] 410.96] 401.27] 404.78
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1,3,5-Trimethylbenzene Oxidation Datasets
1,3,5-trimethylbenzene oxidation Average P5 = 20.1atm, ¢ = 0.46, reaction time = 1.55 —
2.55 ms (page 1/3)

Shock number 2 5 7 15 20 26 28
Temperature (K) 964.05 845.49 1042.41 1161.37 1186.78 1240.95 1268.95
Pressure (atm) 18.21 16.99 19.24 15.85 21.75 22.64 22.43
Rxn Time (s) 3.18E-03 | 4.05E-03 | 2.71E-03 | 2.31E-03 | 2.22E-03 | 2.15E-03 | 2.11E-03
02 1972.05 1999.6 1946.42 1944.2 1972.85 1939.53 1978.35
co 0 0 271 0 2.94 2.17 2.17
CH4 0 0 0.31 0 0.47 0.98 1.63
Cco2 2.48 0 2.44 3.05 7.93 3.19 3.37
C2H4 0 0 0 0 0 0 0
C2H6 0 0 0 0 0 0.29 0.53
C2H2 0 0 0 0 0 0 0
C3H6 0 0 0 0 0 0 0
C3H4-a 0 0 0 0 0 0 0
C3H4-p 0 0 0 0 0 0 0
1-BUTENE 0 0 0 0 0 0 0
1,3-BUTADIENE 0 0 0 0 0 0 0
BENZENE 0 0 0 0.08 0.05 0.22 0.52
TOLUENE 0 0 0 0.19 0.06 0.46 1
ETHYLBENZENE 0 0 0 0 0 0 0
m-+p-xylene 0 0 0 0.56 0.18 1.01 1.72
135tmb-GC2 79.79 77.09 77.44 72.81 66.4 70.19 67.92
Vinylacetylene 0 0 0 0 0 0 0
Diacetylene 0 0 0 0 0 0 0
o-Xylene 0 0 0 0 0 0 0
Styrene 0 0 0 0 0 0 0.24
Phenylacetylene 0 0 0 0 0 0 0
1,2,4-Trimethylbenzene 0.39 2.22 0.32 0.42 0.42 0.43 0.39
1-ethenyl-4-methylbenzene 0 0 0 0 0 0 0
1-ethenyl-3-methylbenzene 0 0 0 0 0 0 0.12
1-ethyl-3,5-dimethylbenzene 0 0 0 0.35 0.22 1.04 1.59
Indene 0 0 0 0 0 0 0.05
1-ethenyl-3,5-dimethylbenzene 0 0 0 0 0 0 0.08
3-methylbenzaldehyde 0 0 0.26 0 0 0 0.08
1-methylindene 0 0 0 0 0 0 0.07
methyleneindene 0 0 0 0 0 0 0.09
Ethylbenzaldehyde 0 0 0 0 0 0.73 1.13
3,5-dimethylbenzaldehyde 0 0 0 0 0.18 0.26 0.67
Benzene, 1,2-dimethyl-4-(phenylmethyl) 0 0 0 0 0 0 0.03
2,4-dimethyldiphenylmethane 0 0 0 0.01 0 0.04 0.07
2,3,5-trimethyldiphenylmethane 0 0 0 0 0 0 0.01
3,3-dimethyldiphenylmethane 0 0 0 0 0 0 0.01
benzene,1,1'-(1,2-ethanediyl)bi[3,5-dimethyl 0.03 0.04 0.07 0.42 0.56 1.33 1.63
Phenanthrene 0 0 0 0 0 0.03 0.07
Naphthalene 0 0 0 0 0 0 0
Precarb bal 678.41 678.41 678.41 678.41 678.41 678.41 678.41
Postcarb bal 681.14 702.78 697.75 24.48 690.77 664.06 652.5
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1,3,5-trimethylbenzene oxidation Average P5 = 20.1atm, ¢ = 0.46, reaction time = 1.55 —
2.55 ms (page 2/3)

Shock number 30 34 36 38 40 44 46 48

Temperature (K) 1317.79 | 1304.76 | 1349.54 | 1373.43 | 1428.22 | 1393.14 | 1400.96 | 1463.68
Pressure (atm) 23.49 20.9 21.38 21.34 22.42 21.91 21.46 21.6

Rxn Time (s) 1.92E-03 | 2.05E-03 | 1.87E-03 | 1.82E-03 | 1.71E-03 [ 1.79E-03 | 1.77E-03 | 1.66E-03

02 1935.98 | 1882.58 | 1839.71 | 1659.78 | 1197.73 | 1424.32 | 1272.21 | 1044.58

Cco 50.45 7.53 120.63 | 21559 | 251.28 | 282.14 | 304.45 | 194.93

CH4 7.03 3.37 9.36 10.39 1.43 7.01 2.97 0.86

Co2 6.2 4.09 29.97 94.4 437.98 | 171.96 | 328.99 | 497.74
C2H4 2.39 0.58 4.93 6.77 0 4.43 1.45 0
C2H6 2.94 1.37 3.78 2.94 0.4 1.63 0.68 0

C2H2 6.71 1.18 14.41 22.52 2 17.46 6.42 1.01
C3H6 0.29 0.22 0.19 0.17 0 0.13 0 0
C3H4-a 0.45 0.2 0.53 0.67 0 0.41 0 0
C3H4-p 1.17 0.55 15 1.82 0 0.65 0 0
1-BUTENE 0 0 0.37 0.49 0.07 0 0 0
1,3-BUTADIENE 0.26 0.12 1.02 0.51 0.07 0.3 0.12 0
BENZENE 4.32 1.39 6.66 8.29 0.89 4.32 1.76 0.45
TOLUENE 5.08 2.3 6.18 5.37 0.6 2.45 0.99 0.26
ETHYLBENZENE 0.18 0.08 0.24 0.25 0.03 0.1 0 0
m-+p-xylene 4.92 3.2 4.6 2.98 0.38 1.32 0.56 0.11
135tmb-GC2 37.38 50.17 20.83 10.29 2.34 5.4 35 0.17
Vinylacetylene 0.64 0 1.15 1.48 0.13 0.85 0.3 0
Diacetylene 0.49 0 0.79 1.07 0 0.56 0.18 0
0-Xylene 0.16 0.1 0.3 0.54 0 0.11 0 0
Styrene 1.2 0.59 1.83 1.46 0.22 0.72 0 0
Phenylacetylene 0.55 0.14 0.67 0.51 0 0.32 0 0
1,2,4-Trimethylbenzene 0.37 0.41 0.35 0.15 0 0 0 0
1-ethenyl-4-methylbenzene 0.58 0.26 0.71 0.32 0 0 0 0
1-ethenyl-3-methylbenzene 0.77 0.36 0.81 0.51 0 0.31 0 0
1-ethyl-3,5-dimethylbenzene 2.35 2.26 1.27 0.82 0.13 0.54 0.25 0
Indene 0.54 0.18 0.72 0.62 0 0.26 0.13 0
1-ethenyl-3,5-dimethylbenzene 0.41 0.2 0.33 0.24 0 0 0 0
3-methylbenzaldehyde 0.24 0.19 0.23 0.13 0 0 0 0
1-methylindene 0.08 0.13 0.06 0.03 0 0 0 0
methyleneindene 0.28 0.21 0.21 0 0 0 0 0
Ethylbenzaldehyde 1.99 171 1.54 0.76 0 0 0 0
3,5-dimethylbenzaldehyde 141 1.13 0.93 0.3 0 0.21 0.13 0
Benzene, 1,2-dimethyl-4-(phenylmethyl) 0.11 0.06 0.11 0.06 0 0.01 0.01 0
2,4-dimethyldiphenylmethane 0.14 0.12 0.13 0.06 0 0.01 0 0
2,3,5-trimethyldiphenylmethane 0.02 0.02 0.02 0 0 0 0.02 0
3,3'-dimethyldiphenylmethane 0.01 0.01 0.01 0 0 0 0 0
benzene,1,1'-(1,2-ethanediyl)bi[3,5-dimethyl 0.85 1.04 0.67 0.23 0.04 0.07 0.05 0.03
Phenanthrene 0.12 0.08 0.12 0.03 0 0 0 0
Naphthalene 0.04 0 0.09 0.14 0 0.05 0.02 0
Precarb bal 678.41 | 678.41 | 678.41 | 678.41 | 678.41 | 678.41 | 678.41 | 678.41

Postcarb bal 625.03 | 589.61 | 637.22 | 668.04 | 735.75 | 648.73 | 718.85 | 734.14
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1,3,5-trimethylbenzene oxidation Average P5 = 20.1atm, ¢ = 0.46, reaction time = 1.55 —
2.55 ms (page 3/3)
Shock number 50 52
Temperature (K) 1505.46 1515.37
Pressure (atm) 21.03 21.25
Rxn Time (s) 1.64E-03 | 1.56E-03
02 989.4 978.49
CcoO 117.2 86.65
CH4 0.31 0
CO2 617.27 644.49
C2H4 0 0
C2H6
C2H2
C3H6
C3H4-a
C3H4-p
1-BUTENE
1,3-BUTADIENE
BENZENE
TOLUENE
ETHYLBENZENE
m-+p-xylene
135tmb-GC2
Vinylacetylene
Diacetylene
o-Xylene
Styrene
Phenylacetylene
1,2,4-Trimethylbenzene
1-ethenyl-4-methylbenzene
1-ethenyl-3-methylbenzene
1-ethyl-3,5-dimethylbenzene
Indene
1-ethenyl-3,5-dimethylbenzene
3-methylbenzaldehyde
1-methylindene
methyleneindene
Ethylbenzaldehyde
3,5-dimethylbenzaldehyde
Benzene, 1,2-dimethyl-4-(phenylmethyl)
2,4-dimethyldiphenylmethane
2,3,5-trimethyldiphenylmethane
3,3-dimethyldiphenylmethane
benzene,1,1'-(1,2-ethanediyl)bi[3,5-dimethyl
Phenanthrene
Naphthalene
Precarb bal 678.41 678.41
Postcarb bal 734.79 732.19
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1,3,5-trimethylbenzene oxidation, average P5 =19.68m, ¢ = 1.79, reaction time = 1.40 —
2.47 ms (page 1/3)

Shock number 1 3 4 5 7 11 14
Temperature (K) 1051.3 | 1133.7 | 1178.6 [ 1232.9 [ 1151.4 | 1034.7 | 1283.2
Pressure (atm) 15.68 | 17.51 | 16.68 15.7 15.26 | 16.61 | 20.75
Rxn Time (s) 0
02
CcO
CH4
CcO2
C2H4
C2H6
C2H2
C3H6
C3H4-a
C3H4-p
1-BUTENE
1,3-BUTADIENE
BENZENE
TOLUENE
ETHYLBENZENE
m-+p-xylene
135tmb-GC2 80.85
Vinylacetylene
Diacetylene
o-xylene
Styrene
Phenylacetylene
1,2,4-Trimethylbenzene
1-ethenyl-4-methylbenzene
1-ethenyl-3-methylbenzene
1-ethyl-3,5-dimethylbenzene
Indene
1-ethenyl-3,5-dimethylbenzene
1-methyleneindene
Naphthalene
3,5-dimethylbenzaldehyde
acenaphthylene
Benzene, 1,1'-methylenebis[3-methyl-
Fluorene
Benzene, 1,2-dimethyl-4-(phenylmethyl)-
2,4-dimethyldiphenylmethane
2,3,5-trimethyldiphenylmethane
3,3'-dimethyldiphenylmethane
2,4,2',3'-tetramethylbiphenyl
2,3,2',3'-tetramethylbiphenyl
benzene,1,1’-(1,2-ethanediyl)bi[3,5-dimethyl [¢]
Phenanthrene
2-phenylnapthalene
9-methylanthracene
9-ethenylanthracene
cyclopentaphenanthrene
Fluoranthene
Pyrene
2-methylfluoranthene
2,3-benzofluorene
ethylbenzaldehyde
3-methylbenzaldehyde
methylindene
PRE CARBON 739.08 | 739.08 | 739.08 | 739.08 [ 739.08 | 739.08 | 739.08
POST CARBON 728.56 | 779.34 | 760.91 | 780.74 | 751.43 | 755.48 | 770.66
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1,3,5-trimethylbenzene oxidation, average P5 =19.68m, ¢ = 1.79, reaction time = 1.40 —
2.47 ms (page 2/3)

Temperature (K) 1379.4 | 1362.6 | 1413.6 | 1475.2 | 1446.7 | 1483.3 | 1532.8 [ 1570.2
Pressure (atm) 22.38 | 22.31 | 22.61 | 21.51 | 21.39 [ 20.01 | 22.03 | 20.82
Rxn Time (s) 0 0 0 0 0 0 0 0
02 505.3 | 515.1 416 3275 | 356.3 | 309.6 | 1824 | 1194
cO 49.6 35.22 | 115.02 | 236.41 | 177.2 | 259.82 | 394.61 | 459.98
CH4 17.29 | 13.44 | 23.95 | 24.19 | 24.46 | 23.13 | 17.22 | 13.86
CO2 4.23 2.65 8.24 23.22 | 1485 | 26.47 | 48.29 | 55.46
C2H4 8.77 6.93 13.89 | 11.64 | 13.13 | 10.85 5.8 4.11
C2H6 5.46 5.96 3.55 2.11 2.34 1.82 1.06 0.84
C2H2 23.3 13.9 72.93 | 129.12 | 99.1 |[125.87 | 116.23 | 106.79
C3H6 0.29 0.23 0.14 0.11 0.12 0.09 0.09 0.07
C3H4-a 0.93 0.77 1.48 1.2 1.26 1.11 0.84 0.57
C3H4-p 2.33 2.04 3.5 3.13 3.26 3.18 1.57 0.9
1-BUTENE 0 0 0 0.27 0.36 0 0 0
1,3-BUTADIENE 0.47 0.36 0.44 0.28 0.37 0.23 0.13 0
BENZENE 7.36 5.03 10.68 6.05 9.62 6.01 2.58 1.49
TOLUENE 7.08 5.38 6.12 2.15 4.08 2 0.7 0.4
ETHYLBENZENE 0.25 0.2 0.2 0.05 0.15 0.06 0 0.03
m-+p-xylene 5.96 6.01 2.71 0.56 1.27 0.76 0.2 0.17
135tmb-GC2 19.68 [ 28.79 6.31 1.62 3.28 1.54 0.94 0.5
Vinylacetylene 1.28 0.79 1.76 1.26 1.6 1.15 0.54 0.32
Diacetylene 2.79 1.58 7.78 10.98 | 10.81 | 11.57 7.97 6.27
o-xylene 1.87 1.3 1.94 1.05 1.52 0.94 0.35 0.25
Styrene 4.36 3.42 3.36 1.23 1.89 1.06 0.36 0.22
Phenylacetylene 1.83 1.36 1.5 0.51 1.11 0.53 0.18 0
1,2,4-Trimethylbenzene 0.48 0.56 0.13 0 0 0 0 (0]
1-ethenyl-4-methylbenzene 1.61 1.41 0.59 0.09 0.24 0.06 0.02 0
1-ethenyl-3-methylbenzene 1.93 1.81 0.86 0.14 0.39 0.14 0.04 0
1-ethyl-3,5-dimethylbenzene 0 1.19 0.41 0.06 0.22 0 0 0
Indene 2.13 1.53 1.95 0.8 1.48 0.88 0.32 0.16
1-ethenyl-3,5-dimethylbenzene 0.2 0.3 0 0 0 0 0 0
1-methyleneindene 0.37 0.31 0.09 0 0.08 0 0 0
Naphthalene 0.93 0.27 1.3 0.72 1.17 0.69 0.24 0.09
3,5-dimethylbenzaldehyde 1.01 1.33 0.3 0 0.11 0 0 0
acenaphthylene 0.24 0.16 0.52 0.44 0.6 0.39 0.21 0.11
Benzene, 1,1'-methylenebis[3-methyl- 0.04 0.03 0 0 0 0 0 0
Fluorene 0.08 0.06 0.12 0.07 0.09 0.06 0 0
Benzene, 1,2-dimethyl-4-(phenylmethyl)- 0.16 0.17 0.07 0 0 0 0 0
2,4-dimethyldiphenylmethane 0.2 0.22 0 0 0.02 0 0 0
2,3,5-trimethyldiphenylmethane 0.2 0.22 0 0 0.02 0 0 0
3,3'-dimethyldiphenylmethane 0.04 0.04 0 0 0 0 0 0
2,4,2',3'-tetramethylbiphenyl 0.02 0.01 0 0 0 0 0 (0]
2,3,2',3'-tetramethylbiphenyl (0] (0] (0] 0 0 0 0 (0]
nzene,1,1'-(1,2-ethanediyl)bi[3,5-dimethyl| 0.79 0.99 0.2 0.07 0.1 0.04 0.04 0.03
Phenanthrene 0.11 0.11 0.23 0.1 0.12 0.06 0 0
2-phenylnapthalene 0.08 0.08 0.03 0 0 0 0 0
9-methylanthracene 0.07 0.06 0.03 0 0 0 0 0
9-ethenylanthracene 0.03 0.02 0.03 0.03 0.04 0.02 0.03 0.02
cyclopentaphenanthrene 0.18 0.16 0.05 0.01 0.03 0 0 0
Fluoranthene 0.02 0.02 0.04 0.03 0.05 0.03 0.02 0.01
Pyrene 0.02 0.01 0.05 0.02 0.03 0.02 0 0
2-methylfluoranthene 0.01 0.01 0 0 0 0 0 0
2,3-benzofluorene 0.01 0.01 0.02 0.02 0.03 0.03 0.02 0.02
ethylbenzaldehyde 0.37 0.96 [¢] 0 0 0 0 0
3-methylbenzaldehyde 0.24 0.29 0.06 0.04 0.07 0 0 0
methylindene 0.15 0.21 0.24 0 0 0 0 0
PRE CARBON 739.08 | 739.08 | 739.08 | 739.08 | 739.08 | 739.08 | 739.08 | 739.08
POST CARBON 682.25 | 682.09 | 699.31 | 755.22 | 726.09 | 767.29 | 796.19 | 810.21

254



1,3,5-trimethylbenzene oxidation, average P5 =19.68m, ¢ = 1.79, reaction time = 1.40 —
2.47 ms (page 3/3)

Shock number 37 38
Temperature (K) 1598.1| 1620.5
Pressure (atm) 21.08 18.69
Rxn Time (s) (6] o
o2 94.9 52.2
CcO 504.93| 522.09
CH4 9.59 8.15
cOo2 68.16 70.48
C2H4 1.73 1.48
C2H6 0.52 0.57
C2H2 76.27 64.42
C3H6 [¢] (¢]
C3H4-a [¢] (¢]
C3H4-p [¢] (¢]
1-BUTENE o o
1,3-BUTADIENE o o
BENZENE 0.63 0.4
TOLUENE 0.14 0.14
ETHYLBENZENE o o
m-+p-xylene o o
135tmb-GC2 0.41 0.25
Vinylacetylene 0.17 0.1
Diacetylene 4.14 3.06

o-xylene 0.14

Styrene 0.11
Phenylacetylene
1,2,4-Trimethylbenzene
1-ethenyl-4-methylbenzene
1-ethenyl-3-methylbenzene
1-ethyl-3,5-dimethylbenzene

Indene
1-ethenyl-3,5-dimethylbenzene
1-methyleneindene
Naphthalene
3,5-dimethylbenzaldehyde
acenaphthylene 0.0
Benzene, 1,1'-methylenebis[3-methyl-
Fluorene
Benzene, 1,2-dimethyl-4-(phenylmethyl)-
2,4-dimethyldiphenylmethane
2,3,5-trimethyldiphenylmethane
3,3'-dimethyldiphenylmethane
2,4,2',3'-tetramethylbiphenyl
2,3,2',3'-tetramethylbiphenyl
nzene,1,1’-(1,2-ethanediyl)bi[3,5-dimethyl 0.0
Phenanthrene
2-phenylnapthalene
9-methylanthracene
9-ethenylanthracene
cyclopentaphenanthrene
Fluoranthene
Pyrene
2-methylfluoranthene
2,3-benzofluorene
ethylbenzaldehyde
3-methylbenzaldehyde
methylindene
PRE CARBON 739.08| 739.08
POST CARBON 769| 751.87

O|0|0|0|0|0|O|o|ofo|o|o|un|o|o|O|0|0|0|o|o|n|ofofo|o|o|o|o|0|0|Oo
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1,3,5-trimethylbenzene oxidation, average P5 =49atm, ¢ = 0.51, reaction time = 1.26 —
2.80 ms (page 1/2)

Shock number 2 4 6 12 14 18 20
Temperature (K) 1240 1018 1134 1264 1338 1283 1293
Pressure (atm) 49.94 41.12 47.67 53.13 54.18 52.17 52.86
Rxn Time (s) [¢] [¢] [¢] (0] 0] (0] [¢]
o2 1964 2010 2027 1979 1774 1961 1962
CcoO 2.21 2.62 2.35 3.69 182.71 | 17.39 29.05
CcH4 o o] o 1.84 12.06 2.68 4.54
CcoO2 2.19 1.31 1.47 2.05 28.26 3.4 3.63
C2H4 o o o [0} 6.5 1.16 1.13
C2H6 o o [¢] 0.4 3.02 0.73 1.32
C2H2 o o [¢] [0} 17.09 [¢] 2.24
C3H6 o] o] [e] o 0.3 0.17 0.18
C3H4-a o o o] o 0.63 0.16 0.29
C3H4-p 6] 6] o o 1.99 0.36 1.04
1-BUTENE o] o] [e] o 0.49 0.05 o]
1,3-BUTADIENE [e] o o 0.06 1.43 0.12 0.15
BENZENE 0.08 o o 0.62 7.59 0.99 2.07
TOLUENE 0.22 o o 1.19 5.52 1.67 3.12
ETHYLBENZENE [e] o o 0.02 0.24 0.05 0.09
m-+p-xylene 0.54 o] [e] 1.99 3.21 2.57 3.94
135tmb-GC2 78.47 86.94 85.81 61.11 17.97 49.9 44.79
Vinylacetylene 6] [¢] [¢] 0.09 1.43 0.18 0.33
Diacetylene [¢] [¢] [¢] o] 0.57 (0] [¢]
o-Xylene o] o] o] [¢] 0.34 (e] 0.14
Styrene o] o] o] 0.15 1.13 0.35 0.52
Phenylacetylene o] o] o] [¢] 0.36 0.04 0.13
1,2,4-Trimethylbenzene 0.41 0.47 0.48 0.44 0.12 0.39 0.4
1l-ethenyl-4-methylbenzene [¢] [¢] [¢] 0] 0.29 0] 0.22
1l-ethenyl-3-methylbenzene [¢] [¢] [¢] (0] 0.32 0.21 0.24
1-ethyl-3,5-dimethylbenzene [¢] [¢] [¢] 1.84 1.48 2.11 2.61
Indene 6] 6] 6] o 0.32 o 0.13
1-ethenyl-3,5-dimethylbenzene o] o] o] 0.15 0.39 0.24 0.47
3,5-dimethylbenzaldehyde 3.15 o] o] 2.65 1.6 2.36 2.07
acenaphthylene o] o] o] [¢] 0.05 0.12 0.13
Benzene, 1,1'-methylenebis[3-methyl- [¢] [¢] [¢] 0] 0.02 0.02 [¢]
Benzene, 1,2-dimethyl-4-(phenylmethyl)- [¢] [¢] [¢] 0.05 0.04 0.07 0.07
1,8-dimethylnaphthalene 6] [¢] 6] 0] (0] 0.25 0.06
2,4-dimethyldiphenylmethane 0.14 [¢] [¢] 0.13 0.05 0.1 0.09
2,3,5-trimethyldiphenylmethane o] o] o] 0.02 0.01 0.01 0.02
3,3'-dimethyldiphenylmethane [e] o] o] 0.02 0.01 0.01 0.01
2,4,2',3'-tetramethylbiphenyl 0.05 o] o] 0.06 0.01 0.03 0.04
2,3,2',3'-tetramethylbiphenyl o] o] o] 0.01 0.01 (e] 0.01
nzene,1,1-(1,2-ethanediy)bi[3,5-dimethyl| 3.56 6] 1.39 2.75 0.79 1.14 1.2
Phenanthrene 0.08 6] [¢] 0.14 0.06 0.4 0.12
2-methylanthracene 6] [¢] [¢] 0.01 0] 0.16 0.06
2-phenylnapthalene [¢] [¢] [¢] 0.06 0.02 (0] [¢]
9-methylanthracene o] o] o] [¢] 0.02 (e] [e]
9-ethenylanthracene o] o] o] [¢] 0.02 0.01 0.05
cyclopentaphenanthrene o] o] o] [¢] 0.02 0.06 0.02
Pyrene 0.02 o o [0} o 0.02 0.02
3-methylbenzaldehyde [¢] [¢] 6] 0] 0.66 0.15 0.28
methyleneindene [¢] [¢] [¢] 0.4 0.31 0.21 0.28
2,4,6-trimethylbenzaldehyde [¢] [¢] [¢] 0] 0.18 0] 0.08
1-ethyl-3-methylbenzene 0.87 o] o] 3.2 1.2 3.61 2.52
1,3-diethyl-5-methylbenzene o] o] o] 0.06 0.14 (e] [e]
1-methylindene 0.52 o] o] 0.2 0.09 0.09 0.14
Ethylbenzaldehyde 2.27 o] o] 2.64 2.18 2.77 3.02
3,6-dimethylphenanthrene [¢] [¢] [¢] (0] 0.18 0.32 0.28
Fluoranthene [¢] 6] [¢] 0] 0.08 1.07 0.34
Pyrene 0.02 o] o] o o 0.02 0.02
1,3,5-cycloheptatriene 6] [¢] [¢] 0] (0] 0.53 0.77
Naphthalene o] o] o] [¢] 0.09 (6] [e]
cpd o o o o) o 0.18 0.26
mecpd o] o] o] [¢] [¢] 0.25 0.41
4-methylphenanthrene o] o] o] [¢] [¢] 0.32 0.02
1,1'-biphenyl-3,3'-4,4'-tetramethyl [¢] [¢] [¢] 0] 0] 0.15 0.07
Precarb 699.56 | 699.56 | 699.56 [ 699.56 | 699.56 | 699.56 | 699.56
Postcarb 773.12 | 704.62 | 714.58 [ 697.69 | 658.08 | 702.1 | 687.35
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1,3,5-trimethylbenzene oxidation, average P5 =49afm, ¢ = 0.51, reaction time = 1.26 —
2.80 ms (page 2/2)

Shock number 24 26 28 32 34 36 38 43
Temperature (K) 1383 1368 1478 1408 1439 1520 1561 1317
Pressure (atm) 49.03 51.59 52.67 46.52 48.29 49.78 50.06 52.35
Rxn Time (s) [0} (0] [0} 0] [0} 0] 0] 0]
02 1533 1665 1114 1412 1180 1089 1026 1936
CcO 362.39 | 346.21 | 72.23 331.8 | 168.69 | 61.36 36.08 87.38
CH4 8.03 10.02 0.42 4.22 1.25 0.3 0.28 8.86
CcO2 170.92 | 125.48 ] 676.34 | 295.62 | 535.53 | 685.3 | 715.27 7.18
C2H4 4.46 5.97 [0] 2.23 0.47 0] 0] 4.13
C2H6 1.41 1.47 o] 0.74 0.28 [0) 0] 3.42
C2H2 16.52 20.01 [o] 7.95 2.48 [0) 0] 9.51
C3H6 0.33 0.4 o] 0.11 o] [0) 0] 0.22
C3H4-a 0.4 0.45 [o] 0.2 [o] 0] 0] 0.57
C3H4-p 0.98 1.4 o] 0.26 o] [0) 0] 1.55
1-BUTENE o) ] o] o] [o] [o] 0] 0.06
1,3-BUTADIENE 0.29 0.32 o] 0.15 o] 0] 0] 0.32
BENZENE 5.13 6.27 0.17 2.36 0.85 [0) [0) 5.07
TOLUENE 2.39 2.79 0.08 1.25 0.45 0] 0] 6
ETHYLBENZENE 0.12 0.14 o] 0.03 o] 0] 0] 0.22
m-+p-xylene 1.22 1.53 o) 0.67 0.18 [0] 0] 4.98
135tmb-GC2 6.01 7.01 0.29 3.27 1.08 [0) 0] 28.4
Vinylacetylene 0.85 1.01 o) 0.43 [0} [0] 0] 0.91
Diacetylene 0.34 0.38 o] 0.18 o] 0] 0] 0.34
o-Xylene 0.1 0.13 o) 0.07 0] 0] 0] 0.4
Styrene 0.45 0.54 o] 0] o] [0) [0) 1.23
Phenylacetylene 0.18 0.24 o) 0.09 o) 0] 0] 0.28
1,2,4-Trimethylbenzene [0} 0] [0} 0] [0} [0} 0] 0.3
1-ethenyl-4-methylbenzene 0.09 0.15 o) 0] o) 0] 0] 0.36
1-ethenyl-3-methylbenzene 0.18 0.24 [0} 0] [0} 0] 0] 0.31
1-ethyl-3,5-dimethylbenzene 0.15 0.2 [0} 0.06 [0} 0] 0] 2.46
Indene 0.19 0.22 [0] 0.1 [o] [0] 0] 0.27
1-ethenyl-3,5-dimethylbenzene 0.09 0.11 [0} 0] [0} [0) 0] 0.64
3,5-dimethylbenzaldehyde 0.26 0.27 [0} 0.15 0.18 [0] 0] 1.78
acenaphthylene 0.03 0.04 [0} 0] [0} [0) [0) 0.05
Benzene, 1,1'-methylenebis[3-methyl- 0.01 [0) [0} 0] [0} [0] 0] 0]
Benzene, 1,2-dimethyl-4-(phenylmethyl)- [0} 0.03 [0} 0] [0} 0 0] 0.05
1,8-dimethylnaphthalene 0.04 0] o) 0] 0] 0] 0] [0]
2,4-dimethyldiphenylmethane 0.02 0.02 [0} 0] [0) [0) 0] [0)
2,3,5-trimethyldiphenylmethane o) 0] 0] 0] o) 0] 0] 0]
3,3'-dimethyldiphenylmethane [0} 0] [0} 0] [0} [0) 0] [0)
2.,4,2' 3'-tetramethylbiphenyl 0 0] o) o] o) 0] 0] 0]
2,3,2',3'-tetramethylbiphenyl [0} 0] [0} 0] [0} 0] 0] [0)
benzene,1,1’-(1,2-ethanediy)bi[3,5-dimethyl 0.14 0.14 0.06 0.1 0.07 0] 0] 0.62
Phenanthrene o) [0) o) 0] 0] 0] 0] 0.08
2-methylanthracene [0} 0] [0} 0] [0} [0} 0] 0.01
2-phenylnapthalene o) 0] o) [0) o) [0] 0] [0)
9-methylanthracene [0} 0] [0} 0] [0} [0} 0] 0.21
9-ethenylanthracene 0] 0] o) 0] o) [0} 0] 0.05
cyclopentaphenanthrene [0} 0] 0 0] [0} [0) 0] 0]
Pyrene o) 0] o) [0 o) 0] 0] [0]
3-methylbenzaldehyde 0.1 0.16 0] 0] [0} [0) 0] 0.52
methyleneindene o) 0.05 o) [0 o) 0] ] 0.31
2,4,6-trimethylbenzaldehyde 0.05 0] [0} 0] [0} 0] 0] 0.15
1-ethyl-3-methylbenzene o) [0 o) [0 o) o) 0] 2.1
1,3-diethyl-5-methylbenzene 0] 0] [0} 0] [0} [0} 0] 0.16
1-methylindene o) 0.19 o) [0 [0] 0] 0] 0]
Ethylbenzaldehyde 0.74 1.32 o) 0.52 0.19 [0) 0] 3.23
3,6-dimethylphenanthrene [0} 0] [0} 0] [0} [0} [0) 0.25
Fluoranthene 0] [0) [0) 0] [0] 0 0] 0.02
Pyrene o] 0] o] 0] o] 0] 0] 0]
1,3,5-cycloheptatriene [0} 0] [0) [0) [0} [0} 0] 0.61
Naphthalene 0.06 0.08 0.02 0] o] [0) 0] 0.05
cpd [o] o] o] o] [o] [o] 0] 0.38
mecpd [0} 0] [0} 0] [0} [0} 0] 0.59
4-methylphenanthrene o) [0 o) 0] o) 0] 0] [0]
1,1'-biphenyl-3,3'-4,4'-tetramethyl [0} 0] 0 0] 0] [0} 0] 0.01
Precarb 699.56 | 699.56 | 699.56 | 699.56 | 699.56 | 699.56 | 699.56 | 699.56
Postcarb 729.55| 710.85 ] 755.81 | 725.57 | 736.33 | 746.96 | 751.64 | 663.58
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1,3,5-trimethylbenzene oxidation average P5 =50.28m, ¢ = 0.95, reaction time = 1.13 —
1.697 ms (page 1/3)

Shock number 24 26 28 32 34 36 38 43
Temperature (K) 1383 1368 1478 1408 1439 1520 1561 1317
Pressure (atm) 49.03 51.59 52.67 46.52 48.29 49.78 50.06 52.35
Rxn Time (s) [0] 0] [0] 0] 0 0] 0] [0
o2 1533 1665 1114 1412 1180 1089 1026 1936
CcO 362.39 | 346.21 | 72.23 331.8 | 168.69 | 61.36 36.08 87.38
CH4 8.03 10.02 0.42 4.22 1.25 0.3 0.28 8.86
CcO2 170.92 | 125.48 | 676.34 | 295.62 | 535.53 | 685.3 | 715.27 7.18
C2H4 4.46 5.97 [¢] 2.23 0.47 0] [0] 4.13
C2H6 1.41 1.47 o] 0.74 0.28 0] 0] 3.42
C2H2 16.52 20.01 [o] 7.95 2.48 0] [0] 9.51
C3H6 0.33 0.4 o] 0.11 o] 0] 0] 0.22
C3H4-a 0.4 0.45 [o] 0.2 [o] 0] 0] 0.57
C3H4-p 0.98 1.4 o] 0.26 o] 0] 0] 1.55
1-BUTENE o] o] [o] o] [o] o] [0] 0.06
1,3-BUTADIENE 0.29 0.32 o] 0.15 o] 0] 0] 0.32
BENZENE 5.13 6.27 0.17 2.36 0.85 0] 0] 5.07
TOLUENE 2.39 2.79 0.08 1.25 0.45 0] [0] 6
ETHYLBENZENE 0.12 0.14 o] 0.03 o] 0] 0] 0.22
m-+p-xylene 1.22 1.53 0] 0.67 0.18 0] [0] 4.98
135tmb-GC2 6.01 7.01 0.29 3.27 1.08 0] 0] 28.4
Vinylacetylene 0.85 1.01 0] 0.43 0] 0] [0] 0.91
Diacetylene 0.34 0.38 o] 0.18 o] 0] [0) 0.34
o-Xylene 0.1 0.13 0] 0.07 0] 0] [0] 0.4
Styrene 0.45 0.54 o] 0] o] 0] 0] 1.23
Phenylacetylene 0.18 0.24 0] 0.09 0] 0] [0] 0.28
1,2,4-Trimethylbenzene [0] 0] 0 [0]) 0 0] 0] 0.3
1-ethenyl-4-methylbenzene 0.09 0.15 0] [0 0] 0] 0] 0.36
1-ethenyl-3-methylbenzene 0.18 0.24 0 0] 0 0] 0] 0.31
1-ethyl-3,5-dimethylbenzene 0.15 0.2 [0] 0.06 [0] 0] [0) 2.46
Indene 0.19 0.22 [¢] 0.1 [¢] 0] 0] 0.27
1-ethenyl-3,5-dimethylbenzene 0.09 0.11 0 [0 [0] 0] 0] 0.64
3,5-dimethylbenzaldehyde 0.26 0.27 0] 0.15 0.18 0] [0] 1.78
acenaphthylene 0.03 0.04 0 [0 [0] [0 [0) 0.05
Benzene, 1,1'-methylenebis[3-methyl- 0.01 0] [0) 0] 0] 0] 0] 0]
Benzene, 1,2-dimethyl-4-(phenylmethyl)- [0] 0.03 0 [0]) 0 [0]) [0) 0.05
1,8-dimethylnaphthalene 0.04 0] 0] [0 0] 0] [0] 0]
2,4-dimethyldiphenylmethane 0.02 0.02 0] 0] 0] 0] 0] 0]
2,3,5-trimethyldiphenylmethane 0] 0] 0] [0 0] 0] [0] 0]
3,3'-dimethyldiphenylmethane 0 [0]) [0] 0] 0 [0 [0) 0]
2,4,2',3'-tetramethylbipheny! o] ] 0 o] 0 0] [0] 0]
2,3,2',3'-tetramethylbiphenyl 0 0] 0] 0] [0] 0] 0] 0]
benzene,1,1’-(1,2-ethanediyl)bi[3,5-dimethyl 0.14 0.14 0.06 0.1 0.07 0] [0) 0.62
Phenanthrene [0) 0] 0] 0] [0] 0] [0] 0.08
2-methylanthracene [0] [0 [0] [0 [0] [0 [0) 0.01
2-phenylnapthalene 0] 0] 0] 0] 0] 0] [0] 0]
9-methylanthracene [0] [0 [0] [0 [0] [0 [0) 0.21
9-ethenylanthracene 0] 0] [0] 0] 0] 0] [0] 0.05
cyclopentaphenanthrene [0] [0]) 0] [0]) [0] [0 [0) 0]
Pyrene 0] [0 0] [0 0] 0] [0] 0]
3-methylbenzaldehyde 0.1 0.16 [0] 0] 0 0] [0) 0.52
methyleneindene 0] 0.05 0] 0] 0] 0] 0] 0.31
2,4,6-trimethylbenzaldehyde 0.05 [0]) 0 [0]) 0 [0 [0) 0.15
1-ethyl-3-methylbenzene 0] [0 0] [0 0] [0 [0] 2.1
1,3-diethyl-5-methylbenzene [0] 0] 0] 0] [0] 0] 0] 0.16
1-methylindene 0] 0.19 0] 0] 0] 0] 0] 0]
Ethylbenzaldehyde 0.74 1.32 0 0.52 0.19 0] [0] 3.23
3,6-dimethylphenanthrene [0] 0] [0] [0 [0] 0] [0) 0.25
Fluoranthene [0) 0] 0] 0] [0] 0] [0] 0.02
Pyrene o] 0] o] 0] o] 0] 0] 0]
1,3,5-cycloheptatriene [0) 0] 0] 0] 0] 0] [0] 0.61
Naphthalene 0.06 0.08 0.02 0] o] 0] [0) 0.05
cpd [o] o] [o] o] [o] o] 0] 0.38
mecpd 0 0] 0] 0] [0] [0]) 0] 0.59
4-methylphenanthrene 0] 0] 0] 0] 0] 0] [0] 0]
1,1'-biphenyl-3,3'-4,4'-tetramethyl [0] 0] [0] 0] 0 [0 [0) 0.01
Precarb 699.56 | 699.56 | 699.56 | 699.56 | 699.56 | 699.56 | 699.56 | 699.56
Postcarb 729.55| 710.85 | 755.81 | 725.57 | 736.33 | 746.96 | 751.64 | 663.58
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1,3,5-trimethylbenzene oxidation average P5 =50.28m, ¢ = 0.95, reaction time = 1.13 —
1.697 ms (page 2/3)

Shock humber 18 24 26 30 32 34 36 38
Temperature (K) 1321 1349 1382 1481 1402 1411 1436 1500
Pressure (atm) 51.24 | 48.57 | 46.34 | 47.67 | 4653 | 47.05 | 43.64 | 47.92
Rxn Time (s) 0 0 0 0 0 0 0 0
02 885 902 881 420 885 851 804 347
CO 9.71 34.83 | 105.83 | 172.22 | 137.54 | 210.13 | 236.52 | 142.67
CH4 5.4 8.88 14.75 2.21 16.16 15.41 14.93 1.54
CcO2 1.64 2.66 8.94 |415.19] 1407 | 51.76 | 71.33 | 470.88
C2H4 1.04 2.28 6.66 0.75 8.3 8.14 7.69 0
C2H6 1.88 3 3.7 0.32 3.68 2.18 1.98 0.21
C2H2 1.95 5.5 20.81 | 4.56 28.29 | 42.27 | 4091 | 3.23
C3H6 0 0.23 0.29 0 0.31 0.43 0.26 0
C3H4-a 0.23 0.6 0.75 0 0.91 0.77 0.68 [0]
C3H4-p 0.49 1.02 1.73 0 2.47 1.88 1.44 0
1-BUTENE 0 0 0 0 0 0 0.34 0]
1,3-BUTADIENE 0.12 0.24 0.42 0.06 0.48 0.38 0.35 0
BENZENE 2.13 4.23 8.49 0.97 9.29 8.63 7.76 0.76
TOLUENE 3.15 5.18 6.59 0.41 5.12 3.9 3.41 0.32
ETHYLBENZENE 0.1 0.2 0.25 0 0.2 0.12 0 0
m-+p-xylene 4.14 5.35 4.24 0.21 2.88 1.7 147 0.16
135tmb-GC2 38.37 | 28,55 | 12.24 | 0.72 7.32 5.35 4.08 0.74
Vinylacetylene 0.26 0.6 1.38 0.16 1.61 1.37 1.22 0
Diacetylene 0.04 0.13 0.4 0.06 0.47 0.56 0.48 0
o-xylene 0.11 0.29 0.87 0.12 0.92 0.72 0.59 0.11
Styrene 0.86 1.54 2.26 0.32 2.31 1.2 1.08 0.16
Phenylacetylene 0.35 0.71 0.8 0 0.64 0.42 0.38 0
1,2,4-Trimethylbenzene 0.5 0.51 0.31 0 0.12 0 0 0
1-ethenyl-4-methylbenzene 0.48 0.75 0.65 0 0.4 0.2 0.14 0
1-ethenyl-3-methylbenzene 0.62 0.91 0.96 0 0.68 0.33 0.26 0
1-ethyl-3,5-dimethylbenzene 2 1.78 1.21 0 0.8 0.42 0 0
Indene 0.38 0.67 1.13 0 0.89 0.72 0.67 0
1-ethenyl-3,5-dimethylbenzene 0.45 0.58 0.36 0 0.26 0.13 0 0
1-methyleneindene 0.75 0.75 0.5 0 0.17 0.04 0 0
Naphthalene 2.76 2.75 0.72 0 0.59 0.69 0.44 0
3,5-dimethylbenzaldehyde 3.88 2.35 2.07 0.21 0.84 0.67 0.57 0.23
acenaphthylene 0.02 0.04 0.1 0 0.11 0.1 0.1 0
Benzene, 1,1'-methylenebis[3-methyl- 0.04 0.07 0.05 0 0.05 0 0 0
Fluorene 0] 0.03 0.05 0 0.06 0.04 0.04 0
Benzene, 1,2-dimethyl-4-(phenylmethyl)- 0.15 0.15 0.12 0 0.13 0.04 0.05 0
2 ,4-dimethyldiphenylmethane 0.18 0.18 0.11 0 0.11 0.04 0.03 0
2,3,5-trimethyldiphenylmethane 0.03 0.04 0.02 0 0.02 0 0 0
3,3'-dimethyldiphenylmethane 0.02 0.02 0.02 0 0.01 0.01 0 0
2,4,2' 3'-tetramethylbiphenyl 0.02 0.01 0 0 0 0.01 0 0
2,3,2' 3'-tetramethylbiphenyl 0.01 0.01 0 0 0 0 0 0
benzene,1,1'-(1,2-ethanediyl)bi[3,5-dimethy! 1.68 1.19 0.53 0.13 0.28 0.25 0.18 0.08
Phenanthrene 0.25 1.26 0.59 0 0.04 0.27 0.11 0
2-methylanthracene 0.02 0.05 0.01 0 0 0 0 0
2-phenylnapthalene 0.07 0.05 0.04 0 0.03 0 0.02 0
9-methylanthracene 0.07 0.04 0.11 0 0.05 0.01 0.02 0
9-ethenylanthracene 0.01 0.02 0.03 0 0.02 0.02 0.01 0
cyclopentaphenanthrene 0.06 0.04 0.03 0 0.01 0.01 0.02 0
Fluoranthene 0 0 0.02 0 0.02 0.02 0.02 0
Pyrene 0 0 0 0 0 0.01 0.02 0
2-methylfluoranthene 0 0 0 0 0 0 0 0
2,3-benzofluorene 0 0 0 0 0 0.01 0.02 0
Precarb 656.01 | 656.01 | 656.01 | 656.01 | 656.01 | 656.01 | 656.01 | 656.01
Postcarb 611.45] 615.81 | 585.65 | 626.48 | 541.85 | 604.44 | 604.7 | 642.46
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1,3,5-trimethylbenzene oxidation average P5 =50.28m, ¢ = 0.95, reaction time = 1.13 —
1.697 ms (page 3/3)

Shock number 40 42 44 46 49
Temperature (K) 1456 1527 1550 1639 1588
Pressure (atm) 46 45.13 43.59 43.77 41.21
Rxn Time (s) (¢] (0] 0 0 o}
o2 491 255 151 111 137
cO 259.54 | 130.33 | 106.37 71.77 101.2
CH4 4.51 1.06 0 O 0.58
cO2 282.92 | 515.09 | 525.74 | 575.83 | 543.47
C2H4 1.6 [0} [0} o} [0}
C2H6 0.65 0.11 [0} [0} 0.17
C2H2 10.21 1.65 [0} [0} 0.62
C3H6 0.13 (o} (o] (o} (o}
C3H4-a 0.21 (6] O O 0]
C3H4-p 0.38 (6] O 0 0]
1-BUTENE (6] (6] 0 0 O
1,3-BUTADIENE 0.1 (0] (0] (0] (0]
BENZENE 1.99 0.37 0.15 0.08 0.17
TOLUENE 1.1 0.18 [0} [0} 0.08
ETHYLBENZENE [0} [0} [0} [0} [0}
m-+p-xylene 0.59 (e] 0 0 o}
135tmb-GC2 1.73 0.46 0.28 0.07 0.58
Vinylacetylene 0.3 0 (0] (0] (0]
Diacetylene 0.09 0 (0] (0] (0]
o-xylene 0.19 0 (0] (0] (0]
Styrene 0.39 (6] 0 o) [0}
Phenylacetylene 0.16 (e] 0 0 0
1,2,4-Trimethylbenzene (0] (0] 0 [0} [0}
1-ethenyl-4-methylbenzene (0] (¢] 0 o} 0
1-ethenyl-3-methylbenzene 0 0 (0] (0] (0]
1-ethyl-3,5-dimethylbenzene 0 0 (0] (0] 0]
Indene 0.21 (0] (0] (0] (0]
1-ethenyl-3,5-dimethylbenzene 0 0 (0] (0] (0]
1-methyleneindene (0] (0] (0] 0 0
Naphthalene 0.22 (0] 0 [0} [0}
3,5-dimethylbenzaldehyde 0.26 0.17 0.03 [0} 0.09
acenaphthylene 0.03 (6] o} o} 0
Benzene, 1,1'-methylenebis[3-methyl- 0 0 (0] (0] (0]
Fluorene 0.01 [¢] (0] (0] (0]
Benzene, 1,2-dimethyl-4-(phenylmethyl)- 0.01 0 (0] (0] (0]
2,4-dimethyldiphenylmethane 0.01 (6] 0 0 (0]
2,3,5-trimethyldiphenylmethane 0] 0] 0 [0} [0}
3,3'-dimethyldiphenylmethane (6] [¢] 0 0 0
2.,4,2',3'-tetramethylbiphenyl (@) @) (0] (0] (0]
2,3,2',3'-tetramethylbiphenyl (@] @) (0] (0] (0]
benzene,1,1’-(1,2-ethanediyl)bi[3,5-dimethyl 0.09 0.04 0.06 0 0
Phenanthrene (0] [0} [0} 0 0
2-methylanthracene (¢] (¢] 0 0 0
2-phenylnapthalene (0] (0] [0} [0} [0}
9-methylanthracene 0.01 (6] 0 0 o}
9-ethenylanthracene 0 0 (0] (0] 0]
cyclopentaphenanthrene 0.01 0 (0] (0] (0]
Fluoranthene 0 (0] [0} (0] (0]
Pyrene 0 0 (0] (0] (0]
2-methylfluoranthene (0] (0] O 0 0
2,3-benzofluorene (0] (0] [0} [0} [0}
Precarb 656.01 | 656.01 | 656.01 | 656.01 | 656.01
Postcarb 631 659.8 | 636.84 | 648.69 | 654.5
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1,3,5-trimethylbenzene oxidation average P5 =50.28m, ¢ = 0.95, reaction time = 1.13 —
1.697 ms (page 1/3)

Shock number 10 14 16 18 20 23 25
Temperature (K) 1058.7 | 1214.7 | 1244.6 | 1347.7 | 1229.3 [ 1286 | 1356.3
Pressure (atm) 48.57 51.72 | 49.17 51.8 43.06 45.8 50.35
Rxn Time (s) 0 0 0 0 0 0 0
02 551.19 | 552.8 | 551.13 [ 503.86 | 563.73 | 560.63 | 502.01
CcO [0) 0 [0) 20.86 0 1.23 33.23
CH4 [0) 0 [0) 12.16 0 2.31 15.42
CcOo2 0 0 0 1.77 0 1.27 2.06
C2H4 0 0 0 3.44 0 0 5.09
C2H6 0 0o 0] 3.77 0 0.43 4.2
C2H2 0 0o 0] 8.35 0 0 13.06
C3H6 [0] o 0 0.13 0 6] 0.16
C3H4-a 0 0 0 0.55 0 0 0.71
C3H4-p [0) 0 0 1.2 0 0 1.63
1-BUTENE [0) 0 [0) 0] 0 0] 0]
1,3-BUTADIENE [0) 0 0 0.23 0 0 0.3
BENZENE [0) 0 0 4.73 0 0.36 6.04
TOLUENE 0 0.15 0.07 5.67 0 0.81 6.61
ETHYLBENZENE 0 0 0] 0.19 0 0 0.38
m-+p-xylene 0 0.28 0.22 6.62 0 2.21 6.81
135tmb-GC2 86.82 82.18 82.21 34.75 82.56 71.86 27.83
Vinylacetylene 0 0 0 0.6 0 0 0.84
Diacetylene 0 0 0 0.69 0 0 1.09
Styrene 0 0 0 2.45 0 0.09 2.98
1,2,4-Trimethylbenzene (0] (0] (0] 0.64 (0] 0.68 0.52
1-ethenyl-4-methylbenzene [0) [0) [0) 1.48 0 [0) 1.55
1-ethenyl-3-methylbenzene [0) [0) 0 1.59 0 0.33 1.69
1-ethyl-3,5-dimethylbenzene [0) 0 0.15 1.71 0 1.72 1.4
Indene 0 0 0] 1.42 0 0.1 1.64
1-ethenyl-3,5-dimethylbenzene 0 0 0 0.71 0 0.13 0.61
1-methyleneindene [0) 0 0 0.43 0 0.31 0.65
Naphthalene 0 0 0 0.23 0 0 0.88
3,5-dimethylbenzaldehyde 0 [0) 0 2.73 0 2.26 2.45
acenaphthylene 0 0 0 0.07 0 0 0.11
Benzene, 1,1'-methylenebis[3-methyl- [0) [0) 0 0.1 0 [0) 0.14
Fluorene 0 0 0 0.05 0 0 0.07
Benzene, 1,2-dimethyl-4-(phenylmethyl)- [0) 0 0 0.3 0 0.09 0.28
2,4-dimethyldiphenylmethane 0 0.04 0.04 0.39 0 0.22 0.3
2,3,5-trimethyldiphenylmethane 0 0 0 0.08 0 0.03 0.06
3,3'-dimethyldiphenylmethane 0 0 0 0.04 0 0.04 0.03
2,4,2' 3'-tetramethylbiphenyl 0 0 0 0.02 0 0.01 0.02
2,3,2',3'-tetramethylbiphenyl (0] (0] (0] 0.02 (0] 0.01 0.02
Enzene,1,1’-(1,2-ethanediyl)bi[3,5-dimethyl [0) 1.86 3.92 2.43 1.98 4.55 1.42
Phenanthrene 0 0 0 0.36 0 0.16 0.41
2-methylanthracene [0) 0 [0) 0.02 0 0.02 0.02
2-phenylnapthalene [0) 0 0] 0.04 0 0.01 0.04
9-methylanthracene [0) 0 0 0.12 0 0 0.08
9-ethenylanthracene 0 0 0 0.02 0 0 0.02
cyclopentaphenanthrene 0 0 0 0.16 0 0.01 0.14
Fluoranthene [0) 0 0 0.02 0 0 0.02
Pyrene 0 0 0 0.01 0 (0] 0.01
2-methylfluoranthene 0 0 0 0.01 0 0 0.01
2,3-benzofluorene (0] (0] (0] 0.02 (0] (0] 0.01
Phenylacetylene [0) 0 [0) 0.93 0 [0) 1.12
1-methylfluorene [0) 0 [0) 0.15 0 [0) [0)
o-xylene [0) 0 0 0.72 0 0.04 0.93
PRE CARBON 770.57 | 770.57 | 770.57 | 770.57 | 770.57 | 770.57 | 770.57
POST CARBON 781.4 | 777.11 | 814.92 | 720.42 | 778.76 | 821.87 | 700.21
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1,3,5-trimethylbenzene oxidation average P5 =50.28m, ¢ = 0.95, reaction time = 1.13 —
1.697 ms (page 2/3)

Shock humber 27 29 35 39 41 43 48 50
Temperature (K) 1250.7| 1307.8| 1425.7| 1574.5| 1471.4| 1484.5| 1548.6| 1508.3
Pressure (atm) 4198 45.86| 45.22 51.8] 43.98 41.1| 42.21| 40.88
Rxn Time (s) 0 0 0 0 0 0 0 0
02 536.93| 535.93| 444.72| 43.67| 340.99| 302.07| 122.54| 221.05
CcO 0 3.46| 117.5| 505.67| 248.91| 286.55| 464.45| 350.72
CH4 0 4.29| 25.12| 10.59| 26.55| 27.64| 17.12| 23.32
CO2 0 1.07 7.31| 80.14| 24.09| 32.22| 63.89| 44.34
C2H4 0 0| 11.48 0| 10.79| 10.68 4.25 7.36
C2H6 0 1.24 3.33 0 1.78 1.8 0.71 1.22
C2H2 0 0| 57.29] 65.82 101.1| 129.12| 104.6| 119.56
C3H6 0 0 0.22 0 0.19 0.13 0.07 0.1
C3H4-a 0 0 1.12 0.3 1.06 1.08 0.46 0.8
C3H4-p 0 0 2.8 0.5 2.71 2.57 0.86 2.03
1-BUTENE 0 0 0.4 0 0.27 0 0 0
1,3-BUTADIENE 0 0.07 0.41 0.04 0.28 0.27 0.07 0.16
BENZENE 0 0.98| 12.09 0.6 8.53 7.54 141 3.81
TOLUENE 0.06 1.78 7.17 0.16 2.79 1.08 0.34 1.11
ETHYLBENZENE 0 0.14 0.07 0 0 0 0 0
m-+p-xylene 0.3 3.32 3.42 0 1.05 0.3 0 0.37
135tmb-GC2 81.5| 60.19 9.9 0.29 2.17 0.85 0.44 0.97
Vinylacetylene 0 0.12 1.71 0.16 1.27 1.21 0.37 0.74
Diacetylene 0 0 5.22 3.5 8.26 8.88 5.59 7.59
Styrene 0 0.52 2.58 0.07 0.71 0 0 0
1,2,4-Trimethylbenzene 0.37 0.64 0.22 0 0 0 0 0
1-ethenyl-4-methylbenzene 0 0.44 0.7 0 0 0 0 0
1-ethenyl-3-methylbenzene 0 0.56 1.06 0 0.3 0 0 0
1-ethyl-3,5-dimethylbenzene 0.26 2.16 0.64 0 0.16 0 0 0
Indene 0 0.27 1.92 0 1.07 0.47 0.18 0.42
1-ethenyl-3,5-dimethylbenzene 0 0.32 0.12 0 0 0 0 0
1-methyleneindene 0 0.41 0.15 0 0.06 0 0 0
Naphthalene 0 0 1.52 0 1.03 0.65 0.12 0.5
3,5-dimethylbenzaldehyde 0 3.14 0.88 0 0.22 0.24 0 0
acenaphthylene 0 0 0.35 0.04 0.3 0.29 0.11 0.21
Benzene, 1,1'-methylenebis[3-methyl- 0 0 0.06 0 0 0 0 0
Fluorene 0 0 0.14 0 0.06 0.08 0 0.03
Benzene, 1,2-dimethyl-4-(phenylmethyl)- 0 0.13 0.1 0 0 0 0 0
2,4-dimethyldiphenylmethane 0.05 0 0.08 0 0.02 0 0 0
2,3,5-trimethyldiphenylmethane 0 0.05 0 0 0 0 0 0
3,3'-dimethyldiphenylmethane 0 0.04 0 0 0 0 0 0
2,4,2' 3'-tetramethylbiphenyl| 0 0.01 0 0 0 0 0 0
2,3,2' 3'-tetramethylbiphenyl 0 0.01 0 0 0 0 0 0
benzene,1,1'-(1,2-ethanediyl)bi[3,5-dimethyl 3.92 3.17 0 0 0.08 0.14 0 0.06
Phenanthrene 0 0.21 0.32 0 0.15 0.14 0 0
2-methylanthracene 0 0.01 0 0 0 0 0 0
2-phenylnapthalene 0 0 0.04 0 0 0 0 0
9-methylanthracene 0 0.04 0.07 0 0 0 0 0
9-ethenylanthracene 0 0 0.09 0 0.06 0 0.02 0.04
cyclopentaphenanthrene 0 0.04 0.04 0 0.01 0.01 0 0
Fluoranthene 0 0.01 0.1 0 0.08 0.07 0.01 0.04
Pyrene 0 0 0.06 0 0.04 0.05 0 0.02
2-methylfluoranthene 0 0 0 0 0 0 0 0
2,3-benzofluorene 0 0 0.05 0 0.07 0.07 0.02 0.06
Phenylacetylene 0 0 1.65 0 0.61 0.31 0 0
1-methylfluorene 0 0 0.37 0 0 0 0 0
o-xylene 0 0.05 1.43 0.05 0.82 0.75 0.14 0.34
PRE CARBON 770.57| 770.57| 770.57| 770.57| 770.57| 770.57| 770.57| 770.57
POST CARBON 813.58| 743.68| 716.27| 753.97| 734.11| 778.93| 813.78| 777.93
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1,3,5-trimethylbenzene oxidation average P5 =50.28m, ¢ = 0.95, reaction time = 1.13 —
1.697 ms (page 3/3)

Shock number 52 54 56
Temperature (K) 1623.39] 1645.02] 1409.39
Pressure (atm) 41.13 39.43 48.25

Rxn Time (s) 0 0| 0

o2 49.2 26.69 445.63

CcoO 521.79 545.18 110.78

CHA4 11.25 8.65 23.4

cO2 73.95 88.49 7.77

C2H4 (o] 0.63 11.57

C2H6 [¢] 0.24 3.3

C2H2 71.22 53.13 52.57

C3H6 [0] [0) 0.2

C3H4-a [0] o) 1.2

C3H4-p 0 0 2.88

1-BUTENE [¢] o) [0]
1,3-BUTADIENE [0] [o) 0.45
BENZENE 0.47 0.27 9.07
TOLUENE 0.1 0.07 7.86
ETHYLBENZENE [¢] o) 0.15
m-+p-xylene [0) O| 5.92
135tmb-GC2 0.15 0.09 11.67
Vinylacetylene 0.23 0.09 1.9
Diacetylene 3.69 2.28| 5.06

Styrene o} [¢] 3.27
1,2,4-Trimethylbenzene (e] [e] 0.25
1-ethenyl-4-methylbenzene [0) O| 0.77
1-ethenyl-3-methylbenzene 0 0| 1.36
1-ethyl-3,5-dimethylbenzene 0 0| 0.68
Indene [0] [0) 1.87
1-ethenyl-3,5-dimethylbenzene [0) O| 0.15
1-methyleneindene [0) O| 0.17
Naphthalene [0) O| 1.42
3,5-dimethylbenzaldehyde 0 0| 0.94
acenaphthylene 0 0| 0.28
Benzene, 1,1'-methylenebis[3-methyl- 0 0| 0.07
Fluorene [0) O| 0.15

Benzene, 1,2-dimethyl-4-(phenylmethyl)- [0) O| 0.12
2,4-dimethyldiphenylmethane [0) O| 0.09
2,3,5-trimethyldiphenylmethane 0 0| 0
3,3'-dimethyldiphenylmethane 0 0| 0
2.,4,2' 3'-tetramethylbiphenyl (e] [e] (e]
2,3,2',3'-tetramethylbiphenyl (e] [e] (e]
benzene,1,1’-(1,2-ethanediyl)bi[3,5-dimethy!I [0) O| 0.51
Phenanthrene [0] [0) 0.37
2-methylanthracene 0 0| 0
2-phenylnapthalene 0 0| 0.06
9-methylanthracene [0) O| 0.09
9-ethenylanthracene [0) O| 0.11
cyclopentaphenanthrene [0) O| 0.05
Fluoranthene [0] [0) 0.1

Pyrene 0 0 0.06
2-methylfluoranthene 0 0| 0
2,3-benzofluorene (e] [e] 0.05
Phenylacetylene [0) O| 1.85
1-methylfluorene [0) O| [0)
o-xylene 0 0| 1.39

PRE CARBON 770.57 770.57 770.57

POST CARBON 769.98 762.76 737.57
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1,3,5-Trimethylbenzene Pyrolysis
Experimental data for 1,3,5-trimethylbenzene pyrolgis,® = «, average P5 = 49 atm (Page
1/3

Shock 7 9 11 5 13 17 15

T5 Dec 1165.00| 1202.96( 1242.74| 1261.60( 1273.14| 1285.96| 1327.72

P5 /atm 48.96 51.59 53.60 67.67 54.32 51.46 53.54

Reac. Time 1.57E-03]| 1.64E-03| 1.68E-03| 1.76E-03| 1.74E-03| 1.67E-03| 1.68E-03

CH4 0.00 0.00 0.00 0.00 1.04 1.14 3.63

C2H4 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C2H6 0.00 0.00 0.00 0.00 0.36 0.28 1.19

C2H2 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C3H6 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C3H4-a 0.00 0.00 0.00 0.00 0.00 0.00 0.00

C3H4-p 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-BUTENE 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1,3-BUTADIENE 0.00 0.00 0.00 0.00 0.00 0.00 0.03
BENZENE 0.00 0.00 0.00 0.05 0.04 0.06 0.42
TOLUENE 0.00 0.00 0.00 0.00 0.05 0.04 0.50
ETHYLBENZENE 0.00 0.00 0.00 0.06 0.00 0.00 0.00
m-+p-xylene 0.00 0.00 0.00 0.51 0.57 0.83 2.72
135tmb-GC2 51.39 50.72 48.62 48.94 41.63 41.63 34.94
Vinylacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Diacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
o-Xylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Styrene 0.00 0.00 0.00 0.00 0.00 0.00 0.77
Phenylacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.23
1,2,4-Trimethylbenzene 0.00 0.20 0.00 0.28 0.00 0.25 0.34
1-ethenyl-4-methylbenzene 0.00 0.00 0.00 0.00 0.00 0.00 0.29
1-ethenyl-3-methylbenzene 0.00 0.00 0.00 0.00 0.00 0.00 0.49
1-ethyl-3,5-dimethylbenzene 0.00 0.00 0.00 0.32 0.48 0.44 0.93
Indene 0.00 0.00 0.00 0.00 0.00 0.00 0.28

Benzene, 1,1'-methylenebis[3-methyl- 0.00 0.00 0.00 0.00 0.00 0.00 0.06
enzene, 1,2-dimethyl-4-(phenylmethyl)- 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2,4-dimethyldiphenylmethane 0.00 0.04 0.10 0.33 0.32 0.25 0.65
3,3'-dimethyldiphenylmethane 0.00 0.00 0.04 0.11 0.10 0.11 0.25
2,4,2'3'-tetramethylbiphenyl 0.00 0.00 0.00 0.01 0.01 0.01 0.03
2,3,2',3'-tetramethylbiphenyl 0.00 0.00 0.00 0.00 0.01 0.00 0.02
hzene,1,1-(1,2-ethanediyl)bi[3,5-dimethy] 0.57 0.89 3.13 6.48 4.76 4.64 5.35
Phenanthrene 0.00 0.00 0.00 0.10 0.07 0.08 0.55
2-methylanthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.09
2-phenylnapthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.10
9-methylanthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.06
9-ethenylanthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.07
cyclopentaphenanthrene 0.00 0.00 0.00 0.00 0.00 0.00 0.13
Pyrene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
methyleneindene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-methylindene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Naphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1,1'-biphenyl-3,3'-4,4'-tetramethyl 0.00 0.00 0.00 0.00 0.00 0.00 0.10
Fluorene (13) 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fluoranthene (16) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2-methylfluoranthene (17) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2,3-benzofluorene (17) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-methylfluorene (14) 0.00 0.00 0.05 0.14 0.00 0.11 0.19
decahydrotriphenylene/o-terphenyl 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9-phenylanthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1,2-benzanthracene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
chrysene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Triacetylene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-methylnaphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2-methylnaphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Azulene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2-ethenylnaphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Acenaphthene 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Indane 0.00 0.00 0.00 0.00 0.00 0.00 0.11
1-ethynyl-3-methylbenzene 0.00 0.00 0.00 0.00 0.00 0.00 0.03
1,2-dihydronaphthalene 0.00 0.00 0.00 0.00 0.00 0.00 0.00
diphenylethyne 0.00 0.00 0.00 0.00 0.00 0.00 0.21
1,1'-Biphenyl, 4-ethenyl- 0.00 0.00 0.00 0.00 0.00 0.00 0.03
4-methylphenanthrene 0.00 0.00 0.00 0.00 0.00 0.00 0.09
1-methylphenanthrene 0.00 0.00 0.00 0.00 0.00 0.00 0.14
Precarb 462.51 462.51 462.51 462.51 462.51 462.51 462.51

Postcarb 472.75 474.77 496.76 577.79 479.84 482.06 516.70
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Experimental data for 1,3,5-trimethylbenzene pyrolgis,® = «, average P5 = 49 atm (Page
2/3)

Shock 21 26 19 24 28 30 32

T5 Dec 1344.63| 1371.36] 1405.89| 1407.33| 1442.77| 1482.20| 1503.25

P5 /atm 49.65 49.97 55.45 51.47 47.08 44.74 43.08

Reac. Time 1.58E-03| 1.58E-03| 1.57E-03| 1.56E-03| 1.30E-03| 1.53E-03| 1.55E-03

CH4 4.77 9.20 17.30 15.79 21.43 22.71 23.61

C2H4 0.00 3.07 4.52 5.22 9.89 9.89 8.20

C2H6 1.76 3.15 2.33 2.78 2.18 1.50 0.67

C2H2 0.00 2.41 12.65 11.12 28.45 49.93 59.72

C3H6 0.00 0.12 0.16 0.14 0.20 0.18 0.11

C3H4-a 0.00 0.44 0.52 0.68 0.81 0.85 0.84

C3H4-p 0.00 0.69 1.22 1.10 1.44 1.75 1.72
1-BUTENE 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1,3-BUTADIENE 0.06 0.14 0.20 0.20 0.20 0.16 0.13
BENZENE 0.62 1.68 5.30 4.75 7.21 7.22 8.00
TOLUENE 0.83 2.13 4.59 4.86 3.98 2.27 1.57
ETHYLBENZENE 0.00 0.08 0.00 0.11 0.07 0.00 0.00
m-+p-xylene 2.80 4.76 2.83 3.71 1.40 0.54 0.33
135tmb-GC2 25.51 22.47 6.50 8.57 3.77 1.43 0.84
Vinylacetylene 0.00 0.11 0.25 0.19 0.31 0.35 0.32
Diacetylene 0.00 0.27 1.91 1.44 4.42 8.46 13.04
o-Xylene 0.20 0.28 0.86 0.96 1.04 0.97 0.95

Styrene 1.11 2.07 3.02 3.17 2.73 1.75 1.18
Phenylacetylene 0.32 0.95 1.58 1.71 1.45 0.99 0.84
1,2,4-Trimethylbenzene 0.36 0.53 0.00 0.23 0.00 0.00 0.00
1-ethenyl-4-methylbenzene 0.52 1.15 0.73 0.88 0.32 0.00 0.00
1-ethenyl-3-methylbenzene 0.47 1.34 0.84 1.41 0.56 0.40 0.26
1-ethyl-3,5-dimethylbenzene 0.67 0.79 0.21 0.25 0.07 0.00 0.00
Indene 0.46 1.12 1.77 1.96 1.64 1.23 0.98

Benzene, 1,1'-methylenebis[3-methyl- 0.08 0.13 0.21 0.02 0.05 0.25 0.00
Benzene, 1,2-dimethyl-4-(phenylmethyl)- 0.00 0.10 0.18 0.16 0.18 0.16 0.14
2,4-dimethyldiphenylmethane 0.34 0.47 0.09 0.18 0.00 0.00 0.00
3,3'-dimethyldiphenylmethane 0.13 0.14 0.04 0.05 0.00 0.00 0.00
2,4,2',3'-tetramethylbipheny! 0.01 0.01 0.00 0.00 0.00 0.00 0.00
2,3,2',3'-tetramethylbiphenyl 0.02 0.03 0.02 0.02 0.00 0.02 0.01
benzene,1,1'-(1,2-ethanediyl)bi[3,5-dimethyl 2.85 1.93 0.61 0.55 0.13 0.12 0.08
Phenanthrene 0.44 0.56 0.89 0.88 0.65 0.62 0.48
2-methylanthracene 0.13 0.17 0.19 0.12 0.10 0.04 0.03
2-phenylnapthalene 0.13 0.16 0.19 0.16 0.08 0.03 0.00
9-methylanthracene 0.13 0.08 0.00 0.06 0.05 0.00 0.00
9-ethenylanthracene 0.02 0.07 0.08 0.08 0.07 0.05 0.03
cyclopentaphenanthrene 0.23 0.24 0.19 0.19 0.11 0.03 0.03
Pyrene 0.03 0.04 0.10 0.02 0.12 0.11 0.18
methyleneindene 0.00 0.06 0.13 0.13 0.14 0.09 0.08
1-methylindene 0.00 0.07 0.19 0.11 0.08 0.03 0.00
Naphthalene 0.00 0.25 1.31 1.06 1.86 2.11 2.24
1,1'-biphenyl-3,3'-4,4'-tetramethyl 0.05 0.11 0.08 0.10 0.05 0.04 0.04
Fluorene (13) 0.03 0.05 0.16 0.16 0.13 0.12 0.12
Fluoranthene (16) 0.00 0.04 0.11 0.12 0.19 0.19 0.19
2-methylfluoranthene (17) 0.05 0.04 0.00 0.00 0.12 0.00 0.13
2,3-benzofluorene (17) 0.03 0.04 0.06 0.02 0.13 0.17 0.19
1-methylfluorene (14) 0.49 0.06 0.58 0.51 0.18 0.18 0.14
decahydrotriphenylene/o-terphenyl 0.03 0.05 0.05 0.01 0.16 0.02 0.11
9-phenylanthracene 0.00 0.00 0.00 0.00 0.05 0.02 0.08
1,2-benzanthracene 0.00 0.00 0.00 0.00 0.00 0.04 0.05
chrysene 0.00 0.00 0.00 0.00 0.00 0.14 0.13
Triacetylene 0.00 0.00 0.00 0.00 0.00 0.61 1.51
1-methylnaphthalene 0.00 0.03 0.05 0.06 0.06 0.05 0.04
2-methylnaphthalene 0.00 0.06 0.11 0.08 0.08 0.06 0.06
Azulene 0.00 0.00 0.02 0.01 0.02 0.04 0.02
2-ethenylnaphthalene 0.00 0.01 0.04 0.03 0.04 0.07 0.05
Acenaphthene 0.00 0.02 0.06 0.03 0.04 0.05 0.05

Indane 0.12 0.13 0.06 0.16 0.00 0.00 0.00
1-ethynyl-3-methylbenzene 0.10 0.29 0.04 0.25 0.08 0.06 0.00
1,2-dihydronaphthalene 0.00 0.10 0.15 0.11 0.14 0.07 0.00
diphenylethyne 0.13 0.09 0.03 0.02 0.01 0.00 0.00
1,1'-Biphenyl, 4-ethenyl- 0.04 0.06 0.02 0.05 0.02 0.01 0.01
4-methylphenanthrene 0.10 0.15 0.14 0.10 0.06 0.02 0.02
1-methylphenanthrene 0.26 0.00 0.29 0.09 0.11 0.03 0.05
Precarb 462.51 462.51 462.51 462.51 462.51 462.51 462.51

Postcarb 401.87 458.60 383.12 404.77 384.28 384.25 405.81
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Experimental data for 1,3,5-trimethylbenzene pyrolgis,® = «, average P5 = 49 atm (Page
3/3)

Shock 36 42 40 38 49 34

T5 Dec 1528.62| 1568.02| 1589.39| 1598.86| 1654.22| 1662.69

P5 /atm 39.92 45.40 44.30 44.08 41.18 46.59

Reac. Time 1.55E-03| 1.34E-03| 1.38E-03| 1.55E-03| 1.29E-03| 1.30E-03

CH4 22.48 18.53 14.62 14.45 6.66 5.28

Cc2H4 7.13 4.06 1.98 1.69 0.59 0.00

C2H6 0.55 0.27 0.18 0.15 0.14 0.00

C2H2 73.09 106.75 121.04 127.36 152.71 157.50

C3H6 0.00 0.00 0.00 0.21 0.00 0.00

C3H4-a 0.79 0.36 0.34 0.23 0.00 0.00

C3H4-p 1.50 1.25 0.48 0.54 0.00 0.00
1-BUTENE 0.00 0.00 0.00 0.00 0.00 0.00
1,3-BUTADIENE 0.09 0.05 0.03 0.03 0.00 0.00
BENZENE 7.14 3.80 2.29 2.03 0.58 0.38
TOLUENE 0.00 0.25 0.12 0.00 0.02 0.00
ETHYLBENZENE 0.00 0.00 0.00 0.00 0.00 0.00
m-+p-xylene 0.16 0.16 0.00 0.00 0.00 0.00
135tmb-GC2 0.67 0.37 0.24 0.21 0.09 0.00
Vinylacetylene 0.24 0.16 0.08 0.08 0.00 0.00
Diacetylene 16.87 25.67 28.59 27.29 30.39 31.80
o-Xylene 0.72 0.32 0.00 0.00 0.00 0.00

Styrene 0.76 0.26 0.24 0.16 0.00 0.00
Phenylacetylene 0.54 0.21 0.03 0.00 0.00 0.00
1,2,4-Trimethylbenzene 0.00 0.00 0.00 0.00 0.00 0.00
1-ethenyl-4-methylbenzene 0.00 0.00 0.00 0.00 0.00 0.00
1-ethenyl-3-methylbenzene 0.00 0.00 0.00 0.00 0.00 0.00
1-ethyl-3,5-dimethylbenzene 0.00 0.00 0.00 0.00 0.00 0.00
Indene 0.78 0.27 0.14 0.23 0.00 0.00

Benzene, 1,1'-methylenebis[3-methyl- 0.15 0.00 0.00 0.00 0.00 0.00
Benzene, 1,2-dimethyl-4-(phenylmethyl)- 0.10 0.05 0.00 0.00 0.00 0.00
2,4-dimethyldiphenylmethane 0.00 0.00 0.00 0.00 0.00 0.00
3,3'-dimethyldiphenylmethane 0.00 0.00 0.00 0.00 0.00 0.00
2,4,2',3'-tetramethylbiphenyl 0.00 0.00 0.00 0.00 0.00 0.00
2,3,2',3'-tetramethylbiphenyl 0.00 0.00 0.00 0.00 0.00 0.00
benzene,1,1’-(1,2-ethanediyl)bi[3,5-dimethyl 0.09 0.07 0.05 0.05 0.00 0.04
Phenanthrene 0.38 0.14 0.08 0.07 0.00 0.00
2-methylanthracene 0.01 0.00 0.00 0.00 0.00 0.00
2-phenylnapthalene 0.00 0.00 0.00 0.00 0.00 0.00
9-methylanthracene 0.00 0.00 0.00 0.00 0.00 0.00
9-ethenylanthracene 0.02 0.01 0.00 0.00 0.00 0.00
cyclopentaphenanthrene 0.02 0.02 0.00 0.00 0.00 0.00
Pyrene 0.09 0.08 0.05 0.03 0.02 0.02
methyleneindene 0.05 0.00 0.00 0.00 0.00 0.00
1-methylindene 0.00 0.00 0.00 0.00 0.00 0.00
Naphthalene 1.95 0.67 0.50 0.31 0.00 0.00
1,1'-biphenyl-3,3'-4,4'-tetramethyl 0.02 0.00 0.00 0.00 0.00 0.00
Fluorene (13) 0.08 0.00 0.00 0.00 0.00 0.00
Fluoranthene (16) 0.18 0.12 0.04 0.03 0.00 0.00
2-methylfluoranthene (17) 0.01 0.00 0.00 0.00 0.00 0.00
2,3-benzofluorene (17) 0.19 0.20 0.07 0.03 0.00 0.01
1-methylfluorene (14) 0.06 0.06 0.00 0.00 0.00 0.00
decahydrotriphenylene/o-terphenyl 0.01 0.00 0.00 0.00 0.00 0.00
9-phenylanthracene 0.05 0.06 0.03 0.03 0.00 0.03
1,2-benzanthracene 0.10 0.24 0.00 0.02 0.00 0.07
chrysene 0.00 0.03 0.00 0.17 0.00 0.03
Triacetylene 3.33 7.20 9.44 10.39 12.80 11.11
1-methylnaphthalene 0.01 0.00 0.00 0.00 0.00 0.00
2-methylnaphthalene 0.03 0.00 0.00 0.00 0.00 0.00
Azulene 0.01 0.00 0.00 0.00 0.00 0.00
2-ethenylnaphthalene 0.04 0.00 0.00 0.00 0.00 0.00
Acenaphthene 0.02 0.00 0.00 0.00 0.00 0.00

Indane 0.00 0.00 0.00 0.00 0.00 0.00
1-ethynyl-3-methylbenzene 0.00 0.00 0.00 0.00 0.00 0.00
1,2-dihydronaphthalene 0.00 0.00 0.00 0.00 0.00 0.00
diphenylethyne 0.00 0.00 0.00 0.00 0.00 0.00
1,1'-Biphenyl, 4-ethenyl- 0.01 0.00 0.00 0.00 0.00 0.00
4-methylphenanthrene 0.01 0.00 0.00 0.00 0.00 0.00
1-methylphenanthrene 0.07 0.02 0.01 0.01 0.00 0.00
Precarb 462.51 462.51 462.51 462.51 462.51 462.51

Postcarb 409.44 460.03 469.02 478.99 517.57 520.78
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n-Propylbenzene Oxidation Model

IUIC npb Oxidation Model

IS. Gudiyella and K. Brezinsky, "High Pressure $to@in-Propylbenzene Oxidation"(2011)
IContact: Prof. Kenneth Brezinsky, kenbrez@uic.edu

IDeveloped against High Temperature High Pressunglé&SPulse Shock Tube species profiles
ITested against flow reactor data of Litzingerlet'®&eactions of n-Propylbenzene During Gas
Phase Oxidation", Combust. Sci. and Tech., 1986,50) pp. 117-133

ITested against jet stirred reactor data of Dagaat., "Experimental and Kinetic Modeling Study
of the Oxidation of n-Propylbenzene", 2002, vol.(8), pp 173-184

ELEMENTSH O C AR N HEEND
SPECIES

PHC3H7 O2 CO CO2

CH4 C2H4 C2H6 C2H2

C3H8 AC3H4 PC3HA4

C4H4 C4H2 C6H6 C6H5CH3 C6H5C2H
C6H5C2H3 C5H6 C6H5C2HS5 C6HS5CHO
C6H50H C6H5C3H5 C6H5CH20H
C6H5C3H5-2 PXYLENE

A2C2H INDENE C5H40

A2 C4H6-13 FLUORENE

C14H14 C14H12

C8H60 C3H6 A2C2H

A3 C6H5CH2C6H5 C14H10

DIBZFUR

P2

C4H8-1

C4H10 C4H8-2 C4H6-12

H2CCCH AC3H5 HO2 C14H13

C2H5 C2H3 C2H CH3 CH2 CH CH2CHCHO
CH3HCO CH3CO CH2CO

CH30 CH20 HCCO HCO

H O H202 H2 H20 OH

N2 AR HE CH2HCO

CH20H NC3H7 IC3H7 C4H5-N

C5H5 C5H50 C5H40H C6H5
C6H5CH2 C6H5CO

OC6H4CH3 HOC6H4CH3 PC4H9 SC4H9 SC3H5 CH30OH
C4H5-1 PC3H5

C C2 C20 C3H2

C6H2 CH2-S CH2CHCO CH3CHCO
H2C40 HCCOH HCOH

C2H50H C2H50 PC2H40OH SC2H40OH C4H3-1 C4H3-N
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H2CC C4H71-1 C4H71-2 C4H71-3 C4H71-4 CH3CHCHCHO
CH3CHCHCO CH2CHCHCHO C4H6-2 C4H5-2
C6H5CHCH3 C6H5CH2CH2 C6H5CHCH
C6H5CCH2 C6H4C2H

APHC3H6 BPHC3H6 CPHC3H6 BPHPROPY
C6H3 C6H5CH200 C6H5CH20

R1C9H9 R2C9H9 R3C9H9 R13C9H9

pc-C9H9 i-C9H9 n-C9H9

R22C9H9 s-C9H8

BZCOOH C6H50 C6H4CH3

HOC6H4CH2 O-C6H402

C14H11 C14H1300 C14H1300H
C14H1202H-102 C14H1202H-102
C14H110-102H C14H130 C14H1200H
HOC6H4CH200 HOC6H4CH20 HOC6H4CH20O0H
HOC6H4CHO HOC6H4CO C6H5CHOH
C6H500 C6H500H OC6H40OH C6H40H
P-C6H402 P-C6H302 C5H50H

C4H40 C#CC*CCJ C5H6-L

C5H50H CJ*CC*CC*O C*CC*CCJ*O
CJ*CC*O C2H3CO C5H50H C5H7

C5H30 C*CCJC*C OC5H70

C*CCJC*COH HOC*CC*O HOC*CCJ*O
C2H20H OC4H60 OC4H50 HOCO

C2H3CHO O-OC6H50J P-OC6H50J
C*CC*CCJ C*CC*CC C*CC*CCOH

C*CCJC*O 0O2CCHOO0J

A2- INDENYL

P2- A2C2H* A3- A3C2H

C6H2 A1C2H3* C6H4C2H n-C8H7

ISPECIES FROM UIC NPB PYR MODEL

A2R5 A2R5- BGHIF A2CH3 A2CH2

A3CH3 A3CH2 A4 C14H9 C5H4CH3 C5H4CH2
HT1245 HD125Y m-TERPH p-TERPH HDY15
p-TERPH A2C6H5-2

END

REACTIONS

IS. Dooley et al., Combust. Flame, 157 (2010) 233339
H+02<=>0+0OH 3.547E+15 -0.4060
O+H2<=>H+OH 5.080E+04 2.6700
H2+OH<=>H20+H 2.160E+08  1.5100
O+H20<=>0H+0OH 2.970E+06  2.0200
H2+M<=>H+H+M 4577E+19  -1.4000
H2/2.5/ H20/12/CO/1.9/ CO2/3.8/

0+0O+M<=>02+M 6.165E+15  -0.5000

H2/2.5/ H20/12/CO/1.9/ CO2/3.8/
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16599.0
6290.0
3430.0
13400.0
104380.0

0.0



O+H+M<=>OH+M

H2/2.5/ H20/12/CO/1.9/ CO2/3.8/
H+OH+M<=>H20+M

H2/2.5/ H20/12/CO/1.9/ CO2/3.8/
H+02(+M) = HO2(+M)
LOW/9.042E+19 -1.50 4.922E+02/
TROE/0.5 1E-30 1E+30/

H2/3.0/ H20/16/ O2/1.1/ CO/2.7/ CO2/5.4/

HO2+H<=>H2+02
HO2+H<=>OH+OH
HO2+0<=>02+0H
HO2+OH<=>H20+02
HO2+HO2<=>H202+02
DUPLICATE
HO2+HO2<=>H202+02
DUPLICATE
H202(+M)<=>OH+OH(+M)

LOW /1.202E+17 0.0000 45500.0/
TROE/0.5 1E-30 1E+30/

H2/2.5/ H20/12/CO/1.9/ CO2/3.8/
H202+H<=>H20+0OH
H202+H<=>HO2+H2
H202+0<=>0H+HO2
H202+0OH<=>HO2+H20
DUPLICATE
H202+0OH<=>HO2+H20
DUPLICATE
CO+O(+M)<=>CO2(+M)

LOW /1.550E+24 -2.7900 4191.0/
H2/2.5/ H20/12/ CO/1.9/ CO2/3.8/
CO+02<=>C02+0
CO+HO2<=>C02+OH
CO+OH<=>CO2+H
CH4+H<=>CH3+H2
CH4+0<=>CH3+OH
CH4+OH<=>CH3+H20
CH4+HO2<=>CH3+H202
CH20H+H=CH30H
CH3+H(+M)<=>CH4(+M)

LOW /2.477E+33 -4.7600 2440.0/

TROE/ 0.7830 74.00 2941.00 6964.00 /

H2/2.0/ H20/6.0/CO/1.5/ CO2/2.0/
CH3+0<=>CH20+H
CH3+02<=>CH30+0
CH3+02<=>CH20+OH
CH3+CH3(+M)<=>C2H6(+M)
LOW /8.054E+31 -3.7500 981.6/

TROE/0.0 570.0 0.00000001 1.E+30/

4.714E+18  -1.0000

3.800E+22  -2.0000

1.475E+12 0.60

1.660E+13  0.0000
7.079E+13  0.0000
3.250E+13  0.0000
2.890E+13  0.0000
4.200E+14  0.0000

1.300E+11  0.0000

2.951E+14  0.0000

2.410E+13  0.0000
4.820E+13  0.0000
9.550E+06  2.0000
1.000E+12  0.0000

5.800E+14  0.0000

1.800E+10 0.0000

2.530E+12 0.0000
3.010E+13  0.0000
2.229E+05  1.8900
5.47E+07 1.97
3.15E+12 0.5
5.72E+06 1.96
1.81E+11 0
9.635e+130.00
1.270E+16  -0.6300

8.43E+13 0
1.99E+18 -1.57
3.51E-01 3.524
2.277E+15  -0.6900

0.0

0.0

0.000E+00

823.0
295.0
0.0
-497.0
11982.0

-1629.3

48430.0

3970.0
7950.0
3970.0
0.0

9557.0

2384.0

47700.0
23000.0
-1158.7
11210
10290
2639
18580
0.000e+00

383.0

29230
7380
174.9



H20/5/ CO/2/ CO2/3/
CH3+HO2<=>CH4+02
CH3+OH<=>CH2+H20
OH+CH3(+M)<=>CH30H(+M)
LOW /4.000E+36 -5.9200 3140.0/

TROE/ .4120 195.0 5900.00 6394.00/

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ €23400/

CH2+H2<=>CH3+H
CH30+H<=>CH3+OH
CH3+CH3<=>H+C2H5
CH4+CH2<=>CH3+CH3
CH4+CH2-S<=>CH3+CH3
CH3+OH<=>CH2-S+H20
CH2+H(+M)<=>CH3(+M)

LOW /3.200E+27 -3.1400 1230.0/

TROE/ 0.6800 78.00 1995.00 5590.00 /

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/ C2H6/3.0

CH2-S+H2<=>CH3+H
CH20+H<=>HCO+H2
CH20+0<=>HCO+0OH
CH20+0OH<=>HCO+H20
CH20+M<=>HCO+H+M
H2/2.5/ H20/12.0/ CO/1.9/ CO2/3.8/
CH20+M<=>CO+H2+M
H2/2.5/ H20/12.0/ CO/1.9/ CO2/3.8/
CH20+HO2<=>HCO+H202
CH20+CH3<=>HCO+CH4
HCO+M =H+CO+M

H2/2.5/ H20/6/ CO/1.9/ CO2/3.8/
HCO+02<=>CO+HO2
HCO+OH<=>CO+H20
HCO+0O<=>CO2+H
HCO+H<=>CO+H2
HCO+0<=>CO+OH
HCO+HO2<=>C0O2+0OH+H
HCO+CH3<=>CO+CH4
HCO+HCO<=>H2+CO+CO
HCO+HCO<=>CH20+CO
CH30OH+OH<=>CH20H+H20
CH30OH+OH<=>CH30+H20
CH30H+0<=>CH20H+0OH
CH30OH+H<=>CH20H+H2
CH30OH+H<=>CH30+H2
CH30OH+HO2=CH20H+H202
H+CH20H(+M)<=>CH3O0H(+M)
LOW /4.360E+31 -4.6500 5080.0/

TROE/ .600 100.00 90000.0 10000.0 /

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ G23400/

3.16E+12 0
5.60E+07 1.6
2.790E+18 -1.4300
5.00E+05 2
3.20E+13 0
4.99E+12 0.1
2.46E+06 2
1.60E+13 0
2.50E+13 0
2.50E+16 -0.8
7.00E+13 0
5.740E+07  1.9000
1.810E+13  0.0000
3.430E+09  1.1800
3.300E+39  -6.3000
3.100E+45  -8.0000
4.110E+04  2.5000
3.636E-06 5.4200
4.7485d6+10.659
7.580E+12  0.0000
3.020E+13  0.0000
3.000E+13  0.0000
7.230E+13  0.0000
3.020E+13  0.0000
3.000E+13  0.0000
2.650E+13  0.0000
3.000E+12  0.0000
3.000E+13  0.0000
7.100E+06  1.8000
1.000E+06  2.1000
3.880E+05  2.5000
3.200E+13  0.0000
8.000E+12  0.0000
3.9808+1 0.00
1.055E+12  0.5000

5420
1330.

7230

10600
8270
-570

0
2748.6
3080.0
-447.0

99900.0

97510.0

10210.0
998.0
1.4874e+04

410.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
-596.0
496.7
3080.0
6095.0
6095.0
1.940e+04
86.0



H+CH30(+M)<=>CH30H(+M) 2.430E+12  0.5150
LOW /4.660E+41 -7.4400 14080.0/

TROE/ .700 100.00 90000.0 10000.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.00/ 23400/
CH30H+02<=>CH20H+HO?2 2.050E+13  0.0000
CH30H+HCO<=>CH20H+CH20 9.635E+03  2.9000
CH30H+CH3<=>CH20H+CH4 3.190E+01  3.1700
CH30+CH30H<=>CH30H+CH20H 3.000E+11  0.0000

CH2-S+H20(+M) = CH30OH(+M)
LOW / 1.880e+38 -6.360 5040.00/
TROE/ .6027 208.00 3922.00 10180.0/
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ CO2/2.0@H6/3.00/

4.820e+17 -1.16

CH30+M<=>CH20+H+M 8.300E+17  -1.2000
CH30+H<=>CH20+H2 2.000E+13  0.0000
CH30+0OH<=>CH20+H20 1.800E+13  0.0000
CH30+0<=>CH20+0H 6.000E+12  0.0000
CH30+02<=>CH20+HO2 9.033E+13  0.0000
DUPLICATE

CH30+02<=>CH20+HO2 2.200E+10  0.0000
DUPLICATE

CH30+H<=>CH2-S+H20 1.600E+13  0.0000
CH30+CH3<=>CH20+CH4 1.200E+13  0.0000
CH30+HO2<=>CH20+H202 3.000E+11 0.0000
CH30+CO<=>CH3+C0O2 1.600E+13  0.0000
CH30+HCO<=>CH30H+CO 9.000E+13  0.0000
CH30+CH30<=>CH30H+CH20 6.000E+13  0.0000
CH20H+M<=>CH20+H+M 1.000E+14  0.0000
CH20OH+H<=>CH20+H2 6.000E+12  0.0000
CH20H+H<=>CH3+0OH 9.635E+13  0.0000
CH20H+0OH<=>CH20+H20 2.400E+13  0.0000
CH20H+0<=>CH20+0OH 4.200E+13  0.0000
CH20H+02<=>CH20+HO?2 2.410E+14  0.0000
DUPLICATE

CH20H+02<=>CH20+HO?2 1.510E+15 -1.0000
DUPLICATE

CH20H+HO2<=>CH20+H202 1.200E+13  0.0000
CH20H+HCO<=>CH30H+CO 1.000E+13  0.0000
CH20OH+HCO<=>CH20+CH20 1.500E+13  0.0000
CH20H+CH20H<=>CH30H+CH20 3.000E+12  0.0000
CH20OH+CH30<=>CH30H+CH20 2.400E+13  0.0000
CH2+H<=>CH+H2 1.000e+18  -1.56
DUP

CH2+H<=>CH+H2 2.700e+11  0.67
DUP

CH2+OH<=>CH20+H 2.000E+13  0.0000
CH2+OH<=>CH+H20 1.130e+07  2.00
CH2+0O<=>HCO+H 8.000E+13  0.0000
CH2+02=HCO+OH 1.3208+1 0.00

50.0

44900.0
13210.
7172.0
4060.
1.145e+03

15500.0
0.0

0.0

0.0
11980.0

1748.0

0.0
0.0
0.0
11800.0
0.0
0.0
25100.0
0.0
0.0
0.0
0.0
5017.0

0.0

0.0

0.0

0.0

0.0

0.0
0.000e+00

2.570e+04

0.0

3.000e+03

0.0
1.500e+03



CH3+CH2=C2H4+H

4.0008+1 0.00

ICH2+CH2<=>C2H2+H?2 3.200E+13
CH2+HO2<=>CH20+OH 2.000E+13
CH2+CH2<=>C2H2+H2 3.200E+13
CH2-S+M<=>CH2+M 9.000E+12

H20/0.0/ CO/0.0/ CO2/0.0/

CH2-S+C2H6 = CH3+C2H5 1.200e+14
CH2-S+02<=>H+OH+CO 2.800E+13
CH2-S+02<=>CO+H20 1.200E+13
CH2-S+0<=>CO+H?2 1.500E+13
CH2-S+0<=>HCO+H 1.500E+13
CH2-S+OH<=>CH20+H 3.000E+13
CH2-S+H<=>CH+H2 3.000E+13
CH3+CH2-S<=>C2H4+H 1.200E+13
CH2-S+C02<=>CH20+CO 1.400E+13
CH2-S+H20<=>CH2+H20 3.000E+13
CH2-S+CO<=>CH2+CO 9.000E+12
CH2-S+C02<=>CH2+CO?2 7.000E+12
CH+02<=>HCO+0 3.300E+13
CH+H<=>C+H?2 5.000E+13

CH+0<=>CO+H 5.700E+13

CH+OH<=>HCO+H 3.000E+13

CH2+H<=>CH+H2 2.700E+11

DUP

CH+H20<=>H+CH20 1.713E+13

CH+C0O2<=>HCO+CO 1.700E+12
CH+CH20<=>H+CH2CO 9.460E+13
C2H6+CH3<=>C2H5+CH4 1.510E-07

C2H6+H<=>C2H5+H?2 1.150E+08

C2H6+0<=>C2H5+0H 3.550E+06
C2H6+0OH<=>C2H5+H20 1.480E+07
C2H6+02<=>C2H5+HO2 6.030E+13
C2H6+HO2<=>C2H5+H202 3.460E+01
C2H6+CH30<=>C2H5+CH30H 2.410E+11
C2H5+H(+M)<=>C2H6(+M) 5.210E+17

LOW /1.990E+41 -7.0800 6685.0/
TROE / 8.4200E-01 1.2500E+02 2.2190E+03 6.8820E+03
H2/2/ H20/6/ CO/1.5/ CO2/2/ CH4/2/ C2H6/3/

C2H6+CH<=>C2H5+CH2 1.100E+14
C2H5+H<=>C2H4+H?2 2.000E+12
C2H50H(+M) = C2H5+OH(+M) 2.400e+23

LOW /5.1100e+85 -1.8800e+01 1.1877e+05 /

TROE / 5.0000e-01 6.5000e+02 8.0000e+02 1.0000£HIROE fall-off reaction

H2/2/ H20/5/ CO/2/ CO2/3/
C2H50H(+M) = C2H4+H20(+M)
LOW / 2.5700e+83 -1.8850e+01 8.6453e+04 /

2.790e+13

TROE / 7.0000e-01 3.5000e+02 8.0000e+02 3.8000£HIBOE fall-off reaction
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0.0000
0.0000
0.0000
0.0000

0.00
0.0000
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.6700

0.0000

0.0000
0.0000
6.0000
1.9000

2.4000
1.9000
0.0000
3.6100
0.0000

-0.9900

0.0000
0.0000
-1.62

0.09

0.000e+00
0.0
0.0
0.0
600.0

0.000e+
0.0
0.0

0.0
0.0
0.0
0.0
-570.0
0.0
0.0
0.0
0.0
0.0

0.0

0.0

0.0

25700.0

-755.0
685.0
-515.0
6047.0
7530.0
5830.0
950.0
51870.0
16920.0
7090.0
1580.0

-260.0
0.0
ne504

616104



H20/5/

C2H5+0<=>CH3HCO+H 1.100E+14
C2H5+HO2<=>C2H50+0H 1.100E+13
C2H5+02<=>C2H4+HO2 7.561E+14
DUP

C2H5+02<=>C2H4+HO2 4.000E-01
DUP

C2H5+02<=>CH3HCO+OH 8.265E+02
C3H8(+M)<=>CH3+C2H5(+M) 1.290E+37

LOW /5.640E+74 -15.7400 98714.0/

TROE / 3.1000E-01 5.0000E+01 3.0000E+03 9.0000E+03
H2/2/ H20/6/ CO/1.5/ CO2/2/ CH4/2/ C2H6/3/
C2H5+C2H<=>H2CCCH+CH3
C4H10(+M)<=>C2H5+C2H5(+M)

LOW /4.720E+18 0.0000 49576.0/

TROE / 7.2000E-01 1.5000E+03 1.0000E-10 1.0000E+10

1.810E+13
2.720E+15

CH+CH4<=>C2H4+H 6.000E+13
H+C2H4(+M)<=>C2H5(+M) 8.100E+11
LOW /9.000E+41 -7.6200 6970.0/

TROE/ .9753 210.00 984.00 4374.00 /

H2/2/ H20/6/ CO/1.5/ CO2/2/ CH4/2/ C2H6/3/
IC2H4+H<=>C2H3+H2 5.070E+07
C2H4+0H<=>C2H3+H20 1.800E+06
C2H4+0<=>CH3+HCO 8.564E+06
C2H4+0<=>CH2HCO+H 4.986E+06
C2H4+CH3<=>C2H3+CH4 6.620E+00
C2H4(+M)<=>C2H2+H2(+M) 8.000E+12

LOW /1.580E+51 -9.3000 97800.0/

TROE / 7.3500E-01 1.8000E+02 1.0350E+03 5.4170H+03
H2/2/ H20/6/ CO/1.5/ CO2/2/ CHA/2/ C2H6/3/
C2H3+H(+M)<=>C2H4(+M)

LOW /1.400E+30 -3.8600 3320.0/

TROE / 7.8200E-01 2.0750E+02 2.6630E+03 6.0950H+03
H2/2/ H20/6/ CO/1.5/ CO2/2/ CH4/2/ C2H6/3/

1.360E+14

C2H4+02<=>C2H3+HO2 4.000E+13
C2H4+CH30<=>C2H3+CH30H 1.200E+11
C4HB-13+H<=>C2H4+C2H3 5.450E+30
C2H3+H<=>C2H2+H?2 3.000E+13
C2H3+02<=>HCO+CH20 4.580E+16
C2H3+02<=>HO2+C2H2 1.337E+06
C2H3+02<=>0+CH2HCO 1.000E+11
C2H3+0OH<=>C2H2+H20 5.000E+12
CH3+C2H3<=>CH4+C2H2 3.920E+11
C2H3+CH3(+M) = C3H6(+M) 2.500e+13

LOW /4.270e+58 -11.940 9769.80/
TROE /0.175 1340.6 60000.0 10139.8 /

0.0000
0.0000
-1.0100

3.8800

2.4100
-5.8400

0.0000
0.0000

0.0000
0.4540

1.9300
2.0000
1.8800
1.8800
3.7000
0.4400

0.1700

0.0000
0.0000
-4.5100
0.0000
-1.3900
1.6100
0.2900
0.0000
0.0000
0.0

H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/C2H2/3.G2H4/3.00/

C2H2+H(+M)<=>C2H3(+M) 5.600E+12 0.0000 2400.0
273

0.0
0.0
4749.0

13620.0

5285.0
97380.0

0.0
T6®

0.0
1820.0

12950.0
2500.0
183.0
183.0
9500.0
881r0.

660.0

58200.0
6750.0
21877.
0.0
1015.0
-384.0
11.0
0.0
0.0
0.0



LOW /3.800E+40 -7.2700 7220.0/

TROE / 7.5100E-01 9.8500E+01 1.3020E+03 4.1670E+03

H2/2/ H20/6/ CO/1.5/ CO2/2/ CH4/2/ C2H6/3/

C2H2+0H<=>C2H+H20
C2H2+OH<=>CH2CO+H
C2H2+OH<=>CH3+CO
O+C2H2<=>C2H+OH
C2H2+0<=>CH2+CO
C2H2+0<=>HCCO+H
C2H+H(+M)<=>C2H2(+M)

LOW /3.750E+33 -4.8000 1900.0/

3.370E+07
3.236E+13
4.830E-04

4.600E+19
6.940E+06
1.350E+07

1.000E+17

TROE / 6.4600E-01 1.3200E+02 1.3150E+03 5.5660E+03

H2/2/ H20/6/ CO/1.5/ CO2/2/ CH4/2/ C2H6/3/

C2H2+02<=>HCCO+OH
CH3HCO+0OH<=>CH3CO+H20
CH3HCO+H<=>CH3CO+H2
CH3HCO+0<=>CH3CO+OH
CH3HCO+H02<=>CH3CO+H202
CH3HCO+02<=>CH3CO+HO2
CH3HCO+CH3<=>CH3CO+CH4
CH3HCO+H<=>C2H50
CH3HCO+0H<=>CH2HCO+H20
CH3+HCO<=>CH3HCO

CH2CO + H = CH2HCO
CH2HCO+02 = CH20+CO+OH
CH3CO(+M)<=>CH3+CO(+M)
LOW /1.200E+15 0.0000 12518.0/
CH3CO+H<=>CH2CO+H2
CH3CO+0<=>CH2CO+OH
CH3CO+CH3<=>CH2CO+CH4
CH2CO+H<=>CH3+CO
CH2CO+H<=>HCCO+H2
CH2CO+0<=>CH2+CO2
CH2CO+0<=>HCCO+0OH
CH2CO+0H<=>HCCO+H20
CH2CO+0H<=>CH20H+CO
H+HCCOH<=>H+CH2CO
IHCCO+OH<=>H2+CO+CO
IH+HCCO<=>CH2-S+CO
IHCCO+O<=>H+CO+CO
IHCCO+02<=>0H+CO+CO
IHCCO+M<=>CH+CO+M
C2H50+02<=>CH3HCO+HO?2
CH3+CH20<=>C2H50

C2H50H(+M)<=>CH3HCO+H2(+M)
LOW /4.460E+87 -19.4200 115580.0/

2.000E+08
2.000E+06
1.110E+13
5.940E+12
3.010E+12
3.010E+13
1.760E+03
8.000E+12
1.720E+05
1.750E+13
5.000E+13
2.000e+13
3.000E+12

2.000E+13
2.000E+13
5.000E+13
1.100E+13
2.000E+14
1.750E+12
1.000E+13
1.000E+13
2.000E+12
1.000E+13
1.000E+14
1.100E+13
8.000E+13
4.200E+10
6.500E+15
4.280E+10
3.000E+11
7.240E+11

TROE / 9.0000E-01 9.0000E+02 1.1000E+03 3.5000E+03

H20/5/

2.0000
0.0000
4.0000
-1.4000
2.0000
2.0000
0.0000

1.5000
1.8000
0.0000
0.0000
0.0000
0.0000
2.7900
0.0000
2.4000
0.0000
0.00
0.00
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.1000

14000.0
12000.0
-2000.0
28950.0
1900.0
1900.0
0.0

30100.0
1300.0
3110.0
1868.0
11820
39150.0
4950.0
6400.0
815.0
0.0
1.230e+04
4.20Ce+
1671r0.

0.0
0.0
0.0
3400.0
8000.0
1350.0
8000.0
2000.0
-1010.0
0.0
0.0
0.0
0.0
850.0
58820.0
1097.0
6336.0
20m



C2H50H+02<=>PC2H40H+HO2
C2H50H+02<=>SC2H40H+HO2
C2H50H+0OH<=>PC2H40OH+H20
C2H50H+0OH<=>SC2H40H+H20
C2H50H+0OH<=>C2H50+H20
C2H50H+H<=>PC2H40OH+H2
C2H50H+H<=>SC2H40H+H2
C2H50H+H<=>C2H50+H2
C2H50H+HO2<=>PC2H40H+H202
C2H50H+HO2<=>SC2H40H+H202
C2H50H+H0O2<=>C2H50+H202
C2H50H+0<=>PC2H40OH+0OH
C2H50H+0<=>SC2H40H+0OH
C2H50H+0<=>C2H50+0H
C2H50H+CH3<=>PC2H40H+CH4
C2H50H+CH3<=>SC2H40H+CH4
C2H50H+CH3<=>C2H50+CH4
C2H50H+C2H5<=>PC2H40H+C2H6
C2H50H+C2H5<=>SC2H40OH+C2H6
C2H4+0OH<=>PC2H40H
SC2H40H+M<=>CH3HCO+H+M
SC2H40H+02<=>CH3HCO+HO2
NC3H7+H<=>C3H8
IC3H7+H<=>C3HS8
C3H8+02<=>IC3H7+HO2
C3H8+02<=>NC3H7+HO2
H+C3H8<=>H2+IC3H7
H+C3H8<=>H2+NC3H7
C3H8+0<=>IC3H7+0OH
C3H8+0<=>NC3H7+0OH
C3H8+0OH<=>NC3H7+H20
C3H8+0OH<=>IC3H7+H20
C3H8+HO2<=>IC3H7+H202
C3H8+HO2<=>NC3H7+H202
CH3+C3H8<=>CH4+IC3H7
CH3+C3H8<=>CH4+NC3H7
IC3H7+C3H8<=>NC3H7+C3HS8
C2H3+C3H8<=>C2H4+IC3H7
C2H3+C3H8<=>C2H4+NC3H7
C2H5+C3H8<=>C2H6+IC3H7
C2H5+C3H8<=>C2H6+NC3H7
C3H8+AC3H5<=>NC3H7+C3H6
C3H8+AC3H5<=>|C3H7+C3H6
C3H8+CH30<=>NC3H7+CH30H
C3H8+CH30<=>IC3H7+CH30H
NC3H7<=>CH3+C2H4
NC3H7<=>H+C3H6
NC3H7+02<=>C3H6+HO2
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2.000E+13
1.500E+13
1.740E+11
4.640E+11
7.460E+11
1.230E+07
2.580E+07
1.500E+07
1.230E+04
8.200E+03
2.500E+12
9.410E+07
1.880E+07
1.580E+07
1.330E+02
4.440E+02
1.340E+02
5.000E+10
5.000E+10
4.170E+20
1.000E+14
3.810E+06
1.000E+14
1.000E+14
2.000E+13
6.000E+13
1.300E+06
1.330E+06
5.490E+05
3.710E+06
1.054E+10
4.670E+07
5.880E+04
8.100E+04
6.400E+04
9.040E-01
3.000E+10
1.000E+11
1.000E+11
1.000E+11
1.000E+11
7.940E+11
7.940E+11
3.000E+11
3.000E+11
9.970E+40
8.780E+39
3.000E-19

0.0000
0.0000
0.2700
0.1500
0.3000
1.8000
1.6500
1.6000
2.5500
2.5500
0.0000
1.7000
1.8500
2.0000
3.1800
2.9000
2.9200
0.0000
0.0000
-2.8400
0.0000
2.0000
0.0000
0.0000
0.0000
0.0000
2.4000
2.5400
2.5000
2.4000
0.9700
1.6100
2.5000
2.5000
2.1700
3.6500
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
-8.6000
-8.1000
0.0000

52800
50150
600.0
0.0
1634.0
5098.0
2827.0
3038.0
0505
0005
24000
5459.0
1824.0
4448.0
9362.
7890.
7452.0
0033
0003
1240.0
25000.
1®41.
0.0
0.0
49640.0
52290.0
4471.0
6756.0
3140.0
5505.0
1586.0
-35.0
14860.0
16690.0
7520.0
7154.0
12000
10a00.
10400.0
10a00.
10a00.
20600
16R00
7000.
7000.
41430.0
46580.0
3000.0



H+C3H6<=>IC3H7
IC3H7+H<=>C2H5+CH3
IC3H7+02<=>C3H6+HO2
IC3H7+OH<=>C3H6+H20
IC3H7+0<=>CH3HCO+CH3
ITC3H5 in the mech replaced with PC3H5
C3H6<=>SC3H5+H
C3H6<=>PC3H5+H
C3H6+0<=>C2H5+HCO
C3H6+0<=>CH2CO+CH3+H
C3H6+0<=>CH3CHCO+H+H
C3H6+0<=>AC3H5+0OH
C3H6+0<=>SC3H5+0OH
C3H6+0<=>PC3H5+0OH
C3H6+0OH<=>AC3H5+H20
C3H6+0OH<=>SC3H5+H20
C3H6+0OH<=>PC3H5+H20
C3H6+HO2<=>AC3H5+H202
C3H6+HO2<=>SC3H5+H202
C3H6+HO2<=>PC3H5+H202
C3H6+H<=>C2H4+CH3
C3H6+H<=>AC3H5+H2
C3H6+H<=>PC3H5+H2
C3H6+H<=>SC3H5+H2
C3H6+02<=>AC3H5+HO2
C3H6+02<=>SC3H5+H0O2
C3H6+02<=>PC3H5+H0O2
C3H6+CH3<=>AC3H5+CH4
C3H6+CH3<=>SC3H5+CH4
C3H6+CH3<=>PC3H5+CH4
C3H6+C2H5<=>AC3H5+C2H6
AC3H5+H(+M)<=>C3H6(+M)
LOW /1.330E+60 -12.0000 5967.8/
TROE /0.020 1096.6 1096.6 6859.5 /

H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/

AC3H5+H<=>AC3H4+H2
AC3H5+0<=>CH2CHCHO+H
AC3H5+0OH<=>CH2CHCHO+H+H
AC3H5+0OH<=>AC3H4+H20
AC3H5+02<=>AC3H4+HO2
AC3H5+02<=>CH3CO+CH20
AC3H5+02<=>CH2CHCHO+OH
AC3H5+HCO<=>C3H6+CO
AC3H5+CH3(+M)<=>C4H8-1(+M)
LOW /3.910E+60 -12.8100 6250.0/
TROE / 0.104 1606.0 60000.0 6118.4 /

H2/2/ H20/6/ CH4/2/ CO/1.5/ CO2/2/ C2H6/3/

AC3H5+CH3<=>AC3H4+CH4

2.640E+13
2.000E+13
4.500E-19
2.410E+13
4.818E+13

7.710E+69
5.620E+71
1.580E+07
2.500E+07
2.500E+07
5.240E+11
1.200E+11
6.030E+10
3.120E+06
2.110E+06
1.110E+06
2.700E+04
1.800E+04
9.000E+03
3.300E+24
1.730E+05
4.000E+05
8.040E+05
4.000E+12
2.000E+12
1.400E+12
2.210E+00
1.348E+00
8.400E-01
1.000E+11
2.000E+14

1.800E+13
6.000E+13
1.600E+20
6.000E+12
2.180E+21
7.140E+15
2.470E+13
6.000E+13
1.000E+14

3.000E+12

0.0000
0.0000
0.0000
0.0000
0.0000

-16.0900
-16.5800
1.7600
1.7600
1.7600
0.7000
0.7000
0.7000
2.0000
2.0000
2.0000
2.5000
2.5000
2.5000
-3.0400
2.5000
2.5000
2.5000
0.0000
0.0000
0.0000
3.5000
3.5000
3.5000
0.0000
0.0000

0.0000
0.0000
-1.5600
0.0000
-2.8500
-1.2100
-0.4500
0.0000
-0.3200

-0.3200

2160.0
0.0
5020.0
0.0
0.0

140000.0
139300.0
-1216.0
76.0
76.0
5884.0
8959.0
7632.0
-298.0
2778.0
1451.0
12340.0
27620.0
23590.0
15610.0
2490.0
9790.0
12283.0
39900.0
62900.0
60700.0
5675.0
12850.0
11660.0
9800.0
0.0

0.0
0.0
26380
0.0
30755.0
21046.
23017
0.0
262.3

-131.0



AC3H5<=>PC3H5
AC3H5<=>SC3H5
C2H2+CH3<=>AC3H5
AC3H5+C2H5<=>C2H6+AC3H4
AC3H5+C2H5<=>C2H4+C3H6
AC3H5+C2H3<=>C2H4+AC3H4
AC3H5+AC3H5<=>AC3H4+C3H6
C2H2+CH3<=>SC3H5
SC3H5+H<=>PC3H4+H2
SC3H5+0<=>C2H4+HCO
SC3H5+0OH<=>C2H4+HCO+H
SC3H5+02<=>CH3HCO+HCO
SC3H5+HO2<=>C2H4+HCO+0OH
SC3H5+HCO<=>C3H6+CO
SC3H5+CH3<=>PC3H4+CH4
C2H2+CH3<=>PC3H5
PC3H5<=>SC3H5
PC3H5+H<=>PC3H4+H2
PC3H5+0<=>CH3+CH2CO
PC3H5+OH<=>CH3+CH2CO+H
PC3H5+02<=>CH3CO+CH20
PC3H5+HO2<=>CH3+CH2CO+0OH
PC3H5+HCO<=>C3H6+CO
PC3H5+CH3<=>PC3H4+CH4
C2H2+CH3<=>AC3H4+H
AC3H4+H<=>H2CCCH+H2
AC3H4+H<=>SC3H5
AC3H4+H<=>PC3H5
AC3H4+H<=>AC3H5
AC3H4+0<=>C2H4+CO
AC3H4+0OH<=>H2CCCH+H20
AC3H4+CH3<=>H2CCCH+CH4
AC3H4+C2H<=>C2H2+H2CCCH
AC3H4+AC3H4<=>AC3H5+H2CCCH
AC3H4+AC3H5<=>H2CCCH+C3H6
PC3H4<=>AC3H4
PC3H4+H<=>AC3H4+H
PC3H4+H<=>PC3H5
PC3H4+H<=>SC3H5
PC3H4+H<=>AC3H5
PC3H4+H<=>H2CCCH+H2
PC3H4+H2CCCH<=>AC3H4+H2CCCH
PC3H4+0O<=>HCCO+CH3
PC3H4+0<=>C2H4+CO
PC3H4+0OH<=>H2CCCH+H20
PC3H4+C2H<=>C2H2+H2CCCH
PC3H4+CH3<=>H2CCCH+CH4
C2H2+CH3<=>PC3H4+H
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4.860E+53
9.700E+48
1.040E+51
4.000E+11
4.000E+11
1.000E+12
8.430E+10
2.400E+38
3.340E+12
6.000E+13
5.000E+12
1.000E+11
2.000E+13
9.000E+13
1.000E+11
7.310E+25
5.100E+52
3.340E+12
6.000E+13
5.000E+12
1.000E+11
2.000E+13
9.000E+13
1.000E+11
9.200E+10
1.300E+06
2.600E+31
6.980E+44
7.340E+54
2.000E+07
5.300E+06
1.300E+12
1.000E+13
5.000E+14
2.000E+11
3.120E+58
1.930E+18
9.620E+47
1.000E+34
9.020E+59
1.300E+06
6.140E+06
7.300E+12
1.000E+13
1.000E+06
1.000E+13
1.800E+12
2.510E+11

-12.8100 75883.0
-11.7300 73700.0
-11.8900 36476.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.0000 276
-8.2100 17100.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
-5.0600 21150.0
-13.3700 57200.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.0000 0.0
0.5400 23950.0
2.0000 5500.0
-6.2300 18700.0
-9.7000 14032.0
-12.0900 26187.0
1.8000 1000.0
2.0000 2000.0
0.0000 7000.
0.0000 0.0
0.0000 768.7
0.0000 0440
-13.0700 92680.0
-1.0100 11523.0
-10.5500 15910.0
-6.8800 8900.0
-13.8900 33953.0
2.0000 5500.0
1.7400 0438D.0
0.0000 2250.0
0.0000 2250.0
2.0000 100.0
0.0000 0.0
0.0000 7000.
0.5600 15453.0



PC3H4+C2H3<=>H2CCCH+C2H4 1.000E+12  0.0000 0770
PC3H4+AC3H5<=>H2CCCH+C3H6 1.000E+12  0.0000 07q0
H2CCCH+H<=>PC3H4 1.500E+13  0.0000 0.0
H2CCCH+H<=>AC3H4 2.500E+12  0.0000 0.0
H2CCCH+H<=>C3H2+H2 5.000E+13  0.0000 1000.0
H2CCCH+0<=>CH20+C2H 2.000E+13  0.0000 0.0
H2CCCH+0OH<=>C3H2+H20 2.000E+13  0.0000 0.0
H2CCCH+02<=>CH2CO+HCO 3.000E+10  0.0000 2868.0
H2CCCH+HO2<=>0H+CO+C2H3 8.000E+11  0.0000 0.0
H2CCCH+HO2<=>AC3H4+02 3.000E+11  0.0000 0.0
H2CCCH+HO2<=>PC3H4+02 2.500E+12  0.0000 0.0
H2CCCH+HCO<=>AC3H4+CO 2.500E+13  0.0000 0.0
H2CCCH+HCO<=>PC3H4+CO 2.500E+13  0.0000 0.0
H2CCCH+HCCO<=>C4H4+CO 2.500E+13  0.0000 0.0
H2CCCH+CH<=>C4H3-I1+H 5.000E+13  0.0000 0.0
H2CCCH+CH2<=>C4H4+H 5.000E+13  0.0000 0.0
H2CCCH+CH3(+M)<=>C4H6-12(+M) 1.500E+12  0.0000 0.0
LOW /2.600E+57 -11.9400 9770.0/

TROE /0.175 1340.6 60000.0 9769.8/

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/ C2H6/3.0
C3H2+H<=>H2CCCH 1.000E+13  0.0000 0.0
C3H2+0<=>C2H2+CO 6.800E+13  0.0000 0.0
C3H2+OH<=>HCO+C2H2 6.800E+13  0.0000 0.0
C3H2+02<=>HCCO+H+CO 2.000E+12  0.0000 1000.0
C3H2+CH<=>C4H2+H 5.000E+13  0.0000 0.0
C3H2+CH2<=>C4H3-N+H 5.000E+13  0.0000 0.0
C3H2+CH3<=>C4H4+H 5.000E+12  0.0000 0.0
C3H2+HCCO<=>C4H3-N+CO 1.000E+13  0.0000 0.0
C3H2+02<=>HCO+HCCO 5.000E+13  0.0000 0.0
CH3CHCO+0OH<=>C2H5+CO2 1.730E+12  0.0000 -1010.
CH3CHCO+0H<=>SC2H40H+CO 2.000E+12  0.0000 0101
CH3CHCO+H<=>C2H5+CO 4.400E+12  0.0000 1459.0
CH3CHCO+0<=>CH3HCO+CO 3.200E+12  0.0000 -437.0
CH2CHCHO+H<=>CH2CHCO+H2 1.340E+13  0.0000 3800.
CH2CHCHO+0<=>CH2CHCO+OH 5.940E+12  0.0000 1868.
CH2CHCHO+H<=>C2H4+HCO 2.000E+13  0.0000 3500.0
CH2CHCHO+0<=>CH2CO+HCO+H 5.000E+07  1.7600 76.0
CH2CHCHO+0OH<=>CH2CHCO+H20 9.240E+06  1.5000 2.06
CH2CHCHO+02<=>CH2CHCO+HO?2 1.005E+13  0.0000 0000
CH2CHCHO+HO2<=>CH2CHCO+H202 3.010E+12  0.0000 192D.0
CH2CHCHO+CH3<=>CH2CHCO+CH4 2.608E+06  1.7800 150
CH2CHCHO+C2H3<=>CH2CHCO+C2H4 1.740E+12  0.0000 8440.0
CH2CHCHO+CH30<=>CH2CHCO+CH30H  1.000E+12  0.0000 3300.0
C2H3+CO<=>CH2CHCO 1.510E+11  0.0000 4810.0

CH2CHCO+02<=>CH2HCO+CO2 5.400E+20  -2.7200 7000.0

CH2CHCO+0<=>C2H3+CO2 1.000E+14  0.0000 0.0

C4H4+H<=>CA4H5-| 4.900E+51  -11.9200 17700.0

C4H4+H<=>C4H3-N+H2 6.650E+05  2.5300 12240.0
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C4H4+H<=>CAH3-1+H2
C4H4+OH<=>C4H3-N+H20
C4H4+OH<=>C4H3-1+H20
C4H4+0<=>H2CCCH+HCO
C4H4+H<=>C4H5-N
C4H3-1+H<=>C4H4
H2CC+C2H2(+M)<=>C4H4(+M)

LOW /1.400E+60 -12.5990 7417.0/
TROE /0.980 56.0 580.0 4164.0 /

3.330E+05
3.100E+07
1.550E+07
6.000E+08
1.300E+51
3.400E+43
3.500E+05

H2/2.0/ H20/6.0/ CH4/2.0/ CO/1.5/ CO2/2.0/ C2H6/3.0

C2H2/3.00/ C2H4/3.00/
H2CC+H<=>C2H2+H
H2CC+OH<=>CH2CO+H
H2CC+02<=>HCO+HCO
C4H3-N<=>C4H3-|
C4H3-N+H<=>C4H3-I+H
C4H3-N+H<=>C2H2+H2CC
C4H3-N+H<=>C4H4
C4H3-N+H<=>C4H2+H2
C4H3-N+OH<=>C4H2+H20
C4H3-I+H<=>C2H2+H2CC
C4H3-I1+H<=>C4H2+H2
C4H3-1+OH<=>C4H2+H20
C4H3-1+02<=>HCCO+CH2CO
C4H3-1+CH2<=>AC3H4+C2H
C4H2+H<=>C4H3-N
C4H2+H<=>C4H3-|

C4H10(+M)<=>NC3H7+CH3(+M)
LOW /5.340E+17 0.0000 42959.0/

1.000E+14
2.000E+13
1.000E+13
4.100E+43
2.500E+20
6.300E+25
2.000E+47
3.000E+13
2.000E+12
2.800E+23
6.000E+13
4.000E+12
7.860E+16
2.000E+13
1.100E+42
1.100E+30
4.280E+14

TROE / 7.2000E-01 1.5000E+03 1.0000E-10 1.0000E+10

PC4H9+H<=>C4H10
SC4H9+H<=>C4H10
C4H10+02<=>PC4H9+HO2
C4H10+02<=>SC4H9+HO2

C4H10+AC3H5<=>PC4H9+C3H6
C4H10+AC3H5<=>SC4H9+C3H6

C4H10+C2H5<=>PC4H9+C2H6
C4H10+C2H5<=>SC4H9+C2H6
C4H10+C2H3<=>PC4H9+C2H4
C4H10+C2H3<=>SC4H9+C2H4
C4H10+CH3<=>PC4H9+CH4
C4H10+CH3<=>SC4H9+CH4
C4H10+H<=>PC4H9+H2
C4H10+H<=>SC4H9+H2
C4H10+0OH<=>PC4H9+H20
C4H10+0OH<=>SC4H9+H20
C4H10+0<=>PC4H9+0OH
C4H10+0<=>SC4H9+0OH
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3.610E+13
3.610E+13
6.000E+13
4.000E+13
7.940E+11
3.160E+11
1.580E+11
1.000E+11
1.000E+12
8.000E+11
9.040E-01
3.020E+00
1.880E+05
2.600E+06
1.054E+10
9.340E+07
1.130E+14
5.620E+13

2.5300
2.0000
2.0000
1.4500
-11.9200
-9.0100
2.0550

0.0000
0.0000
0.0000
-9.4900
-1.6700
-3.3400
-10.2600
0.0000
0.0000
-2.5500
0.0000
0.0000
-1.8000
0.0000
-8.7200
-4.9200
0.0000

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
3.6500
3.4600
2.7500
2.4000
0.9700
1.6100
0.0000
0.0000

9240.0
3430.0
430.0
-860.0
16500.0
12120.0
60RO

0.0

0.0

0.0
53000.0
108D
10014.
13070.0
0.0

0.0
80D

0.0

0.0

0.0

0.0
15300.0
10800.0

69900.0

0.0
0.0
54340
49800
050D.0
640D.0
30020
40000
00080
80030
7054
9481
6280.0
4471.0
1586.
-35.0
7850.0
5200.0



C4H10+HO2<=>PC4H9+H202
C4H10+HO2<=>SC4H9+H202
C4H10+CH30<=>PC4H9+CH30OH
C4H10+CH30<=>SC4H9+CH30OH
C4H10+C2H50<=>PC4H9+C2H50H
C4H10+C2H50<=>SC4H9+C2H50H
C4H10+PC4H9<=>SC4H9+C4H10
C2H5+C2H4<=>PC4H9
C3H6+CH3<=>SC4H9
C4H8-1+H<=>PC4H9
C4H8-2+H<=>SC4H9
C4H8-1+H<=>SC4H9
PC4H9+02<=>C4H8-1+HO2
SC4H9+02<=>C4H8-1+HO2
SC4H9+02<=>C4H8-2+HO2
C2H3+C2H5<=>C4H8-1
C4H8-1+02<=>C4H71-3+HO2
C4HB8-1+H<=>C4H71-1+H2
C4HB8-1+H<=>C4H71-2+H2
C4HB8-1+H<=>C4H71-3+H2
C4HB8-1+H<=>C4H71-4+H2
C4H8-1+0OH<=>C4H71-1+H20
C4H8-1+0OH<=>C4H71-2+H20
C4H8-1+OH<=>C4H71-3+H20
C4H8-1+0OH<=>C4H71-4+H20
C4H8-1+CH3<=>C4H71-3+CH4
C4H8-1+CH3<=>C4H71-4+CH4
C4H8-1+HO2<=>C4H71-3+H202
C4H8-1+HO2<=>C4H71-4+H202
C4H8-1+CH30<=>C4H71-3+CH30H
C4H8-1+CH30<=>C4H71-4+CH30H
C4H8-1+AC3H5<=>C4H71-3+C3H6
H+C4H71-3<=>C4H8-2
C4H8-2+02<=>C4H71-3+HO2
C4H8-2+H<=>C4H71-3+H2
C4H8-2+OH<=>C4H71-3+H20
C4H8-2+CH3<=>C4H71-3+CH4
C4H8-2+HO2<=>C4H71-3+H202
C4H8-2+CH30<=>C4H71-3+CH30H
C2H2+C2H5<=>C4H71-1
AC3H4+CH3<=>C4H71-2
C2H4+C2H3<=>C4H71-4
C4H6-13+H<=>C4H71-3
C4H71-3+C2H5<=>C4H8-1+C2H4
C4H71-3+CH30<=>C4H8-1+CH20
C4H71-3+0O<=>CH2CHCHO+CH3
AC3H5+C4H71-3<=>C3H6+C4H6-13
C4H71-3+02<=>C4H6-13+HO2
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8.100E+04
1.176E+05
3.000E+11
6.000E+11
3.000E+11
6.000E+11
1.000E+11
1.320E+04
1.760E+04
2.500E+11
2.500E+11
4.240E+11
2.000E-18
2.000E-18
2.000E-18
9.000E+12
2.000E+13
7.810E+05
3.900E+05
3.376E+05
6.651E+05
2.140E+06
2.220E+06
2.764E+04
5.270E+09
3.690E+00
4.520E-01
4.820E+03
2.380E+03
4.000E+01
2.170E+11
7.900E+10
5.000E+13
4.000E+13
3.460E+05
6.240E+06
4.420E+00
1.928E+04
1.800E+01
2.000E+11
2.000E+11
2.000E+11
4.000E+13
2.590E+12
2.410E+13
6.030E+13
6.310E+12
1.000E+09

2.5000
2.5000
0.0000
0.0000

906B

6048
00070
00070

0.0000 7000.0
0.0000 7000.0
0.0000 10400.0

2.4800
2.4800
0.5100
0.5100
0.5100
0.0000
0.0000
0.0000
0.0000
0.0000
2.5000
2.5000
2.3600
2.5400
2.0000
2.0000
2.6400
0.9700
3.3100
3.6500
2.5500
2.5500
2.9000
0.0000
0.0000
0.0000
0.0000
2.5000
2.0000
3.5000
2.6000
2.9500
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

6130.0
6130.0
@62
2620.0
1230.0
5000
5000
5000
0.0
19830
azp
582
207
&05
7820
510
914.0
8a.6
0020
1540
10530.0
16490.0
8609.0
6458.0
12400.0
0.0
3P0
289
98-P
6750
13910.0
11990.0
7800.
7800.
7800.
1600.
-131.0
0.0
.00
0.0
.00



H+C4H71-3<=>C4H6-13+H2
C2H5+C4H71-3<=>C4H6-13+C2H6
C2H3+C4H71-3<=>C2H4+C4H6-13
C4H71-3+C4H71-3<=>C4H8-1+C4H6-13
C4H71-4<=>C4H6-13+H
C4H6-13<=>C4H5-1+H
C4H6-13<=>C4H5-N+H
C4H6-13<=>C4H4+H2
C4H6-13+H<=>C4H5-N+H2
C4H6-13+H<=>C4H5-1+H2
C4H6-13+H<=>PC3H4+CH3
C4H6-13+H<=>AC3H4+CH3
C4H6-13+0<=>C4H5-N+OH
C4H6-13+0<=>C4H5-1+0OH
C4H6-13+0<=>CH3CHCHCO+H
C4H6-13+0<=>CH2CHCHCHO+H
C4H6-13+0OH<=>C4H5-N+H20
C4H6-13+0OH<=>C4H5-1+H20
C4H6-13+CH3<=>C4H5-N+CH4
C4H6-13+CH3<=>C4H5-1+CH4
C4H6-13+C2H3<=>C4H5-N+C2H4
C4H6-13+C2H3<=>C4H5-1+C2H4
C4H6-13+H2CCCH<=>C4H5-N+AC3H4
C4H6-13+H2CCCH<=>C4H5-1+AC3H4
C4H6-13+AC3H5<=>C4H5-N+C3H6
C4H6-13+AC3H5<=>C4H5-1+C3H6
C4H6-12<=>C4H5-1+H
C4H6-12+H<=>C4H5-1+H2
C4H6-12+CH3<=>C4H5-1+CH4
C4H6-12+0<=>C4H5-1+0OH
C4H6-12+0OH<=>C4H5-1+H20
C4H6-12<=>C4H6-13
C4H6-2<=>C4H6-13
C4H6-2<=>C4H6-12
C4H6-2+H<=>C4H6-12+H
C4H6-2+H<=>C4H5-2+H2
C4H6-2+H<=>CH3+PC3H4
C4H6-2<=>H+C4H5-2
C4H6-2+CH3<=>C4H5-2+CH4
C4H5-N+HCO<=>C4H6-13+CO
C4H5-N+H202<=>C4H6-13+HO2
C4H5-N+HO2<=>C4H6-13+02
C4H5-1+HCO<=>C4H6-13+CO
C4H5-1+HO2<=>C4H6-13+02
C4H5-1+H202<=>C4H6-13+HO2
C4H5-1+HO2<=>C2H3+CH2CO+OH
C4H5-1+02<=>CH2CO+CH2HCO
C4H5-2<=>C4H5-I

3.160E+13
3.980E+12
3.980E+12
1.600E+12
1.850E+48
5.700E+36
5.300E+44
2.500E+15
1.330E+06
6.650E+05
2.000E+12
2.000E+12
7.500E+06
7.500E+06
1.500E+08
4.500E+08
6.200E+06
3.100E+06
2.000E+14
1.000E+14
5.000E+13
2.500E+13
1.000E+13
5.000E+12
1.000E+13
5.000E+12
4.200E+15
1.700E+05
7.000E+13
1.800E+11
3.100E+06
3.000E+13
3.000E+13
3.000E+13
2.000E+13
3.400E+05
2.600E+05
5.000E+15
1.400E+14
5.000E+12
1.210E+10
6.000E+11
5.000E+12
6.000E+11
1.210E+10
6.600E+12
2.160E+10
1.500E+67

0.0000
0.0000
0.0000

00
-10.5000
-6.2700
-8.6200

0.0000

2.5300

2.5300

0.0000

0.0000

1.9000

1.9000

1.4500

1.4500

2.0000

2.0000

0.0000

0.0000

0.0000

0.0000

0.000

0.000

0.0000

0.0000

0.0000
2.5000
0.0000
0.7000
2.0000
0.0000
0.0000
0.0000
0.0000
2.5000
2.5000
0.0000

0.0000

0.0000

0.0000

0.0000
0.000

0.0000

.00
0.0000
0.0000

-16.8900

0.0
0.0
0.0
0.0
51070
112853
123608
94700.0
12p4
o
7000
7000
3040
3040
60-8
60-8
339
043
28@0.0
9800.0
22800.0
19800.0
22500.0
19500.0
22500.0
19500.0
92600.
Q40
8500.0
3880
982
65000.0
65000.0
67000.0
4000
2890
1000
87300.0
S10.6{0)
0 O.
-596.0
0 O.
0.0
0 0.
-596.0
0.0
5020
59100.0



C4H5-2+H<=>C4H5-I+H 3.100E+26 -3.3500 174P3
C4H5-2+HO2<=>0H+C2H2+CH3CO 8.000E+11 0.0000 0.0
C4H5-2+02<=>CH3CO+CH2CO 2.160E+10 0.0000 500
CAH5-N<=>C4H5-| 1.500E+67 -16.8900  59100.
C4H5-N+H<=>C4H5-I+H 3.100E+26 -3.3500 1342
C4H5-1+H<=>C4H4+H2 3.000E+13 0.0000 0.0
C4H5-1+H<=>H2CCCH+CH3 2.000E+13 0.0000 2000
C4H5-1+OH<=>C4H4+H20 4.000E+12 0.0000 0.0
C4H5-N+H<=>C4H4+H2 1.500E+13 0.0000 0.0
C4H5-N+OH<=>C4H4+H20 2.000E+12 0.0000 0.0
C4H5-N+HO2<=>C2H3+CH2CO+0OH 6.600E+12 0.0000 0.0
C4H5-N+02<=>CH2CHCHCHO+0O 3.000E+11 0.2900 .011
C4H5-N+02<=>HCO+CH2CHCHO 9.200E+16 -1.3900 1Qa0
CH3CHCHCHO<=>C3H6+CO 3.900E+14 0.0000 69000
CH3CHCHCHO+H<=>CH2CHCHCHO+H2 1.700E+05 20600 2490.0
CH3CHCHCHO+H<=>CH3CHCHCO+H2 1.000E+05 2.5000 2490.0
CH3CHCHCHO+H<=>CH3+CH2CHCHO 4.000E+21 -2.3900 11180.0
CH3CHCHCHO+H<=>C3H6+HCO 4.000E+21 -2.3900 aao

CH3CHCHCHO+CH3<=>CH2CHCHCHO+CH4 2.100E+00 860 5675.0
CH3CHCHCHO+CH3<=>CH3CHCHCO+CH4  1.100E+00 3300 5675.0
CH3CHCHCHO+C2H3<=>CH2CHCHCHO+C2H4 2.210E+00 0B® 4682.0
CH3CHCHCHO+C2H3<=>CH3CHCHCO+C2H4 1.110E+00 089G 4682.0
CH3CHCHCO+H<=>CH3CHCHCHO 1.000E+14 0.0000 0 O.
CH2CHCHCHO+H<=>CH3CHCHCHO 1.000E+14 0.0000 .00
CH2CHCHCHO=AC3H5+CO 1.00e14 0.0 25000.0
CH3CHCHCO=SC3H5 +CO 1.00e14 0.0 300m0.0
C4H2+0<=>C3H2+CO 2.700E+13 0.0000 1720.0
C4H2+0OH<=>H2C40+H 6.600E+12 0.0000 -410.0
C4H2+C2H<=>C6H2+H 9.600E+13 0.0000 0.0
H2C40+H<=>C2H2+HCCO 5.000E+13 0.0000 3000.0
H2C40+0OH<=>CH2CO+HCCO 1.000E+07 2.0000 2000

IBASED ON HP LIM OF ADDITION REACTION FROM KLIPPENSEIN
IPROC. COMBUST. INST 31 (2007) 221-229

CBH5CH3(+M) = C6H5CH2+H(+M) 2.78E+15  0.17 BBE+04
LOW/1.00E+98 -22.855 9.9882E+04/

TROE/6.547194E-02 1.511253E+01 9.999996E+09 61.33E+07/

IBASED ON HP LIM OF ADDITION REACTION FROM KLIPPENSEIN

IPROC. COMBUST. INST 31 (2007) 221-229

CBH5CH3(+M) = C6H5+CH3(+M) 1.95E+27  -3.16 07447E+05
LOW/1.00E+98 -22.966 1.2208E+05/

TROE/7.054562E-01 9.999989E+09 4.599180E+02 3®28E+09/

IOEHSCHLAGER C&F (2006)195-208

CB6H5CH3+02 = C6H5CH2+HO2 2.18E+7 2.5 46045.0

IBAULCH,D.L.; COBOS,C.J.

IEVALUATED KINETIC DATA FOR COMBUSION MODELLING. SWPPLEMENT |
1J. PHYS. CHEM. REF. DATA 23, 847-1033 (1994)

C6H5CH3+HO2 = C6H5CH2+H202 3.97E+11 0.00 14889
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IOEHLSCHLAEGER, J. PHYS. CHEM. A, VOL. 110, NO. 3A)06
C6H5CH3+H = C6H5CH2+H2 6.47E+0 3.98 3384.0

ITAKAMASA SETA, MASAKAZU NAKAJIMA, AND AKIRA MIYOSH |
1J. PHYS. CHEM. A, 2006, 110 (15), 5081-5090
C6H5CH3+0OH = C6H5CH2+H20 1.770E+05 2.39 =602

IHOFFMANN,A.; KLATT,M.; WAGNER,H.GG.
1Z. PHYS. CHEM. (NEUE FOLGE) 168, 1-12 (1990)

CBH5CH3+0 = C6H5CH2+0OH 6.3E+11 0.0 0.0

12 PARAMETER FIT TO AVAILABLE RATE DATA ON NIST KINETIC DATA BASE
(ONLINE)

C6H5CH3+CH3 = C6H5CH2+CH4 2.939E+11 0.0 9045,
ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
CB6H5CH3+HCO = C6H5CH2+CH20 3.77E+13 0.0 23787

I3 PARAMETER FIT FROM NIST ONLINE DATA BASE. VERY IMITED DATA SET.
IC6H5CH3+C6H5 = C6H6+C6H5CH2 2.68E-01 3.95 7.86

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+C2H3 = C6H5CH2+C2H4 4.0E+12 0.0 8000.

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+AC3H5 = C6H5CH2+C3H6 1.6E+12 0.0 15000

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+H2CCCH = C6H5CH2+PC3H4 1.6E+12 0.0 0/051]

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+C4H5-1 = C6H5CH2+C4H6-13 1.6E+12 0.0 5100.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+C4H5-N = C6H5CH2+C4H6-13 1.6E+12 0.0 1a&k0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+C5H5 = C6H5CH2+C5H6 1.6E+12 0.0 11@00.

IBOUNACEUR ET AL
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IINT J CHEM KINET 37: 25-49, 2005

C6H5CH3+C6HS5 = C6H5CH2+C6H6 7.9E+13 0.0 12000
ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C6H5CH3+C6H50=C6H5CH2+C6H50H 5.43E+12 0.00 20923.0
ITST,SAKAI

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+C6H4CH3 = C6H5CH2+C6H5CH3  7.9E+13 0.0 12000.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+0OC6H4CH3 = C6H5CH2+HOC6H4CH3 1.6E+11 0.0 15100.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+C6H5CH200 = C6H5CH2+BZCOOH 4.0E+11 0.0 14000.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+C6H5CH20 = C6H5CH2+C6H5CH20H 1.6E+11 0.0 11100.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+HOC6H4CH2 = C6H5CH2+HOC6H4CH3 1.6E+11 0.0 15100.0

IBOUNACEUR ET AL

IINT J CHEM KINET 37: 25-49, 2005

IBOUNACEUR LIKENED THIS RATES TO BENZENE. | HAVE CRRECTED THE
IA-FACTOR BY *5/6 TO ACCOUNT FOR ONE POSITION MISEG

C6H5CH3+H = C6H4CH3+H2 5.0E+8 1.0 16800.0

IBOUNACEUR ET AL

IINT J CHEM KINET 37: 25-49, 2005

IBOUNACEUR LIKENED THIS RATES TO BENZENE. | HAVE CRRECTED THE
IA-FACTOR BY *5/6 TO ACCOUNT FOR ONE POSITION MISEG

C6H5CH3+0 = C6H4CH3+0OH 1.66E+13 0.0 14700.0

IBOUNACEUR ET AL

IINT J CHEM KINET 37: 25-49, 2005

IBOUNACEUR LIKENED THIS RATES TO BENZENE. | HAVE CRRECTED THE
IA-FACTOR BY *5/6 TO ACCOUNT FOR ONE POSITION MISEIG

C6H5CH3+0OH = C6H4CH3+H20 1.33E+8 1.42 1450.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
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IBOUNACEUR LIKENED THIS RATES TO BENZENE. | HAVE CRRECTED THE

IA-FACTOR BY *5/6 TO ACCOUNT FOR ONE POSITION MISEG
C6H5CH3+HO2 = C6H4CH3+H202 3.33E+11 0.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005

28000

IBOUNACEUR LIKENED THIS RATES TO BENZENE. | HAVE CRRECTED THE

IA-FACTOR BY *5/6 TO ACCOUNT FOR ONE POSITION MISEG
C6H5CH3+CH3 = C6H4CH3+CH4 1.6E+12 0.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH3+0 = OC6H4CH3+H 1.7E+13 0.0

ITAKAMASA SETA, MASAKAZU NAKAJIMA, AND AKIRA MIYOSH |

1J. PHYS. CHEM. A, 2006, 110 (15), 5081-5090

IBENZENE A-FACTOR *5/6 TO ACCOUNT FOR ONE POSITIOMISSING
C6H5CH3+0OH = HOC6H4CH3+H 110.0 3.25

IELLIS, C.; SCOTT, M.S.; WALKER, R.W.,
ICOMBUST. FLAME 132, 291-304 (2003)
C6H5CH3+H = C6H6+CH3 9.494E+05 2.00

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH2 = C5H5+C2H2 6.0E+13 0.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005

C6H5CH2 = H2CCCH+C4H4 2.0E+14 0.0
ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C6H5CH2+0 = C6H5CHO+H 2.11E+14 0.0
ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C6H5CH2+0 = C6H5+CH20 1.19E+14 0.0

IHIPPLER, H.; REIHS, C.; TROE, J.,
ISYMP. INT. COMBUST. PROC., 23 37-43, 1991
C6H5CH2+0OH = C6H5CH20H 2.0E13 0.0

IDA SILVA ET AL.

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (200287-294

IC6H5CH2+HO2 = BZCOOH 3.37E+11 0.02
1300 < T <700 K

285

15000.0

3600.0

5590.0

944.0

70000.0

83600.0

0.0 ISAKA

0.0 ISAKA

0.0

-3460.0



IC6H5CH2+HO2 = BZCOOH 3.70E+37
1700 < T < 2000 K

IC6H5CH2+HO2 = C6H5CH20+0H 7.48E-2
1300 < T < 800K
IC6H5CH2+HO2 = C6H5CH20+0H 1.19E+9

1800 < T < 2000 K

IWKM

I3 PARAM FIT TO THE TWO EXPRESSIONS ABOVE,
ICREATES ERRORS BUT NOT IMPORTANT.
C6H5CH2+HO2 = BZCOOH 6.75E+44

IWKM

-16.33

4.92

1.03

-17.47518

-67470

2800.

-2P50

-4503

ICHOSEN TO IMPROVE AGREEMENT WITH HIGH PRESSURE SB® TUBE

EXPERIMENTS

ISHEN ET AL. PROCEEDINGS OF THE COMBUSTION INSTITET32 (2009) 165-172
IAPPROXIMATELY A FACTOR OF 2 INCREASE ON DA SILVA'SIUMBER ABOVE (800 -

2000)
CBH5CH2+HO2 = C6H5CH20+0H 1.0E+13

IERGUT ET AL
ICOMBUSTION AND FLAME 144 (2006) 757-772

C6H5CH2+CH3 = C6H5C2H5 1.19E+13

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H4CH3+02 = OC6H4CH3+0 2.6E13

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H4CH3+02 = O-C6H402+CH3 3.0E+13

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H4CH3+H = C6H5CH3 1.0E+14

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H4CH3+H = C6H5CH2+H 1.0E+13

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H4CH3+0 = OC6H4CH3 1.0E+14

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H4CH3+0OH = HOC6H4CH3 1.0E+13
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IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H4CH3+HO2 = OC6H4CH3+0H 5.0E+12 0.0

IMURAKAMI ET AL.
1IJ. PHYS. CHEM. A 2007, 111, 13200-13208

0.0

ITHE OTHER PATHWAYS WERE NOT INCLUDED AS THE DISSOATION IS

DOMINANT
ITHROUGHOUT THE REGIME (~95%)

CBH5CH200(+M) = C6H5CH2+02(+M) 4.17000E+36 -7/08
LOW / 1.79700E-06 5.40000E-+00 -7.63000E+03/

TROE /6.114198E-01 9.999806E+09 1.037924E+0@6DE2E+09/

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH200+H = BZCOOH 1.0E+14 0.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH200+HO2 = BZCOOH+02 2.0E+11 0.00

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH200+C6H5CH200 = C6H5CH20H+C6H5CHO+02 1.4E810

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
C6H5CH200+C6H5CH200 = C6H5CH20+C6H5CH20+02 6.3E8.10

IWKM
IESTIMATED
C6H5CH20+0OH = BZCOOH 2.0E13 0.0

ISAKAI ET AL
IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
mmmpPRESSURE DEPENDANCE!!IIII 1

IC6H5CH20 = C6H5CHO+H 2.73E+09 0.0
ISAKAILLIATM

IC6H5CH20 = C6H5+CH20 3.29E+08 0.0
ISAKAILLIATM

C6H5CH20 = C6H5CHO+H 1.99E+13 0.0
ISAKALHPLIMIT

C6H5CH20 = C6H5+CH20 8.55E+13 0.0
ISAKALHPLIMIT

IBOUNACEUR ET AL

IINT J CHEM KINET 37: 25-49, 2005

C6H5CH20+02 = C6H5CHO+HO2 6.0E+10 0.0
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IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005
OC6H4CHS3 = C6H6+CO+H 7.6E+11 0.0

IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005

OC6H4CH3+H = HOC6H4CH3 1.0E+14 0.0
ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C6H5CH2+C6H5CH2 = C14H14 5.00E+12 0.0
IOEHLSCHLAEGER2005

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14 = C14H13+H 1.00E+16 0.0
IOEHLSCHLAEGER2005

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14+H = C14H13+H2 3.16E+12 0.0
IOEHLSCHLAEGER2005

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14+02 = C14H13+HO2 2.80E+12 0.0
IOEHLSCHLAEGER2005

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14+0 = C14H13+0OH 8.40E+11 0.0
IOEHLSCHLAEGER2005

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14+0H = C14H13+H20 7.00E+09 1.0
IOEHLSCHLAEGER2005

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14+HO2 = C14H13+H202 5.40E+11 0.0
IOEHLSCHLAEGER2005

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14+CH3 = C14H13+CH4 2.20E+12 0.0
IOEHLSCHLAEGER2005
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IBOUNACEUR ET AL
IINT J CHEM KINET 37: 25-49, 2005

C14H14+AC3H5 = C14H13+C3H6 2.2E+12 0.0
ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14+C6H5CH2 = C14H13+C6H5CH3 2.20E+11 0.0
IOEHLSCHLAEGER2005

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14+C6H5 = C14H13+C6H6 1.06E+14 0.0
IBOUNACEUR2005, TABLEV ESTIMATED AA

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H14+C6H50 = C14H13+C6H50H 5.43E+12 0.0
IEQUAL TO C6H5CH3+C6H50

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H13 = C14H12+H 7.90E+15 0.0
IOEHLSCHLAEGER2005

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H13+02 = C6H5CHO+C6H5CH20 3.94E+50  -11.5
IC2H5+02,A-FACTOR*(4/5)

ISAKAI ET AL

IPROCEEDINGS OF THE COMBUSTION INSTITUTE 32 (2009)1-418
C14H13+HO2 = C6H5CH2+C6H5CHO+OH 1.920E+13 0.0
C2H5+HO2