
   

Springer Theses
Recognizing Outstanding Ph.D. Research

Experimental
and Kinetic Modeling 
Study of Cyclohexane 
and Its Mono-alkylated 
Derivatives Combustion

Zhandong Wang



Springer Theses

Recognizing Outstanding Ph.D. Research



Aims and Scope

The series “Springer Theses” brings together a selection of the very best Ph.D.
theses from around the world and across the physical sciences. Nominated and
endorsed by two recognized specialists, each published volume has been selected
for its scientific excellence and the high impact of its contents for the pertinent field
of research. For greater accessibility to non-specialists, the published versions
include an extended introduction, as well as a foreword by the student’s supervisor
explaining the special relevance of the work for the field. As a whole, the series will
provide a valuable resource both for newcomers to the research fields described,
and for other scientists seeking detailed background information on special
questions. Finally, it provides an accredited documentation of the valuable
contributions made by today’s younger generation of scientists.

Theses are accepted into the series by invited nomination only
and must fulfill all of the following criteria

• They must be written in good English.
• The topic should fall within the confines of Chemistry, Physics, Earth Sciences,

Engineering and related interdisciplinary fields such as Materials, Nanoscience,
Chemical Engineering, Complex Systems and Biophysics.

• The work reported in the thesis must represent a significant scientific advance.
• If the thesis includes previously published material, permission to reproduce this

must be gained from the respective copyright holder.
• They must have been examined and passed during the 12 months prior to

nomination.
• Each thesis should include a foreword by the supervisor outlining the signifi-

cance of its content.
• The theses should have a clearly defined structure including an introduction

accessible to scientists not expert in that particular field.

More information about this series at http://www.springer.com/series/8790

http://www.springer.com/series/8790


Zhandong Wang

Experimental and Kinetic
Modeling Study
of Cyclohexane and Its
Mono-alkylated Derivatives
Combustion
Doctoral Thesis accepted by
the University of Science and Technology of China,
Hefei, China

123



Author
Dr. Zhandong Wang
University of Science and Technology
of China

Hefei
People’s Republic of China

Supervisor
Prof. Fei Qi
University of Science and Technology
of China

Hefei
People’s Republic of China

ISSN 2190-5053 ISSN 2190-5061 (electronic)
Springer Theses
ISBN 978-981-10-5692-5 ISBN 978-981-10-5693-2 (eBook)
https://doi.org/10.1007/978-981-10-5693-2

Library of Congress Control Number: 2017963973

© Springer Nature Singapore Pte Ltd. 2018
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd. part of
Springer Nature
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore



Supervisor’s Foreword

The combustion of fossil fuels provides most of the energy used worldwide, and it
promotes the growth of society and the economy. However, large amounts of
emitted pollutants are harmful to human health and to the sustainability of human
civilization. The design of high-efficiency low-emission engines and the develop-
ment of detailed kinetic models of fossil fuels are crucial to alleviating the energy
shortage and reducing pollution. Cycloalkanes are an important component of fossil
fuels and their surrogates. In China, for example, No. 3 Kerosene has large mass
fraction of cycloalkanes, and the recent discovery of oil sands may contain larger
fractions of cycloalkanes. The combustion of cyclohexane and its derivatives
produces large amounts of dienes (carcinogenic 1,3-butadiene) and cyclic inter-
mediates, and it has a relatively high sooting tendency.

The object of this Ph.D. thesis is to clarify the combustion chemistry of
cyclohexane and its two mono-alkylated derivatives (methylcyclohexane and
ethylcyclohexane), which are commonly chosen as surrogate components for
transport fuels. The pyrolysis and laminar premixed flames of these three model
compounds were studied using state-of-the-art synchrotron radiation photoioniza-
tion mass spectrometry. Their initial reaction pathways during combustion were
calculated with high-level quantum chemistry methods, and the rate constants were
evaluated. A detailed kinetic model was developed and validated against experi-
mental data covering a wide range of combustion conditions, including pyrolysis at
various pressures, flame structure at low pressures, as well as species concentrations
from jet-stirred reactor oxidation at intermediate and high temperatures, ignition
delay times, and laminar flame speeds. This model contributes to understanding the
combustion chemistry of these cycloalkanes (initial decomposition pathways,
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distribution of intermediates, and formation of air pollutants), developing com-
bustion models for substituted cycloalkanes with long alkyl side chains and/or
multiple side chains, and it has application to engine and fuel design, and emission
control.

Hefei, People’s Republic of China Prof. Fei Qi
September 2017
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Chapter 1
Introduction

1.1 Background

Energy—its safety and availability—determines the future of human society.
Although there continues to be significant development in renewable energies, more
than 85% of current energy still originates with combustion of fossil fuels, guar-
anteeing a prosperous global economy and quality of life. In China, coal com-
bustion plays a significant role in energy supply and accounts for 70% of the
resource consumed [1]. Internal combustion engines, powered by gasoline and
diesel fuels, represent 60% of the oil consumed [2]. Global demand for energy is
increasing, especially in emerging markets. Figure 1.1 shows the proportion of
world energy consumption in the U.S., China and India from 1990 to 2035. In
2015, China exceeded the U.S. to become the world’s largest energy consuming
country [3]. In 2010, China became the world’s second largest economy and the
world’s second largest importer and consumer of oil. However, general energy
utilization efficiency in China is only around 33%, about 10% lower than developed
countries [4], causing energy consumption per GDP in China to be three times
higher than the U.S. and five times higher than in Japan. Thus, it is imperative that
fossil fuel combustion efficiency is increased, especially in emerging markets.

Fossil fuel combustion is also the dominant source of air pollutants, including
greenhouse gas CO2, unburnt hydrocarbons, NOx, SOx, and soot. These emissions
cause serious environmental issues, such as global warming, photochemical smog
and acid rains. Recent studies show that the atmospheric temperature of Antarctica
is positively related to the concentration of CO2 and CH4 [5], originating mainly
from the combustion process [6]. As noted above, the combustion of internal
combustion engines consumed *60% of oil in China, contributing to more than
25% of CO2 emissions and more than 60% of urban air pollutants [4]. Cleaner,
more efficient combustion—especially in internal combustion engines—is crucial to
reducing the energy shortage, migrating air pollutant emissions, and maintaining
global economic growth. To this end, a comprehensive understanding of the

© Springer Nature Singapore Pte Ltd. 2018
Z. Wang, Experimental and Kinetic Modeling Study of Cyclohexane
and Its Mono-alkylated Derivatives Combustion, Springer Theses,
https://doi.org/10.1007/978-981-10-5693-2_1
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combustion process of fossil fuels is necessary to improve traditional combustion
engines and develop new combustion techniques such as homogeneous charge
compression ignition engines (HCCI) [7, 8]. A key component of computational
fluid dynamics (CFD) simulation is the reduced combustion mechanism of fossil
fuels.

The prevalent method for developing a well-defined reduced model uses a
detailed kinetic model of the candidate fuels. The model is then validated com-
prehensively with laboratory-based experimental data under a wide range of
combustion conditions, such as pressure, temperature, and equivalence ratios.
These experimental data—with well-defined physical models—include ignition
delay times, laminar flame speeds and species speciation, etc. However, hundreds to
thousands of hydrocarbon components make development of detailed kinetic
models for gasoline, jet fuel and diesel very challenging. Instead, surrogates for
fossil fuels with similar physical and chemical properties have been employed to
mimic the combustion process of real fuels. In the following sections, combustion
diagnostics for laboratory combustion systems, progress in surrogate fuels research,
and the contents of this thesis are highlighted.

1.2 Diagnostics of Laboratory Combustion System

Laboratory-based combustion systems include shock tube (ST), rapid compression
machine (RCM), flow reactor (FR), jet-stirred reactor (JSR), burner-stabilized
laminar premixed flame, spherical laminar premixed flame, co-flow diffusion flame,
and counterflow diffusion flame, etc. The combustion diagnostics related to these

Fig. 1.1 Proportion of
energy consumption in U.S.,
China, and India from 1990–
2035 [3]. Source U.S. Energy
Information Administration
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systems mainly consist of in situ analysis by optical spectroscopy and
gas-sampling, combined with different analytical methods [e.g., optical spec-
troscopy, gas chromatography (GC), and mass spectrometer (MS)].

1.2.1 In Situ Optical Spectroscopy

In situ optical spectroscopy is a non-intrusive diagnostic with no perturbation in the
combustion process [9–13]. It has been widely adopted for solutions to fundamental
and applied combustion problems. In combustion chemistry studies, in situ optical
spectroscopy is often used to investigate fuel ignition properties in ST oxidation;
the time-dependent emission signals of OH* and CH* [14] are measured to derive
ignition delay times. Recently, infrared laser absorption, ultraviolet laser absorption
and CO2 laser absorption [15, 16] were adopted by Prof. Ronald Hanson’s group to
measure the time histories of species such as OH, CH3, CO, CO2, H2O and C2H4

during ST pyrolysis and/or oxidation. The time-dependent decay of OH radical by
OH radical absorption spectroscopy was also monitored to measure H-abstraction
rate constants of OH radical. Although in situ optical spectroscopy has been widely
used in combustion studies, it can only detect molecules using simple structures,
and it hinders the detection of complex combustion products [9, 11].

1.2.2 Product Analysis After Gas-Sampling

For a thorough analysis of combustion products, gas-sampling from the combustion
process, such as flame, JSR/FR/ST pyrolysis and oxidation, and RCM oxidation have
been applied. A quartz probe, or nozzle, was inserted into the combustion system to
sample the products, which were then separated and analyzed using various analytical
methods. Although the probe or nozzle disturbed the combustion field and/or flame
intermediates/temperature distribution, gas-sampling combined with GC analysis
and/or mass spectrometer is powerful enough to probe the comprehensive species’
pool of intermediates. Furthermore, the perturbation effect can be reduced signifi-
cantly with well-defined nozzle geometry [17, 18]. Thus, gas-sampling has been
widely employed in combustion-related experiments [19, 20].

The advantages of GC analysis include low detection limit and high separation
efficiency, especially for separating isomers [21, 22]. On one hand, identifying
reaction products is achieved by comparing retention time with that of known
compounds; in complex reaction systems, the GC-MS is very useful in identifying
the structure of the products [23]. On the other hand, a flame ionization detector
(FID) and thermal conductivity detector (TCD) can be installed at the outlet of the
GC column to quantify the reaction products.

Several research groups have used gas-sampling (e.g., quartz probe) combined
with GC/GC-MS to analyze combustion products. This method has been used to

1.2 Diagnostics of Laboratory Combustion System 3



study the JSR oxidation of various kind of fuels by groups working with Philippe
Dagaut and Frédérique Battin-Leclerc [24–26]. JSR is an idea reactor for studying
low- and high-temperature oxidation of fuels [20, 25–29]; the fused silica reactor
prevents wall catalytic reactions [30]. Figure 1.2 shows the scheme of the JSR from
Prof. Battin-Leclerc’s group. The gas mixture of fuel/O2/dilution flows into the
reactor through the preheating zone. The four nozzles at the centre of the reactor
achieve high-speed stirring, which ensures the homogeneity of species and tem-
perature during reaction. The mixture from the outlet of the reactor was then
sampled and analyzed [28, 31].

The Princeton group [33–39] also used gas-sampling combined with GC/
GC-MS to investigate reaction products from atmospheric and high-pressure fuel
pyrolysis and oxidation in a turbulent flow reactor. Other applications of
gas-sampling combined with GC/GC-MS include mainly pyrolysis and oxidation in
ST and RCM, laminar premixed flame and counterflow diffusion flame [40–58].
Figure 1.3 shows the scheme of the low-pressure laminar premixed flame apparatus
combined with gas-sampling and GC analysis [52].

To form the molecular beam (MB) for mass spectrometry (MS) analysis, a quartz
nozzle is commonly used for gas-sampling. The sampled products are then ionized
with a different ionization source, such as electron impact ionization (EI), chemical
ionization (CI), and laser photoionization (Laser-PI). EI-MBMS and
Laser-PI-MBMS have been applied in many flame studies to find the intermediate
speciation. However, these two ionization methods have their own drawbacks. For
example, the EI source produces many fragments, which interfere with the analysis
of reaction intermediates; the low energy resolution of the EI source makes it
untenable to separate isomers. The wavelength of the Laser-PI is often fixed, or the
tunability in the UV range is limited, preventing the identification of isomers; it is
also difficult to detect species with very high ionization energy.

At the beginning of the 21st century, the synchrotron radiation photoionization
(SR-PI) mass spectrometer was combined with molecular beam sampling to
investigate low-pressure premixed flames [59, 60]. The tunable synchrotron radi-
ation was used in a single photon ionization technique. Fragments could be reduced

Fig. 1.2 Schematic of JSR used in Battin-Leclerc’s group [32]. Reprinted from Ref. [32], with
kind permission from Springer Science+Business Media
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from carefully selected photon energies [20], and isomers of the reaction products
could be separated from the scan of the photon energies. Since then, SR-PI-MBMS
have been successfully used to study the flame structure of low-pressure premixed
flame of hydrocarbons, oxygenated, and nitrogenous compounds [20]. Later, this
diagnostic was adopted to sample and analyze the products in flow reactor pyrolysis
[61–70], JSR oxidation [21, 29, 31, 71, 72], and co-flow diffusion flame [73–75].
Recently, Prof. Fei Qi and co-workers developed new apparatus for the laminar
premixed flame, which can be used to study flame structure from several Torr to
760 Torr. The new designed mass spectrometer has a higher mass resolution
(*3500 at m/z 40), a lower detection limit (<1 ppm), and a wider dynamic range
(better than five orders of magnitude) [76]. The ethylene flame at 30, 150, and
760 Torr was studied; radical intermediates were detected not only at low-pressure
flame, but also at atmospheric-pressure flame.

Professor Nils Hansen and co-workers applied the SR-PI-MBMS to probe
counterflow diffusion flames of acetylene at low pressure [77] and acetylene,
ethylene and propane at quasi-atmospheric pressure [78]. In the quasi-atmospheric
flames, flame species from m/z 15–900 were detected using an aerosol mass
spectrometer. Figure 1.4 shows the laminar premixed flame and counterflow dif-
fusion flame apparatus combined with SR-PI-MBMS.

Fig. 1.3 Low-pressure laminar premixed flame apparatus combined with gas-sampling and GC
analysis [52]. Reprinted from Ref. [52], Copyright 2008, with permission from Elsevier

1.2 Diagnostics of Laboratory Combustion System 5



In addition to GC and MS analysis, optical spectroscopy was also used to detect
smaller intermediates after the gas-sampling. For example, Prof. Dagaut’s group
combined Fourier transform infrared (FTIR) spectroscopy with JSR to measure
oxidation products such as CO, CO2, H2O, NO, NO2, and CH2O [79]. Recent work
by Profs. Battin-Leclerc and Fittschen combined cavity ring-down spectroscopy
(CRDS) with JSR and detected CH2O, H2O, C2H4, and H2O2 [80, 81] during n-
butane low-temperature oxidation. They also combined the fluorescence assay
using gas expansion (FAGE) with JSR, and measured the temperature-dependent
speciation of OH and HO2 radicals during n-butane low-temperature oxidation [82].
HO2 radical was also detected by Prof. Yiguang Ju’s group, at the outlet of flow
reactor oxidation of dimethyl ether; the mid-infrared Faraday rotation spectroscopy
and dual modulation Faraday rotation spectroscopy [83, 84] was applied in this
study.

In summary, the macroscopic and microscopic combustion properties of fuels
can be obtained from these laboratory combustion systems and the combined
diagnostics. The macroscopic combustion properties include laminar flame speeds,
auto-ignition temperature, extinction strain rates, and ignition delay time, etc.;
microscopic combustion properties include detailed species mole fraction profiles in
FR/JSR/ST pyrolysis and oxidation, laminar premixed flames, counterflow diffu-
sion flames, and co-flow diffusion flames, etc. These experimental data feature
combustion processes from low to high pressure, low to high temperature, and
fuel-lean combustion to fuel-rich combustion, significantly contributing to under-
standing of combustion physics, chemistry and their application in industry. They
are also the basis for development and examination of comprehensive combustion
kinetic models.

Fig. 1.4 Laminar premixed flame [76] and counterflow diffusion flame [78] apparatus combined
with SR-PI-MBMS. Reprinted with permission from Ref. [76]. Copyright 2013, American
Institute of Physics; Reprinted from Ref. [78], Copyright 2013, with permission from Elsevier
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1.3 Fossil Fuel Surrogates

To establish comprehensive combustion models of fossil fuels, the combustion
properties of fossil fuel components must be clarified and corresponding combus-
tion models developed. One challenge is the hundreds to thousands of components
of the fossil fuels themselves; these components may differ among markets, refining
processes, and storage periods. Surrogate fuel strategies are proposed for a
molecular-level understanding of fossil fuel combustion.

Surrogate fuels are a mixture of several simple compounds that mimic the
physical and chemical properties of fossil fuels. Physical properties include
vaporization, viscosity, density, surface tension, and diffusion coefficient, etc. The
chemical properties include flame speeds, ignition properties, molecular weight,
C/H ratio, adiabatic flame temperature, and pollutant formation, etc. Surrogate fuels
reduce the chemical and/or physical complexity of the fossil fuel; their experimental
and combustion models provide valuable insight into the combustion process of
fossil fuels [85].

Gasoline, jet and diesel fuels are obtained through the fractional distillation of
petroleum; their average molecular weight, density, and boiling point increases
accordingly. For example, gasoline consists mainly of hydrocarbons with four to 12
carbon numbers, with a density of 0.71–0.77 g/mL and boiling point of 303–463 K.
Jet fuel consists mainly of hydrocarbons with eight to 16 carbon numbers, a density
of 0.78–0.81 g/mL and boiling point of 433–553 K. Diesel is mostly hydrocarbons
with ten to 24 carbon numbers, and a density of 0.81–0.86 g/mL and boiling point
of 463–633 K [88–93]. One approach to formulating surrogate fuels is to choose
compounds that represent the hydrocarbon class of fossil fuels, composed mainly of
normal alkanes, branched alkanes, cycloalkanes, aromatics, and a variety of addi-
tive [86], as shown in Fig. 1.5.

Fig. 1.5 Components of
gasoline, jet fuel, and diesel
[86]. Reproduced from Ref.
[87] by permission of John
Wiley & Sons Ltd.
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1.3.1 Surrogates for Gasoline

The major components of alkanes in gasoline contain five to seven carbon numbers;
and the fraction of iso-alkanes is higher than n-alkanes. Generally, n-butane, n-
pentane, iso-pentane, methyl pentanes (iso-hexanes), and iso-octane are the
prevalent alkanes [91]. n-heptane and iso-octane are the components of primary
reference fuel (PRF) and they have been extensively studied [94–96]. Indeed, the
concentration of n-heptane in gasoline is very low; iso-octane also exhibits rela-
tively low concentration in regular gasoline but can have a higher fraction in
premium gasoline. The most abundant cycloalkanes in gasoline such as methyl-
cyclopentane, methylcyclohexane, and cyclohexane, have six to seven carbon
numbers. Similar to alkanes, the major components of olefins in gasoline are iso-
mers with five to seven carbon numbers. Branched olefins are much more prevalent
than linear olefins, e.g., methylbutenes and methylpentenes. The most abundant
aromatic in gasoline is toluene, along with aromatics with eight or more carbon
numbers (e.g., surrogate benzene with two to three methyl groups).

For gasoline surrogates, the commonly accepted three component surrogates are
n-heptane, iso-octane, and toluene. Other components with reported kinetic models,
like 1-pentene, diisobutylene, cyclohexane, and methylcyclohexane, could also be
presumed to build the multicomponent gasoline surrogates [91].

1.3.2 Surrogates for Jet Fuel

Jet fuel is a type of aviation fuel designed for aircrafts powered by gas-turbine
engines for commercial and military purposes. The most commonly used com-
mercial aviation fuels are jet A and jet A-1, which are produced from a standardized
international specification. The China commercial jet fuel—China NO. 3 Kerosene
—is similar to jet A-1. For military jet fuels in the U.S., descriptions are taken from
the work of Edwards and Maurice [85]:

JP-4 is an aviation gasoline/kerosene mixture used by the U.S. Air Force (USAF) until the
1980s, when it was replaced by JP-8. JP-8 is a “kerosene” fuel used by the USAF for jet
aircraft. JP-8 is very similar to Jet A and A-1. JP-8 is essentially Jet A-1, with three
additives: a lubricity improver/corrosion inhibitor, an antistatic additive, and a fuel system
icing inhibitor. JP-5 is a high flash point kerosene used for aircraft flying from U.S. Navy
ships. JP-7 is a specialty kerosene fuel used for the SR-71. RP-1 is the standard U.S.
kerosene rocket propellant. The Jet A/A-1/JP-8 specifications are fairly broad, and a wide
variety of hydrocarbon mixtures can meet the specification requirements.

According to the boiling point range, the carbon number of jet fuels is mainly in
the range of ten to 14. As shown in Fig. 1.5, normal alkanes constitute *20% of jet
fuel. n-decane, n-dodecane, and n-tetradecane are often selected as surrogate can-
didates. Branched alkanes constitute *35–40% of jet fuel. Although iso-octane
and iso-cetane are not in the C10 to C14 range, they have been selected as surrogate
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components of jet fuels because of their moderate cost and the relatively good
development of their kinetic models (especially for iso-octane). Recent GC-MS
analysis reveals that the branched alkanes in jet fuel are better represented by
slightly branched molecules, with one to two branches. Thus, one-branched alkanes
such as methyl-decane are better candidates for jet fuel surrogate. Jet fuel
has *20% of cycloalkanes, which are mainly mono-cycloalkanes (e.g., n-butyl-
cyclohexane) and di-cycloalkanes (e.g., decalin). Most of the aromatic components
in jet fuel are alkyl benzenes, such as n-propylbenzene, n-butylbenzene, and
1,3,5-trimethylbenzene [92]. Figure 1.6 shows the jet fuel surrogate palettes for
JP-8 [97], which were proposed based on modest cost, experimental and compu-
tational tractability and reproducibility [98].

1.3.3 Surrogates for Diesel

The carbon number range of diesel is from C10 to C24. Possible structures of typical
components of diesel are very complex and a significant number of isomers exist.
Figure 1.7 shows an example of the major classes of molecules in diesel, with
specific C16 isomers including n-alkane, branched alkane, one-ring cycloalkane and
two-ring cycloalkane with multiple alkyl side-chains, one-ring and two-ring aro-
matics with multiple alkyl side-chains, and tetralin with a multiple alkyl side chain
[90]. Similar to jet fuel, the branched alkane in diesel contains one or two methyl
substitutions. The majority of cycloalkane in diesel is one-ring cycloalkane with
multiple alkyl side chains. The aromatic fraction of commercial diesel in the U.S.
is *20–40% [99], and the most abundant component is one-ring aromatics with
alkyl side chains.

Fig. 1.6 Surrogate palette for JP-8 [97]. Reprinted from Ref. [97], Copyright 2004, with
permission from Elsevier
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Experimental and modeling studies for molecules in diesel fuel are scarce.
Significant compositional variability among commercial diesel fuels exist; and the
high boiling point of the diesel fuel component makes it difficult to carry out
experimental studies. The complexity of the diesel fuel component also increases
the cost of formulating the surrogate palette, since not all pure compounds can be
commercially obtained [90]. Farrell et al. [90] proposed to formulate the surrogates
in diesel fuel surrogate development with n-decane, iso-octane, toluene, and
methylcyclohexane; their long-term goal was to build the diesel surrogates with n-
hexadecane, heptamethylnonane, n-decylbenzene, and 1-methylnaphthalene.

In summary, the motivation for surrogate fuels is to mimic combustion behaviors
of fossil fuels; so, formulation of the surrogate depends on the intended application,
i.e., a target-oriented surrogate. Three types of targets were distinguished by Farrell
et al. [90]: property targets, development targets, and application targets.

“Property targets refers to fundamental physical and chemical fuel properties;
development targets refer to kinetic and fluid dynamic processes that are important
for validating surrogate mixture behavior, and that are typically evaluated in
devices with better controlled conditions than those in real engines; application
targets refer to results obtained from engine experiments”.

To this end, a comprehensive understanding of the chemical fuel properties of
surrogate components, such as fuel decomposition, ignition, and pollutant forma-
tion is one prerequisite.

Fig. 1.7 Structures of major classes of molecules in diesel fuels with C16 isomers as examples
[90]
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1.4 Research on Cycloalkane Fuels

As shown in Fig. 1.5, cycloalkanes are important components of transport fuels,
accounting for *10% in gasoline, *20% in jet fuel, and *30% in diesel [86].
Diesel derived from oil sands [100], and coal-derived synthetic fuels [101], have
even higher fractions of cycloalkanes. Combustion of diesel fuel with higher
concentrations of cycloalkanes will produce different ignition properties and pol-
lutant emissions (e.g., soot). Enhanced energy and volumetric density, and lowered
freeze point make cycloalkanes a fuel component to enable aircraft to reach higher
attitude operability [97]. For example, China NO. 3 Kerosene contains *40% of
cycloalkanes (Table 1.1) [102]. Considering the importance of cycloalkanes in
transport fuels and their surrogates, detailed experimental and modeling studies of
these fuels are necessary.

In a study of cycloalkanes, cyclohexane and alkyl-cyclohexanes (e.g., methyl-
cyclohexane, ethylcyclohexane, n-propylcyclohexane, and n-butylcyclohexane) are
often selected as model compounds. Cyclohexane is the basis for the cycloalkane
kinetic model while methylcyclohexane and ethylcyclohexane are the model
compounds that clarify the combustion mechanism of cycloalkanes with long
side-chains. Table 1.2 presents the literature review of experimental studies of
cyclohexane and C1 to C4 alkyl-cyclohexanes.

Here, the gap between experimental and kinetic modeling studies of cyclohexane
and its alkyl-cyclohexane derivatives are discussed.

(a) Initial decomposition mechanism of cycloalkanes. Tsang and Brown et al. pro-
posed that the initial decomposition product of cyclohexane is 1-hexene [40, 123]
via ring-opening isomerization. However, 1-hexene was not detected during the
atmospheric-pressure pyrolysis of cyclohexane carried out by Aribike et al. [124].
Similarly, 1-hexene was also not detected during the JSR oxidation of cyclo-
hexane at 10 atm [125]. Due to the absence of 1-hexene from their experiment,
EI Bakali et al., Aribike et al., and Voisin et al., proposed other initial dissoci-
ation channels of cyclohexane [103, 124, 125]. Recently, Kiefer et al. studied the
pyrolysis of cyclohexane in a shock tube and calculated the reaction pathways for
cyclohexane dissociation [126]. Their theoretical calculation confirmed that the
initial decomposition of cyclohexane produces 1-hexene. A simplified model
built from the quantum chemistry calculation captured the experimental obser-
vation. However, their experiment could not detect 1-hexene.

In addition to cyclohexane, some studies were performed to investigate the
initial decomposition of methylcyclohexane. Brown and King proposed three
channels for methylcyclohexane decomposition. They stated that ring opening
isomerization via dissociation of the C–C bond adjacent to the methyl side-chain is
easy to continue. Compared to the ring-opening channel, C–C bond dissociation to
remove the methyl side-chain is difficult to continue and can be neglected [127].

Recently, Skeen et al. [116] investigated the low-pressure laminar premixed
flame of methylcyclohexane. They employed high-level quantum chemistry
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calculations to study the initial decomposition of methylcyclohexane. The
potential energy surface shows that methylcyclohexane has three ring-opening
channels forming six heptene isomers and one dissociation channel to remove
the methyl side chain. They deduced that the methyl side chain has only a
negligible effect on the ring-opening process and estimated that the three

Table 1.2 Literature review of experimental studies on cyclohexane and C1–C4
alkylcyclohexane

Fuel Experiment Data T(K) P (atm) References

Cyclohexane JSR oxidation Speciation 750–1200 1–10 [103]

RCM oxidation IDT speciation 600–900 7–14 [104]

Premixed flame Speciation a 0.04 [105]

ST oxidation IDT 1280–
1840

7.3–9.5 [106]

ST oxidation IDT 847–1379 11–61 [107]

Engine oxidation Speciation 750–860 10–25 [108]

Premixed flame Speciation a 1 [109]

Premixed flame LFS 353b 1–10 [110]

FR pyrolysis Speciation 950–1520 0.04 [69]

RCM oxidation IDT 680–910 12.5, 20, 40 [111]

Methylcyclohexane ST oxidation IDT 1250–
2100

1–4 [112]

RCM oxidation IDT 680–980 10–20 [113]

RCM oxidation IDT 680–905 15.1, 25.5 [114]

ST oxidation IDT 881–1319 10.8–69.5 [115]

Engine oxidation Speciation 750–860 10–25 [108]

Premixed flame Speciation a 0.04 [116]

Premixed flame LFS 353b 1–10 [110]

Ethylcyclohexane ST oxidation IDT 881–1319 10.8–69.5 [115]

Premixed flame LFS 353b 1–10 [110]

JSR oxidation Speciation 500–1100 1.05 [117]

n-propylcyclohexane JSR oxidation Speciation 950–1250 1 [118]

Premixed flame Speciation a 0.066 [53]

RCM oxidation IDT speciation 620–930 4.5–13.4 [119]

Premixed flame LFS 353b 1 [120]

n-butylcyclohexane FR oxidation Speciation 600–820 8 [121]

Premixed flame LFS 353b 1 [120]

ST oxidation IDT 1280–
1480

1.5–3 [122]

Note aflame temperature profile; bunburnt gas temperature; JSR jet-stirred reactor; RCM rapid
compression machine; ST shock tube; FR flow reactor; IDT ignition delay time; LFS laminar flame speed
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ring-opening pathways have a comparable rate constant. The methyl side chain
decomposition has the lowest energy barrier and is the most prevalent pathway;
however, considering the number of degenerate ring-opening pathways, they
deduced that the overall rate constants of isomerization pathways are likely to
be similar to the methyl loss channel. The conclusions from Skeen et al. [116]
differ significantly from those of Brown and King [127]. Furthermore, the
competition of ring-opening isomerization and methyl-loss channel (e.g., their
temperature- and pressure- dependent branching ratios), has a significant effect
on the formation of aromatics. For cyclohexanes with longer side-chains, the
initial decomposition pathways are even more complex, and detailed experi-
mental and theoretical study are required.

(b) Aromatic formation pathways during cycloalkane combustion. The first aro-
matic ring (e.g., benzene and benzyl radical) is regarded as the rate controlling
step to form polycyclic aromatic hydrocarbons (PAHs) and soot. Several
reaction pathways have been proposed to produce benzene, such as a combi-
nation of resonance stabilized radicals, e.g., C3 + C3, C4 + C2, and
C5H5 + CH3, the isomerization of fulvene, and stepwise dehydrogenation of
cyclohexane. Although previous studies addressed benzene formation pathways
in cycloalkane combustion [100, 104, 105, 109, 116, 125, 128–131], the
reaction mechanism was not fully clarified. Studies of cyclohexane flame have
shown that flame configuration, zone, and stoichiometry [105, 109, 130, 131]
affect benzene formation pathways. In methylcyclohexane flames, Skeen et al.
[116] suggested that benzene originates with the stepwise dehydrogenation of
the cyclohexyl radical, which is produced from the decomposition of methyl-
cyclohexane. Toluene is produced mainly from the stepwise dehydrogenation
of methylcyclohexane. These previous studies seldom addressed aromatic
formation pathways during cycloalkane pyrolysis. Furthermore, the effect of the
side chain (e.g., cyclohexane vs. alkyl-cyclohexanes) and the length of side
chain (e.g., methylcyclohexane vs. ethylcyclohexane) on aromatic formation is
unclear.

(c) Scarcity of experimental and kinetic modeling studies of cycloalkane com-
bustion. Table 1.2 shows that previous literature focused on the combustion of
cyclohexane; studies on alkyl-cyclohexanes are scant, especially for
alkyl-cyclohexanes with longer side-chains. Furthermore, previous studies have
mainly addressed the macroscopic combustion properties of cycloalkanes, e.g.,
ignition delay times and laminar flame speeds (Table 1.2). Experimental data
for detailed species speciation were seldom reported—especially in a pyrolysis
process without the participation of oxidation reactions. The pyrolysis envi-
ronment is suitable to study unimolecular decomposition pathways of the
reactant and the reaction mechanism for aromatics. Moreover, compared to
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alkanes and aromatics, the combustion kinetic models for alkyl-cyclohexanes
are not well developed, and well validated kinetic models are required to
predict the combustion properties of cycloalkanes.

1.5 Thesis Content

The importance of cycloalkanes in fossil fuels and their surrogates, and the research
gap mentioned above, are the motivation for the present study. This thesis examines
the reaction mechanism of cyclohexane, methylcyclohexane, and ethylcyclohexane
combustion from state-of-the-art experiments, high-level quantum chemistry cal-
culations and detailed kinetic modeling. (1) Synchrotron radiation photoionization
mass spectrometry was employed to examine the flow reactor pyrolysis of the three
cycloalkanes from low to atmospheric pressure; pyrolysis intermediates were
identified and quantified, including radicals and various isomers. In a pyrolysis
study of ethylcyclohexane, GC/GC-MS was employed to analyze the intermediates,
and especially to separate the isomers and detect low-concentration intermediates.
The synchrotron radiation photoionization mass spectrometry was also used to
study low-pressure laminar premixed flames of methylcyclohexane and ethylcy-
clohexane. Spatial distribution of the flame intermediates was obtained.
(2) Important reaction pathways during methylcyclohexane and ethylcyclohexane
combustion were calculated, and the corresponding rate constants were evaluated.
(3) Based on a review of the literature and calculated reaction pathways, a detailed
combustion model for cyclohexane, methylcyclohexane, and ethylcyclohexane was
developed in a hierarchical manner. The kinetic model was validated from the
pyrolysis and flame data in this work, as well as data from the literature—including
species speciation in laminar premixed flame and JSR oxidation, ignition delay
times, and laminar flame speeds.

Thesis organization:

Chapter 2: Experimental method and kinetic modeling
Chapter 3: Experimental and modeling study of cyclohexane combustion
Chapter 4: Experimental and modeling study of methylcyclohexane combustion
Chapter 5: Experimental and modeling study of ethylcyclohexane combustion
Chapter 6: Combustion kinetics of cyclohexane and C1–C2 mono-alkyl

cyclohexanes
Chapter 7: Conclusions and perspective.
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Chapter 2
Experimental Method and Kinetic
Modeling

2.1 Experimental Method

This thesis investigates flow reactor pyrolysis and laminar premixed flame of
cyclohexane, methylcyclohexane and ethylcyclohexane. The experiment was per-
formed at the National Synchrotron Radiation Laboratory (NSRL), at the University
of Science and Technology of China. The combustion diagnostic employed in this
work is the synchrotron radiation photoionization molecular beam mass spec-
trometry (SR-PI-MBMS) [1]. The properties of synchrotron radiation (e.g., con-
tinuous tunability and high resolution of photon energy), enable the separation of
isomers and mitigate the interference of fragmentations. The MBMS freezes the
reactions after sampling and detects reactive radicals and peroxides. The combi-
nation of synchrotron radiation and MBMS provides a thorough analysis of the
species pool of intermediates in pyrolysis and flames.

In some cases, the results of SR-PI-MBMS analysis are difficult to separate and to
quantify isomers, for example when the isomers have very close ionization energies
and/or when a specific mass-to-charge (m/z) has several isomers. In this work,
another flow reactor pyrolysis apparatus was developed, which utilized a probe for
sampling and GC/GC-MS for analysis. Pyrolysis of ethylcyclohexane was investi-
gated using this apparatus and the products were analyzed by the GC/GC-MS.
The synchrotron radiation beamline, flow reactor pyrolysis apparatus, and the
laminar premixed flame apparatus are briefly discussed in the following sections.

2.1.1 Synchrotron Radiation Beamline

NSRL is the first dedicated synchrotron radiation facility in China. Laboratory
construction was started in 1984 and completed in 1991. From 1999 to 2004 a
Phase II Project was performed to upgrade the machines. The storage ring is

© Springer Nature Singapore Pte Ltd. 2018
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operated with an energy of 800 MeV. The U10 and U14 beamlines were designed
to study topics related to combustion and energy.

Synchrotron radiation of a U10 beamline results from the bending magnet. The
beamline has a 1 m Seya-Namioka monochromator, equipped with two gratings
(2400 and 1200 lines/mm) and capable of energy resolution of *500. LIF and
MgF2 windows eliminate high order harmonic radiation. The photon energy range
of the U10 beamline is 6.2–11.8 eV. Synchrotron radiation of the U14C beamline
results from the undulator with a photon flux of *1 � 1013 photons/s. This
beamline is also equipped with a 1 m Seya-Namioka monochromator with energy
resolution of *1000. A gas filter was employed to eliminate high order radiation
[2]. The photon energy range for this beamline is 7.8–21.6 eV. In this work,
experiments using U10 beamline detected pyrolysis and flame intermediates while
experiments using U14 beamline detected species with high ionization energies,
such as H2, CH4, H2O, CO, CO2, and Ar.

2.1.2 Flow Reactor Pyrolysis Apparatus

Two flow reactor pyrolysis apparatus were used in this work, as shown in Figs. 2.1
and 2.2. For the two models, the configuration of the pyrolysis chamber is the same,
they include the flow reactor, heating wire, and an oven; the difference is in the
gas-sampling and analytical methods. The first flow reactor in Fig. 2.1 is combined
with SR-PI-MBMS and the second flow reactor in Fig. 2.2 is combined with
GC/GC-MS. The configuration of the flow reactor, temperature distribution along
the centerline of the reactor, injection system, sampling system, experimental mode,
and data evaluation procedure are discussed in the sections that follow.

2.1.2.1 Configuration of the Flow Reactor

The flow reactor, made of alumina, has an inner diameter of 6.8 mm and outside
diameter of 10 mm. a-alumina was used to mitigate catalytic effects on the surface
of the reactor material [5]. The alumina tube must be changed after a period of
experimentation, due to soot deposition on the surface of the reactor material. To
facilitate the change of the flow reactor and to avoid the damage to the heating
wires, another tube—made of boron nitride (BN) with inner diameter of 10.5 mm
and length of 150 mm—was inserted between the heating wire and flow reactor.
The BN material has high stability and thermal conductivity. The heating wire is
molybdenum with a diameter of 1 mm. The temperature of the heating wire was
controlled using a temperature controller. To reduce heat lose, the flow reactor, BN
tube, and heating wire were fixed inside the insulation materials. The alumina flow
reactor, BN tube, heating wire, and the insulation materials are presented in
Fig. 2.3.
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2.1.2.2 Temperature Distribution Along the Centerline of the Reactor

Temperature is an important parameter in determining chemical reactions and it is
the key to kinetic model simulation. Temperature distribution along the centerline

Fig. 2.1 Schematic of the flow reactor pyrolysis combined with SR-PI-MBMS. Reprinted with
permission from Ref. [3]. Copyright 2008 by American Chemical Society

Fig. 2.2 Schematic of flow reactor pyrolysis combined with GC/GC-MS. Reprinted from Ref. [4].
Copyright 2015, with permission from Elsevier
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of the flow reactor was measured using a type S thermocouple (platinum-10%
rhodium/platinum). This type of thermocouple can be used with a high degree of
accuracy and stability in high temperature applications under inert or oxidative
atmosphere. For example, the maximum continuous operating temperature of a
type S thermocouple is up to 1573 K, and up to 1873 K for short term use. The
type S thermocouple used in this work has a diameter of 0.2 mm and a length of
750 mm. To protect the thermocouple, and for the convenience of temperature
measurement, the thermocouple was fixed in a two-hole ceramic protection tube
with a diameter of 3 mm. The special design of the ceramic tube (Fig. 2.3e), insures
that the junction of the thermocouple is in the center of the flow reactor. In tem-
perature measurements, argon was made to flow into the reactor with the same total
flow rate as in fuel pyrolysis experiments (i.e., 1000 standard cubic centimeters per
minute (sccm)). This precaution avoided carbon deposition on the thermocouple
during fuel pyrolysis. The preliminary experiment shows that under low fuel mole
fraction conditions (e.g., 2% in this work), the endothermic effect of fuel pyrolysis
was not significant. Figure 2.4 presents the temperature distribution along the
centerline of the flow reactor under different oven temperature and argon flow rates
of 1000 sccm. 0 mm is the inlet of the reactor, while 229 mm corresponds to the
sampling position. The heating zone is from 70 to 220 mm. The maximum tem-
perature (Tmax) of each temperature profile was used as the experimental temper-
ature. The uncertainty of Tmax was estimated to be within ±30 K, while the
temperatures at other positions had lower uncertainty levels.

Fig. 2.3 Alumina flow reactor (a), BN tube (b), heating wire (c), insulation materials (d), S-type
thermocouple and ceramic protection tube (e)
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2.1.2.3 Injection System

The flow rate of cycloalkanes was controlled by a high performance liquid chro-
matography (HPLC) pump (FL2000, Fuli) with a range of 0.001–10.000 ml/min;
the flow rate of dilution gas argon was controlled using calibrated mass flow
controllers (MKS) with a range of 1000 sccm. Fuel was injected into a handcrafted
vaporizer and mixed with argon before flowing into the flow reactor. The vaporizer
was filled with a stainless steel ball with a diameter of 3 mm. The metal ball first
increased thermal conductivity and uniformity of the vaporizer; then it increased the
specific surface area for the fuel droplet vaporization. For complete vaporization of
the fuel, the temperature of the vaporizer was usually set at 30 to 50 K higher than
the boiling point of the fuel.

2.1.2.4 Sampling System

The flow reactor pyrolysis, combined with SR-PI-MBMS apparatus, includes three
parts: the pyrolysis chamber, a differentially pumped chamber with molecular beam
sampling, and a photoionization chamber with a homemade time-of-flight mass
spectrometer (Fig. 2.1). The pressure of the pyrolysis chamber was measured using
a capacitance manometer (MKS) and adjusted with a downstream butterfly valve

Fig. 2.4 Temperature profiles along reactor centerline. 0 mm is reactor inlet; 229 mm
corresponds to sampling position. Argon flow rate is 1000 sccm. Temperatures named by
maximum temperature along flow reactor. Reprinted from Ref. [6]. Copyright 2014, with
permission from Elsevier
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(MKS). The molecular beam sampling system consisted of a quartz nozzle and a
nickel skimmer. In the experiment, the pressure of the pyrolysis chamber was 30–
760 Torr, while the pressure of the differential pump chamber was on the level of
10−4 Torr. The pressure difference of 105–106 between the pyrolysis chamber and
the differential pump chamber resulted in a molecular beam after sampling. The
centerline of the molecular beam was sampled with the nickel nozzle and ionized
using the synchrotron radiation. The photon ions were then separated by the
homemade time-of-flight mass spectrometer. To achieve the vacuum environment
of photoionization mass spectrometer (*10−5 Torr or lower), a quartz nozzle with a
tip hole of a different diameter was required. In this work, the quartz nozzle
with *500, 200, and 50 lm tip hole was used for 30, 150, and 760 Torr experi-
ments, respectively [7–11].

The flow reactor combined with GC/GC-MS apparatus also consisted of three
parts: the pyrolysis chamber, the probe sampling system, and the GC-GC/MS
(Fig. 2.2). The pyrolysis chamber was the same used in the SR-PI-MBMS exper-
iment. A mechanical pump was connected to the pyrolysis chamber and operated
for the 30 and 150 Torr pyrolysis experiments. A quartz tube with an inner diameter
of 3 mm was used for gas product sampling. The products were then transferred to
the six-way valve of the GC system through a heated transfer line (a stainless steel
tube with inner diameter of 6 mm). Temperature of the transfer line was set at
473 K to avoid condensation during transfer. The products were separated by the
GC column after the injection from the six-way valve, and detected by FID, TCD,
and/or MS. The volume of the loop was 2.5 mL for the 30 and 150 Torr experi-
ments and was 100 lL during the 760 Torr experiment. High injection volume
during the 30 and 150 Torr experiments compensated for the signal reduction at
low pressure.

2.1.2.5 Experimental Mode and Data Evaluation

Two experimental modes were used in the SR-PI-MBMS experiment, the energy
and the temperature scan. The energy scan was carried out at a fixed temperature to
achieve the photoionization efficiency (PIE) spectra of the pyrolysis intermediates.
The PIE spectra helped to identify the structure of the species. The temperature scan
was performed at a fixed photon energy to find the temperature-dependent signal
profiles of the pyrolysis intermediates. The signal profile was then converted into a
mole fraction profile using the data evaluation procedure. In the pyrolysis experi-
ment, several photon energies were usually selected in order to avoid fragmentation
and find the near-threshold ionization of the intermediates.

In a species i, its signal Si(T, E) is proportional to its mole fraction Xi, the
photoionization cross section ri(E) at the specific photon energy E, mass dis-
crimination factor Di, photon flux Up(E) at the specific photon energy E, and
expansion factor k(T), as shown in E1.
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Si T ;Eð Þ / Xi Tð Þ � ri Eð Þ � Di � Up Eð Þ � k Tð Þ ðE1Þ

The mole fraction of species i can be obtained from the standard species s with
known mole fraction through E2.

Xi Tð Þ ¼ Si T ;Eð Þ
Ss T0;Eð Þ

rs Eð ÞDs

ri Eð ÞDi

k T0ð Þ
k Tð Þ Xs T0ð Þ ðE2Þ

In the experiment, the mole fractions of H2 and CH4 were calculated from argon
at 16.65 eV. The relative ratio of ri(E)Di/rAr(E)DAr between H2(/CH4) and argon
was obtained from the cold gas experiment at 16.65 eV. The mole fraction of fuel
was calculated using its signals at the temperature where no reaction occurred
(Sfuel(T0)); the Sfuel(T0) corresponded to its initial mole fraction. The mole fraction
of pyrolysis intermediate can be obtained using fuel as the standard, or other
intermediates such as 1,3-butadiene and 1,3-pentadiene, when a fuel signal is not
available. The expansion factor k(T) represents thermal expansion due to temper-
ature increase, and mole number expansion from fuel decomposition. During
pyrolysis, the mole fractions of all the species are calculated after correction for the
expansion effect. Errors of quantification result mainly from the uncertainty of the
photoionization cross sections. The mole fraction uncertainty of species from direct
calibration, such as H2 and CH4, is estimated to be ±10%; the uncertainty for
species with known photoionization cross sections was estimated to be ±25%; and
the uncertainty for species with unknown photoionization cross sections was esti-
mated to be a factor of two.

In flow reactor pyrolysis with GC-GC/MS analysis, identification of the inter-
mediate was carried out by comparing retention time with the standard compound,
or by comparing its fragments in the GC-MS analysis with the NIST mass spectral
library [12]. Quantification of pyrolysis intermediates was performed using the
flame ionization detector (FID). In these experiments, the Plot-Q and HP-1 columns
were selected to separate C1–C5 intermediates and intermediates with more than
five carbon numbers, respectively. The Plot-Q column (i.e., HP Plot-Q) was pur-
chased from Agilent technologies, with an inner diameter of 320 lm and a length of
30 m. The GS-Tek HP-1 column (i.e., GsBP-1 ms), had an inner diameter of
250 lm and a length of 30 m. The mole fraction of the intermediate was calculated
from the corresponding response factor, obtained directly for species with available
standard samples, such as CH4, C2H2, C2H4, C2H6, and C3H8; the response factor
for other intermediate was obtained indirectly from the estimation of effective
carbon number. The mole fraction uncertainty of species from direct calibration
was ±10% while that from indirect calibration was ±20%.

2.1 Experimental Method 29



2.1.3 Low-Pressure Laminar Premixed Flame

2.1.3.1 Experimental Setup

The low-pressure laminar premixed flame instrument in Fig. 2.5 consists of a
low-pressure flame chamber, a differential pump flame-sampling chamber, and the
ionization chamber with a handmade reflectron time-of-flight mass spectrometer.
The flame was stabilized on a McKenna burner with a 60 mm diameter and sam-
pled using a quartz cone with *500 lm orifice. The MBMS system and the
reflectron time-of-flight mass spectrometer are similar to those in the flow reactor
pyrolysis experiment. The pressure of the flame chamber was regulated at 30 Torr.
The flame species at a different flame zone was sampled by moving the McKenna
burner with a step-motor. The flow rate of fuel in liquid phase was controlled by a
syringe pump (ISCO, 1000D, USA, 0.001–408 mL/min) and vaporized in a
handmade vaporizer. The flow rate of O2 and argon was regulated using a calibrated
mass flow controller (MKS) [7, 10, 11, 13, 14].

Flame temperature is important information for combustion kinetic simulation,
which is often measured by optical spectroscopy or thermocouple. In this work, the
flame temperature was measured with a type B thermocouple (Pt-6%Rh/Pt-30%Rh)
with a diameter of 0.10 mm. To inhibit the catalytic effect, the thermocouple was
coated with Y2O3–BeO anti-catalytic ceramic [15, 16]. Preparation of the ther-
mocouple and the anti-catalytic ceramic can be found in Ref. [17]. Radiation heat
loss during the thermocouple temperature measurement was corrected by E3:

Fig. 2.5 Low-pressure
laminar premixed flame
instrument with
SR-PI-MBMS. Reprinted
from Ref. [1]. Copyright
2013, with permission from
Elsevier
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Tg � Tc ¼
erd T4

c � T4
w

� �

2k
ðE3Þ

Tg is the temperature of the flame; Tc is the temperature measured by thermocouple,
Tw is wall temperature of the combustion chamber, d is diameter of the thermo-
couple, e is emissivity of the thermocouple, r is the Boltzmann constant, k is
thermal conductivity of the flame. The e/k value was obtained by measuring the
flame temperature of standard flames in the literature [18]. In addition to the
radiation heat loss correction, the cooling effect of the sampling nozzle was also
corrected [18]. The uncertainty of thermocouple temperature measurement
was ±100 K [13].

2.1.3.2 Experimental Mode and Data Evaluation

Like the pyrolysis experiment, the flame intermediates were identified first, from the
photoionization efficiency spectra, by scanning the photon energy at a fixed flame
position. Normally, the flame position corresponding to the maximum signal
intensity of the intermediates is selected. The signal intensity of the flame inter-
mediates along the axial position of the burner were measured next. Several photon
energies were chosen to achieve near-threshold ionization. The signal intensity was
then evaluated to obtain species speciation along the flame. A brief description of
the data evaluation procedure follows. Details can be found in the work of Li et al.
and Cai et al. [11, 13]

In laminar premixedflame, the relationship between the signal of species i, Si(T, E),
and its mole fraction Xi is shown in E4. ri(E) is the photoionization cross section
of species i at the specific photon energy E. Di is the mass discrimination factor of
species i; Up(E) is the photon flux at the specific photon energy E, and F(T, T0) is the
instrumental factor—the function of sampling—which is the same for all the flame
species.

Si T ;Eð Þ / Xi Tð Þ � ri Eð Þ � Di � Up Eð Þ � F T; T0ð Þ ðE4Þ

The first step in the data evaluation is to obtain the instrumental factor F(T, T0).
According to Cool et al. [19], the argon mole fraction at the initial (e.g., 0.7 mm in
this work) and final positions (e.g., 30.7 mm in this work) of the flame is required.
At the initial and final position, the major species are fuel, O2, H2, H2O, CO, CO2,
and Ar. The mole fraction summation of these species is equal to one at the final
position and is close to one at the initial position. The mole fraction ratio of the
aforementioned six major species with argon at 16.65 eV is shown in E5, which can
be applied to the initial and final position.
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Xi Tð Þ ¼ XAr Tð Þ Si T;Eð Þ
SAr T;Eð Þ

rAr Eð ÞDAr

ri Eð ÞDi
ðE5Þ

The mole fraction of the seven species can then be obtained at the initial and
final position after normalization. Once the mole fraction of argon at the initial and
final position is obtained, the F(T, T0) can be calculated accordingly. To reduce the
uncertainty in E5, the relative ratio of ri(E)Di/rAr(E)DAr among the six major
species and argon is obtained from the cold gas experiment. The mole fraction of
the seven species at different flame positions can be calculated from E6, in which
Xi(T0, E) and Si(T0, E) are the mole fraction and signal intensity of these species at
the initial position.

Xi Tð Þ ¼ Xi T0ð Þ Si T ;Eð Þ
Si T0;Eð ÞF T ; T0ð Þ ðE6Þ

The mole fraction of the flame intermediates can be obtained from fuel or other
intermediates with known mole fraction. The uncertainty of mole fraction is esti-
mated to be ±10% for major flame species, ±25% for species with known pho-
toionization cross sections, and a factor of two for those with unknown
photoionization cross sections.

2.2 Kinetic Modeling

The object-oriented software tool, CHEMKIN, was developed to solve complex
problems involving chemical kinetics, thermodynamics, and/or transport processes.
CHEMKIN was originally developed at the Sandia National Laboratories and
has been used worldwide in combustion and chemical processing, etc. In the
past thirty years, the software had been updated with several versions: CHEMKIN 1
(1980), CHEMKIN 2 (1989), CHEMKIN 3 (1996), CHEMKIN 4 (2004), and
CHEMKIN-PRO (2009). The simulation in this work was performed by
CHEMKIN-PRO software [20], which includes a large number of application
programs, a set of core utilities (e.g., gas-phase kinetics, surface kinetics, and
transport), an application user interface to establish and solve problems and a
graphical post-processor to quickly visualize results.

The combustion kinetic simulation in this work involves mainly gas-phase
kinetics and transport (e.g., thermodynamic data, kinetic mechanism, and transport
data), which are the three components of a combustion kinetic model. The fol-
lowing sections briefly introduce these three components.
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2.2.1 Thermodynamic Data

The thermodynamic database includes the species name, its elemental composition,
phase, temperature range, and 14 polynomial coefficients. The first seven coeffi-
cients are used to calculate the thermodynamic properties at high temperature
(normally higher than 1000 K), such as specific heat capacity Cp/R, enthalpyH

0/RT,
and entropy S0/R, as shown in E7–E9. The last seven parameters are used to cal-
culate thermodynamic properties at low temperature (normally lower than 1000 K).
Other thermodynamic data, such as Gibbs free energy and internal energy, can be
derived from Cp, H

0, and S0.

Cp

R
¼ a1 þ a2T þ a3T

2 þ a4T
3 þ a5T

4 ðE7Þ

H0

RT
¼ a1 þ a2

2
T þ a3

3
T2 þ a4

4
T3 þ a5

5
T4 þ a6

T
ðE8Þ

S0

R
¼ a1 ln T þ a2T þ a3

2
T2 þ a4

2
T2 þ a5

2
T2 þ a7 ðE9Þ

To obtain the thermodynamic properties of a species, the additivity method of
Benson’s group was frequently employed [21–23] to estimate the thermodynamic
data (i.e., DfH

0(298 K), S0(298 K), and Cp). The FITDAT program in
CHEMKIN-PRO software can also be used to gather thermodynamic data. The
inputs are molecular vibrational frequencies, standard enthalpy of formation
DfH

0(298 K), and standard molar entropy S0(298 K). The molecular vibrational
frequencies and standard molar entropy can be calculated from the quantum
chemistry calculation. Methods used to estimate the standard enthalpy of formation
of a species are discussed briefly here.

The standard enthalpy of formation DfH
0(298 K) of a species can be calculated

from quantum chemistry calculations with a variety of schemes, such as the
atomization energy method and the isodesmic reaction method. In the atomization
energy method, the enthalpy of atomization of a compound is calculated; this is the
amount of enthalpy change when the compound bonds are broken and individual
atoms are produced [24]. For example, atomization of one mol CmHn forms m mole
of carbon atoms and n mole of hydrogen atoms. The total energy of CmHn, carbon
atom, and H atom (e.g., Hcalcd) in R1 can be calculated using quantum chemistry
calculations, e.g. Gaussian 09 program [25].

CmHn ¼ mCþ nH ðR1Þ

The DfH0
exp 298 Kð Þ of carbon atom and H atom can be found in the NIST

database [26]. Thus the DfH
0(298 K) of CmHn can be calculated from E10.

2.2 Kinetic Modeling 33



Df H CmHn; 298 Kð Þ ¼ mDfHexp C; 298 Kð Þþ nDfHexp H; 298 Kð Þ�
mHcalcd C; 298 Kð Þþ nHcalcd H; 298 Kð Þ � Hcalcd CmHn; 298 Kð Þ½ � ðE10Þ

In the isodesmic reaction method, an isodesmic reaction (i.e., type of chemical
bonds broken in the reactant are the same as the type of bonds formed in the
reaction product) is created [24, 27]. Compared to the atomization method, iso-
desmic reactions result in maximum cancelation of errors [24].

One isodesmic reaction to calculate the DfH
0(298 K) of propane is shown in R2

and E11.

C3H8 þCH4 ¼ 2C2H6 ðR2Þ

Df H C3H8; 298 Kð Þ ¼ 2DfHexp C2H6; 298 Kð Þ � DfHexp CH4; 298 Kð Þ�
2Hcalcd C2H6; 298 Kð Þ � Hcalcd CH4; 298 Kð Þ � Hcalcd C3H8; 298 Kð Þ½ � ðE11Þ

The total energy of C3H8, CH4, and C2H6 (e.g., Hcalcd) in R2 can be calculated
from quantum chemistry calculation. The DfH0

exp 298 Kð Þ of CH4 and C2H6 can be
found in the NIST database [26].

2.2.2 Chemical Kinetic Data

The reaction mechanism in the CHEMKIN format consists of element, species
name, chemical reaction, and its rate constant. For reaction R3, the reaction rate is
expressed in E12.

aAþ bB ¼ cCþ dD ðR3Þ

q ¼ kf A½ �a B½ �b ðE12Þ

kf is the forward rate constant. The modified Arrhenius equation of Kf is shown in
E13:

kf ¼ ATnexp �E=RTð Þ ðE13Þ

The three parameters A, n, E must be given in the reaction mechanism file. The
rate constant of some reactions, e.g., unimolecular/recombination reactions, is also
influenced by pressure. Troe parameters, Chebyshev expansions, and Plog format
were frequently adopted to describe the fall-off rate constant of the reactions. The
rate constant of a reaction could be estimated by analogy to similar reactions,
measured from experiments, and computed from quantum chemistry. Analogy is a
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simple way to obtain the rate constant of unknown reactions, but this estimation
often has a high degree of uncertainty. The rate constant measured from
well-defined experimentation has greater accuracy and is widely used in combus-
tion and atmospheric chemistry. However, data are often obtained within a narrow
range of temperature and pressure. The overall rate constant is often measured,
while the branching ratio is not clarified. The cost to develop new diagnostics and
instruments is high, and some reactions cannot be studied experimentally. Instead,
quantum chemistry calculation has been used to obtain the rate constant under a
wide range of experimental conditions. The calculation with high-level theory
effectively reduces errors in activation energy and rate constant. Another routine
method for reducing uncertainty is to compare the calculation with experimental
measurements, which helps refine key parameters in rate constant calculations, such
as thermodynamic data and collisional energy transfer parameter <DE>down. The
prevalence of rate constant calculations is accompanied by the development of
several computer codes, e.g., Chemrate [28], Mesmer [29], and Variflex [30].

2.2.3 Transport Data

In a multicomponent gaseous mixture, the evaluation of diffusion coefficients,
viscosities, thermal conductivities, and thermal diffusion coefficients is needed to
characterize the molecular transport of species, momentum and energy. The
transport data in the database consists of seven components: species name,
geometry of the molecule (0 for a single atom, 1 for linear molecule, and 2 for
nonlinear molecule), Lennard-Jones potential well depth e/kB in Kelvins, the
Lennard-Jones collision diameter d in angstroms, the dipole moment l in Debye,
the polarizability a in cubic angstroms, and the rotational relaxation collision
number Zrot at 298 K [31].

The three core utilities in CHEMKIN are gas-phase kinetics, surface kinetics,
and transport. Gas-phase kinetics subroutine libraries calculate gas phase properties
and reaction rates; surface kinetics determine the chemical reactions occurring at a
gas-surface interface, and the transport subroutine libraries determine the multi-
component transport properties of gas phase mixtures. These subroutines are the
basis of the application program. Once the problem is solved, the results can be
visualized using the graphical post-processor. Rate of production (ROP) and sen-
sitivity analyses can also aid in understanding the combustion process and
improving kinetic models.
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Chapter 3
Experimental and Modeling Study
of Cyclohexane Combustion

3.1 Background

Cyclohexane (C6H12) has the following properties: molar mass 84.160 g/mol,
boiling point 354 K, freezing point 280 K, density 0.799 g/mL, standard enthalpy
of formation 123.1 ± 0.79 kJ/mol [1], standard molar entropy 298.19 J/mol/K [2],
and ionization potential 9.88 ± 0.03 eV. Cyclohexane has several conformers:
chair, half-chair, twist-boat, and boat; its most stable conformation is the chair
conformer. The chair and twist-boat conformers are separated from the entire
conformation. The half-boat conformation is the transition state (TS) between chair
and twist-boat, while the boat conformation is the TS between the two twist-boats.
The standard enthalpy of twist-boat, boat, and half-boat conformers is 22.4, 27.0,
and 44.0 kJ/mol [3], relative to the chair conformer. Thus, the chair conformer is
the most abundant conformation. However, the distribution of the conformation
changes with temperature, for example, a tiny amount of cyclohexane is in
twist-boat (<0.1%) at room temperature, while the contribution of the twist boat
increases to 30% when the temperature is 1073 K.

The combustion of cyclohexane has been studied extensively because it is an
important surrogate component and its reaction mechanism is the basis for under-
standing the combustion properties of alkyl-cyclohexanes. The literature of
cyclohexane combustion covers experimental study of its pyrolysis, oxidation, and
flame, reaction pathway and rate constant calculation and kinetic modeling.

Wing Tsang studied the pyrolysis of cyclohexane from single-pulse shock tube
experiments in 1978; the pressure was 2–7 atm and the temperature range
1073–1123 K. Reaction products were analyzed by GC-FID and reaction temper-
ature was calibrated by the dissociation of cyclohexene [4]. The results showed that
the only decomposition channel of cyclohexane forms 1-hexene. Two probable
reaction pathways were proposed: The first reaction channel proceeds via a one-step
reaction, which directly produces 1-hexene. The second channel proceeds via a

© Springer Nature Singapore Pte Ltd. 2018
Z. Wang, Experimental and Kinetic Modeling Study of Cyclohexane
and Its Mono-alkylated Derivatives Combustion, Springer Theses,
https://doi.org/10.1007/978-981-10-5693-2_3
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two-step reaction, i.e., ring-opening of cyclohexane forms a diradical intermediates,
which then undergoes an intramolecular 1,5-H shift to form 1-hexene.

Later, Aribike et al. [5] investigated the decomposition of cyclohexane in an
annular reactor at atmospheric pressure, and a temperature range of 1000–1300 K,
with N2 as the dilution gas. Their experiment did not detect 1-hexene and they
proposed another dissociation channel for cyclohexane. In 1986, Brown et al. [6]
studied the pyrolysis of cyclohexane in 900–1200 K using a very low pressure
pyrolysis (VLPP) technique. Their results supported the two-step reaction pathways
of cyclohexane to 1-hexene by Tsang [4]. Recently, Kiefer et al. investigated
cyclohexane decomposition in a shock tube using the laser Schlieren technique. The
experiment was carried out in a temperature range of 1300–2000 K, pressure of
25–200 Torr, and 2, 4, 10, and 20% cyclohexane in Kr [7]. They also calculated the
dissociation channels of cyclohexane, which confirmed that 1-hexene is the initial
decomposition product of cyclohexane, via a two-step reaction with a diradical as
an intermediate.

Several studies have investigated the oxidation of cyclohexane in ideal reactors
and engines. Viosin et al. [8], EI-Bakali et al. [9], and Serinyel et al. [10] measured
the low and intermediate temperature (500–1100 K) oxidation intermediates of
cyclohexane oxidation in jet-stirred reactors (JSR) under 1, 2, and 10 atm and
equivalence ratios from 0.5 to 2.0. Sirjean et al. [11], Daley et al. [12], and Hong
et al. [13] investigated the ignition delay times of cyclohexane in shock tubes
(ST) in the temperature range of 850–1500 K, under pressure of 1.5–50 atm, and
various equivalence ratios from fuel-lean to fuel-rich conditions. Lemaire et al. [14],
and Vranckx et al. [15] measured the ignition delay times of cyclohexane in a rapid
compression machine (RCM) from 7 to 40 bar. The intermediates from cyclo-
hexane RCM oxidation were measured by Lemaire et al. using GC and mass
spectrometer [14]. In addition, Yang and Boehman [16] studied the low and
intermediate temperature oxidation of cyclohexane in a motor engine and observed
the negative temperature coefficient zone.

The flame study of cyclohexane investigated benzene formation pathways. Apart
from the combination of resonance stabilized radicals, the stepwise dehydrogena-
tion of cyclohexane is a novel route to forming benzene [8, 14, 17–19]. Ciajolo
et al. [20] studied sooting cyclohexane premixed flame. Their results showed that in
the preheated and reaction zone, benzene is produced from the rapid dehydro-
genation of cyclohexane; in the post flame zone, the recombination/addition of
smaller radicals, especially the self-combination of propargyl radicals contribute to
benzene production.

Law et al. [21] and Li et al. [22] investigated the low pressure laminar premixed
flame of cyclohexane and found that benzene derives mainly from the step-wise
dehydrogenation of cyclohexane in the stoichiometric flame. In the fuel rich flame,
both the step-wise dehydrogenation of cyclohexane and the combination of smaller
radicals contribute to benzene formation. In a non-premixed flame of cyclohexane,
McEnally and Pfefferle [23] showed that the combination of smaller radicals is the
dominant route for benzene, while the contribution from dehydrogenation of
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cyclohexane is insignificant. These studies proved that the benzene formation
mechanism is affected by flame configuration, C/O ratios, and the flame zone. In
addition to these studies, laminar flame speed of cyclohexane was measured by
Davis et al. [24], Ji et al. [25], Wu et al. [26], and Serinyel et al. [10] in the pressure
range of 1–20 atm.

Based on experimental and theoretical studies, the kinetic models of cyclohexane
combustion were developed by Dagaut et al. [8, 9], Ranzi et al. [27], Westbrook et al.
[17], Wang et al. [28], and Battin-Leclerc et al. [10, 11, 29, 30]. Dagaut et al.
developed the high temperature oxidation model of cyclohexane which was vali-
dated by the species speciation measured from JSR oxidation of cyclohexane at 1, 2,
and 10 atm [8, 9] and the laminar flame speed of cyclohexane by Davis et al. [24]. In
addition to the JSR species speciation [8, 9] and the laminar flame speed [24], the
kinetic model developed by Ranzi et al. was also validated by the ignition delay time
and species speciation from cyclohexane RCM oxidation [14]. Westbrook et al.
proposed the rate rule for the low temperature oxidation reactions of cyclohexane;
the kinetic model was validated from the ignition delay time and species speciation
from cyclohexane RCM oxidation [14], in addition to the species speciation mea-
sured from JSR oxidation [8, 9]. Wang et al. developed the JetSurF model, which
includes the sub-mechanism of cyclohexane and the C1–C4 alkyl-cyclohexanes.
Sirjean et al. [11], Daley et al. [12], and Hong et al. [13] examined this model using
the shock tube ignition delay times of cyclohexane. The laminar flame speed by
Davis et al. [23], Ji et al. [25] and Wu et al. [26], and the JSR species speciation by
EI-Bakali et al. [9] were also used to validate the model. Battin-Leclerc et al.
developed a low and high temperature oxidation model of cyclohexane using the
automatic reaction mechanism generator, EXGAS. The model was validated by the
species speciation from JSR oxidation and ignition delay time in shock tube and
RCM [11, 29]; it was recently improved by the new JSR oxidation data of cyclo-
hexane from 500 to 1100 K, measured by the same group [10].

Studies in the literature focus on the oxidation of cyclohexane; there is a scarcity
of data reporting detailed species speciation—especially under pyrolysis conditions.
The pyrolysis process is suitable for investigating initial decomposition of fuel
molecules and the aromatics formation mechanism. Moreover, fuel pyrolysis
reactions are an important component of combustion models. In this chapter, the
pyrolysis of cyclohexane at 30 and 760 Torr is investigated by the synchrotron
radiation photoionization molecular beam mass spectrometry (SR-PI-MBMS).
Temperature-dependent mole fraction profiles of more than 30 species were
obtained. The pyrolysis mechanism of cyclohexane was developed and examined
by the data reported in this work. Since the goal of this thesis is to develop the
combustion model of cyclohexane and its alkyl-cyclohexanes, the high-temperature
oxidation mechanism of cyclohexane is included, as well as the validation of the
model by the data in the literature. The following section is organized as follows:
kinetic model, flow reactor pyrolysis, JSR oxidation, laminar premixed flame,
ignition delay time, laminar flame speed and conclusions.
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3.2 Kinetic Model

In the kinetic model of cyclohexane, the following reaction classes are considered.
The detailed sub-mechanism of high temperature pyrolysis and oxidation of
cyclohexane is presented in Table 3.1.

(a) Unimolecular decomposition and isomerization of cyclohexane
(b) Dissociation of 1-hexene
(c) H-atom abstraction of cyclohexane
(d) Decomposition and isomerization of cyclohexyl radical
(e) Decomposition and isomerization of 5-hexen-1-yl radical
(f) Decomposition and dehydrogenation of cyclohexene

3.2.1 Unimolecular Decomposition and Isomerization
of Cyclohexane

Kiefer et al. [7] calculated the dissociation channels of cyclohexane and 1-hexene,
as shown in Fig. 3.1. The lowest energy barrier of cyclohexane is isomerization to
1-hexene; this pathway proceeds via a two-step reaction. The value of 88.7 kcal/
mol in Fig. 3.1 corresponds to the highest energy barrier of the two-step reaction.
Compared to this channel, the energy barrier of the H-elimination channel is around
nine kcal/mol higher; the energy barriers of other three channels (e.g., to loss H2, to
form two cyclopropane, and to form three ethylene molecules) are very high.
Therefore, only the isomerization of cyclohexane to 1-hexene and the direct
H-elimination of cyclohexane are considered in the model. The rate constant of
direct H-elimination of cyclohexane is estimated from the H-elimination of propane
[31], as R9 in Table 3.1.

As mentioned above, two possible isomerization channels exist for cyclohexane:
a one-step channel with one transition state (TS2 in Fig. 3.2), and a two-step
channel with two transition states (TS1 and TS3 in Fig. 3.2). Although the energy
barrier of the one-step reaction is lower than that of the two-step reaction, the
entropy change of the two-step reaction is greater, leading to much higher rate
constants in the two-step reaction than in the one-step reaction. Kiefer et al. esti-
mated that the rate constant of the one-step reaction contributes less than 10% of the
total rate constant of cyclohexane isomerization. This observation is in accordance
with the findings of Tsang and Brown et al. [4, 6].

Kiefer et al. [7] calculated the high pressure limit rate constant of cyclohexane to
1-hexene. Rate constants at 25, 50, and 200 Torr were obtained from simplified
RRKM calculations and experimental results. The high pressure limit rate constants
by Kiefer et al. were close to those of Sirjean et al. [32] and Brown et al. [6], but
they were three to four times higher than those of Tsang [4], as shown in Fig. 3.3.
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In this work, the high pressure limit and pressure dependent rate constants at 25, 50,
and 200 Torr for cyclohexane to 1-hexene are adopted from Kiefer et al. [7], as R10
in Table 3.1.

Fig. 3.1 Energy diagram of possible dissociation channels of cyclohexane and 1-hexene.
Energies of the transition state and products are relative to cyclohexane [7]. Reprinted with the
permission from Ref. [7]. Copyright 2009 American Chemical Society

Fig. 3.2 Potential energy
surface of cyclohexane
isomerization/dissociation.
TS1 is the transition state
from cyclohexane
ring-opening isomerization to
a diradical; TS2 is the
transition state from
cyclohexane to 1-hexene
through one-step
isomerization; TS3 is the
transition state from the
diradical to 1-hexene via
1,5-H shift [7]. Reprinted with
permission from Ref. [7].
Copyright 2009 American
Chemical Society
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3.2.2 Dissociation of 1-Hexene

1-hexene is the dominant product resulting from the initial decomposition of
cyclohexane. Kiefer et al. also calculated the probable reaction pathways of
1-hexene [7], as shown in Fig. 3.1. Of the C–C scission channels, the break of the
allylic C–C bond (R20 in Table 3.1) has the lowest energy barrier. In addition to the
dissociation channels, the 1,5-H shift of 1-hexene forms two propenes (R22 in
Table 3.1). Although the energy barrier of R22 is the lowest, Tsang’s investigation
[4] showed that the rate constant of R20 is 3–70 times higher than R22 in 1000–
2000 K. This occurred because the 1,5-H shift via a six-membered ring transition
state (TS) has a lower entropy change between TS and the reactant. Kiefer et al.
calculated the rate constants of R20 at the high-pressure-limit, 25, 50, 100, 150, and
200 Torr [7]. The pressure dependent rate constants at 50 and 200 Torr agree with
the experimental measurement, as shown in Fig. 3.4. Like the isomerization rate

Fig. 3.3 Comparison of high
pressure limit rate constants
of cyclohexane to 1-hexene in
Kiefer et al. [7], Tsang et al.
[4], Brown et al. [6], and
Sirjean et al. [32]. Reprinted
with permission from Ref. [7].
Copyright 2009 by American
Chemical Society

Fig. 3.4 Rate constant of
1-hexene dissociation via the
break of allylic C–C bond at
50, 200 Torr, and
high-pressure-limit [7].
Reprinted with permission
from Ref. [7]. Copyright 2009
by American Chemical
Society
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constant of cyclohexane to 1-hexene, the calculated high pressure limit rate constant
of R20 is three times higher than those of Tsang [4].

C6H12�1 ¼ aC3H5 þ nC3H7 ðR20Þ

C6H12�1 ¼ C3H6 þC3H6 ðR22Þ

Both R20 and R22 are included in the kinetic model. The rate constant of R20
was adopted from the calculation of Kiefer et al. [7] at 25, 50, 100, 150, 200 Torr,
and the high pressure limit. The high pressure limit rate constant of R22 was taken
from Tsang [4], and the pressure dependent rate constant at 30 Torr was estimated
from this work.

3.2.3 H-atom Abstraction of Cyclohexane

H-atom abstraction reactions by H, O, OH, HO2, and CH3 are important pathways
for the consumption of cyclohexane. The rate constant of H-atom abstraction of
cyclohexane by the H atom was adopted from the calculation of Kiefer et al. [7]. In
their work, B3LYP/6-311++G** level of theory was used to calculate the
geometries, vibration frequencies, and rotation constants. The energy of the tran-
sition state was calculated using G2-like method RQCISD(T)/6-311+
+G** + RMP2(full)/6-311++G(3df,2pd) − RMP2/6-311++G**. The rate con-
stants for both boat and chair conformers were calculated by the transition state
theory, with Eckart tunneling correction. An average rate constant was then
obtained by considering the composition of the chair and boat conformers. Rate
constants of H-atom abstraction by OH radical were from experimental measure-
ment and quantum chemistry calculation of Sivaramakrishnan and Michael [33].
The rate constants of H-atom abstraction by O radical were taken from the quantum
chemistry calculation of Cohen and Westberg [34]; and the rate constants of
H-atom abstraction by HO2 radical were from experimental measurement of
Handford-Styring and Walker [35]. The rate constants of H-atom abstraction by
CH3 radical were estimated from that of propane, and were increased by six times,
considering the different degeneracy of the secondary C–Hs between cyclohexane
and propane [31].

3.2.4 Decomposition and Isomerization of Cyclohexyl
Radical

The H-atom abstraction of cyclohexane forms a cyclohexyl radical, which under-
goes ring-opening isomerization to form 5-hexen-1-yl radical and b–C–H scission
to form cyclohexene. Knepp et al. [36] and Sirjean et al. [37] calculated these two
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pathways, Fig. 3.5 from calculations of Knepp et al. Compared to the b–C–H
scission (35 kcal/mol) of cyclohexyl radical, the energy barrier of its ring-opening
isomerization (31 kcal/mol) is *4 kcal/mol lower. Thus, the ring-opening iso-
merization pathway happens much more easily. Based on the potential energy
surface, Knepp et al. calculated the high pressure limit rate constants of these two
channels. Iwan et al. [38] also investigated the decomposition mechanism of
cyclohexyl radical and 5-hexen-1-yl radical from single-pulse shock tube experi-
ments; the rate constants at high pressure limit were also obtained.

The rate constants and branching ratios of these two channels are not only
affected by temperature, but also by pressure. To simulate the 30, 150, and 760 Torr
experiments in this work, their pressure dependent rate constants are needed. Here,
pressure-dependent rate constants of 4-methyl-cyclohexyl radical dissociation and
isomerization at 30, 150, 760, 7600, and 76,000 Torr [39] were used to estimate the
rate constants of cyclohexyl radical. Figure 3.6 shows the calculated unimolecular
decomposition pathways of 4-methyl-cyclohexyl radical at CBS-QB3 level of
theory by Wang et al. [39]. The methyl group in 4-methyl-cyclohexyl radical is para
to the radical site and has little effect on it. Thus, the decomposition and isomer-
ization of 4-methyl-cyclohexyl radical is similar to those of the cyclohexyl radical;

Fig. 3.5 Potential energy surface of cyclohexyl radical decomposition and isomerization from
Knepp et al. [36]. Reproduced from Ref. [36] with permission from the PCCP Owner Societies
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the rate constants from 4-methyl-cyclohexyl radical decomposition and isomer-
ization could be used to estimate those of the cyclohexyl radical. The calculated
energy barriers for the b–C–H scission and ring-opening isomerization of
4-methyl-cyclohexyl radical are 33.6 and 30.2 kcal/mol, respectively. Considering
the uncertainty of the calculation method from Wang et al. [39] and Knepp et al.
[36], the energy barriers for 4-methyl-cyclohexyl radical decomposition and iso-
merization are close to those of cyclohexyl radical. Here, we also compared the
high pressure limit branching ratios of b–C–H scission and ring-opening isomer-
ization of cyclohexyl radical by Knepp et al. [36], Sirjean et al. [37], and Iwan et al.
[38], and a 4-methyl-cyclohexyl radical by Wang et al. [39], as shown in Fig. 3.7.
The calculation by Sirjean et al. and Wang et al. is the upper and lower limit in the
four dataset. However, the branching ratio calculated by Wang et al. is close to the
experimental measurement by Iwan et al.

3.2.5 Decomposition and Isomerization of 5-Hexen-1-yl
Radical

The ring-opening isomerization of cyclohexyl radical forms a 5-hexen-1-yl radical,
whose decomposition then forms smaller intermediates. Compared to the large
number of experimental and theoretical studies of alkyl radicals [40–43], reaction
pathways of alkenyl radical and their rate constants have not been fully investigated.
For alkenyl radicals, two types of reactions are commonly considered, intramolec-
ular H-shift and b-scission. Gong et al. [44] calculated the reaction pathways of a
5-hexen-1-yl radical at CCSD(T)/cc-pVDZ level of theory. An important
intramolecular H-shift pathway is a 1,4-H shift to abstract the allylic C–H. Another

Fig. 3.6 Potential energy surface of 4-methyl-cyclohexyl radical decomposition and isomeriza-
tion from Wang et al. [39] (Unit: kcal/mol). Reprinted from Ref. [39], Copyright 2014, with
permission from Elsevier
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pathway with a low energy barrier is the radical addition to the double bond leading
to the cyclopentylmethyl radical.

In the shock tube pyrolysis experiment, Iwan et al. [38] studied the mechanism
and rate constant for the decomposition of a 5-hexen-1-yl radical, which was
produced from the decomposition of 1,8-nonadiene. The major products were
ethylene and 1,3-butadiene; minor products were cyclohexene, propene,
1,3-pentadiene, and methylenecyclopentane. In their work, the pressure dependent
rate constants for intramolecular H-shift and b-scission of 5-hexen-1-yl radical were
estimated from rate rules in the literature and adjusted from the experimental
branching ratios of the pyrolysis products. The reaction pathways for the
5-hexen-1-yl radical are presented in Fig. 3.8 and adopted in the kinetic model of
this work. The rate constants for these pathways were adopted from Iwan et al. [38],
with pressure dependence in Troe parameters.

Fig. 3.7 Branching ratios of
cylohexyl radical
decomposition and
isomerization [36–38] at
high pressure limit and those
of 4-methyl-cylohexyl radical
at high pressure limit [39].
Reprinted from Ref. [39],
Copyright 2014, with
permission from Elsevier

Fig. 3.8 Reaction mechanism for 5-hexen-1-yl radical decomposition and isomerization
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3.2.6 Decomposition and Dehydrogenation of Cyclohexene

According to shock tube studies on decomposition of cyclohexene [45], the dis-
sociation of cyclohexene leads to ethylene and 1,3-butadiene, i.e., retro-Diels-Alder
reaction. The high pressure limit rate constant for this reaction was taken from the
JetSurF 2.0 [28] model, while the pressure dependent rate constant at 30, 150, and
760 Torr were estimated in this work. The H-atom abstraction of the allylic C–H of
cyclohexene by H atom, O atom, CH3 radical, and OH radical forms
2-cyclohexen-1-yl radical; the rate constants for these reactions were estimated
from the rate rules of H-atom abstraction reactions by Pitz et al. [46, 47]. On one
hand, the ring-opening of 2-cyclohexen-1-yl radical by b–C–C scission leads to
3,5-hexadien-1-yl radical; its rate constants at 30 Torr were adopted from the
quantum chemistry calculation using QRRK theory by Li et al. [22] while the high
pressure limit rate constants were taken from the oxidation model of cyclohexene
by Dayma et al. [48]; on the other hand, the b–C–H scission of 2-cyclohexen-1-yl
radical forms 1,3-cyclohexadiene. The rate constants at 30 Torr were also adopted
from the QRRK calculation by Li et al. [22], while the high pressure limit rate
constants were taken from the quantum chemistry calculation of Sirjean et al. [49].
Similar to cyclohexene, the rate constants of H-atom abstraction reaction of
1,3-cyclohexadiene were estimated from the rate rules by Pitz et al. [46, 47]. Further
b–C–H scission of 1,3-cyclohexadiene radical leads to benzene; the high pressure
limit rate constants of this reaction were from the quantum chemistry calculation by
Sirjean et al. [49] while those at 30 Torr were estimated in this work. In summary,
the step-wise dehydrogenation of cyclohexene forms benzene, which is a more
novel benzene formation route than that in n-alkane and branched alkanes.

In addition to the sub-mechanism of cyclohexane, the reaction mechanism for
aromatics pyrolysis and oxidation was also included in the model, to simulate the
formation and consumption of benzene and other aromatics. The kinetic model for
aromatics was developed from the pyrolysis of toluene, and further validated from
the laminar premixed flame of toluene, ethylbenzene, and n-propylbenzene [50–53].
The first aromatic rings, such as benzene and benzyl radical, are considered to be
the rate-limiting step to forming polycyclic aromatic hydrocarbons and soot. The
reactions leading to benzene (A1) in the model include the C3 + C3, C4 + C2, and
the isomerization of fulvene.

C3H3 þC3H3 ¼ A1 ðR69Þ

C3H3 þC3H3 ¼ fulvene ðR70Þ

aC3H4 þC3H3 ¼ A1þH ðR71Þ

pC3H4 þC3H3 ¼ A1þH ðR72Þ
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nC4H5 þC2H2 ¼ A1þH ðR73Þ

iC4H5 þC2H2 ¼ A1þH ðR74Þ

C4H4 þC2H3 ¼ A1þH ðR75Þ

nC4H5 þC2H2 ¼ fulveneþH ðR76Þ

iC4H5 þC2H2 ¼ fulveneþH ðR77Þ

fulvene ¼ A1 ðR78Þ

fulveneþH ¼ A1þH ðR79Þ

The rate constants for R69 and R70 were adopted from experimental and
modeling studies of allene and propyne flame [54]. The original data were from the
reaction mechanism and rate constant investigations of C3H3 + C3H3 reactions by
Miller and Klippenstein [55], and Georgievskii et al. [56]. Georgievskii et al.,
compared overall rate constants for the C3H3 + C3H3 reactions with several
experimental data in the literature, such as Scherer et al. [57] and Fernandes et al.
[58]; good agreement between experiment and simulation was observed. The rate
constants of C3H3 + C3H4 (R71 and R72) were taken from the reaction mechanism
of aromatics by D’Anna and Kent in their study of methane non-premixed flame
[59], and the shock tube and theoretical study of allene pyrolysis by Wu and Kern
[60]. The reactions of C2H2 with C4H5 are potential pathways for benzene and
fulvene. Senosiain and Miller carefully investigated the reaction mechanism of
C2H2 with C4H5, and calculated their rate constants [61], which were adopted in
this work for R73, R74, R76 and R77. The combination of C4H4 with C2H3 forms
benzene and H atom (R75), whose rate constants were taken from the kinetic model
by Lindstedt and Skevisused [62] in their simulation of laminar premixed acetylene
flame. The isomerization of fulvene to benzene (R78) was studied by Miller and
Klippenstein [55], and their calculated rate constants were adopted in this work.
The H-atom assisted isomerization of fulvene to benzene (R79) was from Marinov
et al. [63], who studied the fuel-rich laminar premixed flame of propane at atmo-
spheric pressure.

Another potential pathway for benzene in cyclohexane pyrolysis is the combi-
nation of C3H3 + aC3H5 (R80). As discussed in Sects. 3.2.1 and 3.2.2, the iso-
merization of cyclohexane leads to 1-hexene, which largely dissociates into allyl
radical (aC3H5). The subsequent reactions of allyl radical form propargyl radical
(C3H3).

C3H3 þ aC3H5 ¼ fulveneþHþH ðR80Þ

The overall rate constants of R80 originated from the work of Georgievskii et al.
[56] and a subsequent, highly accurate analysis of the potential energy surface of
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aC3H5 + C3H3 [64]. The rate constants of R80were adopted fromHansen et al. [54] in
the simulation of allene and propyne flame, which were at the high-limit [64, 65].

The unimolecular decomposition of benzene and fulvene forms phenyl radical
(A1–, R81 and R82); rate constants for these reactions were taken from the
investigations of Miller and Klippenstein [55]. The phenyl radical is also produced
from the H-atom abstraction of benzene by H atom and/or OH radical (R83 and
R84); the rate constants for these reactions were taken from experimental mea-
surement or theoretical calculation in the literature [66, 67].

A1 ¼ A1�þH ðR81Þ

fulvene ¼ A1�þH ðR82Þ

A1þH ¼ A1�þH2 ðR83Þ

A1þOH ¼ A1�þH2O ðR84Þ

Cyclopentadiene (C5H6) is also an important intermediate during cycloalkane
combustion and its pyrolysis had been studied by Roy et al. [68], and by Bacskay
and Mackie [69]. In this work, the sub-mechanism of this molecule is mainly
adopted from USC Mech II [70], the work of Richter et al. [71], and Bacskay and
Mackie [69]. Specifically, the unimolecular decomposition of cyclopentadiene
(R90) forms a cyclopentadienyl radical (C5H5) and its rate constants were taken
from the JetSurF 2.0 model [28], with pressure dependence in Troe parameters. The
rate constants of H-atom abstraction of cyclopentadiene by H atom (R91) and OH
radical (R92) were adopted from the work of Moskaleva and Lin [72], and Zhong
and Bozzelli [73]. The decomposition of cyclopentadienyl radical leads to C3H3 and
C2H2; its reverse reaction (R93) was used in this work and the rate constants were
from a quantum chemistry calculation by Moskaleva and Lin [72].

C5H5 þH ¼ C5H6 ðR90Þ

C5H6 þH ¼ C5H5 þH2 ðR91Þ

C5H6 þOH ¼ C5H5 þH2O ðR92Þ

C3H3 þC2H2 ¼ C5H5 ðR93Þ

The core model, i.e., H2/C0–C4 mechanism is based on USC Mech II [70]. The
sub-mechanism of 1-butene and 2-butene was updated from the work of Zhang
et al. [74]. The sub-mechanism of 1,3-butadiene in USC Mech II is from Laskin
et al. [75], which was validated by flow reactor pyrolysis and oxidation, shock tube
pyrolysis, ignition delay times, and laminar flame speeds. The sub-mechanism of
C3H5 and C3H4 is based on the work of USC Mech II [70], Kiefer et al. [7], and
Miller et al. [76]. To simulate the experimental data obtained from various pres-
sures, the pressure dependent rate constants for unimolecular decomposition
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reactions, e.g., the reactions for C3H5 (aC3H5, CH3CCH2, and CH3CHCH) [77], C4
species (C4H3, C4H4, C4H5, C4H6, and C4H7, etc.) [7, 78], and C5H5 [72] were
considered in Plog format. Table 3.1 shows the important reactions for the
sub-mechanism of cyclohexane. The nomenclature, molecular formula and struc-
ture of the selected species are presented in Table 3.2.

3.3 Flow Reactor Pyrolysis of Cyclohexane

In this work, the flow reactor pyrolysis of cyclohexane at 30 and 760 Torr was
investigated by SR-PI-MBMS. The initial composition of the gas mixture was 0.02
cyclohexane and 0.98 Argon. More than 30 pyrolysis products were detected,
including radicals of CH3, C3H3, C3H5, and C5H5, and many isomers. The product
distribution was similar under 30 and 760 Torr, except that radicals were not
detected at 760 Torr; the short lifetime of radicals at higher pressure made their
concentration lower than the detection limit of the mass spectrometer. The pressure
of pyrolysis also affected the mole fraction of pyrolysis intermediates. For example,
the mole fraction of 1-hexene in 760 Torr pyrolysis was 50% of that in 30 Torr
pyrolysis; the mole fraction of allene, propyne, propene, 1-butene, and fulvene at
760 Torr was also lower than that at 30 Torr. The mole fraction of H2, CH4, C2H4,

Table 3.2 Nomenclature, molecular formula and structure of selected species in cyclohexane
sub-mechanism

Formula Nomenclature Structure Formula Nomenclature Structure

C3H3 C3H3 Propargyl C3H4 aC3H4 Allene

C3H4 pC3H4 Propyne C3H5 aC3H5 Allyl

C3H6 C3H6 Propene C3H7 nC3H7 n-Propyl

C4H2 C4H2 Diacetylene C4H4 C4H4 Vinylacetylene

C4H6 C4H6 1,3-butadiene C4H7 C4H7

C4H7 SAXC4H7 C4H8 C4H8-2

C4H8 C4H8-1 C4H9 pC4H9

C4H9 sC4H9 C5H7 lC5H7

C6H9 PXC6H9-13 C6H11 PXC6H11

C6H11 SXC6H11 C6H11 S2XC6H11

C6H11 SAXC6H11 C6H11 PXCH2cC5H9

C6H12 C6H12-1 C5H5 C5H5

C5H6 C5H6 C6H6 A1

C6H6 fulvene C6H7 SAXcC6H7

C6H8 cC6H8-13 C6H9 SAXcC6H9

C6H10 cC6H10 C6H11 cC6H11

C6H12 cC6H12
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C2H2, and 1,3-butadiene was similar at both pressures, instead, more aromatics
were produced in 760 Torr pyrolysis.

As noted in Sect. 3.1, several studies proposed that 1-hexene is the initial
decomposition product of cyclohexane [4, 6]. In this work, the experiment iden-
tified 1-hexene from the photoionization efficiency spectra (PIE) of m/z 84.
Figure 3.9 shows two onsets for the PIE curve of m/z 84. The onsets at 9.86 and
9.47 eV correspond to the ionization energies of cyclohexane and 1-hexene,
respectively. The detection of 1-hexene is crucial to clarification of the initial
decomposition of cyclohexane. The photon energy of 9.69 eV was selected in this
work to ionize 1-hexene while ruling out interference from cyclohexane. However,
this energy was only 0.2 eV higher than the ionization energy of 1-hexene, causing
the signal to scatter due to the low photoionization cross sections.

The cyclohexane kinetic model was validated by the species speciation from 30
to 760 Torr pyrolysis. In the simulation, the plug flow reactor in the
CHEMKIN-PRO software [95] was used; the measured temperature profiles and
initial conditions of the pyrolysis experiment were used as input. The kinetics of
cyclohexane pyrolysis at 30 and 760 Torr were discussed with the help of the
model simulation.

3.3.1 Consumption of Cyclohexane

Figures 3.10 and 3.11 present the measured and simulated mole fraction profiles of
cyclohexane, 1-hexene, and C0–C5 pyrolysis products. In general, the model
captures well the experimental measurements at both pressures and provides insight
to analyze the reaction pathways consuming the reactants and producing important
products, and the pressure effect on the species speciation (Table 3.3). The reaction
pathway analysis reveals that cyclohexane was consumed by isomerization to

Fig. 3.9 Photoionization
efficiency spectra of m/z 84
measured during cyclohexane
pyrolysis at 1440 K and
30 Torr. Symbol and line are
experimental results; red line
is photoionization efficiency
spectra of 1-hexene by Yang
et al. [88]. Reprinted from
Ref. [84], Copyright 2012,
with permission from Elsevier
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1-hexene and H-atom abstraction to cycohexyl radical. The contribution of the
isomerization pathway to 1-hexene was dominant at 30 Torr pyrolysis while that of
H-atom abstraction reactions became more important at 760 Torr. This is the main
reason for the higher mole fraction of 1-hexene at 30 Torr than at 760 Torr. Since
the subsequent reactions of 1-hexene and cyclohexyl radical were similar at both 30
and 760 Torr, the following discussion focuses on the 30 Torr pyrolysis.

The reaction pathway analysis of cyclohexane pyrolysis at 1360 and 1520 K
with 30 Torr pressure is shown in Fig. 3.12. Cyclohexane conversion was 50% at
1360 K, and nearly 100% at 1520 K. Different conversion ratios helped to analyze
the effect of conversion ratio (temperature) on the reaction pathways. Analysis for
1360 K in Fig. 3.12a showed that the reaction of cyclohexane isomerizing to
1-hexene (R10) consumed 36% of cyclohexane, while the rest of cyclohexane was
consumed via the H-atom abstraction reactions by H atom (R1) and CH3 radical
(R2). The sensitivity analysis in Fig. 3.13 for cyclohexane reveals that R10 and R1
had large negative sensitivity coefficient at 1360 K, i.e., rate constants of R10 and
R1 were increased, promoting cyclohexane consumption. The agreement between
experiment and simulation for cyclohexane revealed that the rate constants of R10
and R1 used in this work were reasonable. In the discussions that follow, the values
for the reaction flux analysis are for 1360 K, unless specific notes are given.

Fig. 3.10 Mole fraction
profiles of cyclohexane and
1-hexene. Symbols are
experimental results, lines are
simulation results. Square
represents 30 Torr, triangle
represents 760 Torr
experiment
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1-hexene largely decomposes via the C–C bond scission to form allyl radical and
n-propyl radical (R20, 93%). The C–C bond scission to form ethyl radical and
3-buten-1-yl radical (R21, 3%) is unimportant. The sensitivity analysis for 1-hexene
in Fig. 3.14 shows that R10 had the largest positive sensitivity coefficient, while
R20 had the largest negative coefficient at 1310 K. The conclusion from the sen-
sitivity analysis is in accord with the reaction pathway analysis. Two decomposition
pathways consume n-propyl radical, they are b–C–C scission, to form methyl
radical and ethylene, and b–C–H scission, to form H atom and propylene. The
former channel dominates n-propyl radical consumption (*80%). For the allyl
radical, the combination with CH3 forming 1-butene (36%), the b–C–H scission
forming allene (21%), and the combination with H atom forming propene (32%) are
the three consumption pathways. The allyl radical was measured from the experi-
ment (Fig. 3.11i); the initial formation temperature was *1150 K and the tem-
perature corresponding to the maximum mole fraction was 1360 K. This
observation is similar to that of 1-hexene.

The three consumption channels of allyl radical are the main formation pathways
of 1-butene, allene, and propene. The b–C–H scission of n-propyl radical also
contributes to the formation of propene. The H-atom-assisted isomerization, or
direct isomerization of allene, leads to propyne, the main consumption pathway for
allene. Propyne has initial formation temperature of *50 K higher than that of
allene, but the former has a higher mole fraction. Generally, the model accurately

Fig. 3.11 Mole fraction profiles of C0–C5 pyrolysis products in cyclohexane pyrolysis. Symbols
are experimental results, lines are simulation results. Square represents 30 Torr, triangle represents
760 Torr experiment
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Table 3.3 Information of species detected in cyclohexane pyrolysis at 30 and 760 Torr

m/z Formula Species Energy
(eV)

PICS
(Mb)

XM

(30 Torr)
XM

(760 Torr)
References
of PICS

2 H2 Hydrogena e e 2.37E−2 2.03E−2 e

15 CH3 Methyl radicalb 10.00 5.6 3.50E−4 – [85]

16 CH4 Methanea e e 5.40E−3 4.30E−3 e

26 C2H2 Acetyleneb 11.70 24.9 6.43E−3 3.54E−3 [86]

28 C2H4 Ethyleneb 11.00 7.8 2.00E−2 1.91E−2 [86]

39 C3H3 Propargyl radicalc 10.50 9.0 4.81E−4 – [87]

40 C3H4 Alleneb 10.00 5.7 1.26E−3 2.75E−4 [88]

Propyneb 10.50 23.1 2.26E−3 8.42E−4 [86]

41 C3H5 Allyl radicalc 9.50 5.6 4.55E−4 – [89]

42 C3H6 Propeneb 10.50 11.1 2.76E−3 1.77E−3 [90]

50 C4H2 Diacetyleneb 10.50 23.8 1.52E−4 – [86]

52 C4H4 Vinylacetyleneb 10.50 22.8 1.32E−3 7.53E−4 [86]

54 C4H6 1,3-Butadieneb 11.00 24.2 6.64E−3 6.66E−3 f

56 C4H8 1-Buteneb 10.50 10.0 8.73E−4 2.07E−4 [91]

2-Butenec 9.50 5.2 7.84E−5 – [92]

64 C5H4 1,3-Pentadiyned 10.00 33.2 2.51E−5 – [93]

65 C5H5 Cyclopentadienyld 10.00 9.1 1.33E−4 – est

66 C5H6 Cyclopentadiened 9.50 15.7 4.61E−4 5.04E−4 [93]

68 C5H8 1,3-Pentadienec 9.50 12.7 3.37E−4 1.70E−4 [88]

Isoprene 6.95E−5

70 C5H10 1-Penteneb 10.00 14.4 2.19E−5 – [92]

76 C6H4 Benzyned 9.50 27.0 2.27E−5 – est

78 C6H6 Benzeneb 9.50 11.05 6.34E−4 8.09E−4 [86]

Fulvened 8.86 3.9 9.72E−5 2.07E−5 est

80 C6H8 1,3-Cyclohexadieneb 9.50 18.3 1.27E−4 1.14E−4 [92]

82 C6H10 Cyclohexeneb 9.50 8.9 2.13E−4 1.58E−4 [92]

1,3-Hexadienec 8.86 8.7 1.82E−5 1.43E−5 [92]

84 C6H12 Cyclohexane [94]

1-Hexenec 9.67 3.7 1.31E−4 4.94E−5 [88]

92 C7H8 Tolueneb 9.50 18.5 7.70E−5 1.48E−4 [94]

102 C8H6 Phenylacetyleneb 9.50 29.4 2.00E−5 1.84E−5 [94]

104 C8H8 Styreneb 9.50 26.3 4.34E−5 7.84E−5 [94]

106 C8H10 Ethylbenzneb 10.00 25.8 1.65E−5 1.93E−5 [94]

116 C9H8 Indeneb 10.50 52.2 1.69E−5 4.66E−5 [94]

Reprinted from Ref. [84], Copyright 2012, with permission from Elsevier
aUncertainty: ±10%
bUncertainty: ±25%
cUncertainty: ±50%
dUncertainty: 2–3
eDirect calibration
fUnpublished result
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predicts the mole fraction profiles of C3 products (Fig. 3.11f–j) and 1-butene
(Fig. 3.11n). As in the discussion above, C3 products and 1-butene derive mainly
from the dissociation of 1-hexene (R20) to allyl radical and n-propyl radical. Thus,
the amount of 1-hexene affects the formation of C3 products and 1-butene. At
760 Torr, the formation of 1-hexene is not important because the H-atom

Fig. 3.12 Reaction pathway analysis of cyclohexane pyrolysis at 30 Torr and temperature of
1360 K (a) and 1520 K (b). Numbers denote percentage of conversion. Reprinted from Ref. [84],
Copyright 2012, with permission from Elsevier
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abstraction is the dominant consumption pathway for cyclohexane, leading to less
formation of allyl radicals and n-propyl radicals, and subsequently less formation of
C3 products and 1-butene during the 760 Torr experiment.

The H-atom abstraction of cyclohexane forms a cyclohexyl radical, which is
consumed by two dominant pathways, the ring-opening isomerization to
5-hexen-1-yl radical (R11, 83%) and b–C–H scission to cyclohexene (R12, 17%).
For the 5-hexen-1-yl radical, the 1,4-H shift by way of the five-membered ring
transition state (TS) leads to 1-hexen-3-yl radical (R46, 69%), which then produces

Fig. 3.13 Sensitivity
analysis of cyclohexane
pyrolysis at 30 Torr.
Temperature is 1360 K. Only
reactions with a sensitivity
value larger than 0.025 are
shown. Reprinted from Ref.
[84], Copyright 2012, with
permission from Elsevier

Fig. 3.14 Sensitivity
analysis of 1-hexene during
cyclohexane pyrolysis at
30 Torr. Temperature is
1310 K. Only reactions with a
sensitivity value larger than
0.02 are shown. Reprinted
from Ref. [84], Copyright
2012, with permission from
Elsevier
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1,3-butadiene and ethyl radical (R48, 100%) via b–C–C scission. The b–C–C
scission to ethylene and 3-buten-1-yl radical (R45, 29%) mainly consumes the
residue 5-hexen-1-yl radical. The decomposition of 3-buten-1-yl radical leads to
1,3-butadiene and H atom via b–C–H scission (55%) and to ethylene and vinyl
radical via b–C–C scission (44%).

As discussed in Sect. 3.2, the retro-Diels-Alder reaction of cyclohexene forms
1,3-butadiene and ethylene (R51, 90%). The C–H elimination and H-atom
abstraction reactions of cyclohexene accounts for only 8% of its consumption,
which produces a 2-cyclohexen-1-yl radical. The step-wise dehydrogenation of the
2-cyclohexen-1-yl radical leads to 1,3-cyclohexadiene, 1,3-cyclohexadienyl radical,
and benzene. The order of formation for cyclohexene, 1,3-cyclohexadiene and
benzene is in accord with the experimental measurement, i.e., the initial formation
temperature is in the order of cyclohexene < 1,3-cyclohexadiene < benzene
(Fig. 3.15). The model captures the mole fraction profiles of cyclohexene and
1,3-cyclohexadiene. It is noted that the formation of cyclohexene and
1,3-cyclohexadiene is sensitive to the retro-Diels-Alder reaction of cyclohexene
(R51). The agreement between experiment and simulation for these species indi-
cates that the rate constants for R51 are reasonable.

Figure 3.12b shows the rate of production analysis of cyclohexane at 1520 K.
Compared to the results at 1360 K, more 1-hexene is produced at this higher
temperature (43%). The subsequent reactions of 1-hexene and cyclohexyl radicals

Fig. 3.15 Mole fraction profiles of benzene, fulvene, 1,3-cyclohexadiene, and cyclohexene.
Symbols are experimental measurement, lines are simulation results. Square represents 30 Torr,
and triangle represents 760 Torr experiment
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at 1520 K are similar to those predicted at 1360 K. The major differences are in the
allyl radical, which is consumed by b–C–H scission to allene (52%), and the
combination of the H atom (25%) to propene; the carbon flux to 1-butene is much
less (6%).

Two reaction pathways consume cyclohexane under these experimental condi-
tions (Fig. 3.12), i.e., cyclohexane ! 1-hexene ! allyl + n-propyl radical, and
cyclohexane ! cyclohexyl radical ! 5-hexen-1-yl radical ! 1-butadiene. Most
carbon flux goes into 1,3-butadiene, and its prediction is in accordance with the
experimental observations. For 1,3-butadiene, the dominant consumption pathway
is the H-atom addition to the double bond, and then b–C–C scission to ethylene and
vinyl radical. To a much lesser extent, the H-atom abstraction of 1,3-butadiene
leads to iC4H5 and nC4H5, which are the precursors of diacetylene and viny-
lacetylene (Fig. 3.11k, l).

3.3.2 Formation and Consumption of Cyclopentadiene
and Benzene

Two five-membered ring intermediates, cyclopentadiene and cyclopentadienyl
radical, were measured. The model predicts well the mole fraction profiles of
cyclopentadiene at both pressures (Fig. 3.11p). The reaction pathways analysis at
30 Torr shows that cyclopentadiene is formed via two channels,
aC3H5 + C2H3 ! lC5H7 ! C5H6 and iC4H5 + CH3 ! lC5H7 ! C5H6. The
H-atom abstraction of the cyclopentadiene forming cyclopentadienyl radical are the
main consumption pathways for cyclopentadiene. This pathway is also the domi-
nant precursor for the cyclopentadienyl radical, which then decomposes to C2H2

and C3H3. Instead, the combination of acetylene and the allyl radical, and ethylene
with 2-butynyl radical, become dominant for cyclopentadiene formation when the
pressure is at 760 Torr.

C5H6 þH ¼ C2H2 þ aC3H5

C4H5�2þC2H4 ¼ C5H6 þCH3

The first aromatic ring (benzene and benzyl radical) is commonly regarded as the
rate-controlling step for polycyclic aromatic hydrocarbons and soot. The recent
study by Hansen et al. revealed that the molecular structure affects benzene for-
mation [96]. For example, their analysis shows that benzene derives mainly from
the reactions of C3 + C3 during 1-hexene flame, because the dissociation of
1-hexene leads to the C3 products. This conclusion was later confirmed by the
simulation of 1-hexene flame under the same conditions [97]. Instead, the step-wise
dehydrogenation of cyclohexane is important for benzene formation, especially at
the preheating zone of the cyclohexane flame.
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The cyclohexane pyrolysis in this work detected both 1-hexene and cyclohexyl
radical, which makes the benzene formation pathways complex. Figure 3.16a
presents the rate of production analysis of benzene at 30 Torr and 1520 K. Multiple
sources for benzene are predicted, e.g., 32% benzene from the b–C–H scission of
cyclohexadienyl radical (R65) and 21% from the isomerization of fulvene. Fulvene
derives from the combination of C3 + C3 reactions: C3H3 + aC3H5 (67%) and
C3H3 + C3H3 (31%). Benzene is also produced from the combination of smaller
resonance-stabilized radicals, such as C3H3 + C3H3, C3H3 + aC3H4, and
C3H3 + pC3H4; the dominant reaction is the self-recombination of C3H3 (23%).
Considering that fulvene is also produced from the C3 + C3 reactions, the con-
tribution of C3 + C3 reactions to benzene is 58%. Similarly, benzene is produced
from multiple channels during cyclohexane pyrolysis at 760 Torr. One distinct
difference is that the contribution from the combination of C4H4 and C2H3 is more
evident. As shown in Fig. 3.15, the model prediction for benzene and fulvene is
satisfactory, considering the uncertainty of their mole fraction. The sensitivity
analysis for benzene at 30 Torr and 1520 K in Fig. 3.17 shows that the
H-elimination of cyclohexadienyl radical has the largest positive sensitive coeffi-
cient, while its ring-opening isomerization and the retro Diels-Alder reaction of
cyclohexene have a large negative sensitive coefficient. The sensitivity analysis is in
accord with the reaction pathway analysis. Furthermore, the isomerization of
cyclohexane to 1-hexene has a notable effect on benzene formation, indicating the
importance of C3 + C3 reactions, since most of the C3 species are produced from
1-hexene.

Fig. 3.16 Reaction pathway analysis for benzene during cyclohexane pyrolysis at a 30 Torr,
1520 K and b 760 Torr, 1250 K. Numbers show contribution of each reaction. Reprinted from
Ref. [84], Copyright 2012, with permission from Elsevier
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Fig. 3.17 Sensitivity
analysis of benzene during
cyclohexane pyrolysis at
30 Torr and 1520 K.
Reactions with sensitivity
value larger than 0.01 are
presented. Reprinted from
Ref. [84], Copyright 2012,
with permission from Elsevier

3.4 Laminar Premixed Flame of Cyclohexane

Previous work has investigated the flame of cyclohexane. McEnally and Pfefferl,
added 2000 ppm of cyclohexane, cyclohexene, 1,3-cyclohexadiene, and benzene to
the non-premixed methane flame. The mole fraction of C1–C12 hydrocarbons, soot,
primary combustion products and flame temperature were then measured [23].
Ciajolo et al. [20] investigated the fuel-rich laminar premixed flame of cyclohexane
at atmospheric pressure and developed the combustion model for cyclohexane. The
model was validated by the major and minor species and soot yield. Law et al. and
Li et al. investigated the low pressure premixed flame of cyclohexane with
equivalence ratio of 1.0 and 2.0 [21, 22]. More than 40 intermediates during
fuel-rich flame were analyzed using the SR-PI-MBMS method. A kinetic model
was developed to predict the flame chemistry of cyclohexane at low pressure, with a
focus on benzene formation.

The fuel-rich cyclohexane flame of Li et al. [22] was adopted to examine the
kinetic model developed in this work. The cyclohexane/O2/30%Ar flame (/ = 2.0)
was stabilized on a McKenna burner with a diameter of 60 mm. Flame chamber
pressure was controlled at 30 Torr. The velocity of the unburned gas mixture at
298 K was 50 cm/s, which corresponded to mass flow rate of 3.28 � 10−3 g/cm2/s.
The flame temperature, without the interference of a sampling cone, was measured
by the OH laser-induced fluorescence near 306 nm. Burner surface temperature was
estimated to be 400 K. The uncertainty of the flame temperature at the post flame
zone was estimated to be ±150 K, while temperature uncertainty near the burner
surface was probably even higher.

The simulation was conducted using the PREMIX module of CHEMKIN-PRO
software [95] under experimental conditions; the measured temperature profile was
the boundary condition. Thermal diffusion was considered in the simulation, which

70 3 Experimental and Modeling Study of Cyclohexane …



is important for low-molecular weight species (e.g., H2). For the experiment,
mix-averaged transport was adopted (it is less accurate than the multicomponent
transport, but normally accelerates calculation and eases convergence).

The comparison of experimental and simulated mole fraction profiles of Ar,
reactants (i.e., cyclohexane and O2) and major combustion products (H2O, CO2,
CO, H2) is shown in Fig. 3.18. Cyclohexane was completely consumed earlier than
O2, which was further consumed in reactions with the flame intermediates. The
fuel-rich flame also resulted in large amounts of CO and H2. The cyclohexane
model predicted well the consumption of the reactants, formation of the major
combustion products and the mole expansion of the flame (i.e., the Ar profile).

H atom and OH radical are important intermediates during low pressure flames.
The mole fraction profiles of these two reactive species were measured by Li et al.
[22]. As shown in Fig. 3.19, the maximum mole fraction of H atom is a magnitude

Fig. 3.18 Experimental
(symbols) [22] and simulated
(lines) mole fraction profiles
of reactants, Ar, and major
combustion products during
fuel-rich laminar premixed
flame of cyclohexane. The
equivalence ratio is 2.0 and
the pressure of 30 Torr

Fig. 3.19 Experimental
(symbols) [22] simulated
(lines) mole fraction profiles
of H atom and OH radical
during fuel-rich laminar
premixed flame of
cyclohexane with equivalence
ratio of 2.0 and pressure of
30 Torr
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higher than that of the OH radical because of the fuel-rich environment. Although
the measured mole fraction of the H atom is scattered, the simulation captures its
profile and maximum value. The prediction for OH radical was also satisfactory.

As shown in Fig. 3.20, the rate of production analysis was performed based on
the simulation. The consumption of cyclohexane was dominated by the H-atom
abstraction by H atom, O atom, and OH radical (H atom, 62%, OH radical, 20%,
and O atom, 12%), which differed from the pyrolysis of cyclohexane at 30 Torr.
Consequently, 1-hexene was a minor product in the studied flame and was not
detected in the experiment [22]. Figures 3.21 and 3.22 present experimental and
simulated mole fractions of the C1–C3 intermediates and C4–C6 intermediates,
respectively. Apart from the smaller intermediates CH4, CH2O, C2H2, and C2H4,
1,3-butadiene had the highest mole fraction, in agreement with the observation in
cyclohexane pyrolysis.

Like the pyrolysis experiment, the dominant consumption pathway for a
cyclohexyl radical is ring opening isomerization to form a 5-hexen-1-yl radical,
which leads to 1,3-butadiene, vinyl radical, and ethylene. 1,3-butadiene is largely

Fig. 3.20 Production rate analysis of cyclohexane consumption during fuel-rich laminar
premixed flame of cyclohexane with equivalence ratio of 2.0 and pressure of 30 Torr. Numbers
denote conversion percentage
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consumed when it reacts with the H atom, its subsequent decomposition produces
vinyl radical and ethylene (C4H6 + H = C2H3 + C2H4). This pathway is also an
important route for ethylene. Two more important pathways for ethylene are the
b–C–C scission of 5-hexen-1-yl radical and b–C–H scission of ethyl radical. The
vinyl radical derives mainly from the reaction of 1,3-butadiene with H atom, and its
b–C–H scission is the main source for acetylene. The reaction flux analysis explains
the large formation of 1,3-butadiene, ethylene, and acetylene in the fuel-rich
cyclohexane flame.

In addition to 1,3-butadiene, other C4 intermediates (diacetylene and viny-
lacetylene) also have high mole fraction (Fig. 3.22b, c). In the flow reactor pyrolysis
of cyclohexane at 30 Torr, these two intermediates derive mainly from the
H-elimination of C4H5 radicals, which are produced from the H-atom abstraction of
1,3-butadiene. In the flame studied, this pathway is also important for diacetylene
and vinylacetylene. Moreover, the combination of smaller radicals, e.g.,

Fig. 3.21 Experimental (symbols) [22] and simulated (lines) mole fraction profiles of C1–C3
intermediates during fuel-rich laminar premixed flame of cyclohexane. The equivalence ratio is 2.0
and the pressure of 30 Torr
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C3H2 + CH3 = C4H4 + H, C3H3 + CH2 = C4H4 + H, and C3H3 + HCCO =
C4H4 + CO becomes important for vinylacetylene in the flame studied.

In cyclohexane pyrolysis at 30 Torr, the C3 intermediates are produced from the
dissociation of 1-hexene and the subsequent reactions. However, the mole fraction
of 1-hexene is very low in the studied flame and other pathways contribute to the
production of C3 intermediates. For example, the reaction pathway analysis shows
that an allyl radical is formed via the following reactions:

CH2CHCHCHO ¼ aC3H5 þCO

C2H4 þCH�
2 ¼ aC3H5 þH

C4H6 þOH ¼ CH2Oþ aC3H5

Fig. 3.22 Experimental (symbols) [22] and simulated (lines) mole fraction profiles of CH2CHO
and C4–C6 intermediates during fuel-rich laminar premixed flame of cyclohexane with
equivalence ratio of 2.0 and pressure of 30 Torr
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For CH2CHCHCHO, the reaction derives from the oxidation of 1,3-butadiene
and the nC4H5 radical. Subsequent reactions of allyl radical are the main precursors
for allene and propene.

Fulvene was measured in the cyclohexane flame with a low mole fraction
(Fig. 3.22i). The reaction of C3H3 with aC3H5 (R80), and reactions between C4H5

and C2H2 (R76 and R77) also contribute to the formation of fulvene.
Another important C6 cyclic compound is cyclohexene, which is produced from

the H-elimination of cyclohexyl radical, as shown in Fig. 3.20. However, the pre-
diction overestimates the production of cyclohexene. In the model, only the uni-
molecular decomposition pathways of cyclohexyl radical are considered; the absence
of oxidation pathways may be the reason for cyclohexene over-prediction. The
abundance of radicals and atoms in the low pressure flame accelerates the H-atom
abstraction of cyclohexene, promoting the formation of 1,3-cyclohexadiene and
benzene. Like cyclohexene, the model over-predicts the production of
1,3-cyclohexadiene and benzene. It was noted that cyclohexene, 1,3-cyclohexadiene,
and benzene were predicted satisfactorily in the cyclohexane flow reactor pyrolysis.
The discrepancy in flame for these three intermediates may be caused by the absence
of oxidation and/or other ring-opening pathways for cyclohexyl radical,
2-cyclohexen-1-yl radical, and cyclohexadienyl radical. Further studies on the
reaction pathways of these radicals are needed.

3.5 JSR Oxidation of Cyclohexane

Previous studies have reported the JSR oxidation of cyclohexane. In 1998, Viosin
et al. investigated the JSR oxidation of cyclohexane in the temperature range of
750–1100 K, at 10 atm, with equivalence ratio of 0.5, 1.0, and 1.5, and residence
time of 0.5 s [8]. Later, EI-Bakali studied the JSR oxidation of cyclohexane at
pressures of 1, 2, and 10 atm, temperatures between 850 and 1100 K, an equiva-
lence ratio of 1.0, and residence time of 0.07 s [9]. Serinyel et al. [10] recently
studied the low and intermediate temperature oxidation of cyclohexane in a
JSR (500–1100 K), which covers the negative temperature coefficient zone.
Equivalence ratios were 0.5, 1.0, and 2.0 and the residence time was 2 s. The
measured high temperature oxidation products included CO, CO2, H2, CH2O,
CH3CHO, C2H3CHO, CH3CH2CHO, CH4, C2H2, C2H4, C2H6, aC3H4, pC3H4,
C3H6, C3H8, 1,3-butadiene, 1-butene, 2-butene, cyclopentene, cyclopentadiene,
1,3-cyclohexadiene, cyclohexene, benzene, toluene, and phenol. The convergence
of these species under different pressures, equivalence ratios and temperatures is
valuable for interpreting the high-temperature oxidation mechanism of cyclohex-
ane, as well as validating the kinetic model.

In this work, the experimental data from Serinyel et al. [10] at 1.05 atm and
Viosin et al. [8] at 10 atm were adopted to examine the cyclohexane kinetic model.
The Perfectly Stirred Reactor Module of the CHEMKIN-PRO software [95], with
transient solver, was used in the simulation. Input was the same as the respective
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experiment. In Serinyel et al. experiment, the volume of the JSR is 85 cm3, pressure
is 1.05 atm, the bath gas is He, the residence time is 2 s. The end time was set as
30 s; In experiments by Viosin et al., the volume of the JSR is 29.5 cm3, pressure is
10 atm, bath gas is N2, and residence time was 0.5 s. In the simulation, the end time
was set as 20 s. In this chapter, the comparison between experiment and simulation
for the oxidation at stoichiometric condition is presented. The results for other
conditions (1.05 atm, / = 0.5 and 2.0; 10 atm, / = 0.5 and 1.5) are presented in
Appendix A.

The experimental and simulated mole fractions of cyclohexane, O2, major
products (CO and CO2), and the C1–C7 intermediates for cyclohexane oxidation at
1.05 atm and equivalence ratio of 1.0 are presented in Fig. 3.23. H2 and H2O were
not detected because of the limitation of experimental diagnostics. The model

Fig. 3.23 Experimental (symbols) [10] and simulated (lines) mole fraction profiles of reactants,
major products, and C1–C7 intermediates during cyclohexane oxidation with equivalence ratio of
1.0 and pressure of 1.05 atm
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predictions for these species with the three equivalences were satisfactory
(Figs. 3.23, A.1 and A.2 in Appendix A). The good agreement between experiment
and simulation was the foundation for analysis of cyclohexane consumption and the
formation of oxidation intermediates (Figs. 3.24 and 3.25).

Under an oxidation environment, cyclohexane was largely consumed by H-atom
abstraction pathways (especially by OH radicals), to form a cyclohexyl radical
(Fig. 3.24). The contribution of H-atom abstraction by OH radical decreased with
the increase of the equivalence ratio. The dominant route for cyclohexyl radical
consumption was ring-opening isomerization to form 5-hexen-1-yl radical; the
contribution of this pathway increased with the increase of the equivalence ratio.

A 5-hexen-1-yl radical undergoes intramolecular H-shift to 1-hexen-3-yl radical
and b–C–C scission to 3-buten-1-yl radical and ethylene. Since these pathways do
not interact with O2, their branching ratio is not affected by the equivalence ratio.
The consumption pathways for 1-hexen-3-yl radical are b–C–C scission to
1,3-butadiene and ethyl radical, and reaction with O2 to form 1,3-hexadiene. The
branching ratio for these two pathways is affected by the equivalence ratio, e.g.,
with the increase of O2 mole fraction, the contribution of the oxidation pathway
increases. There are three pathways for 3-buten-1-yl radical, b–C–H scission to
1,3-butadiene, b–C–C scission to ethylene and vinyl radical, and the combination

Fig. 3.24 Rate of production analysis of cyclohexane consumption and ring-opening isomeriza-
tion of cyclohexyl radical during JSR oxidation of cyclohexane at 1.05 atm and 800 K. Numbers
denote conversion percentage
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with CH3 radical to 1-pentene. Like the pyrolysis and flame of cyclohexane,
1,3-butadiene is also an important intermediate during cyclohexane oxidation
(Fig. 3.23p). The consumption of 1,3-butadiene forms the C1–C3 intermediates
under the three equivalence ratios.

C4H6 þOH ¼ C2H3 þCH3CHO

C4H6 þOH ¼ CH2Oþ aC3H5

The reaction pathway analysis reveals that 1-pentene and 1,3-hexadiene are
produced from cyclohexane oxidation. However, these two intermediates were not
detected during the experiment.

On the other hand, the H-elimination of cyclohexyl radical and the H-atom
abstraction by O2 leads to cyclohexene, as shown in Fig. 3.25. The H-atom
abstraction pathway is affected by the equivalence ratio because of the mole fraction
change of O2. Cyclohexene is consumed by H-atom abstraction of OH radical and
H atom to produce 2-cyclohexen-1-yl radical, while the retro-Diels-Alder reaction
is negligible. For 2-cyclohexen-1-yl radical (apart from the H-atom abstraction by
O2 to produce 1,3-cyclohexadiene in Fig. 3.25), two other important pathways are
shown below: reaction with O2 to smaller intermediates and the combination with
CH3 radical to 3-methylcyclohexene. The contribution of the second pathway is
more important at higher equivalence ratios.

Fig. 3.25 Reaction pathways from cyclohexyl radical to benzene during JSR oxidation of
cyclohexane at 1.05 atm and 800 K. Numbers denote conversion percentage
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SAXcC6H9 þO2 ¼ C2H3CHOþC2H4 þHCO

SAXcC6H9 þCH3 ¼ CH3�3�cC6H9

The H-atom abstraction of 1,3-cyclohexadiene forms cyclohexadienyl radical,
which then undergoes H-elimination, forming benzene. Figure 3.25 shows that the
reaction pathways from cyclohexyl radical, cyclohexene, 2-cyclohexen-1-yl radical,
1,3-cyclohexadiene, and cyclohexadienyl radical are the dominant source for
benzene (>98%). Compared to cyclohexane pyrolysis, the combination of
resonance-stabilized radicals is negligible for benzene in JSR oxidation of
cyclohexane.

Figure 3.26 shows the mole fraction profiles of cyclohexane, O2, major products
(CO and CO2), and C1–C6 intermediates, during the JSR oxidation of cyclohexane
at equivalence ratio of 1.0 and pressure of 10 atm. Like the JSR experiment at
1 atm, the model prediction for the 10 atm experiment is also satisfactory, as shown
in Figs. 3.26, A.3, and A.4 in Appendix A.

Fig. 3.26 Experimental (symbols) [8] and simulated (lines) mole fraction profiles of reactants,
major products, and C1–C6 intermediates during cyclohexane oxidation with equivalence ratio of
1.0 and pressure of 10 atm
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3.6 Ignition Delay Time and Laminar Flame Speed
of Cyclohexane

Ignition delay time and laminar flame speed are important combustion properties of
fuels and have been widely used to validate the kinetic models. In 2007, Sirjean
et al. measured the ignition delay time of cyclohexane/O2/Ar mixture in a shock
tube with an average pressure of 8 atm. The fuel mole fraction of 0.5% and
equivalence ratios of 0.5, 1.0, and 2.0 were obtained by adjusting the ratios between
Ar and O2. The ignition delay time was determined by the emission of OH* [11].
Later, Daley et al. [12] measured the ignition delay time of cyclohexane/air mixture
at 15 and 50 atm; the equivalence ratios of 0.25, 0.5, and 1.0 were obtained by
adjusting the fuel concentration. The ignition delay time was also determined by the
emission of OH*. In 2011, Hong et al. measured the ignition delay time of
cyclohexane/O2/Ar mixture at 1.5 and 3 atm, equivalence ratio of 0.5 and 1.0. In all
the experiments, the mole fraction of O2 was fixed at 4%. The ignition delay time
was also determined by the emission of OH* [13]. In this work, the experimental
data by Sirjean et al. and Hong et al. were adopted to examine the cyclohexane
combustion model at various pressures, equivalence ratios and temperature ranges
(Fig. 3.27). The ignition delay time was simulated using the Closed Homogenous
Batch Reactor in the CHEMKIN-PRO software [95].

Davis et al. [24] and Ji et al. [25] measured the laminar flame speed of cyclo-
hexane at 1 atm with unburnt gas temperature of 298 and 353 K, and equivalence
ratios of 0.7–1.7. Later, Wu et al. measured the laminar flame speed of cyclohexane
under a wide pressure range (1–20 atm) with unburnt gas temperature of 353 K and
equivalence ratios of 0.6–1.6. Recently, in the work of Serinyel et al. [26], the
laminar flame speed of cyclohexane at 1 atm and unburnt gas temperature of 298,
358, and 398 K was measured [10]. In this work, the experimental data from Ji
et al. and Wu et al. at 1–10 atm and unburnt gas temperature of 353 K was used to

Fig. 3.27 Ignition delay time of cyclohexane/O2/Ar mixture. Symbols are experimental data, lines
are model prediction. a Experimental data from Sirjean [11], 8 atm; square: / = 0.5, triangle:
/ = 1.0, and circle: / = 2.0. b Experimental data from Hong et al. [13], square: 1.5 atm, / = 0.5,
triangle: 3 atm, / = 1.0
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examine the model. The premixed module was chosen and the Soret effect and
mixture-average transport were included. Considering the uncertainty of the
experimental data, the model prediction was good, as shown in Fig. 3.28.

3.7 Summary and Conclusions

In this chapter, experimental and kinetic modeling studies were performed to
investigate the combustion of cyclohexane. The sub-mechanism of cyclohexane
was developed by including the following reaction classes: The ring-opening iso-
merization and H-atom abstraction of cyclohexane, unimolecular decomposition
and H-atom abstraction of 1-hexene, decomposition and isomerization of cyclo-
hexyl radical, decomposition and isomerization of 5-hexen-1-yl radical, decom-
position and dehydrogenation of cyclohexene, and reaction pathways to benzene. In
most cases, the rate constants of these reactions were adopted from experimental
measurements or quantum chemistry calculations. The C0–C4 base model was
adopted from the pyrolysis mechanism of butene isomers and USC Mech II. The
pressure-dependent rate constants for some unimolecular decomposition pathways
—such as those for C3H5 isomers, C4 intermediates and C5H5—were considered to
simulate the combustion process at a wide range of pressure.

Flow reactor pyrolysis of cyclohexane at atmospheric pressure and low pressure
of 30 Torr was performed. More than 30 pyrolysis intermediates were measured
with quantified mole fractions. The observation of 1-hexene indicated that
ring-opening isomerization of cyclohexane is the initial decomposition pathway of
cyclohexane. The species pool detected in both atmospheric and low pressure
experiment was similar. However, the formation of 1-hexene, C3 intermediates,
1-butene, and fulvene was promoted at low pressure. The simulation showed that
both the isomerization of cyclohexane to 1-hexene and the H-atom abstraction of

Fig. 3.28 Laminar flame
speed of cyclohexane/air
mixture. Symbols are
experimental data, lines are
model prediction. Unburnt
gas temperature is 353 K.
Open triangles are
experimental data from Ji
et al. [25], solid symbols are
experimental data from Wu
et al. [26]
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cyclohexane are important pathways consuming cyclohexane. However, the
H-atom abstraction pathways became dominant when pressure went to 1 atm,
consequently the formation of 1-hexene was reduced. Since 1-hexene is the main
precursor for C3 intermediates, 1-butene, and fulvene, the production of these three
intermediates also decreased when the pressure increased from 30 Torr to atmo-
spheric pressure. Moreover, 1,3-butadiene was produced with high mole fraction
during cyclohexane pyrolysis. The ring-opening isomerization of cyclohexyl radical
was the main source for 1,3-butadiene. Another important intermediate during
cyclohexane pyrolysis is benzene, which is produced from the step-wise dehy-
drogenation of cyclohexane, the combination of resonance-stabilized radicals and
the isomerization of fulvene. More benzene, and other aromatics, were produced
during cyclohexane pyrolysis at atmospheric pressure than during the pyrolysis of
cyclohexane at 30 Torr.

The kinetic model was further validated by the fuel-rich laminar premixed flame
of cyclohexane, including the speciation of reactants, major products and C1–C6
intermediates. The simulation showed that the H-atom abstraction of cyclohexane
was the dominant route to consuming cyclohexane, leading to the large formation
of 1,3-butadiene, ethylene, and acetylene. Benzene was produced from the
step-wise dehydrogenation of cyclohexane. However, the model overpredicted the
mole fraction of cyclohexene, 1,3-cyclohexadiene, and benzene. The likely reason
could be the absence of high-temperature oxidation pathways for cyclohexyl,
2-cyclohexen-1-yl radical, and cyclohexadienyl radical, or the absence of other
ring-opening pathways for these radicals. The reaction mechanism of these radicals
should be studied in future work.

The kinetic model was further validated by the JSR oxidation data of cyclo-
hexane at 1.05 atm (/ = 0.5, 1.0, and 2.0) and 10 atm (/ = 0.5, 1.0, and 1.5). The
mole fraction profiles of more than 20 species was used to constrain the kinetic
model. Under oxidation environment, the H-atom abstraction by OH radical was the
main consumption pathway for cyclohexane and other stable intermediates; the
contribution of unimolecular decomposition pathways was negligible. Like pyrol-
ysis and flame of cyclohexane, 1,3-butadiene was an important intermediate during
cyclohexane oxidation. The reaction of radical intermediates with O2 became
important during the oxidation environment. The contribution of these pathways
increased with the increase of O2 concentration. Benzene was largely produced
from the step-wise dehydrogenation of cyclohexane, while the contribution from
the combination of resonance-stabilized radicals was negligible.

The kinetic model for cyclohexane combustion was also validated by the igni-
tion delay time and laminar flame speed of cyclohexane. In summary, the model
predicted the reactivity of cyclohexane under pyrolysis, flame, and oxidation
environments; the prediction for most of the pyrolysis, oxidation, and flame
intermediates were also satisfactory. The model can be applied to predict com-
bustion properties of cyclohexane under a wide range of experimental condition and
it is the basis for developing a kinetic model for mono-alkylated cycloalkanes.
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Chapter 4
Experimental and Modeling Study
of Methylcyclohexane Combustion

4.1 Background

Methylyclohexane (C7H14) has the following properties: molar mass of 98.18 g/mol,
boiling point of 373 K, melting point of 147 K, density of 0.771 g/mL, standard
enthalpy of formation of −154.8 kJ/mol [1], standard molar entropy of 343.3
J/mol/K [2], and ionization potential of 9.64 ± 0.10 eV.

The motivation to study the combustion properties of methylcyclohexane is not
only that this molecule is an important component of fossil fuels, but it is also a
surrogate component, widely adopted in surrogate formulation. Moreover,
methylcyclohexane is the simplest branched cycloalkane and the model compound
to study combustion properties of cycloalkanes with long side chains, or multiple
side chains. Pyrolysis and catalyst-assisted pyrolysis of methylcyclohexane also
provides the heat sink to cool hypersonic aircraft [3]; although the high tendency of
methylcyclohexane to form aromatics increases soot production in the combustion
process.

Compared to the large number of experimental and modeling studies of cyclo-
hexane combustion, studies on alkyl-cyclohexanes are scare. In 1989, Brown and
King studied the unimolecular decomposition of methylcyclohexane using the
technique of very low pressure pyrolysis (VLPP); the rate constants for methyl-
cyclohexane ring-opening isomerization and dissociation were reported [4].
Zeppieri et al. investigated the pyrolysis and oxidation of methylcyclohexane in the
Princeton Turbulent Flow Reactor at 1 atm and temperature range of 1050–1200 K.
The major products were methane, ethylene, propene, and 1,3-butadiene. The
conversion of methylcyclohexane at 1058, 1108, 1154, and 1192 K was measured
during methylcyclohexane pyrolysis. Formation of pyrolysis products versus resi-
dence time was measured at 1155 K during methylcyclohexane pyrolysis, and the
formation of oxidation products versus residence time was measured at 1160 K
during methylcyclohexane oxidation with an equivalence ratio of 1.3 [5].
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The ignition delay time of methylcyclohexane was investigated under a wide
range of temperature, pressure, and equivalence ratios. Hawthorn and Nixon [6]
measured the ignition delay time of methylcyclohexane/O2/dilution gas mixture in a
shock tube at 0.61, 1.02, and 1.70 atm, equivalence ratio of 0.1–2.1, and temper-
ature range of 1200–1480 K. In 2007, Orme et al. measured the shock tube ignition
delay time of methylcyclohexane/O2/Ar mixture at 1.0, 2.0, and 4.0 atm, equiva-
lence ratio of 0.5, 1.0, and 2.0, and temperatures of 1200–2100 K. The ignition
delay time was determined by the emission of CH* and the endwall pressure [7].
Later, Vasu measured the shock tube ignition delay time of methylcyclohexane/O2/
dilution gas mixture from 1 to 50 atm, temperature range 795–1560 K, and
equivalence ratio of 0.5–2.0. The dilution gas was Ar and N2. The ignition delay
time was determined by measuring the endwall pressure and the emission of
CH* and OH* [8].

The time histories of OH radical during methylcyclohexane/O2/Ar mixture
oxidation in the shock tube were also measured by Vasu et al. [9] in the temperature
range of 1205–1332 K, pressure of 15 atm, and equivalence ratio of 0.5. In the
same year, Vanderover and Oehlschlaeger measured the ignition delay time of
methylcyclohexane/air mixture in a high pressure shock tube. The pressure was
12 and 50 atm, and equivalence ratio 0.25, 0.5, and 1.0. The endwall OH* emission
and sidewall pressure was used to determine ignition delay time [10]. The H-atom
abstraction rate constants of methylcyclohexane with OH radical was also measured
by Sivaramakrishnan and Michael in a shock tube from 836 to 1273 K; the rate
constants from 250 to 2000 K were obtained from quantum chemistry calculations
[11]. Furthermore, a rapid compression machine (RCM) was adopted to measure
the ignition delay time of methylcyclohexane at lower temperatures. For example,
Pitz et al. [12] measured the ignition delay time of methylcyclohexane/O2/dilution
gas mixture at 10, 15, and 20 atm. The negative temperature coefficient (NTC) zone
of low temperature oxidation of methylcyclohexane was observed. In 2009, Mittal
et al. measured the RCM ignition delay time of methylcyclohexane/O2/Ar/N2

mixture at 15.1 and 25.5 bar, temperature range of 680–905 K and equivalence
ratio of 0.5, 1.0, and 1.5 [13]; two-stage ignition with an evident NTC zone
was observed. Recently, Weber et al. extended the RCM oxidation of
methylcyclohexane/O2/Ar/N2 mixture to 50 bar. The ignition delay time was
measured in a temperature range of 690–900 K and equivalence ratio of 0.5, 1.0,
and 1.5 [14].

A flame study of methylcyclohexane was also reported in the literature.
McEnally and Pfefferle measured the centerline distribution of C3–C12 hydrocar-
bons in co-flow non-premixed methane flames dopped with 2000 ppm methylcy-
clohexane [15]. The results showed that unimolecular decomposition pathways
were the dominant consuming route for methylcyclohexane; benzene was formed
from the combination of smaller intermediates, while the step-wise dehydrogena-
tion of methylcyclohexane was not important. Ji et al. [16] and Wu et al. [17]
measured the laminar flame speed of methylcyclohexane from 1 to 10 atm; and
Skeen et al. recently investigated the laminar premixed flame of methylcyclohexane

90 4 Experimental and Modeling Study of Methylcyclohexane Combustion



at 15, 20, and 30 Torr with equivalence ratio of 1.0, 1.75, and 1.9 [18]. Discussion
focused on the initial decomposition of methylcyclohexane and the reaction
mechanism of benzene and toluene.

In addition to experimental study, the kinetic model of methylcyclohexane
combustion was also developed. Orme et al. [7] and Pitz et al. [12] developed a
high and low temperature oxidation model of methylcyclohexane, respectively. The
models were validated by shock tube and RCM ignition delay time and species
speciation in flow reactor pyrolysis and oxidation. The JetSurF model by Wang
et al. [19] also included the high-temperature pyrolysis and oxidation mechanism of
methylcyclohexane, which was validated by laminar premixed flame and shock
tube ignition delay time.

Previous studies of methylcyclohexane focused on the measurement of ignition
delay time. Experimental data of methylcyclohexane pyrolysis and oxidation with
detailed species speciation were seldom reported in the literature. Moreover, the
reaction mechanism for the initial decomposition of methylcyclohexane is not well
understood and some dispute exists in the literature. In this chapter, species spe-
ciation was measured during the flow reactor pyrolysis and laminar premixed flame
of methylcyclohexane. The kinetic model of methylcyclohexane was developed
with the help of quantum chemistry calculations of reaction pathways and rate
constants. This chapter is organized in the following order: (i) reaction pathways
and rate constant calculations of methylcyclohexane decomposition; (ii) reaction
pathways and rate constant calculations of H-atom abstraction of methylcyclo-
hexane by H atom; (iii) reaction pathways and rate constant calculations of
methylcyclohexane radical decomposition and isomerization (theoretical calcula-
tion helps develop the sub-mechanism of methylcyclohexane); (iv) estimation of
thermodynamic data and kinetic model development. (v) validation of the kinetic
model by species speciation from flow reactor pyrolysis and laminar premixed
flame, ignition delay time, and laminar flame speed of methylcyclohexane.
Discussion focuses on decomposition of methylcyclohexane and the reaction
mechanism of benzene and toluene.

4.2 Decomposition and Isomerization
of Methylcyclohexane

The unimolecular reaction of methylcyclohexane may proceed via the elimination
of a C–H bond, losing the methyl side-chain, or ring-opening isomerization to
heptene isomers, shown in Fig. 4.1. These pathways are the initial reaction channels
of methylcyclohexane combustion. Similar initial reactions may occur for
alkyl-cyclohexanes. Thus, clarifying the pressure- and temperature- dependent rate
constants of these pathways, and the corresponding branching ratios, is a prereq-
uisite to developing a kinetic model of methylcyclohexane. Examination of the
literature on cyclohexane shows that rate constants of C–H bond elimination are
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much slower than isomerization via ring opening because of the high dissociation
threshold and high entropy change of the variational transition state [20–22].

Recently, Skeen et al. investigated unimolecular reactions of methylcyclohexane
in low pressure laminar premixed flame [18]. They deduced from reaction pathway
calculation that production of the six heptene isomers in Fig. 4.1 is comparable.
The overall rate constants of ring-opening isomerization are likely to be similar to
those of the methyl loss channel [18]. However, this conclusion differs from pre-
vious study, wherein the authors suggested that the methyl loss channel is negli-
gible; the dominant isomerization pathway is via the C–C bond scission adjacent to
the methyl group and leads to 1-heptene and 2-heptene [4, 15]. This discrepancy for
the initial reactions of methylcyclohexane motivated additional quantum calculation
in this chapter; the aim was to determine the pressure- and temperature- dependent
rate constants and reveal branching ratios of the seven unimolecular reactions in
Fig. 4.1. The reasonable prediction of these branching ratios is important in order to
analyze the soot formation tendency and other combustion properties of
alkyl-cycloalkanes (e.g., ignition delay time and laminar flame speed).

In this work, the methyl loss channel and the isomerization via ring opening of
methylcyclohexane were investigated using high-level ab initio calculation. From
the calculated potential energy surface, we calculated the rate constants of these
pathways using the Rice-Ramsperger-Kassel-Marcus (RRKM)/master equation
method [23] at temperatures of 800–2000 K and pressures of 7.6–76,000 Torr.

(1)

(2)

(3)

(4)

(5)

Fig. 4.1 Decomposition and isomerization pathways of methylcyclohexane. Reprinted with
permission from Ref. [24]. Copyright 2013 by American Chemical Society
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4.2.1 Theoretical Method

In this work, multi-reference calculations were adopted in consideration of the
unstable diradical intermediates formed in the ring-opening isomerization reactions.
The configurations of long C–C bond length in the dissociation reactions also need
multi-reference calculations. To this end, the complete active space self-consistent
field method (CASSCF) [25] with the 6-31+g(d,p) basis set was used to optimize
the stationary points of reactants, transition states and products in the isomerization
pathways. For diradical intermediates from channels four and five in Fig. 4.1, the
chosen active space was six electrons occupying six orbitals, which included four
rC–H and corresponding r*C–H molecular orbitals and two singly-occupied
molecular orbitals. Another rC–H orbital and its r*C–H orbital were considered for
channel three. This is because this diradical intermediate undergoes three probable
H-migration pathways. Therefore, channel three used CAS(8e, 8o) while channels
four and five used CAS(6e, 6o). For the methyl loss channel, the minimum active
space of CAS(2e, 2o) was used. In the calculation of single point energies, cor-
rection by the multi-reference configuration interaction (MRCI) method was con-
sidered; the 1s and 2s orbitals of carbon atoms frozen was considered in Davidson
correction [26, 27]. A scaling factor of 0.93 was used to correct the zero-point
energies, which were calculated by the CASSCF method. This factor was deter-
mined after comparing the zero-point energies of methylcyclohexane calculated at
CASSCF/6-31+g(d,p) and B3LYP/CBSB7 level of theory. For CBS-QB3, the
well-recognized zero point energy scaled factor of 0.99 was applied [28]. Because
they do not require multireference calculations, optimization of the products in
Fig. 4.1 was not performed by the CASSCF method. Thus, CBS-QB3 level of
theory obtained reaction energies [28] are presented. The software for
multi-reference calculations was the Molpro package [29]; for CBS-QB3 calcula-
tions the Gaussian 09 program [30] was used. Rate constant calculations are not
affected by the reaction energies when the tunneling effect is not considered.

In rate constant calculations with multiple steps of isomerization, an accurate
RRKM treatment is challenging, for example, the ring-opening isomerization fol-
lowed by the intramolecular H-shift for the methylcyclohexane isomerization
channels in Fig. 4.1. In this work, a simple one-transition state model was used to
estimate rate constants of the isomerization channels. The ring-opening isomer-
ization was treated as the rate-controlling step; the branching ratios for the subse-
quent H-shift channels were then estimated by calculating the partition functions of
each transition states.

The one-transition state model was also suggested by Kiefer et al. [21], who
studied the isomerization of cyclohexane; the resulting high pressure-limit rate
constant is reasonable with an uncertainty factor less than 3. For the barrierless
methyl loss channel, the variational transition state theory was applied, i.e., the
position of the transition state with temperature was determined variationally
[31, 32]. In the rate-constant falloff calculation, Lennard–Jones parameters for
methylcyclohexane with empirical value of rMCH = 5.982 Å, eMCH = 477 K,
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were used. The value for Ar (the bath gas) was rAr = 3.542 Å, and eAr = 114 K.
A single-parameter exponential down model, 〈DE〉down = 0.4 T, was applied for the
collision energy transfer. This treatment is like the value used for cyclohexane, in
which a constant value of 600 cm−1 was used from 1300 to 2000 K [21].
Finally, the rate constants for channels two to five varying with pressure and
temperature were computed using the RRKM/ME method. The software is
ChemRate program [33].

4.2.2 Results and Discussion

4.2.2.1 Potential Energy Surface

The potential energy surface starts from the lowest energy conformer of methyl-
cyclohexane. In the work of Skeen et al., the isomerization of methylcyclohexane
via ring-opening was investigated using the CASPT2/cc-pVDZ method; the mini-
mum active space was used [18]. To reduce the effect of different active spaces on
the calculated energies, in each isomerization channel, it was kept consistent for the
active space of all stationary points. As an example, the active space for the reaction
below is illustrated in Fig. 4.2.

The three antibonding molecular orbitals are not shown in Fig. 4.2. There are 28
doubly-occupied molecular orbitals for methylcyclohexane. The 26–31 orbitals are
for the active orbitals in CAS(6e, 6o). The same rule was used for other isomer-
ization channels in Fig. 4.1.

The calculated potential energy surfaces for the above reaction channel are
presented in Fig. 4.3. The calculation is at MRCI+Q//CAS(6,6)/6-31+g(d,p) level
of theory. The energy barriers of TS6 and TS7 (the intramolecular H-shift of the
diradical intermediate), are lower than the energy of INT2. This result differs from
the computation by CASPT2/cc-pVDZ, with minimum active spaces, which results
in 2–3 kcal/mol barrier heights for TS6 and TS7 [18] (Table 4.1). The isomeriza-
tions of dioxane via ring-open were studied by Yang et al. They used multiple
multi-reference methods and a large basis set [34]. The calculation resulted in
unreliable barrier height for dioxane ring-opening isomerization when they applied
small (2e, 2o) active space in the MRCI+Q method. However, Table 4.1 shows that
calculations by this group do not have a similar tendency. In MRCI calculations by
this group, we frozen the 1s and 2s orbitals of carbon atoms. However, the default
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procedure of Molpro frozen only the C 1s orbitals. The comparison for the reaction
pathway R !! P6 with and without C 2s orbitals frozen (in Table 4.1) shows that
no significant error is introduced when C 2s orbital was frozen.

Figure 4.4 shows potential energy surfaces in the RRKM/ME calculation. The
energies in brackets are from computations of Skeen et al. [18], using the CASPT2
method. As in the discussion in Sect. 4.2.1, the rate constant calculation only
considered the transition states via ring-opening. The branching fractions to the
consequent isomerization products were estimated from partition functions of the
H-shift transition states from the diradical intermediates. A noticeable difference
was observed between calculations by this group and the work of Skeen et al. [18],
i.e., the energy barrier of TS1 was 4 kcal/mol lower than that of TS5 and TS8 in our
calculation. Instead, the barrier height of the three TSs was the same from the
calculation of Skeen et al. Results from this group support the earlier study [4, 15],
in which the methyl side-chain causes the C–C bond adjacent to the side-chain to
dissociate more easily, but–unlike the conclusion by Skeen et al. [18]—that the

Fig. 4.2 Molecular orbitals showing only the bonding orbitals, in active space of an isomerization
channel for methylcyclohexane. Reprinted with permission from Ref. [24]. Copyright 2013 by
American Chemical Society
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methyl side-chain insignificantly effects the ring-opening isomerization. On the
other hand, calculations of this group and the work of Skeen et al. both show that
the methyl loss channel was energetically the most favorable pathway. The esti-
mation from Skeen et al. suggested that the overall rate constant of methylcyclo-
hexane isomerization via ring-opening was likely to be close to the methyl loss

Fig. 4.3 Potential energy surfaces for ring-opening isomerization of methylcyclohexane by C2–
C3 bond dissociation. The calculation was conducted at MRCI/6-31+g(d,p)//CAS(6,6)/6-31+g(d,
p) level of theory (energy unit: kcal/mol). Reprinted with permission from Ref. [24]. Copyright
2013 by American Chemical Society

Table 4.1 Relative energies of stationary points for methylcyclohexane ring-opening isomeriza-
tion by C2–C3 bond dissociation

MRCI(+Q)/CAS(6,6)a MRCI(+Q)/CAS
(2,2)a

CASPT2/CAS
(6,6)a

CASPT2(2,2)/
cc-pVDZb

C1s
frozen

C1s and C2s
frozen

C1s frozen C1s and C2s
frozen

C1s frozen

INT2 83.4
(85.3)

83.7 (85.5) 81.2 (85.4) 84.5 85

TS5 87.1
(89.0)

87.3 (89.1) 87.0 (89.0) 88.0 86

TS6 81.8
(82.3)

81.3 (81.6) – 78.6 87

TS7 83.5
(83.6)

82.8 (82.6) – 79.5 88

Reprinted with permission from Ref. [24]. Copyright 2013 by American Chemical Society
a6-31+g(d,p) basis set in this work; bracketed values are relative MRCI energies with Davidson
correction
bRef. [18]
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channel. However, Brown and King suggested that the methyl loss channel was
negligible compared to the ring-opening isomerization pathways [4].

The step-wise optimized potential energy curve for methylcyclohexane disso-
ciation via methyl loss is presented in Fig. 4.5. Using methodology in the literature
[31, 32], the barrier height of variational transition states was in the range of
74–78 kcal/mol from 800 to 2000 K. Correspondingly, C–C bond stretching varied
from 2.9 to 3.2 Å. The lower energy height of the methyl loss channel indicates
that this pathway should not be neglected. The kinetics of the methyl loss channel
and the ring-opening isomerization pathways will be addressed in the rate constant
calculation.

4.2.2.2 Rate Constants Calculation

The first step for rate constant calculation is to validate the rate-controlling
assumption, to this end, high pressure limit rate for the two-step isomerization
reaction in R !! P6 were calculated. The result showed that in the studied
temperature range of 800–2000 K, the rate constants of R ! INT2 varied from
10−9 to 106 s−1 while the rate constants of INT2 ! P6 was around 1011 s−1. It was
noted that the energy barrier of TS6 artificially increased to 87 kcal/mol in this
calculation. This comparison indicates that RRKM/ME methods reliably calculate
rate constants for potential energy surfaces in Fig. 4.4 for the following reactions
(R1–R7).

Fig. 4.4 Potential energy surfaces for RRKM/ME calculation at MRCI+Q/6-31+g(d,p) level of
theory. Bracketed values computed at CASPT2/cc-pVDZ level of theory by Skeen et al. [18].
Dashed lines indicate neglected diradical intermediates and H-migration transition states. Red
dashed line indicates two possible H-migration channels for 1-heptene. Reprinted with permission
from Ref. [24]. Copyright 2013 by American Chemical Society
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MCH ! CH3 þC6H11 ðR1Þ

! 1-heptene ðR2Þ

! 2-heptene ðR3Þ

! 5-methyl-1-hexene ðR4Þ

! 2-methyl-1-hexene ðR5Þ

! 4-methyl-1-hexene ðR6Þ

! 3-methyl-1-hexene ðR7Þ

High pressure limit rate constants of R1–R4 and R6 are displayed in Fig. 4.6; R5
and R7 are not shown because the rate constants of R4–R7 were nearly identical.

First, although two H-migration pathways produce to 1-heptene, the rate con-
stant of R3 to 2-heptene was higher than that of R2 because the energy barrier of the
saddle point connecting INT1 and 2-heptene was lower. Second, the rate constants
of R2 and R3 were higher than those of the other isomerization pathways of R4–R7.
This may be due to the lower barrier height to dissociate the C–C bond adjacent to
the side-chain (Fig. 4.4). However, even when the temperature was 2000 K, the
high pressure limit rate constant of R3 was a factor of 3 faster than that of R4. The
difference in the barrier height of these two pathways were probably insufficient to

Fig. 4.5 Step-wise optimized potential energy curve of methylcyclohexane dissociation via
methyl loss. The calculation was conducted at MRCI/6-31+g(d,p)//CAS(2e,2o)/6-31+g(d,p) level
of theory. Reprinted with permission from Ref. [24]. Copyright 2013 by American Chemical
Society
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explain this observation. Another explanation may be that the more flexible
structure of TS1 gives it higher entropy than TS5 and TS8. The distinguishable rate
constants of R2 and R3 indicate that the production of branched heptene isomers
was insignificant during methylcyclohexane pyrolysis at high pressure.

Third, the dominant unimolecular reaction ofmethylcyclohexane is themethyl loss
channel. However, with increased temperature, the significance of this pathway
decreased, evidently because that the isomerization pathways have highA-factor. Our
calculation is in accord with the quantum chemistry calculation of Skeen et al. [18], in
which the methyl loss channel was important during methylcyclohexane pyrolysis.
This result does not support previous study byBrown andKing [4]who suggested that
the methyl loss channel is unimportant in methylcyclohexane pyrolysis. Furthermore,
this group compared the high pressure limit rate constant of cyclohexane isomer-
ization with those for methylcyclohexane. The A factor of the Arrhenius equation
calculated by Kiefer et al. [21] was divided by six, in consideration of the degeneracy.
As in the dashed line in Fig. 4.6, the rate constant for cyclohexane isomerization was
very close to that of R3, but much higher than those of other isomerization pathways.
The higher rate constants of cyclohexane isomerization were probably caused by the
reduction of the barrier height from 88.7 to 86.0 kcal/mol, resulting in a better fit with
the experimental data by Kiefer et al. [21].

Fig. 4.6 High pressure limit rate constants for methylcyclohexane isomerization and dissociation.
High pressure limit rate constant of cyclohexane isomerization presented for comparison;
considering degeneracy, values are reduced by six. Reprinted with permission from Ref. [24].
Copyright 2013 by American Chemical Society
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The pressure-dependent rate constants of methylcyclohexane dissociation (i.e.,
R1) and the total rate constants of methylcyclohexane isomerization of R2–R7 at
1000 and 1500 K are presented in Fig. 4.7. First, pressure dependence of rate
constants is more evident at higher temperatures for both channels. This can be
explained by the strong collision model [35, 36]. Second, isomerization pathways
are more pressure-dependent on rate constants than are dissociation pathways. For
example, the rate constant of methylcyclohexane isomerizations at 7.6 Torr and
1500 K is 22.5 times lower than at 76,000 Torr. However, this ratio is only 6.5 for
the dissociation channel. When the temperature is increased, it causes the branching
ratio to decrease for the dissociation channel, from low to high pressure limits, as
shown in Fig. 4.8. For a given temperature, the importance of dissociation channel
drops with increased pressure because of the less pressure-dependent dissociation
channel.

As discussed above, the canonical variational transition state theory was used to
estimate the rate constant of methylcyclohexane dissociation via methyl loss. The
rate constants as functions of pressure and temperature were obtained from a rough
rigid rotor harmonic oscillator (RRHO) assumption and a simple energy transfer
model. It was expected that this methodology could cause large uncertainty within
an order of magnitude.

4.3 H-atom Abstraction of Methylcyclohexane

In addition to the unimolecular decomposition of methylcyclohexane, this work
also calculates the H-atom abstraction rate constant of methylcyclohexane via
H atom at CBS-QB3 level of theory [28]. In the calculation, the geometry opti-
mization and vibration analysis were performed at B3LYP/6-311G(2d,d,p) level.
A series of high accuracy methods, including a complete basis set extrapolation,

Fig. 4.7 Rate constants of methylcyclohexane dissociation and isomerization as a function of
temperature at a 1000 K and b 1500 K. Left vertical coordinate is dissociation pathway, right is
isomerization pathways in Fig. 4.7a. Reprinted with permission from Ref. [24]. Copyright 2013 by
American Chemical Society
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were then adopted to correct the single potential energy [37]. The Gaussian 09
program was used to conduct the theoretical calculation [30].

Figure 4.9 shows the structure of methylcylohexane. Its asymmetric structure
causes the differences among the six carbon atoms; the two H-atoms in carbon seven
are also different. Thus, in the potential energy surface calculation, eight H-atom
abstraction pathways were considered: H+C1(H), degeneracy is 3, H+C2(H),
degeneracy is 1, H+C3(H), degeneracy is 2, H+C4(H), degeneracy is 2, H+C5(H),
degeneracy is 2, H+C6(H), degeneracy is 2, H+C7(H1), degeneracy is 1 and
H+C7(H2), degeneracy is 1, as shown in Fig. 4.10. The potential energy surface of
the reaction pathways is shown in Fig. 4.11. Energy barriers for these reactions are
very low; the lowest channel is the H-atom abstraction at the tertiary carbon.

Fig. 4.8 Branching ratio of methyl loss channel with pressure (e.g., 7.6 Torr to HPL) and
temperature (e.g., 800–2000 K). HPL High pressure limit. Reprinted with permission from Ref.
[24]. Copyright 2013 by American Chemical Society

Fig. 4.9 Structure of
methylcyclohexane. Only
carbon atoms shown
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Temperature-dependent rate constants for the reaction pathways in Fig. 4.11
were calculated using the transition state theory. Special consideration was applied
for the vibration mode of the internal rotation of the methyl group. It was treated
like a hindered rotor, using a symmetric hindrance potential function. The rate

Fig. 4.10 Detailed reaction pathways for H-atom abstraction reactions of methylcyclohexane by
H atom (unit: cm−1)

Fig. 4.11 Reaction pathways for H-atom abstraction reactions of methylcyclohexane by H atom
(unit: kcal/mol). Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier

102 4 Experimental and Modeling Study of Methylcyclohexane Combustion



constants were calculated by the ChemRate program [33], and are shown in
Fig. 4.12, with rate estimation from JetSurF 2.0 [19] and Orme et al. [7]. The
comparison indicates that the three datasets were only slightly different; the cal-
culated rate constants were closer to those from JetSurF 2.0 [19].

4.4 Unimolecular Reactions of Methylcyclohexane
Radicals

The H-atom abstraction of methylcyclohexane leads to five methylcyclohexane
radicals, as shown in Fig. 4.11. The unimolecular reactions of these radicals—
dissociation and isomerization—were computed at CBS-QB3 level of theory. The
transition state of the calculated reaction pathways was checked by the intrinsic
reaction coordinate (IRC) analysis [39]. Figure 4.13 shows the reaction pathways of
2-methyl-cyclohexyl radical, including dissociation via b–C–C scission, or b–C–H
scission, and isomerization via b–C–C scission, to open the six-membered ring, or
via intramolecular H-shift. The energy barriers of the two ring-opening isomer-
ization pathways are lower than other pathways. Furthermore, ring-opening iso-
merization, via the dissociation of the C–C bond adjacent to the methyl side-chain,
has the lowest energy barrier. Compared to the ring-opening isomerization

Fig. 4.12 Rate constants of H-atom abstraction of methylcyclohexane from H atom. Solid lines
(this work), dashed lines (JetSurF 2.0) [19], dotted lines (Orme et al. [7]). Reprinted from Ref.
[38], Copyright 2014, with permission from Elsevier
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pathways, the dissociation to loss of the methyl group had a slightly higher energy
barrier, while the energy barrier of dissociation via the b–C–H scission was
3–4 kcal/mol higher. Another isomerization pathway, shown in Fig. 4.13, leads to a
five-membered ring radical; however, the energy barrier for this pathway was quite
high and this pathway can be neglected. The potential energy surface for the
unimolecular reactions of the other four methylcyclohexane radicals is shown in
Appendix B, Figs. B.1a–B.4a. In the rate constant calculation, the conventional
transition state theory was applied for reactions with distinct barriers, while barri-
erless reactions were treated using the variational transition state theory [31]. For
barrierless reactions, the critical structure controlling the kinetics in direct bond
breaking varies with temperature. Thus, the canonical variational rate constant at
high pressure limit was calculated, which is a function of both position and tem-
perature. In the fall-off calculation, the bath gas was Ar. An exponential-down
model, i.e., 〈Edown〉 = 0.4 T, was applied in the collisional energy transfer calcu-
lation. This is in accord with the computation for dissociation and isomerization of
methylcyclohexane. The rate constants at 30, 150, 760, 7600, 76,000 Torr and
temperatures of 800–2000 K were calculated by the method of RRKM/Master
Equation. The program for rate constant calculation was ChemRate [33].

As an example, the pressure-dependent rate constants of 4-methyl-cyclohexyl
radical isomerization via b–C–C scission and decomposition via b–C–H scission
are presented in Fig. 4.14. The high pressure limit rate constants of similar reactions
from cyclohexyl radical, computed by Sirjean et al. [40], are also presented.
Although the rate constants calculated in this work were close to those of the same

Fig. 4.13 Reaction pathways of 2-methyl-cyclohexyl radical dissociation and isomerization (unit:
kcal/mol). Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier
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reaction type by Sirjean et al., their branching ratio was different. This may be due
to the difference of the calculated energy barrier. For example, the barrier height of
the ring-opening isomerization and the H-loss pathways calculated by Sirjean et al.
was 29.5 and 35.3 kcal/mol, respectively. For 4-methyl-cyclohexyl radical, the
energy barrier for these two pathways was calculated to be 30.2 and 33.6 kcal/mol,
respectively. The barrier height difference for these two pathways was 5.8 kcal/mol
from the calculation of Sirjean et al. However, this difference was only 3.4 kcal/mol
in this work. As discussed in Fig. 3.7 in Sect. 3.2.5, the calculated branching ratio
was closer to the experimental measurement by Iwan et al. [41].

4.5 Estimation of Thermodynamic Data

Studies of low pressure laminar premixed flame of methylcyclohexane in the lit-
erature have shown that the step-wise dehydrogenation of methylcyclohexane are
important routes for toluene [18]. The reaction pathways of C7H14 ! C7H13 !
C7H12 ! C7H11 ! C7H10 ! C7H9 ! C7H8 must be included in the kinetic
model to predict aromatic formation in methylcyclohexane combustion. Models in
the literature usually treated this reaction route using a lumping method, which did
not include all the possible reaction intermediates. This treatment is useful in the
model construction, but may increase uncertainty in the model prediction. In this
work, detailed reaction pathways for the step-wise dehydrogenation were consid-
ered. The thermodynamic data in NASA polynomials of the targeted species were
fitted using the FitDat of CHEMKIN-PRO software [42]. The input for this fitting
were standard enthalpy of formation, standard molar entropy, and frequency of
targeted species. The quantum chemistry calculation at CBS-QB3 level of theory
was applied to compute frequencies and standard molar entropy of the species.

Fig. 4.14 Pressure-dependent rate constants for 4-methyl-cyclohexyl radical dissociation and
isomerization (solid lines). High pressure limit rate constants of cyclohexyl radical dissociation
and isomerization from Sirjean et al. [40] (dashed lines). Reprinted from Ref. [38], Copyright
2014, with permission from Elsevier
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In most cases internal degrees of freedom were treated as rigid rotor harmonic
oscillators. For internal rotations the hindered rotor treatment was applied.

The standard enthalpy of formation of the intermediate species was obtained by
constructing isodesmic reactions for the C7H13 !! C7H8 isomers, as shown
below.

+ CH3 = + CH4

+ C2H4 = + C2H6

+ C2H4 = + C2H6CH3 + + CH4

+ = +

+ = ++ CH3 + CH4

+ = ++ C2H4 + C2H6

The standard enthalpies of reaction for these isodesmic reactions were obtained
from the theoretical calculation, while the standard enthalpies of formation for other
intermediates in the isodesmic reactions were obtained from an online database, as
shown in Table 4.2.

Table 4.3 presents the molecular formula, nomenclature, structure and thermo-
dynamic data for the step-wise dehydrogenation intermediates. The standard
enthalpies of formation for selected intermediates, e.g., cyclic C7H13 and C7H12, are
compared with the estimation from Orme et al. [7]. In most cases, the discrepancies
are about 0.5 kcal/mol. The largest discrepancy of about 1.3 kcal/mol was observed
for 3-methyl-cyclohexene.

Table 4.2 Standard enthalpies of formation for species in isodesmic reactions

MCH CH3 CH4 C2H4 C2H6 1,3-butadiene 1-butane

DfH
0 (298 K) −154.8 146.7 −74.6 52.4 −84 109.2 −125.79

Unit kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol

Reference NIST CCCBDB CCCBDB CCCBDB CCCBDB CCCBDB CCCBDB

Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier
Note NIST [43], CCCBDB [44]
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4.6 Kinetic Model for Methylcyclohexane Combustion

The kinetic model for cyclohexane combustion, including the sub-mechanism of
cyclohexane and the C0–C4 base model, was discussed in detail in Chap. 3. The
sub-mechanism of methylcyclohexane was developed in this chapter and added to
the kinetic model of cyclohexane. The reaction class of methylcyclohexane com-
bustion includes:

(a) Unimolecular decomposition and isomerization of methylcyclohexane
(b) Dissociation of heptenes and methyl-hexenes
(c) H-atom abstraction of methylcyclohexane
(d) Decomposition and isomerization of methylcyclohexane radicals
(e) Decomposition and isomerization of heptenyl radicals and methyl-hexenyl

radicals
(f) Decomposition and step-wise dehydrogenation of cyclic C7H12 intermediates.

Pressure and temperature dependent rate constants of methylcyclohexane dis-
sociation and isomerization were specifically adopted from high-level quantum
chemistry calculation, as discussed in Sect. 4.2. The isomerization of methylcy-
clohexane forms two heptene isomers (1-heptene and 2-heptene) and four
methyl-hexenes (2-methyl-1-hexene, 3-methyl-1-hexene, 4-methyl-1-hexene, and
5-methyl-1-hexene). The dominant unimolecular decomposition pathway of these
alkenes occurs by breaking the allylic C–C bond. Rate constants for this reaction
class were estimated from unimolecular decomposition of 1-hexene to allyl radical
and n-propyl radical. For the H-atom abstraction reactions of these alkenes, the rate
constants were estimated from the rate rules proposed by Pitz et al. [7, 12]. The
methyl loss of methylcyclohexane forms cyclohexyl radical, whose reaction path-
ways have also been included in the sub-mechanism of cyclohexane in Sect. 3.2.4.

For H-atom abstractions of methylcyclohexane, the rate constants of H-atom
abstraction by H atom were calculated in this work. Those by OH radical, O atom,
O2, HO2 radical and CH3 radical were adopted from JetSurF 2.0 [19]. The rate
constants of subsequent reactions of methylcyclohexane radicals—dissociation and
ring-opening isomerization—were adopted from the quantum chemistry calculation
in this work. The ring-opening isomerization of five methylcyclohexane radicals led
to heptenyl radicals and/or methyl-hexenyl radicals, which underwent intramolec-
ular H-shift isomerization and b–C–C scission dissociation. The rate constants for
these reactions in the format of Troe parameters were also taken from the JetSurF
2.0 model [19].

In the flame experiment of methylcyclohexane by Skeen et al. [18], a series of C6
and C7 cyclic compounds were detected. These intermediates were also measured in
the flame experiment in this work and are evidence that the step-wise dehydro-
genation of methylcyclohexane leads to aromatics like benzene and toluene. In this
work, a detailed reaction mechanism from methylcyclohexane to benzene and
toluene (including the important step-wise dehydrogenation intermediates of C7H12,
C7H11, C7H10, C7H9 and C7H8) was developed. The rate constants of H-elimination
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of C7H12 and C7H10 were estimated from that of propene (C3H6), while the rate
constants of b–C–H scission of 1-buten-3-yl radical (SAXC4H7) were applied for
C7H11 and C7H9 radicals. For C7H12 and C7H10, H-atom abstraction reactions were
also considered, and the rate rule from Pitz et al. [7, 12] was utilized. Like cyclo-
hexene, the retro-Diels-Alder reaction dissociates methylcyclohexenes into smaller
intermediates. The rate constants for this process referred to those of cyclohexene. In
the step-wise dehydrogenation process of methylcyclohexane, the isomers of
toluene, o-isotoluene and p-isotoluene (cC7H8) are formed. Similar to toluene, the
H-elimination of these intermediates forms benzyl radical (C7H7). The rate constants
for this reaction were from theoretical calculation by Klippenstein et al. [45].
Table 4.4 shows the sub-mechanism of methylcyclohexane.

4.7 Flow Reactor Pyrolysis

The flow reactor pyrolysis of methylcyclohexane at 30, 150, and 760 Torr was
performed with a total flow rate of 1000 sccm at standard temperature and pressure
(STP). The inlet mole fraction of methylcyclohexane and Ar was 0.02 and 0.98,
respectively. These experimental conditions were similar to the cyclohexane
pyrolysis experiment. The quantification of some intermediates, such as 2-methyl-
1,3-butadiene, 2-heptene, cC7H8, C7H10, C7H12, cyclopentadienyl radical (C5H5),
cyclopentadiene (C5H6) and fulvene, required estimation of the photoionization
cross sections. These values were obtained from species with similar structure, or
taken from estimations in the literature.

Previous study of methylcyclohexane by Zippieri et al. [5] detected and quan-
tified *15 species; ethylene, 1,3-butadiene, methane and propene are the major
products. This work measured more than 30 pyrolysis intermediates. The newly
detected intermediates include the initial dissociation and isomerization products
(methyl radical and 2-heptene) of methylcyclohexane, cyclic compounds fulvene,
1,3-cyclohexadiene, C7H8 (o-isotoluene and p-isotoluene), C7H10 and C7H12, etc.
In the steam pyrolysis of methylcyclohexane [46], 2-heptene and some cyclic
C7H12 compounds were also detected in a tubular reactor. However, the species
pool in methylcyclohexane pyrolysis were quite different under supercritical con-
ditions [47].

4.7.1 Consumption of Methylcyclohexane

The mole fraction profiles of methylcyclohexane, 2-heptene, 1-heptene and methyl
radical are presented in Fig. 4.15. The pyrolysis experiment at 30 Torr favored the
formation of 2-heptene and methyl radical, which were detected from the experi-
ment. With increased pressure, their concentration was below the detection limit of
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the mass spectrometer. The quantum chemistry calculation showed that the domi-
nant isomerization product of methylcyclohexane was 2-heptene. This conclusion
was in accord with the experiment that measured 2-heptene. The simulation also
showed that the mole fraction of other isomerization products (1-heptene in
Fig. 4.15c) was much lower than that of 2-heptene.

Figure 4.16 shows the reaction flux of methylcyclohexane at 30 and 760 Torr. In
conversion of approximately 80%, methylcyclohexane is mostly consumed by
unimolecular dissociation, isomerization, and H-atom abstraction by H atom and
methyl radical. The contribution of unimolecular dissociation and isomerization
was more important at 30 Torr (i.e., 40%); the dominant route was methylcyclo-
hexane dissociation. However, H-atom abstraction reactions became more impor-
tant at 760 Torr, which led to five methylcyclohexane radicals.

To further clarify the effect of unimolecular decomposition and H-atom
abstraction reactions on methylcyclohexane consumption, the sensitivity analysis of
methylcyclohexane was conducted at both 30 and 760 Torr. Selected conditions
were the same as the reaction flux analysis in Fig. 4.16. Results in Fig. 4.17
indicate that both unimolecular dissociation and H-atom abstraction reactions had a
positive effect in consuming methylcyclohexane. The most sensitive reaction was
the dissociation of methylcyclohexane to methyl radical and cyclohexyl radical.

Fig. 4.15 Mole fraction profiles of a methylcyclohexane, b 2-heptene, c 1-heptene and d CH3

during methylcyclohexane pyrolysis at 30, 150 and 760 Torr. Symbols are experimental data.
Solid lines are model prediction in this work, dashed lines are model prediction at 760 Torr by
Orme et al. [7], and dotted lines are model prediction at 760 Torr by JetSurF 2.0 [19]. Reprinted
from Ref. [38], Copyright 2014, with permission from Elsevier
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Fig. 4.16 Reaction pathways consuming methylcyclohexane at 30 and 760 Torr with methyl-
cyclohexane conversion of approximately 80%. Black numbers are 30 Torr experiment. Blue
numbers and underlines are 760 Torr experiment. Numbers obtained by dividing pathway carbon
flux by total carbon flux of methylcyclohexane consumption. Reprinted from Ref. [38], Copyright
2014, with permission from Elsevier

Fig. 4.17 Normalized sensitivity analysis of methylcyclohexane at both 30 and 760 Torr
pyrolysis experiment with fuel conversion of approximately 80%. Reactions shown have absolute
sensitivity coefficients larger than 0.02 for 30 Torr experiment and 0.03 for 760 Torr experiment,
respectively. Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier
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The positive effects of these reactions on methylcyclohexane consumption occurred
because these reactions directly consume methylcyclohexane. Furthermore, the
cyclohexyl radical and the methylcyclohexane radicals formed from these pathways
were the precursors of the H atom by way of reactions like the b–C–H scission of
C2H5 radical and C4H7 radical, etc. H-atom abstraction reactions of methylcyclo-
hexane were promoted when more H-atoms were added into the system. This
explanation is in accord with the positive effect of b–C–H scission of C2H5 and
C4H7 radicals on methylcyclohexane consumption.

The kinetic model in this work was also compared with a methylcyclohexane
combustion model by Orme et al. [7] and JetSurF 2.0 [19]. In the JetSurF 2.0
model, an over-prediction of methylcyclohexane consumption was observed (dotted
lines in Fig. 4.15) at 760 Torr. Analysis showed that the dominant pathways to
methylcyclohexane consumption were its isomerization to heptenes. However, the
estimated rate constants were much larger than the calculation in this work, this is
the probable reason for the over-prediction of methylcyclohexane consumption.
However, the prediction of methylcyclohexane by the kinetic model of Orme et al.
is closer to the simulation in this work (dashed line in Fig. 4.15); but the predicted
mole fraction of 2-heptene and 1-heptene appears at a higher temperature. This
discrepancy is probably due to the different reaction mechanism for these isomer-
ization products.

Isomerization pathways of methylcylohexane in the model of Orme et al. con-
sidered two-step reactions. The ring-opening of methylcyclohexane formed three
C7H14 bi-radicals, which then underwent intramolecular H-shift isomerization and/
or b–C–C scission decomposition. The theoretical study by Skeen et al. [18], and
this work, both showed that dominant pathways for these biradicals are
intramolecular H-shift to produce heptenes and methyl-hexenes; the b–C–C scis-
sion pathways were energetically unfavorable. Instead, the dominant pathways for
these biradicals was the unfavorable b–C–C scission channels in the model by
Orme et al.

4.7.2 Isomerization of Cyclohexyl Radical
and Methylcyclohexane Radicals

The cyclohexyl and methylcyclohexane radicals produced from the unimolecular
decomposition and H-atom abstraction of methylcyclohexane are not stable and
were not detected in the experiment. As shown in Fig. 4.18, the dominant con-
sumption pathways for these radicals are ring-opening isomerization. The
ring-opening isomerization in the cyclohexyl radical led to a 5-hexen-1-yl radical
(PXC6H11), which then formed 1-hexen-3-yl radical (SAXC6H11) by way of
intramolecular 1,4-H shift, and ethylene and 3-buten-1-yl radical (C4H7) via direct
b–C–C scission. As discussed in cyclohexane pyrolysis, the b–C–C scission of
1-hexen-3-yl radical formed 1,3-butadiene and ethyl radical. Apart from these two
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pathways, 5-hexen-1-yl radical also isomerized to a five-membered ring interme-
diate cyclopentylmethyl radical CH2cC5H9 [48] ( ). However, the simulation
showed that this pathway was negligible among the pathways consuming the
5-hexen-1-yl radical.

The ring-opening isomerization of methylcyclohexane radicals leads to C7H13

alkenyl radicals, which then mainly undergoes two kinds of reactions. By
abstracting the allylic hydrogen atom, the intramolecular H-shift formed a conjugate
radical intermediate (not shown in Fig. 4.18). The b–C–C scission of this inter-
mediate which followed, produced diene and a small radical. The b–C–C scission
of the C7H13 alkenyl radicals led to alkenes and small radicals. Like the
5-hexen-1-yl radical (PXC6H11), isomerization of the C7H13 alkenyl radicals also
yielded five-membered ring intermediates. However, this reaction class was not
included in the kinetic model since it has been shown to be insignificant in con-
suming the 5-hexen-1-yl radical.

Figure 4.19 shows measured and simulated mole fraction profiles of important
C0–C6 species in methylcyclohexane pyrolysis at 30, 150, and 760 Torr. Here,
focus was on the reaction kinetics of cyclohexyl radical and methylcyclohexane
radicals in 30 Torr pyrolysis because their reaction flux is similar at both 30 Torr
and 760 Torr. Mole fraction profiles of 1,3-hexadiene, C5 dienes (1,3-pentadiene

Fig. 4.18 Reaction flux of ring-opening isomerization of cyclohexyl radical and methylcyclo-
hexane radicals during methylcyclohexane pyrolysis at 30 Torr with fuel conversion of about 80%.
Numbers obtained by dividing pathway carbon flux by total carbon flux of methylcyclohexane
consumption. Underlined species detected in this work. Reprinted from Ref. [38], Copyright 2014,
with permission from Elsevier
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and 2-methyl-1,3-butadiene), 1,3-butadiene, and allyl radical were also compared
with those formed in cyclohexane pyrolysis at 30 Torr, as shown in Fig. 4.20. The
mole fraction of 1,3-hexadiene in methylcyclohexane pyrolysis was three times
higher than in cyclohexane pyrolysis. The reaction pathway analysis shows that
1,3-hexadiene was formed from the 5-hexen-1-yl radical (PXC6H11) in cyclohexane
pyrolysis. In methylcyclohexane pyrolysis, however, this pathway was negligible;
the dominant source for 1,3-hexadiene resulted from the decomposition of the
3-methyl-5-hexen-1-yl radical (CH3-4-PXC6H10), which was produced from
3-methyl-cyclohexyl radical (CH3S3XcC6H10).

In addition to 1,3-hexadiene in Fig. 4.19a, this workmeasured two other important
C5 dienes, 1,3-pentadiene (C5H8-13) in Fig. 4.19b and 2-methyl-1,3-butadiene (CH3-
2-C4H5-13) in Fig. 4.19c. The mole fraction of the C5 dienes in methylcyclohexane
pyrolysis was also much higher than in cyclohexane pyrolysis. This difference was
caused by the different reaction pathways, which are related to the molecular structure
of the two cycloalkanes. The C5 dienes in cyclohexane pyrolysis were produced from
secondary reactions of smaller intermediates. However, in methylcyclohexane
pyrolysis, theC5 dienes are formed from the decomposition of themethylcyclohexane
radicals. For example, the dissociation of 3-methyl-1-hexen-6-yl radical (CH3-
3-PXC6H10, 24%) and 2-methyl-1-hexen-6-yl radical (CH3-2-PXC6H10, 69%) are the

Fig. 4.19 Mole fraction profiles of important C0–C6 species during methylcyclohexane pyrolysis
at 30, 150, and 760 Torr. Symbols and solid lines are experimental measurement and model
prediction in this work. Dashed lines are model prediction by Orme et al. [7] at 760 Torr.
Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier
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two main pathways for 2-methyl-1,3-butadiene. The following three reactions
(R1–R3) are the dominant route to consuming 2-methyl-1,3-butadiene.

CH3-2-C4H5-13 ( ) + H = CH3CCH2 ( ) + C2H4 ðR1; 37%Þ

CH3-2-C4H5-13 + H = PAXCH2-2-C4H5 ( ) + H2 ðR2; 26%Þ

CH3 � 2� C4H5 � 13þH ¼ C3H6 þC2H3 ðR3; 24%Þ

There are also two main pathways for 1,3-pentadiene, the dissociation of
5-hepten-1-yl radical (PX7-2C7H13, 65%) and 3-methyl-5-hexen-1-yl radical (CH3-
4-PXC6H10, 32%). The following three reactions (R4–R6) compose the dominant
route to consuming 1,3-pentadiene.

C5H8-13 ( ) + H = C2H4 + CH3CHCH ( ) ðR4; 64%Þ

C5H8-13 + H = lC5H7 ( ) + H2 ðR5; 25%Þ

C5H8 � 13þCH3 ¼ lC5H7 þCH4 ðR6; 7%Þ

The H-atom abstractions of 1,3-pentadiene (R5 and R6) led to lC5H7. Another
two important pathways for lC5H7 are reactions R7 and R8, 30%. The dominant
reactions of lC5H7 led to cyclopentadiene in Fig. 4.19d.

iC4H5 ( ) + CH3 = lC5H7 + H ðR7; 48%Þ

lC5H7 + CH3 = C6H10-13 ( ) ðR8; 30%Þ
The most important diene in methylcyclohexane pyrolysis is 1,3-butadiene

(Fig. 4.19f), which is also the most important diene in cyclohexane pyrolysis. As
shown in Fig. 4.20c, the mole fraction of 1,3-butadiene in the two cycloalkane
pyrolysis is similar. The dominant pathway for 1,3-butadiene in cyclohexane
pyrolysis is from 5-hexen-1-yl radical (PXC6H11). This pathway is also important
for 1,3-butadiene formation in methylcyclohexane pyrolysis (Fig. 4.18a), while
other pathways from 1-hepten-6-yl radical (SXC7H13), 2-methyl-5-hexen-1-yl
radical (PXCH2-5-1C6H11) and 5-hepten-1-yl radical (PX7-2C7H13) also lead to
1,3-butadiene. The H-atom addition to the double bond of 1,3-butadiene, and
subsequent decomposition, forms ethylene and C2H3; and the H-atom abstraction of
1,3-butadiene produces nC4H5 and iC4H5 radicals. The b–C–H scission of these
two radicals are the dominant source for vinylacetylene (C4H4) in Fig. 4.19g.

The profiles of C3 intermediates in methylcyclohexane pyrolysis are shown in
Fig. 4.19h–l. Three important reaction pathways lead to propene: dissociation of
1-hepten-6-yl radical (SXC7H13); H-elimination of iC3H7, from the 2-methyl-5-
hexen-1-yl radical (PXCH2-5-1C6H11); and the reaction of CH3 radical with C2H3

radical. The major reaction pathways for propene are by way of the reaction with
H atom to form ethylene and methyl radical.
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Another important C3 intermediate is allyl radical (aC3H5), produced mainly
from R9 to R11:

PXC5H9 ( ) = C2H4 + aC3H5 ðR9; 28%Þ

C6H10-15 ( ) = aC3H5 + aC3H5 ðR10; 19%Þ

C7H14-1 ( ) = pC4H9 ( ) + aC3H5 ðR11; 15%Þ
Figure 4.20d shows that its mole fraction is much lower than in cyclohexane

pyrolysis, indicating that the production of allyl radical is not favorable in
methylcyclohexane pyrolysis. In cyclohexane pyrolysis, the allyl radical is largely
produced from the decomposition of 1-hexene, an important intermediate from the
initial isomerization of cyclohexane (Sect. 3.3.1). The initial isomerization of
methylcyclohexane forms 1-heptene, which also decomposes into allyl radical
(R11). However, 1-heptene is not the major dissociation product of methylcyclo-
hexane, and the contribution to allyl radical from 1-heptene is much less than
1-hexene in cyclohexane pyrolysis.

In summary, the ring-opening isomerization of cyclohexyl radical and methyl-
cyclohexane radicals forms 5-hexen-1-yl radical and various C7H13 alkenyl radi-
cals. They lead to dienes of 1,3-hexadiene, 1,3-pentadiene, 2-methyl-1,3-butadiene,
and 1,3-butadiene, alkenes of C3H6 and C2H4, radicals of C4H7, C3H7, and C2H5.
Compared to cyclohexane, the pyrolysis of methylcyclohexane favors the formation
of C5 (1,3-pentadiene and 2-methyl-1,3-butadiene) and C6 (1,3-hexadiene) dienes.
Instead, the production of allyl radical is much lower than in cyclohexane pyrolysis.

Fig. 4.20 Mole fraction profiles of 1,3-hexadiene, C5 dienes (1,3-pentadiene and
2-methyl-1,3-butadiene), 1,3-butadiene, and allyl radical during methylcyclohexane (triangle)
and cyclohexane (square) pyrolysis at 30 Torr. Horizontal axis is conversion of methylcyclohex-
ane and cyclohexane, respectively
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These differences reflect the chemical structure of the reactant on the distribution of
pyrolysis intermediates. Generally, model prediction for the pyrolysis of methyl-
cyclohexane, as shown in Figs. 4.15 and 4.19, is satisfactory. The model by Orme
et al. [7] also satisfactorily predicts the C0–C6 species at 760 Torr.

4.7.3 Dissociation of Cyclohexyl and Methylcyclohexane
Radicals

Apart from ring-opening isomerization pathways, the dissociation of cyclohexyl
radical and methylcyclohexane radicals by step-wise dehydrogenation and/or
dealkylation forms C6 and C7 cyclic compounds. The step-wise dehydrogenation
of cyclohexyl radical and 1-methyl-cyclohexyl radical are shown in Fig. 4.21 as
examples. This work measured C6 cyclic compounds of cyclohexene (cC6H10),
1,3-cyclohexadiene (cC6H8-13), benzene (A1), C7 cyclic compounds of C7H12,
C7H10, o-isotoluene and p-isotoluene (cC7H8), and toluene (A1CH3).

Table 4.5 shows ionization energy of the cyclic C7H12, C7H10 and C7H8

molecule from NIST [43], as well as theoretical calculation in this work and in the
literature. The most probable isomers of these intermediates were considered here.
In the experiment by this group, the photoionization efficiency spectra of m/z 78,
92, 94, and 96 were measured and are presented in Fig. 4.22, with the ionization
energy and the structure of the most probable isomers. For m/z 78, clear ionization
energy onset of benzene and fulvene is observed. For m/z 92, the ionization energy
onset of toluene is observed at 8.84 eV. Another onset is observed for this m/z at
approximately 7.96 eV, indicating the formation of isomers of toluene, e.g.,
o-isotoluene and p-isotoluene from Fig. 4.21b. The calculated ionization energy of

Fig. 4.21 Benzene and
toluene isomers from
step-wise dehydrogenation of
cyclohexyl radical and
1-methyl-cyclohexyl radical.
H-loss pathways include
direct C–H scission and
H-atom abstractions.
Reprinted from Ref. [38],
Copyright 2014, with
permission from Elsevier
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Fig. 4.22 Photoionization efficiency spectra of m/z 78, 92, 94, 96 in methylcyclohexane
pyrolysis. Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier

Table 4.5 Adiabatic ionization energy of cyclic C7H12, C7H10, and C7H8 species

Formula Species Structure IE/eV Refs.

C7H12 Methylenecyclohexane 8.93 a

1-methyl-cyclohexene 8.67 a

3-methyl-cyclohexene 8.89 a

4-methyl-cyclohexene 8.91 a

C7H10 3-methylene-cyclohexene 8.38 b

2-methyl-1,3-cyclohexadiene 8.05 (8.05) b

1-methyl-1,3-cyclohexadiene 7.96 (7.95) b

5-methyl-1,3-cyclohexadiene 8.23 (8.21) b

C7H8 5-methylene-1,3-cyclohexadiene 7.81 b

3-methylene-1,4-cyclohexadiene 8.11 b

Toluene 8.83 a

Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier
aNIST database [43]; bcalculation in this work; bracketed value from Skeen et al. [18]
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o-isotoluene and p-isotoluene is, respectively, 7.81 and 8.11 eV, which is close to
the experimental measurement. It was noted that the ionization energy of o-iso-
toluene in the NIST database was 7.9 eV, slightly higher than our theoretical cal-
culation. In cyclohexane pyrolysis, fulvene, benzene, and toluene were also
observed, but m/z corresponding to C7H12 and C7H10 was not detected. This
indicates that C7H12 and C7H10 species were produced directly from the dissocia-
tion of methylcyclohexane.

Figure 4.23 shows mole fraction profiles of the C6 and C7 intermediates. The
experiment by this group did not separate the isomers for C7H10 and C7H12, so the
estimated mole fractions of these two intermediates are the summation of all
probable isomers. Accordingly, the simulated mole fractions of these two inter-
mediates also included all the possible isomers (cyclic and/or chain compounds).
The simulation revealed that the dominant isomer for C7H12 was 4-methyl-
cyclohexene. The production of other isomers, such as 1,3-heptadiene and
5-methyl-1,3-hexadiene, was much less under the three pressure pyrolysis. For
C7H10, the cyclic compounds in Table 4.4 were the major constituent at 30 Torr.
However, the contribution of 1,3,5-heptatriene was dominant at higher pressures,
constituting *70% of the total mole fraction of C7H10 at 760 Torr, for example.
The buildup reaction of 1,3-pentadiene with a vinyl radical was the main source for
1,3,5-heptatriene. For C7H8, the mole fraction of toluene and cC7H8 was separated,
as shown in Fig. 4.23g, h. The model satisfactorily predicted the formation of the
C6 and C7 intermediates, except for cC7H8. Analysis revealed that the step-wise
dehydrogenation of 1-methyl-cyclohexyl (CH3TXcC6H10) and PXCH2cC6H11( )
radicals were the source of cC7H8, which included o-isotoluene and p-isotoluene.
The decomposition of these two intermediates led to benzyl radical (A1CH2). The
kinetic model of cC7H8 needs to be further developed to reduce the discrepancy
between experiment and simulation.

Apart from cC7H8, benzene and toluene are two other intermediates from the
decomposition of cyclohexyl radical and methylcyclohexane radicals. Figure 4.23c, g

Fig. 4.23 Mole fraction profiles of C6 and C7 intermediates in methylcyclohexane pyrolysis at
30, 150, and 760 Torr. Symbols and solid lines are experimental measurement and prediction in
this work. Dashed lines are model predictions from Orme et al. [7] at 760 Torr. Reprinted from
Ref. [38], Copyright 2014, with permission from Elsevier
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show that production of benzene was higher than toluene from low to atmospheric
pressure pyrolysis. A similar trend was also observed between 1,3-cyclohexadiene
(Fig. 4.23b) and cyclic C7H10 dienes (Fig. 4.23f). Here we focused on the decom-
position pathways of cyclohexyl radical and methylcyclohexane radicals to benzene
and toluene, as shown in Fig. 4.24. On one hand, toluene is produced from C7
cyclic alkene 1-methyl-cyclohexene (CH3-1-cC6H9), as well as C7 cyclic diene
1-methyl-1,3-cyclohexadiene (CH3-1-cC6H7-13) and 2-methyl-1,3-cyclohexadiene
(CH3-2-cC6H7-13). These C7 cyclic alkene and dienes are from the step-wise
dehydrogenation of 1-methyl-cyclohexyl radical (CH3TXcC6H10) and 2-methyl-
cyclohexyl radical (CH3S2XcC6H10). On the other hand, benzene is formed from
cyclohexene (cC6H10), 3-methyl-cyclohexene (CH3-3-cC6H9), 4-methyl-cycloh
exene (CH3-4-cC6H9), 5-methyl-1,3-cyclohexadiene (CH3-5-cC6H7-13) and
1,3-cyclohexadiene (cC6H8-13). These C6 and C7 cyclic compounds leading to
benzene are from the step-wise dehydrogenation and/or dealkylation of

Fig. 4.24 Major reactions of cyclohexyl radical and methylcylohexane radical decomposition via
step-wise dehydrogenation and/or dealkylation in methylcyclohexane pyrolysis.
Methylcyclohexane conversion is *80% for 30 and 760 Torr pyrolysis. Black numbers are
30 Torr experiment. Blue numbers and underlines are 760 Torr, obtained by dividing pathway
carbon flux by methylcyclohexane consumption total carbon flux. Species detected in this work are
colored and underlined. Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier
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2-methyl-cyclohexyl (CH3S2XcC6H10), 3-methyl-cyclohexyl (CH3S3XcC6H10) and
4-methyl-cyclohexyl (CH3S4XcC6H10) radicals. Furthermore, the decomposition of
methylcyclohexane forms cyclohexyl radical, whose further step-wise dehydro-
genation is another important source for benzene. In summary, the analysis from the
kinetic model revealed that more carbon flux goes into C6 cyclic compounds than the
C7 cyclic compounds. This explains the higher production of benzene than toluene.

4.7.4 Reaction Pathway Analysis for Toluene and Benzene

Figure 4.25 shows the reaction pathway analysis of toluene and benzene with
methylcyclohexane conversion of *80% at both 30 and 760 Torr pyrolysis. The
dominant source of toluene is the H-elimination of five cyclic C7H9 radicals. They
were produced from the step-wise dehydrogenation of 1-methyl-cyclohexyl radical
(CH3TXcC6H10) and 2-methyl-cyclohexyl radical (CH3S2XcC6H10). Among the
five cyclic C7H9 radicals, the contribution from 3-methyl-1,3-cyclohexadienyl
(CH3-3-SAXcC6H6) radical is more important. Another pathway to producing
toluene is the association of H atom with benzyl radical; this reaction mechanism for
toluene in methylcylohexane pyrolysis is different from that in cyclohexane pyrol-
ysis. For example, the self-combination of propargyl radical (C3H3) in cyclohexane
pyrolysis is the dominant source of toluene via the following reaction pathways.

C3H3 þC3H3 ¼ A1�þH ðR12Þ

A1CH2 þH ¼ A1�þCH3 ðR13Þ

A1CH2 þH ¼ A1CH3 ðR14Þ

Here the toluene formation pathways in the kinetic model of Orme et al. [7] are
considered; the reaction mechanism of cyclic C7H12 and C7H10 intermediates from

Fig. 4.25 Reaction pathway analysis of toluene and benzene in methylcyclohexane pyrolysis at
30 and 760 Torr with methylcyclohexane conversion of *80%. Black numbers are 30 Torr, blue
numbers and underlines for 760 Torr are contribution percentages. Reprinted from Ref. [38],
Copyright 2014, with permission from Elsevier
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their simulation was analyzed first. As the dashed line in Fig. 4.23e indicates, all the
probable isomers of C7H12 were included. Like the model prediction in this work,
the four cyclic C7H12 alkenes were also formed from the decomposition of
methylcyclohexane; however, no subsequent reactions were considered for these
cyclic C7H12 alkenes in the model from Orme et al. Although their predicted mole
fraction of C7H12 was close to the simulation in this work, the value was expected
to be lower when the subsequent reactions of cyclic C7H12 alkenes were included.
Consequently, cyclic C7H10 dienes and toluene cannot be produced from the
decomposition of methylcyclohexane in the model by Orme et al. As shown in
Fig. 4.23g, their predicted mole fraction of toluene was much higher than the
experimental measurement. Analysis reveals that the reaction of 1,3-butadiene with
C3H3 was the dominant route for toluene (R15).

C3H3 þC4H6 ¼ A1CH3 þH ðR15; 95%Þ

Like cyclohexane pyrolysis, benzene is produced from multiple channels in
methylcyclohexane pyrolysis (Fig. 4.25b). The contribution of different reaction
pathways is affected by the pressure of pyrolysis. For example, the most important
benzene formation route is the H-loss of cyclohexadienyl (SAXcC6H7) radical
under 30 Torr pyrolysis. As shown in Fig. 4.24, the step-wise dehydrogenation of
cyclohexyl radical and the dissociation of 2-methyl-cyclohexyl (CH3S2XcC6H10),
3-methyl-cyclohexyl (CH3S3XcC6H10) and 4-methyl-cyclohexyl (CH3S4XcC6H10)
radicals are the source of the cyclohexadienyl radical. The contribution to benzene
from b–C–H scission of the cyclohexadienyl radical decreases when the pressure is
760 Torr.

Other important reactions for benzene are from resonance stabilized radicals, such
as reactions C4H4 + C2H3, C3H3 + C3H3, C3H3 + aC3H4, and C3H3 + pC3H4.
These reaction pathways—as well as the H-assisted isomerization of fulvene—are
more important for benzene at 760 Torr pyrolysis, another reason for the higher mole
fraction of benzene than toluene.

The kinetic model by Orme et al. [7] also predicted well the mole fraction of
benzene (A1) at 760 Torr. However, the production of 1,3-cyclohexadiene was
largely under-predicted. Analysis revealed that the H-loss of cyclohexadienyl
radical was also the main source for benzene. However, the cyclohexadienyl radical
was produced from the reactions of nC4H5 with C2H2, not from the decomposition
of methylcyclohexane. Moreover, another important route for benzene in the Orme
et al. model was the reaction of 1,3-butadiene with vinyl radical.

C2H3 þC4H6 ¼ A1þH2 þH ðR16Þ
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4.8 Low-Pressure Premixed Flame of Methylcyclohexane

To further validate the kinetic model of methylcyclohexane combustion, the lam-
inar premixed flame of methylcyclohexane with equivalence ratio of 1.75 at 30 Torr
was studied in this work. The flame of methylcyclohexane/O2/50% Ar mixture was
stabilized on a McKenna burner. The diameter of the burner was 60 mm. The
velocity and mass flow rate of the unburnt gas at 300 K was 35 cm/s and
2.28 � 10−3 g/cm2/s, respectively. The flow rates of methylcyclohexane, Ar, and
O2 were 152, 1066, and 914 sccm, respectively. In the CHEMKIN simulation, the
temperature profile obtained from the experiment was used as input. The
mixture-average transport, including Soret diffusion, was considered. The simula-
tion was converged with solution gradient of 0.19 and curvature of 0.39, respec-
tively. Figure 4.26 displays the temperature profile and the mole fraction profiles of
the major combustion products. The model satisfactorily captured the flame
structure of methylcyclohexane, which is similar to the fuel-rich cyclohexane flame
at low pressure.

Mole fraction profiles of C1–C7 combustion intermediates are presented in
Fig. 4.27. A large discrepancy is observed between experiment and simulation at
distances shorter than 2 mm from the burner surface; this was caused by the per-
turbation of the sampling nozzle. Thus, within this range, the measured mole
fraction might not be used to examine the kinetic model. Analysis shows that the
unimolecular reactions of methylcyclohexane were not important for the con-
sumption of methylcyclohexane in a flame environment. Instead, the bimolecular
reactions of methylcyclohexane with OH radical and H atom controlled the con-
sumption of methylcyclohexane and produced methylcyclohexane radicals. The
yield of 3-methyl-cyclohexyl (CH3S3XcC6H10) and 2-methyl-cyclohexyl
(CH3S2XcC6H10) radicals was especially higher than other radicals. The reaction
pathways for methylcyclohexane radicals were like those in methylcyclohexane
pyrolysis, e.g., ring-opening isomerization to form long-chain alkenyl radicals. The
further decomposition of these alkenyl radicals constitutes the species pool of the

Fig. 4.26 Mole fraction
profiles of reactants and major
combustion products in
methylcyclohexane flame
with equivalence ratio of 1.75
and pressure of 30 Torr.
Symbol is experiment
measurement. Line is model
prediction. Solid symbol and
line is temperature profile in
this work. Reprinted from
Ref. [38], Copyright 2014,
with permission from Elsevier

4.8 Low-Pressure Premixed Flame of Methylcyclohexane 131



combustion intermediates. On the other hand, the decomposition of the methyl-
cyclohexane radicals via b–C–H scission and b–C–C scission were the source for
cyclohexene and methylcyclohexene isomers. The formation of some key com-
bustion intermediates is highlighted in the following discussion.

Like cyclohexane flame, 1,3-butadiene is an important intermediate in methyl-
cyclohexane flame (Fig. 4.27m). However, the reaction flux for 1,3-butadiene in the
methylcyclohexane flame studied was much more complex. More than 50% of
1,3-butadiene is from the decomposition of alkenyl C7H13 radicals such as
2-methyl-5-hexen-1-yl radical (PXCH2-5-1C6H11, 18%), 1-hepten-6-yl radical
(SXC7H13, 17%), 5-hepten-1-yl radical (PX7-2C7H13, 11%) and 6-hepten-1-yl rad-
ical (PXC7H13, 8%). Another source was the decomposition of 5-hexen-1-yl radical
(PXC6H11, 15%). The contribution of this channel to 1,3-butadienewas less important

Fig. 4.27 Mole fraction profiles of C1–C7 combustion intermediates in methylcyclohexane flame
with equivalence ratio of 1.75 and pressure of 30 Torr. Symbol is experiment measurement. Line
is model prediction. Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier
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than in methylcyclohexane pyrolysis because the unimolecular decomposition of
methylcyclohexane from the loss of CH3 side-chain is not important in flame. Another
important intermediate is C5H8 dienes, including 1,3-pentadiene and 2-methyl-
1,3-butadiene (Fig. 4.27p). The decomposition of the C7H13 alkenyl radicals is the
major source for these two intermediates. Experiments by this group did not separate
these two species. According to the experimental observation of Skeen et al. [18], the
mole fraction of 1,3-pentadiene is slightly lower than that of 2-methyl-1,3-butadiene.

Mole fraction profiles of the cyclic C6–C7 species are shown in Fig. 4.27q–x;
model prediction for these intermediates was generally satisfactory. The photoion-
ization efficiency spectra of these cyclic C6–C7 species were similar to the obser-
vation in methylcyclohexane pyrolysis. These intermediates were also detected by
Skeen et al. [18]; photoionization efficiency spectra for species in the two experiments
were also similar. ForC7H10 andC7H12, all the probable isomers in the simulatedmole
fraction profiles were considered, as shown in Fig. 4.27w, x. Likemethylcyclohexane
pyrolysis, cC7H8 (o-isotoluene and p-isotoluene), the isomers of toluene, were also
detected in methylcyclohexane flame. The measured ionization onset for cC7H8 was
*7.91 eV, which is close to the ionization energy of o-isotoluene (7.81 eV).
Although the formation of cC7H8 was significantly under-predicted in methylcyclo-
hexane pyrolysis, the model satisfactorily predicted its mole fraction in a flame
environment. The step-wise dehydrogenation of 1-methyl-cyclohexyl radical
(CH3TXcC6H10) and cyclohexylmethyl radical (PXCH2cC6H11, ) was the main
source for cC7H8. The higher concentration of radicals in flame environment pro-
moted the H-abstraction reactions and is the probable reason for the better prediction
of cC7H8.

The model prediction for fulvene was also good. The analysis revealed that
fulvene was formed mainly from R16. Like the observation of methylcyclohexane
pyrolysis, the mole fraction of C6H8 and C6H6 was higher than C7H10 and C7H8 in
the flame environment; this phenomenon can also be explained by the flux analysis
in Fig. 4.24. In the following, discussion focuses on the kinetics of benzene and
toluene.

In the studied flame, the direct H-elimination of the five cyclic C7H9 radicals was
the dominant source for toluene, while the five cyclic C7H9 radicals were produced
from the step-wise dehydrogenation of methylcyclohexane. This observation for
toluene was similar to methylcyclohexane pyrolysis. Multiple pathways led to ben-
zene, e.g., H-elimination from cyclohexadienyl radical (SAXcC6H7, 76%), H-atom
assisted isomerization of fulvene (9%), and the reaction of H atom with toluene (7%).
Unlike methylcyclohexane pyrolysis, the reaction pathways from small resonance
stabilized radicals had a negligible contribution on benzene formation.

For clarification of toluene and benzene reaction kinetics, a sensitivity analysis was
calculated for toluene at 6.3 mm from the burner surface and for benzene at 6.6 mm,
as shown in Fig. 4.28. Results showed that the reactions with C7- and C6- cyclic
intermediates affected the formation of toluene and benzene. For example, the
H-elimination of methylcyclohexane radicals to methylcyclohexenes positively
affected the formation of toluene, such as those of 1-methyl-cyclohexyl,
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Fig. 4.28 Normalized sensitivity analysis of a toluene and b benzene in methylcyclohexane flame
at 6.3 and 6.6 mm from burner surface, respectively. Reactions with absolute sensitivity
coefficients larger than 0.09 are shown for toluene. Reactions with absolute sensitivity coefficients
larger than 0.06 are shown for benzene. Reprinted from Ref. [38], Copyright 2014, with
permission from Elsevier
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2-methyl-cyclohexyl and 4-methyl-cyclohexyl radicals. But their ring-opening iso-
merization had a negative effect on toluene formation. Furthermore, the decomposi-
tion of methyl-cyclohexenes, e.g., 1-methyl-cyclohexene and 4-methyl-cyclohexene,
via the retro-Diels-Alder reaction, also had a negative effect on toluene formation. The
result also revealed that the H-atom abstraction of toluene to benzyl radical had a
considerable negative effect on toluene formation, since this pathway is the dominant
consumption channel for toluene. The combination of benzyl radical with H atom is
another source for toluene, and this reaction had a substantial positive effect on toluene
formation.

The sensitivity analysis for benzene showed that the reactions of
2-methyl-cyclohexyl radical had the greatest effect on benzene formation. For
example, the b–C–C scission of 2-methyl-cyclohexyl radical to methyl radical and
cyclohexene had the most positive effect, while its isomerization via ring-opening
had the most negative effect. Other methylcyclohexane radicals, such as
4-methyl-cyclohexyl, 2-methyl-cyclohexyl and 3-methyl-cyclohexyl radicals, also
affect benzene formation; the direct H-elimination of these radicals have positive
effects while their isomerization via ring-opening has negative effects. Apart from
the reactions involving methylcyclohexane radicals, benzene formation was also
affected by reactions of cyclohexyl radical, cyclohexene and 1,3-cyclohexadiene.

The kinetic model developed in this work was further validated by methylcy-
clohexane flame data from Skeen et al. [18]. In their work, the methylcyclohexane
flames at equivalence ratios of 1.0, 1.75 and 1.9, and pressure of 10, 15, and
30 Torr were investigated using an experimental method similar to this work.
Valuable information on the consumption of methylcyclohexane, and formation of
aromatic intermediates such as benzene and toluene was provided. Figure 4.29
presents the temperature profiles of the three methylcyclohexane flames, and the
mole fraction profiles of the reactants and the major combustion products. The
model prediction captured well the consumption of the reactants (i.e., methylcy-
clohexane and O2) and the formation of the major combustion products. As in the
discussion in Sect. 4.7.1 and the work of Skeen et al. [18], the unimolecular
decomposition, isomerization and H-abstraction were the three types of reactions
consuming methylcyclohexane. Simulation by this group showed that under stoi-
chiometric flame, the H-atom abstraction reactions by H atom, OH radical and O
atom consumed 97% of methylcyclohexane. The unimolecular decomposition and
isomerization of methylcyclohexane became more important in the fuel-rich flame
of / = 1.75 and 1.9.

Mole fraction profiles of some combustion intermediates, e.g., 1,3-pentadiene,
2-methyl-1,3-butadiene, benzene, 1,3-cyclohexadiene, cyclohexene, and toluene,
are presented in Fig. 4.30. In general, the model prediction for most of these species
was satisfactory. The largest difference was observed for 1,3-pentadiene and
2-methyl-1,3-butadiene in the flame with equivalence ratio of 1.75, as well as
cyclohexene and toluene in flames with equivalence ratio of 1.0 and 1.9. The
experimental uncertainties for the mole fractions could be a factor of 2 in the work
by Skeen et al. [18]. The kinetic model in this work may also need improvement for
better prediction of these intermediates.
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Analysis revealed that multiple pathways lead to benzene. One important route is
the sequential dehydrogenation of the cyclohexyl radical. However, this pathway is
not the dominant route for benzene, especially for the stoichiometric flame. This
conclusion differed from the assumption by Skeen et al. [18], who suggested that
benzene production is dominantly from sequential dehydrogenation of cyclohexyl
radical.

4.9 Ignition Delay Time and Laminar Flame Speed

The kinetic model in this work was further validated by the macroscopic combustion
properties of methylcyclohexane combustion, e.g. ignition delay times and laminar
flame speeds. The method for CHEMKIN simulation can be found in Sect. 3.6 of
Chap. 3. Figure 4.31 compares ignition delay times of methylcyclohexane between
the model prediction and the measurement by Orme et al. [7] at various equivalence
ratios and pressures. Figure 4.32 shows simulated laminar flame speed and exper-
imental measurement by Wu et al. [17] at various pressures and equivalence ratios.
The uncertainty for the flame speed measurement is ±2 cm/s. The model in this
work satisfactorily predicted ignition and flame speed at the conditions studied.

Fig. 4.29 a Flame temperature profiles in three methylcyclohexane flame with equivalence ratio
of 1.0, 1.75, and 1.9. b–d Mole fraction profiles of reactants and major combustion products.
Experimental data (open symbol) from Skeen et al. [18]. Lines are model simulation in this work.
Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier
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Fig. 4.30 Mole fraction profiles of selected combustion intermediates in three methylcyclohexane
flames. Experimental data (open symbol) from Skeen et al. [18]. Lines are model prediction in this
work. Reprinted from Ref. [38], Copyright 2014, with permission from Elsevier
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Fig. 4.31 Ignition delay
times for methylcyclohexane
oxidation. a / = 1.0 and
1.0% methylcyclohexane/Ar/
O2 mixture. Pressure is 1, 2,
and 4 atm.
b Methylcyclohexane/O2/Ar
mixture at 1 atm with / = 0.5
(0.5% MCH, 10.5% O2), 1.0
(1.0% MCH, 10.5% O2) and
2.0 (1.0% MCH, 5.25% O2).
Experimental data (symbols)
from Orme et al. [7]. Model
predictions (lines) from this
work. Reprinted from Ref.
[38], Copyright 2014, with
permission from Elsevier

Fig. 4.32 Laminar flame
speeds of methylcyclohexane/
air mixture at 1, 2, 5, and
10 atm. Unburnt gas
temperature is 353 K.
Experimental data (symbols)
from Wu et al. [17]. Model
predictions (lines) from this
work. Reprinted from Ref.
[38], Copyright 2014, with
permission from Elsevier
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4.10 Summary and Conclusions

In this chapter, the combustion kinetics of methylcyclohexane were investigated
from quantum chemistry calculations of reaction pathways and rate constants,
experimental measurement of methylcyclohexane pyrolysis and flame, and detailed
kinetic modeling.

The reaction pathways of methylcyclohexane unimolecular decomposition and
their rate constants were calculated, which is the starting point for developing a
combustion model of methylcyclohexane and alkyl-cyclohexanes. Isomerization of
methylcyclohexane via ring-opening forms heptene isomers and methyl-hexene
isomers. The dissociation of the methyl side-chain forms cyclohexyl radical. The
temperature-dependent (800–2000 K) and pressure-dependent (7.6–76,000 Torr)
rate constants for these unimolecular decomposition reactions were obtained and
the results showed that the dissociation channel from the loss of the methyl group
was competitive with the isomerization pathways. The isomerization via C–C bond
scission adjacent to the methyl side-chain was more favorable than other isomer-
ization pathways. The bimolecular reactions of methylcyclohexane with H atom
were studied at the CBS-QB3 level of theory. Rate constants were calculated from
the transition state theory and were in good agreement with the values from the
literature. Finally, the unimolecular decomposition of methylcyclohexane radicals
from H-abstraction of methylcyclohexane, was also computed at a CBS-QB3 level
of theory. Pressure-dependent rate constants were computed based on the RRKM/
ME theory in the temperature range of 800–2000 K.

The sub-mechanism of methylcyclohexane combustion was developed from
calculated unimolecular decomposition pathways, H-abstraction reactions by H
atom, and unimolecular decomposition of methylcyclohexane radicals, and review
of the literature. A detailed kinetic model of methylcyclohexane was built by adding
its sub-mechanism to a cyclohexane kinetic model (Chap. 3). Detailed reaction
pathways to benzene and toluene were also included, from the step-wise dehy-
drogenation and/or dealkylation of methylcyclohexane; and the thermodynamic
data for the intermediate species in this process were estimated from the quantum
chemistry calculation and building of isodesmic reactions.

The flow reactor pyrolysis of methylcyclohexane at 30, 150, and 760 Torr was
investigated; more than 30 pyrolysis intermediates, including the initial isomer-
ization product from methylcyclohexane (e.g. 2-heptene), were measured. The
model captured well the consumption of methylcyclohexane and the production of
important intermediates. Analysis from the kinetic model showed that both the
unimolecular dissociation to methyl and cyclohexyl radical and the H-atom
abstraction of methylcyclohexane are important to the consumption of methylcy-
clohexane; the decomposition of cyclohexyl radical and methylcyclohexane radi-
cals constitute the abundant pyrolysis intermediates. Compared to cyclohexane
pyrolysis, higher production of 1,3-pentadiene, 2-methyl-1,3-butadiene, and
1,3-hexadiene was observed in methylcyclohexane pyrolysis; but the production of

4.10 Summary and Conclusions 139



allyl radical was much less than in cyclohexane pyrolysis. The production of
1,3-butadiene was high in both cyclohexane and methylcyclohexane pyrolysis.

The pyrolysis experiment of methylcyclohexane detected a series C6 and C7
cyclic compounds, the intermediates from the decomposition of methylcyclohexane
and precursors to benzene and toluene. Multiple benzene formation channels were
predicted, such as the H-elimination of cyclohexadienyl radical (from the step-wise
dehydrogenation of cyclohexyl radical and dealkylation of methylcyclohexane), the
combination of resonance stabilized radicals, and the isomerization of fulvene. The
contribution from the isomerization of fulvene and the combination of resonance
stabilized radicals increased with the pressure of pyrolysis. Toluene was dominantly
produced from the H-elimination of cyclic C7H9 radicals, which are from the
step-wise dehydrogenation of 1-methyl-cyclohexyl and 2-methyl-cyclohexyl radi-
cal. The production of benzene was much higher than toluene since more carbon
flux goes into benzene.

The model was validated by the fuel-rich laminar premixed flame (/ = 1.75) in
this work, and flames reported in the literature with equivalence ratio of 1.0, 1.7,
and 1.9. The model satisfactorily predicted the mole fraction profile of the reactants,
major combustion products, and the C1–C7 intermediates. Model analysis revealed
that H-atom abstraction of methylcyclohexane was the dominant consumption
pathway for methylcyclohexane, and large amounts of 1,3-butadiene is produced.
Like methylcyclohexane pyrolysis, cyclic C6 and C7 intermediates were also
formed in methylcyclohexane flames. The simulation showed that these cyclic C6
and C7 intermediates are the major source for benzene and toluene; the contribution
from the combination of resonance stabilized radicals was insignificant. The model
was also validated by the macroscopic combustion properties of methylcyclohex-
ane, e.g., ignition delay time and laminar flame speed.
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Chapter 5
Experimental and Modeling Study
of Ethylcyclohexane Combustion

5.1 Background

Ethylcylohexane (C8H16) has the following properties: molar mass of 112.21 g/mol,
boiling point of 405 K, melting point of 162 K, density of 0.789 g/mL, standard
enthalpy of formation of −171.8 ± 1.5 kJ/mol [1], standard molar entropy of
382.67 J/mol/K [2], and ionization potential of 9.54 ± 0.10 eV.

Compared to methylcyclohexane, the longer side chain of ethylcyclohexane is
closer to the cycloalkane components in transport fuels. It is beneficial to study the
side-chain length effect on the combustion properties and aromatics formation in
cycloalkane combustion; but literature on ethylcyclohexane is scarce. The ignition
delay time of ethylcyclohexane/air mixture was measured by Vanderover and
Oehlschlaeger [3] in a shock tube from 10.8 to 52.5 atm, 896 to 1241 K, and with
equivalence ratios of 0.25, 0.5 and 1.0. The laminar flame speed of ECH/air
mixtures was measured by Ji et al. [4] and Wu et al. [5] from 1 to 5 atm, with
unburnt gas temperature of 353 K. In addition to its macroscopic combustion
properties, Husson et al. [6] investigated the low and intermediate temperature
oxidation of ethylcyclohexane in a jet-stirred reactor (JSR) at 500–1100 K and
800 Torr. Dozens of hydrocarbons and oxygenated intermediates, including 47
intermediates with molecular weight less than ethylcyclohexane, and several iso-
mers of C8H14O, were measured by gas chromatography in ethylcyclohexane
oxidation with equivalence ratios of 0.25, 1.0 and 2.0. These data serve as targets
for kinetic model validation and are valuable to understand the combustion prop-
erties of ethylcyclohexane. For example, Wang et al. [7] developed the JetSurF 2.0
model, which includes the high-temperature pyrolysis and oxidation
sub-mechanism of ethylcyclohexane. These experimental data of ignition delay
time and laminar flame speed were adopted to validate the sub-mechanism of
ethylcyclohexane.

In this chapter, experimental and kinetic modeling study of ethylcyclohexane
combustion was carried out to investigate the chemical kinetics of ethylcyclohexane

© Springer Nature Singapore Pte Ltd. 2018
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pyrolysis and oxidation. In Sect. 5.2, the flow reactor pyrolysis of ethylcyclohexane
at atmospheric pressure was probed using synchrotron radiation photoionization
mass spectrometry. To interpret the large number of isomers formed in ethylcy-
clohexane pyrolysis, we combined the flow reactor with GC/GC-MS and carried
out pyrolysis experiments of ethylcyclohexane under the same conditions. The
initial decomposition of ethylcyclohexane, as well as the reaction mechanism of
important pyrolytic intermediates, were discussed in this preliminary study. In
Sects. 5.3–5.5, a more detailed study of ethylcyclohexane pyrolysis and oxidation
was carried out by developing a novel detailed combustion model of ethylcyclo-
hexane, which was validated by pyrolysis data at 30, 150, and 760 Torr, laminar
premixed flame data at 30 Torr, JSR oxidation data at atmospheric pressure,
ignition delay time and laminar flame speed.

5.2 Preliminary Investigation of Ethylcyclohexane
Decomposition

This work first examined the pyrolysis of ethylcyclohexane in the flow reactor at
1 atm. The initial mole fraction of fuel and argon is 0.02 and 0.98, respectively.
More than 40 pyrolysis intermediates were analyzed with synchrotron radiation
photoionization molecular beam mass spectrometry (SR-PI-MBMS) and GC/
GC-MS. The two analytical methods separated most of the isomeric components.
Table 5.1 presents the major species detected in ethylcyclohexane pyrolysis. The
measurement of C8H16 alkenes, chain and branched dienes, and cyclic alkenes
aided in clarifying the pyrolysis mechanism of ethylcyclohexane. The JetSurF 2.0
model [7] was adopted to predict the experimental measurement and help analyze
the ethylcyclohexane pyrolysis mechanism. The discussion following will focus on
the initial dissociation and isomerization of ethylcyclohexane, isomerization of
ethylcyclohexane radicals, and dissociation of ethylcyclohexane radicals.

5.2.1 Dissociation and Isomerization of Ethylcyclohexane

The initial reactions of ethylcyclohexane include both dissociation and isomeriza-
tion, which are in accord with the decomposition of methylcyclohexane [9].
Figure 5.1 shows these reaction pathways via the opening of the C–C bonds for
ethylcyclohexane. Direct C–H scission channels for ethylcyclohexane are not
included here because they have a high dissociation threshold and lower reaction
entropy. The dissociation of the side chain forms cyclohexyl + ethyl radical (R1)
and cyclohexylmethyl radical + methyl radical (R2), while the ring-opening iso-
merization forms C8H16 alkenes (R3–R9). The ring-opening, by way of the C–C
bonds adjacent to the ethyl side chain, was expected to be the dominant route for

146 5 Experimental and Modeling Study of Ethylcyclohexane Combustion



ethylcyclohexane isomerization, which leads to 1-octene, 2-octene and 3-octene
(R3–R5). Similar isomerization channels have been confirmed in cyclohexane and
methylcyclohexane pyrolysis [9, 10]; however, in the oxidation of ethylcyclohex-
ane, the C8H16 alkenes were not detected [6], probably due to the low concentration
of these intermediates in the oxidation environment. In SR-PI-MBMS analysis of
ethylcyclohexane pyrolysis by this group, the signal corresponding to the C8H16

alkenes was detected, however, it was scattered and the quantification was not
available. In the GC analysis, 3-octene was measured. The GC analysis did not
detect other isomers and the probable reason is that their concentration was too low.
It was noted that 3-octene had the cis- and trans- forms, but only one peak appeared
in this GC analysis.

The mole fraction profiles of ethylcyclohexane and 3-octene are presented in
Fig. 5.2. Dashed lines are simulation results from JetSurF 2.0, which significantly
over-predicts the conversion of ethylcyclohexane; it also over-predicts the forma-
tion of 3-octene by a factor of 100. In the JetSurF 2.0 model, four isomerization
channels in Fig. 5.1 were included, i.e., R1, R2, R5 and R6. The analysis of the
reaction flux indicated that R5 and R6 were the dominant channels to consume
ethylcyclohexane at 1100 K. The reaction mechanism of ethylcyclohexane to

Table 5.1 Major pyrolysis products during ethylcyclohexane pyrolysis in a flow reactor at 1 atm

Name Structure Name Structure Name Structure Name Structure

H2 – CH4 – C2H2 C�C C2H4 C=C

C2H6 C–C C3H4 C=C=C C3H4 C�C–C C3H6 C=C–C

C4H4 C�C–
C = C

C4H6 C=C–
C=C

C4H8 C=C–C–C C4H8 C–C=C–C

C5H8 C=C–C=C–
C

C5H8 C5H10 C=C–C–C–C C5H10 C–C=C–C–
C

C6H10 C=C–C=C–
C–C

C6H10 C7H12 C=C–C=C–
C–C–C

C8H16 C–C–C=C–
C–C–C–C

C5H8 C6H10 C7H12 C8H14 –
a

C5H6 C6H8 C6H6 C6H6

C7H8 C8H6 C8H8 C8H10

C9H8 C10H8 C10H10 C10H10

C10H10 C11H10 C11H10 C12H10

C12H8 C12H10

Reprinted from Ref. [8], Copyright 2015, with permission from Elsevier
Note aMany isomers and their identification appear in the text
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3-octene (R5) and 2-ethyl-1-hexene (R6) was similar to reactions forming
2-heptene and 2-methyl-1-hexene in methylcyclohexane isomerization. It was
expected that the rate constants of the similar reactions would be comparable;
instead, the estimated rate constant of R5 in JetSurF 2.0 model was a factor of 60
faster than the isomerization of methylcyclohexane to 2-heptene. The rate constant
of R6 was even larger—about a factor of 1000 higher than the isomerization of
methylcyclohexane to 2-methyl-1-hexene. The rapid consumption of ethylcyclo-
hexane may be explained by the overly large rate constants of R5 and R6 in the
JetSurF 2.0 model.

Based on the analysis above, a revised model of JetSurF 2.0 was developed by
modifying the initial reactions of ethylcyclohexane. Specifically, the rate constants
of R5 and R6 were estimated from analogous reactions of methylcyclohexane [11].
The rate constant of R1 was estimated from the dissociation of methylcyclohexane
to methyl radical and cyclohexyl radical [11]. The rate constant of R2 was estimated
from the dissociation of propane, which has been measured by Oehlschlaeger et al.
[12] in the shock tube experiment. The rate constant of propane dissociation was
reduced by a factor of two, considering the degeneracy. The revised model also
included other isomerization channels of ethylcyclohexane, i.e., R3, R4, R7–R9.
The rate constants of R3 and R4 were estimated from the isomerization of
methylcyclohexane to 1-heptene [11], and the rate constants were divided by two,
considering the degeneracy. The isomerization of methylcyclohexane to
5-methyl-1-hexene, 4-methyl-1-hexene and 3-methyl-1-hexene was used to esti-
mate rate constants of R7–R9, respectively [11]. The prediction of ethylcyclo-
hexane and 3-octene by the revised JetSurF 2.0 model appears as solid lines in
Fig. 5.2. The model satisfactorily predicted the conversion of ethylcyclohexane;
however, the model prediction for 3-octene was greatly improved, although a
discrepancy factor of two remained. The estimated rate constants of ethylcyclo-
hexane dissociation and isomerization from methylcyclohexane and propane was

Fig. 5.1 Initial dissociation
and isomerization of
ethylcyclohexane. Reprinted
from Ref. [8], Copyright
2015, with permission from
Elsevier
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found to be reasonable. In the following, comparison between experimental mea-
surement and prediction by the revised JetSurF 2.0 model is presented.

5.2.2 Ring-Opening Isomerization of Ethylcyclohexane
Radicals

The H-atom abstraction of ethylcyclohexane is also an important pathway con-
suming ethylcyclohexane, which leads to six ethylcyclohexane radicals. As shown
in Fig. 5.3 for 1-ethyl-cyclohexyl radical, these radicals have three types of sub-
sequent reactions, isomerization to alkenyl radicals by ring-opening, dissociation by
b–C–C or b–C–H scission, and isomerization to other ethylcyclohexane radicals by
intramolecular H-atom shift.

Figure 5.4 shows the ring-opening isomerization pathways of the ethylcyclo-
hexane radicals in the JetSurF 2.0 model, which led to chain or branched alkenyl
radicals. Two kinds of reactions were considered for these alkenyl radicals, forming
resonance stabilized radical intermediates by intramolecular H-shift via five- or
six-membered-ring transition state, and forming alkene and a radical intermediate

Fig. 5.2 Experimental (solid
symbols) and simulated mole
fraction profiles (lines) of
ethylcyclohexane and
3-octene during
ethylcyclohexane pyrolysis at
atmospheric pressure. Solid
symbol: SR-PI-MBMS data;
open symbol: GC data.
Dashed and solid lines are
simulation by JetSurF 2.0 [7]
and revised JetSurF 2.0
model, respectively.
Reprinted from Ref. [8],
Copyright 2015, with
permission from Elsevier
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by direct b–C–C scission. Further decomposition of the resonance stabilized radical
intermediates formed chain and branched dienes, as shown in Fig. 5.5 for the
C4–C7 dienes.

Vinylcyclopentane was also measured in the experiment. Among these unsatu-
rated intermediates, the mole fraction of 1,3-butadiene (Fig. 5.5a) was very high.
The maximum mole fraction of 1,3-butadiene was comparable to the maximum
mole fraction of 1,3-butadiene in methylcyclohexane pyrolysis [9]. The measure-
ment of these unsaturated intermediates is valuable to clarify the branching ratios of

Fig. 5.3 Potential energy surface of 1-ethyl-cyclohexyl radical computed at CBS-QB3 level of
theory. (0 K, unit: kcal/mol). Reprinted from Ref. [8], Copyright 2015, with permission from
Elsevier

Fig. 5.4 Ring-opening isomerization pathways of ethylcyclohexane radicals in JetSurF 2.0 model
[7]. Reprinted from Ref. [8], Copyright 2015, with permission from Elsevier
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these long-chain alkenyl radicals. The following discussion focuses on the novel
formation pathways of 2-methyl-1,3-butadiene (isoprene) and vinylcyclopentane.

2-methyl-1,3-butadiene is an important branched diene in methylcyclohexane
pyrolysis; this intermediate can be produced directly from the ring-opening iso-
merization of the methylcyclohexane radicals. In ethylcyclohexane pyrolysis, the
initial formation temperature of 2-methyl-1,3-butadiene is close to other dienes,
indicating that 2-methyl-1,3-butadiene may also be produced from the ring-opening
isomerization of the ethylcyclohexane radicals. The revised JetSurF 2.0 model
captured well the maximum mole fraction of 2-methyl-1,3-butadiene (isoprene in
Fig. 5.5b). However, the formation began at a higher temperature than the exper-
imental observation. Figure 5.4 shows that no reactions from ethylcyclohexane
radicals led to 2-methyl-1,3-butadiene; instead, reaction flux analysis revealed that
the combination of methyl radical with iC4H5 radical was the dominant source for
2-methyl-1,3-butadiene. However, the buildup reactions of smaller radicals could
not start the early formation of 2-methyl-1,3-butadiene.

This group has explored the reaction pathways of C8H15 alkenyl radicals, which
may produce 2-methyl-1,3-butadiene through reactions not reported before.
Figure 5.6 shows the computed pathways of 6-octen-1-yl radical, the dominant
ring-opening isomerization product of 1-cyclohexyl-ethyl radical. Note that
H-elimination pathways of the radical intermediates in Fig. 5.6 are not presented
because of their higher energy barrier. The two reaction pathways via
2-TS2 ! 2-INT5 ! 2-TS5, and 2-TS4 were included in the JetSurF 2.0 model, as
shown in Fig. 5.4a. The calculation also found other reactions with lower energy
barriers. The reactions labeled in blue in Fig. 5.6 are one of the newly found
reaction pathways to 2-methyl-1,3-butadiene. The reaction began with the radical

Fig. 5.5 Experimental (solid
symbols) and simulated mole
fraction profiles (lines) of
C4–C7 unsaturated
intermediates during
ethylcyclohexane pyrolysis at
atmospheric pressure. Solid
symbol: SR-PI-MBMS data;
open symbol: GC data. Solid
lines simulated by revised
JetSurF 2.0 model. Reprinted
from Ref. [8], Copyright
2015, with permission from
Elsevier
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addition to the double bond via 2-TS1, which led to a seven-membered-ring
intermediate (2-INT1) with a ring-opening that formed a branched C8H15 alkenyl
radical (2-INT2). The intramolecular 1,5-H-migration of 2-INT2 then formed a
resonance stabilized radical intermediate 2-INT3, which underwent b–C–C scission
and formed 2-methyl-1,3-butadiene and n-propyl radical. This pathway may
explain the early formation of 2-methyl-1,3-butadiene at lower temperatures.
Because of the complex reaction network in the ethylcyclohexane pyrolysis, there
could be other pathways to producing 2-methyl-1,3-butadiene. From the viewpoint
of energy barriers, the route to 2-methyl-1,3-butadiene and n-propyl radical might
be completed with the route to 1,3-pentadiene (2-TS2 ! 2-INT5 ! 2-TS5).
Including this previously unconsidered pathway is expected to reduce the formation
of 1,3-pentadiene and achieve a better prediction of the experimental measurement.

The reaction mechanism of vinylcyclopentane (Fig. 5.5e) is unclear because this
intermediate has not been examined in previous ethylcyclohexane studies. Like the
computed 6-octen-1-yl radical pathways, the probable reactions to form a
five-membered-ring intermediate could also come from other C8H15 alkenyl radi-
cals. For example, the radical addition to the double bond of 5-octen-1-yl radical
(the ring-opening isomerization product of 2-ethyl-cyclohexyl radical), forms a
five-membered-ring intermediate. Further b–C–C scission of this radical could
produce vinylcyclopentane. Figure 5.7 shows the reaction pathways calculated for
5-octen-1-yl radical. The H-elimination pathways are also not shown because of
their higher energy barrier. The reaction channel with the lowest energy barrier is
highlighted in blue. Reaction initiates from the radical addition to the double bond
of the 5-octen-1-yl radical via 3-TS1, which led to a five-membered-ring inter-
mediate 3-INT1. The b–C–C scission of 5-octen-1-yl radical via 3-TS5 forms
vinylcyclopentane and methyl radical. This reaction channel to vinylcyclopentane is
feasible considering the low energy barrier.

On the other hand, the intramolecular H-atom isomerization of 5-octen-1-yl
radical formed resonance stabilized radical intermediates 3-INT2 and 3-INT3 via

Fig. 5.6 Potential energy surface of 6-octen-1-yl radical at CBS-QB3 level of theory. (0 K, unit:
kcal/mol). Reprinted from Ref. [8], Copyright 2015, with permission from Elsevier
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3-TS2 (1,7-H-migration) and 3-TS3 (1,4-H-migration), respectively. The energy
barrier of 1,7-H-migration was 3 kcal/mol lower than the 1,4-H-migration channel,
indicating that the 1,7-H-migration is also feasible. The b–C–C scission of 3-INT2
and 3-INT3 via 3-TS6, 3-TS7 and 3-TS8 led to 1,3-pentadiene, 1,3-hexadiene, and
1,3-heptadiene, respectively. As shown in Fig. 5.4, the JetSurF 2.0 model included
only the two pathways of 5-octen-1-yl radical, i.e., via 3-TS3 ! 3-INT3 ! 3-TS7
and 3-TS4. Including other reaction pathways in Fig. 5.7 may reduce the carbon
flux to 1,3-hexadiene (Fig. 5.5d) and achieve a better prediction of its formation.
Moreover, the prediction for 1,3-heptadiene in Fig. 5.5f is also expected to improve
when the reaction channel via 3-TS8 is included in the model.

It is necessary to revisit the reaction mechanism and clarify the branching ratios
of the reactions of C8H15 alkenyl radicals, such as those in Figs. 5.6 and 5.7
computed for 5-octen-1-yl and 6-octen-1-yl radicals. To this end, temperature- and
pressure-dependent rate constants are desired; the reactions involving radical
addition to the double bond could also proceed for other C8H15 alkenyl radicals in
ethylcyclohexane pyrolysis. Further experiment and theoretical study is required,
and the preliminary results for 5-octen-1-yl and 6-octen-1-yl radicals in this work
have shed light on this project.

5.2.3 Dissociation of Ethylcyclohexane Radicals

The dissociation of ethylcyclohexane radicals leads to C6–C8 cyclic alkenes, such
as cyclohexene, methylenecyclohexane (C7H12), and cyclic C8H14 intermediates.
Figure 5.8 presents the photoionization efficiency spectra of the m/z corresponding
to C8H14. The structure and ionization energies of the five probable isomers of
cyclic C8H14 intermediates are shown in Table 5.2. These values are from the NIST
database [13] and calculations from this work.

Fig. 5.7 Potential energy surface of 5-octen-1-yl radical at CBS-QB3 level of theory. (0 K, unit:
kcal/mol). Reprinted from Ref. [8], Copyright 2015, with permission from Elsevier
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The mole fractions of C6–C8 cyclic alkenes are shown in Fig. 5.9. Considering
the uncertainties of the experimental measurement, the mole fractions of cyclic
C8H14 intermediates in Fig. 5.9a, b measured by SR-PI-MBMS and GC analysis
were consistent. The mole fraction of methylenecyclohexane and cyclohexene
analyzed by the GC is shown in Fig. 5.9c, d. The mole fraction of methylenecy-
clohexane was comparable to that of the C5 dienes and higher than the mole
fractions of the C7H12 intermediates in methylcyclohexane pyrolysis. The longer
side chain of ethylcyclohexane easily formed methylenecyclohexane. For example,
the H-atom abstraction of ethylcyclohexane forms 1-ethyl-cyclohexyl radical,
whose b–C–C scission leads to methylenecyclohexane (Fig. 5.3); and, the disso-
ciation of ethylcyclohexane by way of R2 forms cyclohexylmethyl radical, whose
b–C–H scission also forms methylenecyclohexane. The simulation shows that
b–C–C scission of 1-ethyl-cyclohexyl radical is the dominant source for

Fig. 5.8 Photoionization efficiency spectra of C8H14 intermediates measured in ethylcyclohexane
atmospheric pressure pyrolysis. Reprinted from Ref. [8], Copyright 2015, with permission from
Elsevier

Table 5.2 Structure and adiabatic ionization energies of the probable cyclic C8H14 intermediates
in ethylcyclohexane atmospheric pressure pyrolysis

Formula Species Structure IE/eV Refs.

C8H14 Vinylcyclohexane 9.19 This work

Ethylidenecyclohexane 8.47 [13]

1-ethylcyclohexene 8.48 [13]

3-ethylcyclohexene 8.83 [13]

4-ethylcyclohexene 8.88 [13]

Reprinted from Ref. [8], Copyright 2015, with permission from Elsevier
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methylenecyclohexane. However, the model significantly over-predicted the mole
fraction profiles of methylenecyclohexane, most likely because model did not
predict the branching ratio of the 1-ethyl-cyclohexyl radical decomposition.
According to Fig. 5.3, both the ring-opening isomerization of 1-ethyl-cyclohexyl
radical to alkenyl radical and the dissociation of 1-ethyl-cyclohexyl radical to
methylenecyclohexane are important. However, 1-ethyl-cyclohexyl radical was
dominantly consumed by the dissociation channel to form methylenecyclohexane.
The absence of subsequent reactions of methylenecyclohexane could be another
reason for the over-prediction of its mole fraction.

Figure 5.8d shows the mole fraction profile of cyclohexene, which is dominantly
produced from b–C–C scission of 2-ethyl-cyclohexyl radical and the b–C–H
scission of cyclohexyl radical. The 2-ethyl-cyclohexyl radical derives from the
H-atom abstraction of ethylcyclohexane, while cyclohexyl radical is produced from
the dissociation of ethylcyclohexane via R1. The step-wise dehydrogenation of
cyclohexene is an important source for benzene [9, 10]. Similar reactions of cyclic
C8H14 alkenes could promote the formation of ethylbenzene. Moreover, the
step-wise dehydrogenation of methylenecyclohexane forms o-isotoluene and p-
isotoluene; and subsequent reactions of o-isotoluene and p-isotoluene (direct
H-elimination and H-atom abstraction) lead to benzyl radical [14], an important
precursor for aromatics. The formation of these cyclic C6–C8 intermediates plays
an important role in the high sooting tendency of ethylcyclohexane. Many aro-
matics were measured in this work (Table 5.1).

Preliminary study indicates that the combination of SR-PI-MBMS and GC
analysis separates many isomers, and the results obtained from the two different
analytical methods are in good agreement. The measurement of 3-octene confirms
that ring-opening isomerization of ethylcyclohexane is the initial decomposition

Fig. 5.9 Experimental (solid symbols) and simulated mole fraction profiles (lines) of C6–C8 cyclic
intermediates during ethylcyclohexane pyrolysis at atmospheric pressure. Solid symbol:
SR-PI-MBMS data; open symbol: GC data. Solid lines are simulation from revised JetSurF 2.0
model. Solid arrows in Fig. 5.9a, b are species measured by SR-PI-MBMS. Dashed lines are species
measured by the GC. Reprinted from Ref. [8], Copyright 2015, with permission from Elsevier
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step of ethylcyclohexane. Possible reactions for 2-methyl-1,3-butadiene and
vinylcyclopentane is discussed—a guide to further kinetic model development. The
kinetics for the C4–C7 chain and branched dienes, and C6–C8 cyclic alkenes are
discussed with the aid of model prediction from the JetSurF 2.0 model.

To further examine the combustion chemistry of ethylcyclohexane, its pyrolysis
was investigated at 30 and 150 Torr. Low-pressure pyrolysis ismore responsive to the
study of initial decomposition pathways of ethylcyclohexane; therefore the
low-pressure premixed flame of ethylcyclohexane/O2/Ar was studied at 30 Torr,
which provided sufficient data to investigate the reaction mechanism, decomposition
and the formation of aromatics at flame conditions in ethylcyclohexane. The detailed
kinetic combustion model was developed with the help of quantum chemistry cal-
culations of reaction pathways, and examinedwith the pyrolysis and flame data in this
work, as well as JSR speciation and flame speed data in the literature.

5.3 Kinetic Model of Ethylcyclohexane

Compared to the kinetic model of methylcyclohexane, the reaction class for the
sub-mechanism of ethylcyclohexane includes:

(a) Dissociation and isomerization of ethylcyclohexane
(b) Dissociation of octene and ethyl-hexene isomers
(c) H-atom abstraction of ethylcyclohexane
(d) Dissociation and isomerization of ethylcyclohexane radicals
(e) Dissociation and isomerization of octenyl radicals and ethyl-hexenyl radicals
(f) Dissociation and step-wise dehydrogenation of C8H14 cyclic alkenes.

In the preliminary study on the initial decomposition of ethylcyclohexane in
Sect. 5.2, its decomposition rate constant was estimated from the analogous reac-
tions of methylcyclohexane and propane. The prediction for the reactivity of
ethylcyclohexane atmospheric pyrolysis was satisfactory. Experimental study and
theoretical calculation of the unimolecular decomposition pathways of ethylcy-
clohexane is scare, especially pressure-dependent rate constants. Like the prelimi-
nary study in Sect. 5.2, the pressure- and temperature- dependent rate constants of
ethylcyclohexane decomposition are estimated from those of methylcyclohexane
(R1, R3–R9 in Fig. 5.1) and propane (R2 in Fig. 5.1).

The ring-opening isomerization of ethylcyclohexane forms three octene isomers
(1-octene, 2-octene, and 3-octene, R3-R5) and four ethyl-hexenes (2-ethyl-1-hexene,
3-ethyl-1-hexene, 4-ethyl-1-hexene, and 5-ethyl-1-hexene, R6–R9). In the model
from this group, the unimolecular reactions of these alkenes by way of the allylic C–C
bond scission led to resonance-stabilized radicals. The rate constants of these reac-
tions were estimated from the allylic C–C bond fission of 1-hexene, which forms allyl
radical and n-propyl radical [15]. The H-atom abstraction rate constants of these
alkene intermediateswere estimated from the rate rules proposed byPitz et al. [16, 17].
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H-atom abstractions by H, O, OH, HO2, CH3 and O2 are important routes that
consume ethylcyclohexane. The site-specific rate constants of these H-atom
abstraction reactions were adopted from the JetSurF 2.0 model [7], with several
modifications, as discussed below. First, the optimized structures of methylcyclo-
hexane and ethylcyclohexane were compared, which were computed at CBS-QB3
level of theory with the B3LYP/CBSB7 basis set. Figure 5.10 shows that the chair
configuration of the cyclohexane ring with alkyl substitution at the equatorial
position was the stable conformer for methylcyclohexane and ethylcyclohexane.
The degeneracy of carbon sites two and three were two, since they had another
quasi-identical carbon. The similar structure of methylcyclohexane and ethylcy-
clohexane indicated that rate constants of H-atom abstraction on the analogous
carbon site should be similar. For instance, the H-atom abstraction rate constants of
methylcyclohexane-C1 and ethylcyclohexane-C1 (i.e., radical on carbon site 1) by
OH radical. Here, the H-atom abstraction rate constants on the analogous carbon
site were compared with the methylcyclohexane model in Chap. 4 and the ethyl-
cyclohexane sub-mechanism of the JetSurF 2.0 model in a temperature range of
800–2000 K. Except for the H-atom abstraction by the H atom, the H-atom
abstraction rate constants by way of O, OH, HO2, CH3 and O2 in the methylcy-
clohexane model in Chap. 4 were taken from the JetSurF 2.0 model.

The results show that the H-atom abstraction rate constants by the H atom for
carbon site one to carbon site four (i.e., methylcyclohexane-C1 vs.
ethylcyclohexane-C1, methylcyclohexane-C2 vs. ethylcyclohexane-C2, etc.), were
very close between the two molecules. However, the H-atom abstraction rate
constants for carbon site five were different; the rate constants in ethylcyclohexane
model were about a factor of two faster than those in methylcyclohexane model. In
ethylcyclohexane, both C1 and C6 are the secondary carbon site; and their H-atom
abstraction rate constants by the H atom were very close.

For H-atom abstractions by OH radical, the difference at C1–C3 between
methylcyclohexane and ethylcyclohexane was 10–30%. Like the H-atom abstrac-
tion by H atom, the rate constant of the H-atom abstraction by OH radical at the

Fig. 5.10 Optimized structure of methylcyclohexane and ethylcyclohexane at CBS-QB3 level of
theory. Reprinted from Ref. [18], Copyright 2015, with permission from Elsevier
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primary carbon site (C5) of ethylcyclohexane was twice as large as that of
methylcyclohexane, the largest difference being the H-atom abstraction at the ter-
tiary carbon site (C4), the rate constant of methylcyclohexane was two to eight
times greater than the rate constant of ethylcyclohexane.

For the H-atom abstractions by CH3 radical, the difference in the H-atom
abstraction at C1–C3 between methylcyclohexane and ethylcyclohexane was 10–
50%. In the H-atom abstractions at the primary carbon site (C5) and the tertiary
carbon site (C4), the rate constant of ethylcyclohexane was three and 2.5 times
greater than that of methylcyclohexane, respectively.

The rate constants of H-atom abstractions by the O atom, O2 and HO2 radical
were estimated from similar carbon sites of propane, isobutane and cyclohexane in
the JetSurF 2.0 model. The same estimation was adopted to find the H-atom
abstraction rate constants by these radicals in the methylcyclohexane
sub-mechanism. Compared to the methylcyclohexane sub-mechanism, the dis-
crepancy for rate constants in the H-atom abstraction reactions of ethylcyclohexane
sub-mechanism in the JetSurF 2.0 model was not large, the major difference being
H-atom abstractions at the primary carbon (C5) and tertiary carbon sites (C4) by the
H atom, OH and CH3 radicals. However, these differences are not expected to be
significant for ethylcyclohexane consumption since the hydrogen numbers of the
primary C–H and tertiary C–H were not high in comparison with the total C–H
numbers of ethylcyclohexane. In this work, H-atom abstraction rate constants of
ethylcyclohexane by H atom, OH and CH3 radicals were estimated from those of
analogous reactions of methylclohexane. The rate constants of the H-atom
abstractions at the C6 site in ethylcyclohexane were adopted from the JetSurF
2.0 model.

H-atom abstraction of ethylcyclohexane forms six ethylcyclohexane radicals,
whose reaction pathways were calculated in this work at CBS-QB3 level.
Figure 5.11 shows the potential energy surface of the major reactions of
2-ethyl-cyclohexyl radical. The reaction pathways of other ethylcyclohexane radi-
cals are presented in Figs. B.1, B.2, B.3 and B.4 in Appendix B. Like the reaction
pathways of methylcyclohexane radicals, these reactions include three classes:
isomerizing to long-chain alkenyl radicals via b–C–C scission, decomposing to
cyclic alkenes and small radicals via b–C–C scission, and decomposing to cyclic
alkenes and H atom via b–C–H scission. The energy barriers of the b–C–C scission
channels (28–30.2 kcal/mol) were slightly lower than b–C–H scission channels
(32.3–35.5 kcal/mol), indicating that the former reaction is more favorable.

To estimate the rate constants of ethylcyclohexane radical decomposition,
potential energy surfaces of the unimolecular reactions of methylcyclohexane
radicals and ethylcyclohexane radicals were compared, as shown in Fig. 5.11 and
Figs. B.1, B.2, B.3 and B.4 in Appendix B. In most cases, the barrier height
difference for the analogous reaction class of methylcyclohexane radical and
ethylcyclohexane radical was very small, which is lower than the uncertainty of the
CBS-QB3 method (1 kcal/mol). The largest discrepancy of 2.1 kcal/mol was for
the b–C–C scission between the ring and the side-chain of the 2-ethyl-cyclohexyl
radical and the 2-methyl-cyclohexyl radical. This comparison shows that the
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reaction kinetics of methylcyclohexane radicals can be used to estimate the rate
constants of ethylcyclohexane radical decomposition and isomerization. Thus, the
reaction kinetics of methylcyclohexane radical decomposition and isomerization
were used to estimate those of the same reaction type as ethylcyclohexane radicals.
In the case of 2-ethyl-cyclohexyl radical decomposing to ethyl radical and cyclo-
hexene, the rate constants were estimated from the decomposition of
2-methyl-cyclohexyl radical to methyl radical and cyclohexene, but the activation
energy was reduced by 2.1 kcal/mol to consider the energy difference caused by the
dissimilar length of side-chain. Estimating the reaction kinetics of ethylcyclohexane
radicals from methylcyclohexane radicals could lend some uncertainty to the
ethylcyclohexane kinetic model since the reaction kinetics of the two radicals may
have different pressure dependence.

Fig. 5.11 Potential energy surfaces for unimolecular reactions of 2-methyl-cyclohexyl radical and
2-ethyl-cyclohexyl radical. Reprinted from Ref. [18], Copyright 2015, with permission from
Elsevier
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Unimolecular reactions of ethylcyclohexane radical which cannot be estimated
from the analogous reactions of methylcyclohexane radicals are shown in Fig. 5.12.
Rate constants for R10 in the JetSurF 2.0 model were adopted; and the rate con-
stants of R11–R12 were estimated from the b–C–H scission of n-propyl and
iso-propyl radicals [19], respectively. The high pressure limit rate constants of R13,
i.e., the b–C–C scission of 1-ethyl-cyclohexyl radical to methylenecyclohexane and
methyl radical, were estimated from the decomposition of 2-methyl-but-2-yl radical
to iso-butene and methyl radical [20]. The pressure dependence of R13 was referred
to the radical ring-opening isomerization of the 1-ethyl-cyclohexyl. For R14, the
rate constants of the b–C–H scission of 1-ethyl-cyclohexyl radical to
1-ethyl-cyclohexene were used and divided by a factor of two.

The last reaction type included for the ethylcyclohexane radicals was their
intramolecular H-atom migration (isomerization), e.g., 2-cyclohexyl-ethyl to
2-ethyl-cyclohexyl, 3-ethyl-cyclohexyl, and 4-ethyl-cyclohexyl, etc. The reaction
pathways of these radicals and their rate constants were included in the JetSurF 2.0
model and used in this work.

The ring-opening isomerization of the ethylcyclohexane radicals led to chain and
branched alkenyl radicals, as shown in Fig. 5.4. Subsequent reactions of these
radicals, including b–C–C scission and/or intramolecular H-atom migration to
resonance stabilized radical intermediates, were adopted from the JetSurF 2.0
model or referred to similar reactions of 5-hexen-1-yl radical. For the b–C–C
scission of the resonance-stabilized radical intermediates, the rate constants were
estimated from the dissociation of 1-hexen-3-yl radical in the JetSurF 2.0 model. In
addition, the reactions of the radical addition to the double bond of the alkenyl
radicals (like those leading to 2-methyl-1,3-butadiene and vinylcyclopentane), were
included in the model and will be discussed later.

The b–C–H scission of the ethylcyclohexane radicals forms vinylcyclohexane
(c), ethylidenecyclohexane (d), and three ethylcyclohexenes (e–g). The rate rules by
Pitz et al. [16, 17] was adopted to estimate the H-atom abstraction rate constant of
these cyclic intermediates.

Fig. 5.12 Specific
unimolecular reaction type of
ethylcyclohexane radicals that
cannot proceed from
methylcyclohexane radicals.
Reprinted from Ref. [18],
Copyright 2015, with
permission from Elsevier
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The ring-opening of vinylcyclohexane (c) via the C–C scission adjacent to the
side-chain, formed 1,3-octadiene. The rate constant of this reaction was estimated
from the ring-opening isomerization of methylcyclohexane to 2-heptene [11]. The
retro-Diels-Alder reaction of 1-ethylcyclohexene (c), 3-ethylcyclohexene (f), and
4-ethylcyclohexene (g) led to 2-ethyl-1,3-butadiene and ethylene, 1,3-hexadiene
and ethylene, and 1,3-butadiene and 1-butene. Rate constants of these reactions
were estimated from the analogous reactions of cyclohexene [19]. The step-wise
dehydrogenation of vinylcyclohexane, ethylidenecyclohexane, and ethylcyclohex-
enes formed cyclic dienes (C8H12) and cyclic trienes (C8H10); and the H-atom
abstraction reactions for these species were also adopted from the rate rules of Pitz
et al. [16, 17]. H-atom elimination reactions of cyclic dienes (C8H12) and cyclic
trienes were adopted from the analogous reactions of propene [19]. For radical
intermediates during the step-wise dehydrogenation process, such as C8H13, C8H11,
and C8H9, the rate constants for the b–C–H scission were estimated from the
analogous reaction of 1-buten-3-yl radical (SAXC4H7) [7].

The detailed kinetic model for ethylcyclohexane high-temperature pyrolysis and
oxidation were developed by adding the sub-mechanism of ethylcyclohexane to the
cyclohexane and methylcyclohexane kinetic model. The kinetic model was
examined by the species speciation in the flow reactor pyrolysis at 30, 150, and
760 Torr, in laminar premixed flame at 30 Torr, and in the atmospheric pressure
jet-stirred reactor oxidation, as well as the laminar flame speed of ethylcyclohexane.
The reaction kinetics of ethylcyclohexane pyrolysis and oxidation under different
combustion environments were discussed, focusing on the aromatic formation
mechanism.

5.4 Pyrolysis of Ethylcyclohexane

The flow reactor pyrolysis of ethylcyclohexane at atmospheric pressure has been
examined in Sect. 5.2. Here, ethylcyclohexane pyrolysis at 30 and 150 Torr has
been extended. The experimental conditions are the same as in the atmospheric
pressure experiment, the fuel mole fraction is 0.02 and the residue is the dilution gas
Ar. Pyrolysis products were measured using SR-PI-MBMS and GC analysis; those
detected at lower pressure were similar to the atmospheric pressure experiment,
except that radicals like methyl, propargyl, and allyl were measured at lower
pressure pyrolysis. Because the secondary reactions were mitigated, the production
of aromatics was also lower during low pressure experiments.
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Mole fraction profiles of ethylcyclohexane and 3-octene at 30, 150, and 760 Torr
pyrolysis are shown in Fig. 5.13. The model captures well the consumption of
ethylcyclohexane, and the formation of 3-ocetene. From the preliminary study in
Sect. 5.2, octene was confirmed as the initial decomposition product of ethylcy-
clohexane, which was also detected in 30 and 150 Torr pyrolysis experiments.
Experiments and simulation both showed that the mole fraction of this intermediate
decreased with increasing pressure; the trend was also observed for the initial
decomposition product during the pyrolysis of cyclohexane and methylcyclohexane
[9, 10]. This phenomenon can be explained by the pressure-dependent competitive
relationship between the unimolecular decomposition and H-atom abstraction
reactions. With the decrease of pressure, the collision of the molecule was miti-
gated. Consequently, the contribution of H-atom abstraction reaction was reduced
at lower pressures. The relatively lower contribution of the H-atom abstraction
reactions led to the relatively higher contribution of the unimolecular decomposi-
tion channels and the higher mole fraction of the initial decomposition products.
Comparison of ethylcyclohexane mole fraction profiles in Fig. 5.13, and other
pyrolysis intermediates, show that SR-PI-MBMS data is nearly identical to the GC
data. In the discussion on the reaction kinetics of ethylcyclohexane pyrolysis, the
analysis was based on the SR-PI-MBMS data.

Fig. 5.13 Mol fraction
profiles of ethylcyclohexane
and its initial decomposition
product 3-octene in
ethylcyclohexane pyrolysis at
30, 150, and 760 Torr. Solid
symbol is from SR-PI-MBMS
data. Open symbol is from
GC data, lines are from
simulation. Square represents
30 Torr. Circle is 150 Torr.
Triangle is 760 Torr data
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The sensitivity analysis for ethylcyclohexane consumption was performed at
30 Torr with fuel conversion of 86% and at 760 Torr, with fuel conversion of 83%.
Similar to methylcyclohexane pyrolysis [9], the sensitivity analysis showed that the
dissociation of ethylcyclohexane to ethyl radical and cyclohexyl radical (R1 in
Fig. 5.1) had the largest positive sensitivity coefficient; this is because R1 is an
important reaction consuming ethylcyclohexane. More importantly, the subsequent
reactions of cyclohexyl and ethyl radical are an important source for H-atoms. This
is in accord with the reaction of C2H5 = C2H4 + H, and it also has a large positive
sensitive coefficient, since the b–C–H scission of ethyl radical is an important
source for H atom. The H-atom abstraction reactions by H atom also have large
positive sensitivity coefficients. The good agreement between experiments and
simulation indicates that the estimated rate constants for the unimolecular and
H-atom abstraction reactions of ethylcyclohexane were reasonable.

The unimolecular decomposition and H-atom abstraction reactions of ethylcy-
clohexane form cyclohexyl and ethylcyclohexane radicals. The isomerization of
these radicals by way of the b–C–C scission ring-opening forms C6H11 alkenyl
radical (Fig. 4.18a) and C8H15 alkenyl radicals (Fig. 5.4). Further reactions of these
radicals are the source of abundant pyrolysis intermediates observed in this work.
Figures 5.14 and 5.15 show the measured and model-predicted mole fraction
profiles of the C0–C7 intermediates. In most cases, the model prediction for these
pyrolysis species was satisfactory. The following section focuses on the reaction
kinetics of some representative intermediates.

Figure 5.15l shows mole fraction profiles of vinylcyclopentane. Reaction path-
ways calculated for 5-octen-1-yl radical in Fig. 5.7 were included in the kinetic
model, as shown below.

In the model development, the ring-opening isomerization and dissociation reac-
tions of 1-cyclopentypropyl radical were considered. Rate constants for the
ring-opening isomerization (i ! h)were estimated from the analogous reaction of the
cyclopentylmethyl radical ( ) [21]; and the rate constants for the dissociation by
way ofb–C–C scission of 1-cyclopentypropyl radical (i ! j) were estimated from the
analogous reactions of 2-butyl radical [20]. For subsequent reactions of vinylcy-
clopentane, the ring-opening isomerization via the C–C bond scission adjacent to the
side chain formed 1,3-heptadiene; the rate constants for this reaction were estimated
from the ring-opening isomerization of cyclopentane [22]. Rate constants of H-atom
abstraction reactions on the tertiary and secondary C–H were estimated from the rate
rule proposed by Pitz et al. [16, 17]. The experimental observation that the mole
fraction of vinylcyclopentane decreases with pressure was well predicted by the
model; however, the mole fraction of vinylcyclopentane was under-predicted at
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760 Torr. Further study of the rate constants of 5-octen-1-yl reactions is needed to
improve the prediction of vinylcyclopentane.

Mole fraction profiles of 1,3-heptadiene are presented in Fig. 5.15k. In the
discussion in Sect. 5.2, the mole fraction of this intermediate was under-predicted
by the JetSurF 2.0 model (Fig. 5.5f). The reaction pathway calculation in Fig. 5.7
shows that the following reactions of 5-octen-1-yl radical (k), i.e., intramolecular
H-migration to 4-octen-3-yl radical (k ! l) and subsequent decomposition via
b–C–C scission led to 1,3-heptadiene (l ! m). However, only the b–C–C scission
of 4-octen-3-yl radical to 1,3-hexadiene and ethyl radical was included in the
JetSurF 2.0 model. In the ethylcyclohexane kinetic model in this work, the b–C–C
scission of 5-octen-1-yl radical to 1,3-heptadiene and methyl radical (l ! m) was
considered. The model predicted the mole fraction profiles of 1,3-heptadiene well
after including this reaction channel.

Fig. 5.14 Mol fraction profiles of C0–C3 products in ethylcyclohexane pyrolysis at 30, 150, and
760 Torr. Solid symbol is from SR-PI-MBMS data, open symbol from GC data, lines from
simulation. Square is 30 Torr, circle is 150 Torr, triangle is 760 Torr data
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Mole fraction profiles of 2-ethyl-1,3-butadiene are presented in Fig. 5.15j. The
reaction pathway analysis in Fig. 5.4 shows that there were three channels leading
to 2-ethyl-1,3-butadiene. The dominant contribution coming from the decomposi-
tion of 2-ethyl-1-hexen-6-yl radicals. The association of 2-methylene-3-buten-1-yl
radical with methyl radical, and the retro-Diels-Alder reaction of
1-ethylcyclohexene also formed 2-ethyl-1,3-butadiene. Although it is an abundant
source for 2-ethyl-1,3-butadiene, the experimentally measured mole fraction for this
species was not very high. The large discrepancy between experiment and simu-
lation indicates that the reaction kinetics to 2-ethyl-1,3-butadiene may need to be
improved and/or the experimental data for this intermediate double-checked.

Fig. 5.15 Mol fraction profiles of C4–C7 products in ethylcyclohexane pyrolysis at 30, 150, and
760 Torr. Solid symbol is SR-PI-MBMS data, open symbol is GC data, lines are simulation.
Square is 30 Torr, circle is 150 Torr, triangle is 760 Torr data
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Another C6 diene measured in the experiment was 1,3-hexadiene, as shown in
Fig. 5.15i. This intermediate was produced from the decomposition of C8H15

alkenyl radicals; two pathways are shown in Fig. 5.4d, e. The contribution of these
two channels to 1,3-hexadiene was close. In the discussion of Sect. 5.2, the model
prediction for 1,3-hexadiene by the JetSurF 2.0 model was a factor of two higher
than the experiment. Analysis showed that the absence of other consumption
channels for 5-oceten-1-yl and 3-oceten-5-yl radicals led to over-prediction of
1,3-hexadiene. On the other hand, the model prediction of vinylcyclohexane and
1,3-heptadiene was much lower than the experimental measurement. In the kinetic
model in this work, absent reaction pathways to vinylcyclohexane and
1,3-heptadiene were included and the branching ratios for the unimolecular reac-
tions of 5-octen-1-yl and 3-octen-5-yl radicals were better predicted. This explains
the improved prediction of vinylcyclopentane (Fig. 5.15l), 1,3-heptadiene
(Fig. 5.15k), and 1,3-hexadiene (Fig. 5.15i). 1,3-Hexadiene was also measured in
the pyrolysis of methylcyclohexane, but the mole fraction was twice as low as that
measured in ethylcyclohexane pyrolysis. Reaction pathway analysis showed that
1,3-hexadiene was also produced from the alkenyl radicals in the decomposition of
the methylcyclohexane radicals; however, only one reaction channel led to
1,3-hexadiene in methylcyclohexane pyrolysis, while two reaction channels with an
equal contribution led to 1,3-hexadiene in ethylcyclohexane pyrolysis.

In the GC analysis, cyclopentene was measured, as shown in Fig. 5.15h. The
initial formation temperature of this intermediate was close to the chain and
branched dienes, indicating that cyclopentene should not be produced from the
built-up reactions of smaller intermediates.

We have proposed two possible pathways for cyclopentene, as shown in
Fig. 5.16. The first reaction pathway started from the ring-opening isomerization of

Fig. 5.16 Possible reaction pathways for cyclopentene. Reprinted from Ref. [18], Copyright
2015, with permission from Elsevier
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1-cyclohexylethyl radical (n) to 6-octen-1-yl radical (o), which decomposed into
4-hexen-1-yl radical via b–C–C scission (p). The radical addition to the double
bond of 4-hexen-1-yl radical formed 2-methyl-cyclopentyl radical (q), which then
produced cyclopentene and methyl radical (r) via b–C–C scission. The reaction
pathway of p ! q ! r was not included in the JetSurF 2.0 model. In this model,
the rate constants of 2-methyl-cyclopentyl radical decomposition (q ! r) and
isomerization (q ! p) were adopted from the quantum chemistry of Sirjean et al.
[21].

The second reaction pathway for cyclopentene starts from the 2-ethyl-cyclohexyl
radical, which isomerized to 3-ethyl-1-hexen-6-yl radical by way of the ring
opening (s ! t). In addition to the reaction pathways in Fig. 5.4d, the 1,6-H
migration of 3-ethyl-1-hexen-6-yl radical forms 3-propyl-4-penten-1-yl radical (u).
The radical addition on the double bond of 3-propyl-4-penten-1-yl radical led to
2-propyl-cyclopentyl radical (v), which decomposed into cyclopentene (r) and
n-propyl radical through b–C–C scission. The rate constants of t ! u referred to
the 1,6-H intramolecular isomerization of 1-ocetyl radical [7]. Rate constants of
ring-opening isomerization and dissociation of 2-propyl-cyclopentyl radical were
estimated from the analogous reactions of 2-methyl-cyclopentyl radical [21]. Model
prediction with these two reaction pathways agreed well with the experimental
measurement of cyclopentene. Further analysis revealed that the contributions of
channels one and two were close at 30 Torr pyrolysis, while channel one was
dominant at 760 Torr pyrolysis. The dominant consumption channel for
cyclopentene was the unimolecular hydrogen elimination and the H-atom
abstraction by H atom.

Mole fractions of two C5 dienes—1,3-pentadiene and 2-methyl-1,3-butadiene–
appear in Fig. 5.15f, g. The mole fraction profiles obtained from the SR-PI-MBMS
analysis and GC analysis were in good agreement. As shown in Fig. 5.4,
1,3-pentadiene was produced largely from the b–C–C scission of 2-hepten-4-yl
radical. The 2-methyl-1,3-pentadiene, was mainly produced from the bimolecular
reactions of H atom with 2-ethyl-1,3-butadiene, the recombination of H atom with
2-vinyl-3-buten-1-yl radical, and the recombination of methyl radical with iC4H5

radical. In Sect. 5.2, a possible reaction pathway for 2-methyl-1,3-butadiene (blue
lines in Fig. 5.6), was proposed; this reaction pathway was also included, with rate
constant estimation from reactions of molecules like 2-methyl-cyclohexyl radical,
5-hexen-1-yl radical, and 1-hexen-3-yl radical, etc. The reaction flux analysis
revealed that the proposed reaction pathway contributed to 2-methyl-1,3-butadiene,
especially at 30 Torr with a contribution of 10%. Although the contribution of the
new proposed reaction pathways was not high, they did start earlier than other
formation channels of 2-methyl-1,3-butadiene.

Like pyrolysis of cyclohexane and methylcyclohexane, large amounts of
1,3-butadiene were formed in the pyrolysis of ethylcyclohexane. The main source
for 1,3-butadiene included the ring-opening isomerization of cyclohexyl radical
(Fig. 4.18a), 3-methyl-cyclohexyl radical (Fig. 5.4 e), 4-methyl-cyclohexyl radical
(Fig. 5.4 c), and 2-methyl-cyclohexyl radical (Fig. 5.4 d). The retro-Diels-Alder
reaction of cyclohexene also contributed to 1,3-butadiene. 1,3-butadiene was
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consumed by the bimolecular reactions of 1,3-butadiene with H atom, leading to
ethylene and vinyl radical, and the H-atom abstraction, to form nC4H5 and iC4H5

radicals. The H-elimination of nC4H5 and iC4H5 radicals is the source of viny-
lacetylene in Fig. 5.15a.

Section 5.2 discusses the decomposition of cyclohexyl radical and ethylcyclo-
hexane radicals which led to C6–C8 cyclic intermediates. The mole fraction profiles
of C6 cyclic intermediates, benzene, fulvene, and 1,3-cyclohexadiene, and cyclo-
hexene, are shown in Fig. 5.17.

Decomposition of cyclohexyl and ethylcyclohexane radicals via the formation of
cyclohexene, 4-ethyl-cyclohexene, and 3-ethyl-cyclohexene is important for ben-
zene. Another major source of benzene is the H-atom-assisted isomerization of
fulvene. There are two sources for fulvene, the recombination of methyl radical
with cyclopentadienyl radical, and recombination of allyl radical with propargyl
radical; the contribution of the former reaction pathway is dominant.

Figure 5.18 presents C7 cyclic intermediates measured in ethylcyclohexane
pyrolysis at 30, 150, and 760 Torr. In the GC analysis, methylenecyclohexane was
measured (Fig. 5.18d). In the SR-PI-MBMS experiment, the m/z corresponding to
C7H12 was also observed. The quantified mole fraction of C7H12 with an estimated
photoionization cross section of methylenecyclohexane (Fig. 5.18c) was close to
that of the GC measurement of methylenecyclohexane, indicating that
methylenecyclohexane was the dominant composition of C7H12 signal in the
SR-PI-MBMS experiment. The simulation showed that methylenecyclohexane was
produced largely from the b–C–C scission of 1-ethyl-cyclohexyl radical and

Fig. 5.17 Mol fraction profiles of C6 cyclic intermediates in ethylcyclohexane pyrolysis at 30,
150, and 760 Torr. Solid symbol is SR-PI-MBMS data, open symbol is GC data, lines are
simulation. Square is 30 Torr, circle is 150 Torr, triangle is 760 Torr data
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consumed by the H-atom abstraction to form three cyclic C7H11 isomers. The
ring-opening isomerization of these radicals led to diene radicals, while the H-atom
elimination reaction led to cyclic dienes, especially 3-methylene-cyclohexene
( ). In the SR-PI-MBMS experiment, the signal corresponding to C7H10 was
recorded and the mole fraction was evaluated by estimating the photoionization
cross-section of 3-methylene-cyclohexene. The model prediction showed that the
major component for C7H10 was 3-methylene-cyclohexene.

Another C7 cyclic intermediate is toluene (Fig. 5.18), an important precursor to
polycyclic aromatic hydrocarbons. Analysis from the model showed that two
important channels contributed to toluene, i.e., the reaction of propargyl radical
with 1,3-butadiene and the recombination of H atom with benzyl radical. In contrast
to ethylcyclohexane pyrolysis, the benzyl radical in methylcyclohexane pyrolysis
resulted from the dehydrogenation of toluene, product from the step-wise dehy-
drogenation of methylcyclohexane. Considering the step-wise dehydrogenation of
ethylcyclohexane, ethylbenzene can be produced, but not toluene. In the ethylcy-
clohexane model, the source for benzyl radical was H-atom abstraction reactions of
cC7H8 (o-isotoluene and p-isotoluene), produced from the step-wise dehydro-
genation of methylenecyclohexane (Fig. 4.21b). Methylenecyclohexane can also be
produced from the b–C–H scission of methylcyclohexane radical, e.g.,
1-methyl-cyclohexyl radical and cyclohexylmethyl radical in methylcyclohexane
pyrolysis. However, the b–C–H scission was much more unfavorable than the
b–C–C scission; for example the b–C–C scission of 1-ethyl-cyclohexyl radical
easily produced methylenecyclohexane (Fig. 5.3). Thus, the step-wise

Fig. 5.18 Mol fraction profiles of C7 cyclic intermediates in ethylcyclohexane pyrolysis at 30,
150, and 760 Torr. Solid symbol is SR-PI-MBMS data, open symbol is GC data, lines are
simulation. Square is 30 Torr, circle is 150 Torr, triangle is 760 Torr data
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dehydrogenation of methylenecyclohexane was a novel pathway for benzyl radical,
and subsequently for aromatic formation in ethylcyclohexane pyrolysis.

The mole fraction profiles for the cyclic C8 intermediates are presented in
Fig. 5.19. Discussion in Sect. 5.2 determined that the H-elimination of ethylcyclo-
hexane radicals forms five cyclic C8H14 alkenes. In the GC analysis, ethylidenecy-
clohexane and 4-ethyl-cyclohexene were measured, as shown in Fig. 5.19g, h. Other
isomers were not detected or were difficult to identify. In the SR-PI-MBMS experi-
ment, an attempt was also made to separate the isomers, as shown in Fig. 5.19e, f.
Considering the experimental uncertainties, the GC and SR-PI-MBMSmeasurement
for these species were in agreement. The model prediction also agreed with these
measurements. The step-wise dehydrogenation of cyclic C8H14 alkenes formed cyclic
C8H12 dienes. The SR-PI-MBMS experiment was unable to separate the isomers, and
the mole fraction for C8H12 in Fig. 5.19d included all the possible isomers. Similarly,
the mole fraction for the simulation included all the possible isomers of C8H12 in the
model. The further step-wise dehydrogenation of cyclic C8H12 dienes also resulted in
ethylbenzene, especially during the 30 Torr pyrolysis.

The mole fraction of styrene in Fig. 5.19b was much higher than that of
ethylbenzene. In ethylbenzene flame, styrene is dominantly produced from the
radical initiated two-step H-elimination pathways of ethylbenzene [23, 24].
Similarly, this reaction pathway also led to styrene. Another source for styrene

Fig. 5.19 Mol fraction profiles of C8 cyclic intermediates and indene in ethylcyclohexane
pyrolysis at 30, 150, and 760 Torr. Solid symbol is SR-PI-MBMS data, open symbol is GC data,
lines are simulation. Square is 30 Torr, circle is 150 Torr, triangle is 760 Torr data
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includes the reaction of benzene with vinyl radical. Moreover, the reaction of
phenyl radical with acetylene also contributes to styrene. The step-wise dehydro-
genation of ethylcyclohexane is a group of specific reactions leading to styrene; one
example is shown below. Reaction pathway analysis revealed that the step-wise
dehydrogenation of ethylcyclohexane to styrene is favorable at 30 Torr pyrolysis.

Figure 5.19a presents mole fraction profiles of phenylacetylene, produced from
the combination of phenyl radical with acetylene and the H-atom abstraction of
styrene with subsequent H-elimination. A large amount of indene was also formed
in ethylcyclohexane pyrolysis (Fig. 5.19i), which is predominantly produced from
the reaction of the cyclopentadienyl radical with 1,3-butadiyne at 760 Torr. At 30
Torr, the reaction of phenyl radical with propargyl radical becomes more important.

5.5 Premixed Flame of Ethylcyclohexane

The low-pressure laminar premixed flame of ethylcyclohexane at 30 Torr was
studied in this work on a McKenna burner with a diameter of 60 mm. The flame of
ethylcyclohexane/O2/50% Ar mixture has equivalence ratio of 1.75. Velocity and
mass flow rate of the unburnt gas at 300 K was 50 cm/s and 3.29 � 10−3 g/cm2/s,
respectively. The flow rates of ethylcyclohexane, Ar, and O2 were 194, 1523, and
1330 sccm, respectively. In the CHEMKIN simulation, the temperature profile from
the experiment was used as input. The mixture-average transport, including Soret
diffusion, was considered. Simulation was converged with a solution gradient of 0.1
and curvature of 0.1, respectively. The mole fraction profiles of the reactants and
major combustion products are presented in Fig. 5.20, along with measured tem-
perature profiles. Ethylcyclohexane was consumed at *6.5 mm, slightly closer to
the burner surface than the methylcyclohexane flame. These two flames have the
same equivalence ratio and pressure. The main reason for this discrepancy was the
cold gas velocity of the ethylcyclohexane flame; at 50 cm/s@300 K it was greater
the methylcyclohexane flame at 35 cm/s@300 K. Like the methylcyclohexane
flame, the consumption of O2 was also slower than ethylcyclohexane and large
amounts of incomplete combustion products H2 and CO were formed. The ethyl-
cyclohexane kinetic model satisfactorily predicted the consumption of ethylcyclo-
hexane, the formation of the major combustion products, and the profile of Ar (mole
expansion effect of the flame).

Flame intermediates detected in this work were similar to those measured in
ethylcyclohexane pyrolysis. The experimental and simulated mole fraction profiles
of the C1–C5 intermediates are displayed in Fig. 5.21. It was noted that the
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perturbation of the sampling probe was the main reason for the large discrepancy
between simulation and experiment close to the burner surface. Model analysis
showed that ethylcyclohexane was largely consumed by H-atom abstraction reac-
tion, such as by H atoms and OH radicals. The unimolecular reactions of ethyl-
cyclohexane were insignificant under flame conditions. Thus, the flame
intermediates were constituted from the decomposition of ethylcyclohexane radi-
cals, as shown in Fig. 5.4.

Like methylcyclohexane flame, a large amount of 1,3-butadiene (Fig. 5.21m) was
formed in the ethylcyclohexane flame studied here. The reaction pathways for
1,3-butadiene are similar to those in ethylcyclohexane pyrolysis. Themole fraction of
C5H8 intermediates is shown in Fig. 5.21p, including 1,3-pentadiene and 2-methyl-1,
3-butadiene. The photon energy selected could not separate the two isomers;
therefore the total mole fraction is given. It was noted that large uncertainties may
exist for the quantified mole fraction of C5H8 intermediates because the photoion-
ization cross-sections were estimated. The simulation showed that the major com-
ponent of C5H8 intermediates was 1,3-pentadiene; the maximum value of its mole
fraction was a factor of*3 higher than 2-methyl-1,3-butadiene. The simulated mole
fraction ratio of these two intermediates was close to that in the ethylcyclohexane
pyrolysis. The reaction pathways for these two intermediates in ethylcyclohexane
flame also resembled the ethylcyclohexane pyrolysis: 1,3-pentadiene was produced
from the ring-opening isomerization of 1-cyclohexylethyl radical while
2-methyl-1,3-butadiene resulted from secondary reactions such as the combination of
H atom with 2-vinyl-3-buten-1-yl radical and the reaction of 2-ethyl-1,3-butadiene
with H atom. The new proposed reaction pathways for 2-methyl-1,3-butadiene in
Fig. 5.6 also contributed to 2-methyl-1,3-butadiene.

Fig. 5.20 Mol fraction profiles of reactants and major combustion products in ethylcyclohexane
flame with equivalence ratio of 1.75. Symbol is experimental measurement, line is model
prediction. Profile with solid symbol and line is temperature profile measured in this work.
Reprinted from Ref. [18], Copyright 2015, with permission from Elsevier
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Figure 5.22 displays the mole fraction profiles of C6–C9 intermediates in
ethylcyclohexane flame, including alkenes, cyclic dienes, trienes, and aromatics.
These intermediates were also measured in ethylcyclohexane pyrolysis. The total
mole fraction for some intermediate is presented, e.g., C7H12, C7H10, cC7H8,
C8H14, C8H12, and cC8H10; they may include many isomers, but the experiment
could not separate them. It was noted that an uncertainty factor of 2–3 may be
applied to these species since their mole fraction was evaluated from estimated
photoionization cross sections.

Mole fraction profiles of the C6 intermediates are shown in Fig. 5.22a–d. The
formation pathways for cyclohexene (Fig. 5.22d) in flame condition resembles
those in ethylcyclohexane pyrolysis, i.e., the dissociation of 2-ethyl-cyclohexyl
radical and cyclohexyl radical. The step-wise dehydrogenation of cyclohexene
(Fig. 5.22d) was the main precursor for benzene (Fig. 5.22b). 1,3-cyclohexadiene
in Fig. 5.22c was the intermediate bridge connecting cyclohexene and benzene. In
the step-wise dehydrogenation process, the H-atom abstraction reactions by H
atoms and OH radicals were important because of the abundant radicals in
low-pressure flames.

Mole fraction profiles for C7 intermediates are shown in Fig. 5.22e–h. The mole
fraction for the C7H12 intermediate in Fig. 5.22h is slightly higher than that of
cyclohexene and may have received a contribution from methylenecyclohexane,

Fig. 5.21 Mol fraction profiles of C1–C5 flame intermediates in ethylcyclohexane flame at
30 Torr. Symbols are from SR-PI-MBMS data, lines are from simulation. Reprinted from Ref.
[18], Copyright 2015, with permission from Elsevier
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1,3-heptadiene, and methylcyclohexenes. Simulation showed that the major com-
ponent of C7H12 intermediate was methylenecyclohexane and 1,3-heptadiene. Like
ethylcyclohexane pyrolysis, methylenecyclohexane is produced from the b–C–C
scission of 1-ethyl-cyclohexyl radical while 1,3-heptadiene is produced from the
b–C–C scission of 3-oceten-5-yl radical. For C7H10, the measured mole fraction
may include the contribution of several cyclic diene isomers and 1,3,5-heptatriene.
However, the simulation showed that the dominant component for C7H10 was
3-methylene-cyclohexene (Fig. 5.22g), the product from the two-step dehydro-
genation of methylenecyclohexane. 3-methylene-cyclohexene was mainly con-
sumed by the H-atom abstraction to 3-methylene-cyclohexene radicals, which
underwent subsequent b–C–H scission, leading to cC7H8 (o-isotoluene and p-iso-
toluene, in Fig. 5.22e). Further dehydrogenation/H-atom abstraction of cC7H8 was
the main source of benzyl radical in the ethylcyclohexane flame studied. The
combination of benzyl radical with H atom was the main source for toluene
(Fig. 5.22f).

In the study of ethylcyclohexane pyrolysis, the step-wise dehydrogenation of
ethylcyclohexane formed cyclic C8H14, C8H12, and C8H10 intermediates, which
were also measured in the ethylcyclohexane flame, as shown in Fig. 5.22i–l. The
ionization energy of the probable isomers of these intermediates is presented in
Tables 5.2 and 5.3; they were taken from the NIST database [13], or the

Fig. 5.22 Mol fraction profiles of C6-C9 flame intermediates in ethylcyclohexane flame at
30 Torr. Symbols are SR-PI-MBMS data, lines are simulation. Reprinted from Ref. [18],
Copyright 2015, with permission from Elsevier
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calculations in this work at the CBS-QB3 level of theory. The experiment by this
group could not separate these probable isomers, thus the measured mole fraction
may include the contribution from all the isomers. The prediction shows that
4-ethyl-cyclohexene was the major component of C8H14. The step-wise dehydro-
genation of cyclic C8H14 intermediates led to cyclic C8H12 intermediates
(Fig. 5.22k), ethylbenzene (Fig. 5.22j), and cC8H10 (Fig. 5.22i). The subsequent
dehydrogenation/H-atom abstraction of cC8H10 formed cyclic C8H9 radicals, which
then led to styrene by b–C–H scission. These pathways are the major source for
ethylbenzene and styrene (Fig. 5.22n) in the ethylcyclohexane flame studied. In
addition, phenylacetylene, indene, and indane were measured in ethylcyclohexane
flame, as shown in Fig. 5.22m, o, and p. Like ethylcyclohexane pyrolysis,
phenylacetylene is produced from the combination of phenyl radical with acetylene,
the H-atom abstraction of styrene with subsequent H-elimination. Indene results
from the reaction of cyclopentadienyl radical with 1,3-butadiyne and the combi-
nation of phenyl radical with propargyl radical. The mole fraction of indane is very
low; the current mechanism did not include its reaction pathways.

5.6 JSR Oxidation of Ethylcyclohexane

Husson et al. [6] studied the low and intermediate temperature oxidation of
ethylcyclohexane in a JSR, covering fuel-lean, stoichiometric, and fuel-rich con-
ditions. These data were very useful to further examination of the ethylcyclohexane

Table 5.3 Structure and adiabatic ionization energies of probable cyclic C8H12 and C8H10

intermediates in ethylcyclohexane flame

Formula Species Structure IE/eV Refs.

C8H12 Vinylcyclohexene 8.24 This work

3-ethylidenecyclohexene 7.98 This work

1-ethyl-1,3-cyclohexadiene 7.91 This work

2-ethyl-1,3-cyclohexadiene 7.99 This work

5-ethyl-1,3-cyclohexadiene 8.17 This work

C8H10 1-ethenyl-1,3-cyclohexadiene 7.79 This work

2-ethenyl-1,3-cyclohexadiene 7.97 This work

5-ethylidene-1,3-cyclohexadiene 7.53 This work

3-ethylidene-1,4-cyclohexadiene 7.75 This work

Ethylbenzene 8.77 [13]
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kinetic model in this work. The simulation method was the same as the JSR
oxidation of cyclohexane in Chap. 3. Specifically, the volume of the reactor was
95 cm3, pressure was 800 Torr, dilution gas was He, and the residence time was
2 s. The end time for the transient solver was 30 s. The experiment and simulated
results for the reactants and important oxidation intermediates in ethylcyclohexane
oxidation with equivalence ratio of 2.0 are displayed in Fig. 5.23. The comparison
between experiment and simulation for other conditions (i.e., / = 0.25 and

Fig. 5.23 Mol fraction profiles of reactants, major oxidation products, and C1–C8 intermediates
in ethylcyclohexane oxidation at 800 Torr and equivalence of 2.0. Symbols are literature data from
Husson et al. [6], lines are simulation. Reprinted from Ref. [18], Copyright 2015, with permission
from Elsevier
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/ = 1.0) is shown in Figs. C.1 and C.2 in Appendix C. Generally, the model
prediction for most of the species was satisfactory. The following discussion is
focused on ethylcyclohexane decomposition and the formation of some represented
products.

Ethylcyclohexane is mainly consumed by H-atom abstraction from OH radicals
under an oxidation environment. Subsequent reactions of the ethylcyclohexane
radicals led to 1,3-pentadiene (Fig. 5.23q), 1-butene (Fig. 5.23m), 1,3-butadiene
(Fig. 5.23l), ethylene (Fig. 5.23g). Smaller radicals of methyl, ethyl, n-propyl,
1-buten-3-yl, 2-butyl, and 1-butyl radicals were also produced in this process.
Further reactions of these stable and radical intermediates—including direct
decomposition or oxidation—formed C1–C4 oxygenated and hydrocarbon inter-
mediates. For example, 1-butene is produced from the oxidation reactions of butyl
radicals (2-butyl and 1-butyl); 2-butene (Fig. 5.23n) is produced from the reactions
of 2-butyl radical with O2; the reactions of 1-buten-3-yl radical with HO2 also
contribute to its formation; the main pathway for propene (Fig. 5.23k) is the
reaction of HO2 with allyl radical, the dissociation of 2-butyl radical, and the
reactions of propyl radicals (n-propyl and i-propyl radical) with O2. The reaction of
ethyl radical with O2 is the main source for ethylene; the oxidation reactions of
2-cyclohexen-1-yl radical and 1-buten-3-yl radical with HO2 reaction result in
acrolein (Fig. 5.23j); the reaction of OH radical with 1,3-butadiene produces
acetaldehyde in Fig. 5.23i. Under a pyrolysis environment, reactions of uni-
molecular decomposition, H-atom abstraction by H atom, b–C–C scission of rad-
icals were prevalent. The reaction mechanism became much more diverse in
ethylcyclohexane oxidation however, the main reasons being the participation of
oxygen and the formation of a large number of oxygenated radicals.

The decomposition of 2-ethyl-cyclohexyl radical led to ethyl radical and cyclo-
hexene (Fig. 5.23t), which was consumed by H-atom abstractions to form
2-cyclohexen-1-yl radical. The decomposition of 2-cyclohexen-1-yl radical led to

Fig. 5.24 Reaction pathways for toluene in ethylcyclohexane oxidation with / = 2.0 and
pressure of 800 Torr
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1,3-cyclohexadiene in Fig. 5.23s. Another pathway for 1,3-cyclohexadiene was the
decomposition of 4-ethyl-1-cyclohexen-3-yl radical. This is similar to the reaction
pathways for 1,3-cyclohexadiene in ethylcyclohexane pyrolysis. 1,3-cyclohexadiene
is also produced from the reaction of 2-cyclohexen-1-yl radical with O2 in ethyl-
cyclohexane oxidation. The subsequent reactions of 1,3-cyclohexadiene were the
source of benzene in Fig. 5.23r. For example, its H-atom abstraction by OH radical,
H atom, and O atom led to 1,3-cyclohexadienyl radical. The subsequent b–C–H
scission of 1,3-cyclohexadienyl radical directly resulted in benzene.

The C7 cyclic alkene, methylenecyclohexane in Fig. 5.23v, was produced from
the b–C–C scission of 1-ethyl-cyclohexyl radical and consumed by H-atom
abstraction reactions and the H-atom addition to the double bond to form
1-methyl-cyclohexyl radical. The subsequent reactions of 1-methyl-cyclohexyl
radical formed toluene (Fig. 5.23u), as shown in Fig. 5.24.

The reactions of ethylcyclohexane radical with O2 and the direct b–C–H scission
of ethylcyclohexane radical formed cyclic C8H14 alkenes. The three isomers
measured from the experiment are shown in Fig. 5.23z, aa, and ab. The mole
fraction of 4-ethylcyclohexene was predicted satisfactorily, while large discrepan-
cies existed for the other two isomers, vinylcyclohexane and 1-ethyl-cyclohexene.

Mole fraction profiles of ethylbenzene and styrene are presented in Fig. 5.23x, y.
The reaction pathways for ethylbenzene in Fig. 5.25 included four steps: First,
methylenecyclohexane and 3-ethyl-cyclohexene were formed from the decompo-
sition of 1-ethyl-cyclohexyl radical and the reaction of 2-ethyl-cyclohexyl and
3-ethyl-cyclohexyl radical with O2, respectively (a ! b). Second, the H-atom
abstraction of methylenecyclohexane and 3-ethyl-cyclohexene, and subsequent
b–C–C and/or b–C–H scission led to 3-methylene-cyclohexene (b ! c). Third, the
H-atom abstraction of 3-methylene-cyclohexene, and subsequent methyl addition to
the radical site, produced 2-ethyl-1,3-cyclohexadiene (c ! d). Last, the H-atom
abstraction of 2-ethyl-1,3-cyclohexadiene and subsequent reaction with O2 led to
ethylbenzene (d ! e).

The mole fraction of styrene is close to that of ethylbenzene. As shown in
Fig. 5.26, styrene is also produced from four reactions steps, which are similar to

Fig. 5.25 Reaction pathways for ethylbenzene in ethylcyclohexane oxidation with / = 2.0 and
pressure of 800 Torr
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those of ethylbenzene. The first step is the bimolecular reaction of
1-cyclohexyl-ethyl and 2-cyclohexyl-ethyl radical with O2, which produce vinyl-
cyclohexane. The step-wise dehydrogenation of vinylcyclohexane, by way of
1-ethenyl-1,3-cyclohexadiene and 2-ethenyl-1,3-cyclohexadiene, forms styrene;
this reaction process is similar to the styrene pathways in ethylcyclohexane
pyrolysis. However, OH radical and O2 are important in this process during
ethylcyclohexane oxidation.

5.7 Laminar Flame Speed of Ethylcyclohexane

The ethylcyclohexane kinetic model was further validated by the laminar flame
speed of ethylcyclohexane/air mixture measured by Wu et al. [5]. The simulation
method was the same as the laminar flame speed simulation for cyclohexane in
Chap. 3: the premixed module was chosen and the Soret diffusion and

Fig. 5.26 Reaction pathways for styrene in ethylcyclohexane oxidation with / = 2.0 and pressure
of 800 Torr. Reprinted from Ref. [18], Copyright 2015, with permission from Elsevier

Fig. 5.27 Laminar flame
speed of ethylcyclohexane at
1, 2, and 5 atm. Unburnt gas
temperature is 353 K.
Symbols are experimental
measurement by Wu et al. [5],
lines are model prediction in
this work. Reprinted from
Ref. [18], Copyright 2015,
with permission from Elsevier
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mixture-average transport were included. The simulated flame speeds in Fig. 5.27
agree with the experimental measurement at 1, 2, and 5 atm.

5.8 Summary and Conclusions

In this chapter, the flow reactor pyrolysis of ethylcyclohexane, from low to 1 atm,
and premixed flame of ethylcyclohexane at 30 Torr, were examined. More than 40
pyrolysis and flame species were measured. In the pyrolysis experiment, the
combination of SR-PI-MBMS and GC analysis separated many isomers and
detected some low-concentration intermediates. The detection of 3-ocetene con-
firmed that the initial ring-opening isomerization of ethylcyclohexane was plausi-
ble. This type of reaction was also observed during cyclohexane and
methylcyclohexane pyrolysis. The decomposition and H-atom abstraction of
ethylcyclohexane resulted in cyclohexyl radical and ethylcyclohexane radicals, the
source of various chain and branched dienes, such as 1,3-heptadiene,
2-ethyl-1,3-butadiene, 1,3-hexadiene, 2-methyl-1,3-butadiene, 1,3-pentadiene, and
1,3-butadiene. The quantification of these intermediates examined the branching
ratios of the ethylcyclohexane radicals and cyclohexyl radical decomposition.

A detailed kinetic model of ethylcyclohexane combustion was developed from
this work’s theoretical calculations the reaction mechanism of methylcyclohexane
pyrolysis and oxidation, and literature review. The ethylcyclohexane kinetic model
satisfactorily predicted the species speciation in ethylcyclohexane pyrolysis, oxi-
dation, and flame, revealing that rate analogies to methylcyclohexane were rea-
sonable, and a good starting point for ethylcyclohexane, and possibly for other
alkyl-cyclohexane model development. The isomerization of alkenyl radicals,
produced from the decomposition of the ethylcyclohexane radicals, via the radical
addition on the double bond was highlighted; it explains the formation of
five-membered-ring intermediates like vinylcyclopentane and cyclopentane. This
reaction mechanism also contributed to the early formation of 2-methyl-1,
3-butadiene, especially for the low-pressure experiment.

In the pyrolysis, premixed flame and oxidation of ethylcyclohexane, the C6–C8
cyclic compounds—including alkenes, dienes, trienes, and aromatics—were mea-
sured. The reaction kinetics of these intermediates were discussed from experi-
mental observations and with the help of kinetic modeling. The decomposition of
ethylcyclohexane and H-atom abstraction of ethylcyclohexane were the source of
cyclic alkenes. Further reactions of these cyclic alkenes lead to benzene, toluene,
ethylbenzene, and styrene in the ethylcyclohexane flame and JSR oxidation studied
here. Secondary reactions, such as the recombination of resonance stabilized rad-
icals and the reactions of methyl radical with cyclopentadienyl radical, are
important for aromatics formation during ethylcyclohexane pyrolysis.

Validation of the ethylcyclohexane kinetic model by the broad dataset measured
in this work and reported in the literature, is the foundation on which the model can

180 5 Experimental and Modeling Study of Ethylcyclohexane Combustion



clarify reaction kinetics and develop kinetic models of other cycloalkanes with
complex structures.
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Chapter 6
Combustion Kinetics of Cyclohexane
and C1–C2 Mono-alkyl Cyclohexanes

Chapters 3 through 5 examined the flow reactor pyrolysis and laminar premixed
flames of cyclohexane, methylcyclohexane and ethylcyclohexane; pyrolysis and
flame intermediates were identified and quantified. Based on experimental mea-
surements, quantum chemistry calculations, and literature review, kinetic models
for cyclohexane, methylcyclohexane and ethylcyclohexane were developed; addi-
tional experimental data from the literature were adopted to further validate the
kinetic model. Satisfactory prediction of the experimental data makes the model a
useful tool for clarification and discussion of the combustion kinetics of the three
fuels.

6.1 Flow Reactor Pyrolysis

The pyrolysis of cyclohexane and the two mono-alkylated cycloalkanes were
investigated using the synchrotron radiation photoionization molecular beam mass
spectrometry. The total flow rate of the initial gas was maintained at 1000 sccm at
273.15 K in all the experiments with a fuel concentration of 0.02; moreover, the
mole fraction of the pyrolysis intermediates at 30, 150, and 760 Torr pyrolysis was
evaluated by the same methodology and the same source of photoionization
cross-sections was applied [1–8]. These well-defined experimental conditions and
data evaluation were the basis for analysis of the pyrolysis mechanism of cyclo-
hexane, methylcyclohexane, and ethylcyclohexane. In the following, pyrolysis
kinetics of the three fuels are discussed, including the species pool and mole
fraction distribution of a series of intermediates.

© Springer Nature Singapore Pte Ltd. 2018
Z. Wang, Experimental and Kinetic Modeling Study of Cyclohexane
and Its Mono-alkylated Derivatives Combustion, Springer Theses,
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6.1.1 Species Pool

Figure 6.1 presents the mass spectra resulting from pyrolysis of cyclohexane,
methylcyclohexane and ethylcyclohexane with fuel conversions of 70%. Each mass
peak corresponded to one or more hydrocarbon isomer. The mass peaks below
mass-to-change-ratio (m/z) of 82 in the three fuels pyrolysis were identical. Due to
the existence of a side chain, more intermediates were formed in the
mono-alkylated cyclohexanes, for example, m/z 94 and 96 were observed in
methylcyclohexane and ethylcyclohexane pyrolysis, while m/z 108 and 110 were
detected only in ethylcyclohexane pyrolysis.

Photoionization efficiency (PIE) spectra were scanned to distinguish the species
composition of each mass peak. Tables 3.3 and 6.1 show intermediates in the
three-fuel pyrolysis, which are mainly linear or cyclic alkenes, linear or cyclic
dienes, and aromatics. Radicals such as CH3, C2H5, C3H3, C3H5 and C5H5 were
also detected under low pressure. Like the mass spectra shown in Fig. 6.1, the C1–
C6 pyrolysis product species detected were similar in the three cyclohexanes,
except for C6H10. Cyclohexene and 1,3-hexadiene are the two C6H10 isomers
produced from cyclohexane pyrolysis; in addition to these two isomers,
4-methyl-1,3-pentadiene and 2,4-hexadiene might exist in methylcyclohexane
pyrolysis while 2-ethyl-1,3-butadiene is a probable isomer in ethylcyclohexane
pyrolysis. In the pyrolysis of these three fuels, the C6 cyclic alkene (m/z 82) was
cyclohexene. As the side chain increased, C7 cyclic alkenes (m/z 96) were pro-
duced. The dominant isomers are methylcyclohexenes in methylcyclohexane
pyrolysis while the dominant isomers are methylenecyclohexane in ethylcyclo-
hexane pyrolysis; moreover, C8 cyclic alkenes (m/z 110) with the same carbon

Fig. 6.1 Mass spectra of cyclohexane, methylcyclohexane and ethylcyclohexane pyrolysis at
30 Torr with fuel conversions of 70%. Photoionization energy is 10 eV
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skeleton as ethylcyclohexane were produced in ethylcyclohexane pyrolysis. These
C6–C8 cyclic alkenes are precursors of aromatics like benzene, toluene, ethyl-
benzene, and styrene. The similarities and discrepancies in mass peaks are related to
the distinguishing pyrolysis pathways of these cycloalkanes.

In the pyrolysis of cyclohexane and methylcyclohexane, the isomer of the
reactant, 1-hexene and 2-heptene, was measured. The measured ionization energy
for ethylcyclohexane isomerization products is 8.9 eV, which corresponds to
2-ocetene, 3-ocetene, and 2-ethyl-1-hexene. However, only 3-ocetene was detected
in the gas chromatography (GC) analysis of ethylcyclohexane pyrolysis. The
observation of the alkene isomers confirmed the ring-opening isomerization of
cyclohexane, methylcyclohexane and ethylcyclohexane. The measurement of
2-heptene and 3-ocetene indicated that ring-opening via the C–C bond adjacent to
the side chain was more favorable and is accord with the quantum chemistry
calculation [9].

6.1.2 Mole Fraction Distribution

The mole fraction distributions of several important intermediates are examined in
order to analyze the pyrolysis kinetics of cyclohexane and its mono-alkylated
derivatives. Data are from the SR-PI-MBMS analysis at 30 Torr unless otherwise
noted. Figure 6.2 presents the mole fraction profiles of the three fuels and the
formation of their corresponding isomerization products. Under the same experi-
mental conditions, the reactivity of the three fuels follows the trend: cyclohexane ˂
methylcyclohexane ˂ ethylcyclohexane. This observation indicated that the pres-
ence of the alkyl side chain increased reactivity (cyclohexane vs. methylcyclo-
hexane), and increasing the length of the alkyl side chain also increases reactivity
(methylcyclohexane vs. ethylcyclohexane). This is in accord with the energy barrier
of the unimolecular dissociation pathways. The calculated barrier for the
ring-opening isomerization of cyclohexane is 88.7 kcal/mol [11], as shown in
Fig. 3.1. In methylcylohexane and ethylcyclohexane pyrolysis, the most important
decomposition pathway is the methyl and ethyl side chain loss. In this work, the
calculated energy barrier for the methyl loss channel is 84 kcal/mol. For ethylcy-
clohexane, the energy barrier for dissociation by way of ethyl loss is *2.5 kcal/
mol lower than the methyl loss channel [12] of methylcyclohexane. In addition, the
sensitivity analysis showed that the H-atom abstraction reactions had high sensi-
tivity coefficient for the consumption of cyclohexane, methylcyclohexane, and
ethylcyclohexane. From cyclohexane to methylcyclohexane, and to ethylcyclo-
hexane, the total H-atom abstraction rate constants increased, which also promoted
fuel consumption.

The profiles of the C6–C8 alkenes in Fig. 6.2b show that the maximum mole
fraction of 1-hexene is much higher than C7H14 and C8H16 alkenes. This distin-
guishing feature of cyclohexane pyrolysis could be explained by its unique initia-
tion reactions. In cyclohexane pyrolysis, the dominant unimolecular initiation
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reaction is the ring-opening isomerization to 1-hexene [13]; while the dominant
unimolecular reactions of methylcyclohexane and ethylcyclohexane are side chain
fission that releases cyclohexyl and methyl/ethyl radicals. The isomerization
channels to C7H14 and C8H16 alkenes are not important under the temperature range
in the pyrolysis experiment, resulting in lesser formation of these isomerization
products.

The profiles of C3 products and 1-butene are presented in Fig. 6.3. The initial
mole fractions of the three fuels were the same (0.02), but their carbon numbers
differed. In the comparison, mole fractions were normalized by the carbon number
of each fuel. The most notable discrepancy was the mole fractions of the allyl
radical, as shown in Fig. 6.3d. As noted, 1-hexene was the initial product from
cyclohexane pyrolysis; it decomposed primarily into allyl and n-propyl radical. This
explains the larger formation of allyl radical, especially at lower fuel conversion.
Due to the large formation of allyl radical, higher mole fractions of allene, propyne,
and propargyl radical were formed in cyclohexane pyrolysis than in methylcyclo-
hexane and ethylcyclohexane pyrolysis. As shown in Fig. 6.3e, f, similar amounts
of propene and 1-butene were formed in the pyrolysis of the three fuels. The
recombination of allyl radical with H atom and methyl radical were the dominant
sources of propene and 1-butene in cyclohexane pyrolysis. These two channels are
also important for propene and 1-butene in methylcyclohexane and ethylcyclo-
hexane pyrolysis; but there are other pathways related to the fuel structure. For
example, the b–C–C scissions of 1-hepten-6-yl and 2-methyl-5-hexen-1-yl radicals
in methylcyclohexane pyrolysis directly form propene; the b–C–C scissions of
1-octen-6-yl and 2-ethyl-5-hexen-1-yl radicals directly form 1-butene in ethylcy-
clohexane pyrolysis.

Figure 6.4 compares the mole fraction distribution of C4–C7 chain dienes.
Among these intermediates, 1,3-butadiene (Fig. 6.4a) had the largest mole fraction.
The mole fractions of C5H8 (Fig. 6.4b, including both 1,3-pentadiene and
2-methyl-1,3-butadiene), as well as 1,3-hexadiene (Fig. 6.4e) during cyclohexane
pyrolysis were much lower than those in methylcyclohexane and ethylcyclohexane

Fig. 6.2 Mole fraction profiles of cyclohexane, methylcyclohexane and ethylcyclohexane
a isomerization products b during 30 Torr pyrolysis. Data for C8H16 measured by GC
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pyrolysis. Methylcyclohexane pyrolysis produced the largest amount of
2-methyl-1,3-butadiene, while ethylcyclohexane pyrolysis resulted in the largest
amount of 1,3-pentadiene, 1,3-hexadiene and 1,3-heptadiene. In the kinetic model,
1,3-butadiene was easily formed from the ring-opening isomerization of cyclohexyl
radical, methylcyclohexane radicals, and ethylcyclohexane radicals. Therefore, the
formation of the C5–C7 dienes are strongly related to the fuel structure.

For 1,3-pentadiene, there are two channels from methylcyclohexane pyrolysis,
i.e., the b–C–C scission of 5-hepten-1-yl and 3-methyl-5-hexen-1-yl radicals, while

Fig. 6.3 Mole fraction profiles of C3 intermediates and 1-butene in cyclohexane, methylcyclo-
hexane and ethylcyclohexane pyrolysis at 30 Torr. Mole fraction normalized by carbon number of
each fuel. X-coordinate is fuel conversion percentage

Fig. 6.4 Mole fraction profiles of C4–C7 chain dienes in cyclohexane, methylcyclohexane and
ethylcyclohexane pyrolysis at 30 Torr. Mole fraction normalized by carbon number of each fuel.
X-coordinate is fuel conversion percentage
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only one pathway exists from ethylcyclohexane pyrolysis–the b–C–C scission of
6-octen-1-yl radical. 2-Methyl-1,3-butadiene is formed from methylcyclohexane
radical due to the existence of the methyl side chain. 1,3-Hexadiene is produced
during cyclohexane pyrolysis from the b–C–H scission of 1-hexen-3-yl radical.
However, this channel is not favored because the b–C–C scission of 1-hexen-3-yl
radical to 1,3-butadiene and ethyl radical is much easier. The existence of the side
chain provides direct pathways for 1,3-hexadiene from the b–C–C scission of
3-methyl-5-hexen-1-yl radical in methylcyclohexane pyrolysis, and 5-octen-1-yl
and 4-ethyl-1-hexen-3-yl radicals in ethylcyclohexane pyrolysis. The expected
increase in 1,3-hexadiene with increased side chain length is in agreement with the
experimental observation, as shown in Fig. 6.4e. Moreover, the small amount of
1,3-heptadiene in ethylcyclohexane pyrolysis was formed from the b–C–C scission
of 3-octen-5-yl radical.

In cyclohexane, methylcylohexane, and ethylcyclohexane pyrolysis, cyclohex-
ene, 1,3-cyclohexadiene, fulvene, and benzene were measured, as shown in
Fig. 6.5. More cyclohexene and 1,3-cyclohexadiene was formed in ethylcyclo-
hexane pyrolysis. Correspondingly, the mole fraction of benzene in ethylcyclo-
hexane was slightly higher than in cyclohexane and methylcyclohexane pyrolysis.
Additional fulvene was formed in cyclohexane pyrolysis because of the higher mole
fraction of propargyl and allyl radicals in Fig. 6.3. In the pyrolysis of the three
fuels, benzene was produced from multiple channels, including the H-elimination
of cyclohexadienyl radical, the H-atom assisted isomerization of fulvene, and the
recombination of small radicals. In cyclohexane pyrolysis, the H-atom-assisted
isomerization of fulvene and the recombination of small radicals are important

Fig. 6.5 Mole fraction profiles of cyclohexene, 1,3-cyclohexadiene, fulvene, and benzene in
cyclohexane, methylcyclohexane and ethylcyclohexane pyrolysis at 30 T0rr. Mole fraction
normalized by the carbon number of each fuel. X-coordinate is fuel conversion percentage. Mole
fraction of cyclohexene in ethylcyclohexane pyrolysis taken from GC analysis
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benzene formation channels. In methylcyclohexane and ethylcyclohexane pyroly-
sis, the H-elimination of cyclohexadienyl radical is more important. Although the
contribution of these benzene precursors differs, the mole fraction of benzene
formed in the pyrolysis of cyclohexane, methylcyclohexane, and ethylcyclohexane
at 30 Torr is similar.

Some cyclic C7 intermediates like C7H12, C7H10, cC7H8 and toluene were
measured in methylcyclohexane and ethylcyclohexane pyrolysis, as shown in
Fig. 6.6. The mole fraction of C7H12 intermediate in ethylcyclohexane pyrolysis is
a factor of two higher than that in methylclohexane pyrolysis. As discussed in
Chaps. 4 and 5, the major component of C7H12 in methylcyclohexane pyrolysis is
methylcyclohexenes, while in ethylcyclohexane pyrolysis is methylenecyclohex-
ane. The formation of methylenecyclohexane from the b–C–C scission of ethyl-
cyclohexane radical is much easier than methylcyclohexenes formed from the b–C–
H scission of methylcyclohexane radicals. Also, methylcyclohexene is largely
consumed by the retro-Diels-Alder reaction under pyrolysis conditions. However,
this pathway is not feasible for methylenecyclohexane, which is mainly consumed
by H-atom abstraction reactions to cyclic C7H11 radicals, which then decompose
into cyclic C7H10 intermediate (e.g., 3-methylene-cyclohexene as the main com-
ponent) by b–C–H scission. The easy formation of methylenecyclohexane, and its
frequent tendency to cyclic C7H10 intermediates, explains the higher mole fraction
of C7H10 in ethylcyclohexane pyrolysis than in methylcyclohexane pyrolysis. The
further step-wise dehydrogenation of 3-methylene-cyclohexene led to cC7H8 (o-
isotoluene and p-isotoluene), a factor of two higher than in methylcyclohexane
pyrolysis.

Fig. 6.6 Mole fraction profiles of C7 cyclic intermediates in methylcyclohexane and ethylcy-
clohexane pyrolysis at 30 Torr. Mole fraction normalized by the carbon number of each fuel.
X-coordinate is fuel conversion percentage
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The mole fraction of toluene in the pyrolysis of three cycloalkanes is shown in
Fig. 6.6d. In cyclohexane pyrolysis, toluene results from the recombination of H
atom with benzyl radical, which originates from the combination of propargyl
radical (C3H3). In methylcyclohexane pyrolysis, the step-wise dehydrogenation of
methylcylohexane is the main source of toluene. In ethylcyclohexane pyrolysis, an
important pathway for toluene is the recombination of H atom with benzyl radical,
from the step-wise dehydrogenation of ethylcyclohexane; in this process,
methylenecyclohexane, 3-methylene-cyclohexene, and cC7H8 (o-isotoluene and p-
isotoluene) were formed. The different structure and length of the side chain of the
three cycloalkanes resulted in different precursors for toluene. Like benzene, the
production of toluene is close in the pyrolysis of cyclohexane, methylcyclohexane
and ethylcyclohexane.

Cyclic intermediates such as C8H14 and C8H12, and the isomers of ethylbenzene
were measured in ethylcyclohexane pyrolysis, but they were not measured in
cyclohexane and methylcyclohexane pyrolysis. The discussion in Chap. 5 explains
that these cyclic intermediates are produced from the step-wise dehydrogenation of
ethylcyclohexane and are potential precursors of ethylbenzene and styrene.

6.2 Low-Pressure Premixed Flame

In Chaps. 3, 4 and 5, the kinetic model for cyclohexane, methylcyclohexane, and
ethylcyclohexane was examined by speciation in fuel-rich laminar premixed flames.
The agreement between experiment and simulation was satisfactory. In this section,
the reaction kinetics of the three cycloalkanes flame were analyzed by the simu-
lation of the kinetic models. The conditions for the three flames are presented in
Table 6.2. The pressure of the flame was 30 Torr, equivalence ratio was 1.75, C/O
ratio was 0.583, the mole fraction of the dilution gas was 50%, and the temperature
of the unburnt gas was 450 K. Simulation was performed using the PREMIX
module of CHEMKIN-PRO software. The gas energy equation was solved in the
calculations and the thermal diffusion (i.e., the Soret effect) was considered.

Table 6.2 Conditions for cyclohexane, methylcyclohexane, and ethylcyclohexane premixed
flame

Fuel / C/O P/
Torr

XFuel XO2 XAr V/cm
s−1

MFR/g cm−2

s−1

Cyclohexane 1.75 0.583 30 8.14 41.86 50.00 50.00 0.0322

Methylcyclohexane 1.75 0.583 30 7.14 42.86 50.00 50.00 0.0326

Ethylcyclohexane 1.75 0.583 30 6.36 43.64 50.00 50.00 0.0329

Note Xi is initial mole fraction of species i; V is velocity of unburnt gas at 300 K; MFR is mass
flow rate
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The flame temperature and mole fraction profiles of the major combustion
intermediates are presented in Fig. 6.7. The calculated maximum flame temperature
was 2483, 2509, and 2503 K for cyclohexane, methylcyclohexane, and ethylcy-
clohexane, respectively. The flame structure of the three cycloalkanes, including the
consumption of the reactants (fuel and O2), the formation of major combustion
products (H2O, CO, CO2, and H2), and the mole expansion effect of the flame (i.e.,
Ar profile) was very close.

Mole fractions of the important flame intermediates are presented in Figs. 6.8
and 6.9. The reaction zone of the three flames was the same, while the distribution
of some flame intermediates differed. The C1–C2 intermediates with the largest
discrepancy were acetaldehyde and ethane. More acetaldehyde was produced in
cyclohexane flame than alkyl-cyclohexanes (Fig. 6.8f). Reaction pathway analysis
showed that acetaldehyde formed from the reaction of 1,3-butadiene with OH
radical. As shown in Fig. 6.8n, the mole fraction of 1,3-butadiene in cyclohexane
flame was a factor of two higher than in methylcyclohexane and ethylcyclohexane
flames. The higher production of 1,3-butadiene resulted in higher mole fraction of
acetaldehyde. In the three flames, ethane resulted from the recombination of methyl
radical; the trend of ethane mole fraction was the same as methyl radical, i.e.,
cyclohexane < methylcyclohexane < ethylcyclohexane.

For the C3 intermediates in Fig. 6.8h–l, apart from propargy radical (C3H3), the
mole fraction trend of allene, propyne, allyl radical, and propene was on the order
of cyclohexane < ethylcyclohexane < methylcyclohexane. The common pathways
for allyl radical (aC3H5) in the three flames are

C4H6 þO ¼ CH2CHCHCHOþH ðR1Þ

CH2CHCHCHO ¼ aC3H5 þCO ðR2Þ

Fig. 6.7 Temperature profiles a mole fraction profiles of major combustion products b in
cyclohexane (solid line), methylcyclohexane (dashed line), and ethylcyclohexane (dotted line)
flame at 30 Torr and with equivalence ratio of 1.75
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Fig. 6.8 Mole fraction profiles of C1–C7 chain hydrocarbons in cyclohexane (solid line),
methylcyclohexane (dashed line), and ethylcyclohexane (dotted line) flame at 30 Torr and with
equivalence ratio of 1.75

Fig. 6.9 Mole fraction profiles of C6–C7 cyclic intermediates in cyclohexane (solid line),
methylcyclohexane (dashed line), and ethylcyclohexane (dotted line) flame at 30 Torr and with
equivalence ratio of 1.75
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However, the methylcyclohexane flame has one specific pathway for allyl rad-
ical, which results from the ring-opening isomerization of cyclohexylmethyl radical
(Fig. 4.18b). This pathway is the dominant source for allyl radical. In methylcy-
clohexane flame, the ring-opening isomerization of 3-methyl-cyclohexyl radical led
directly to propene (Fig. 4.18f). In addition, the reactions of 2-methyl-1,3-butadiene
are another important source for propene in methylcyclohexane flame. The higher
mole fraction of 2-methyl-1,3-butadiene (Fig. 6.8r) in methylcyclohexane flame
further promotes propene formation. The propene in ethylcyclohexane flame is
mainly formed from the reactions of 1-butene with H atom (R3). In ethylcyclo-
hexane flame, the higher mole fraction of 1-butene (Fig. 6.8) than cyclohexane and
methylcyclohexane flame also promotes propene formation.

C4H8 � 1þH ¼ C3H6 þCH3 ðR3Þ

The propene in cyclohexane flame derives mainly from the recombination of
allyl radical with H atom, the b–C–H scission of iC3H7, and R3. These pathways do
not produce propene as efficiently as the pathways in methylcyclohexane and
ethylcyclohexane flame.

The mole fraction profiles of three C4 intermediates are presented in Fig. 6.8m–o.
The three flames form similar amounts of diacetylene, cyclohexane flame forms
more 1,3-butadiene, ethylcyclohexane flame forms more 1-butene. Multiple path-
ways led to 1,3-butadiene in the three flames; the dominant route to 1,3-butadiene in
cyclohexane flame is ring-opening isomerization of cyclohexyl radical. 1-butene is
formed from the recombination of allyl radical with methyl radical and the recom-
bination of 1-buten-3-yl radical with H atom in cyclohexane and methylcyclohexane
flame. However, the ring-opening isomerization of 3-ethyl-cyclohexyl radical
directly forms 1-butene (Fig. 5.4e) in ethylcyclohexane flame. In addition, the
ring-opening isomerization of 4-ethyl-cyclohexyl radical forms 2-butyl radical
(Fig. 5.4c), whose b–C–H scission also forms 1-butene. These two pathways from
the decomposition of ethylcyclohexane radicals cause the large formation of
1-butene in ethylcyclohexane flame.

The mole fraction profiles of three C5 intermediates are presented in Fig. 6.8p–r.
Ethylcyclohexane flame formed higher mole fractions of cyclopentadiene,
methylcyclohexane flame produced higher mole fraction of 2-methyl-1,3-butadiene
(i.e., isoprene in Fig. 6.8r), while these two flames formed a similar amount of
1,3-pentadiene. Cyclopentadiene was produced from the H-loss of lC5H7 radical.
However, the source for lC5H7 radical was different in the three flames. In cyclo-
hexane flame, lC5H7 resulted from the recombination of iC4H5 radical with methyl
radical and the H-atom abstraction of 1,3-pentadiene; the dominant source for
lC5H7 in methylcyclohexane flame was the H-atom abstraction of 1,3-pentadiene;
the source for lC5H7 in ethylcyclohexane flame was the b–C–C scission of
1,3-hexadiene and 1,3-heptadiene, and the H-atom abstraction of 1,3-pentadiene.
The distribution of 1,3-pentadiene (Fig. 6.8q), 1,3-hexadiene (Fig. 6.8s), and
1,3-heptadiene (Fig. 6.8t) were in accord with the distribution of cyclopentadiene in
the three flames. In methylcyclohexane and ethylcyclohexane flame, the

196 6 Combustion Kinetics of Cyclohexane …



ring-opening of the methylcyclohexane radical (Fig. 4.18d) and ethylcyclohexane
radical (Fig. 5.4a) was the main source for 1,3-pentadiene. For
2-methy-1,3-butadiene in cyclohexane and ethylcyclohexane flame, the main
source was the built-up reactions of smaller intermediates. However, this inter-
mediate was produced directly from the decomposition of methylcyclohexane
radicals (Fig. 4.18c, d). This was the main reason for the favorable production of
2-methy-1,3-butadiene in methylcyclohexane flame.

Because of the existence of a six-membered ring, the combustion of cyclohexane
and alkyl-cyclohexanes has a frequent tendency to form aromatics [14]. The mole
fraction profiles of the C6–C8 cyclic intermediates in the three flames are presented
in Fig. 6.9. The reaction pathways for fulvene in the three flames were similar, but
the flame of two alkyl-cyclohexane formed a slightly higher mole fraction of ful-
vene (Fig. 6.9a). The comparison in Fig. 6.9b–d shows that the mole fractions of
cyclohexene, 1,3-cyclohexadiene and benzene were in the order of cyclohex-
ane > ethylcyclohexane > methylcyclohexane. However, the kinetic model of
cyclohexane over-predicted the mole fraction of cyclohexene, 1,3-cyclohexadiene,
and benzene in the simulation of cyclohexane flame by Li et al. [15]. Further
experimental studies under the same conditions are needed to clarify the benzene
formation tendency in the combustion of cyclohexane, methylcyclohexane, and
ethylcyclohexane.

The methylcyclohexane and ethylcyclohexane flames produced higher mole
fraction of toluene than the cyclohexane flame (Fig. 6.9e). In methylcyclohexane
flame, toluene resulted from the step-wise dehydrogenation of methylcyclohexane.
In ethylcyclohexane, toluene was mainly formed from the recombination of H atom
with benzyl radical, from the step-wise dehydrogenation of methylenecyclohexane,
by way of 3-methylene-cyclohexene and cC7H8 (o-isotoluene and p-isotoluene). In
cyclohexane flame, toluene was also formed largely from the recombination of H
atom with benzyl radical. However, benzyl radical was produced by the reaction of
phenyl radical with methyl radical; another pathway for benzyl radical was the
step-wise dehydrogenation of 3-methyl-cyclohexene, from the recombination of
2-cyclohexen-1-yl radical with methyl radical. Production of ethylbenzene and
styrene (Fig. 6.9f, g) is more favorable in the ethylcyclohexane flame, since the
step-wise dehydrogenation of ethylcyclohexane could lead directly to these two
aromatics.

6.3 Laminar Flame Speed

The laminar flame speeds of cyclohexane/air, methylcyclohexane/air, and
ethylcyclohexane/air were measured by Wu et al. [16], as shown in Fig. 6.10. The
unburnt gas temperature was 353 K and pressure was 1, 2, 5, and 10 atm. The
flame speeds of methylcyclohexane and ethylcyclohexane were close under all
the pressures, while both were slightly slower than the flame speed of cyclohexane.
The maximum flame speed of cyclohexane at 1 atm was 3% faster than those of the
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two alkyl-cyclohexanes. The discrepancy increased to 13% when the pressure was
10 atm. In Wu et al.’s work, the JetSurF 1.0 model [17] was adopted to simulate the
flame speeds of the three fuels under different pressures. The agreement between
experiment and simulation was good. The discrepancies for the flame speed
between cyclohexane and alkylcyclohexanes are discussed with the help of model
analysis. In this work, the developed kinetic model for cyclohexane, methylcy-
clohexane, and ethylcyclohexane also captured the flame speeds of the three fuels
well. Analysis for the speciation of the flame intermediates and sensitivity analysis
for the flame speeds was in accord with the work of Wu et al. In the following
discussion on the discrepancy of the flame speed, the results from Wu et al. were
adopted.

The laminar flame speeds of fuel/air mixture under the same experimental
conditions are determined mainly by thermal and chemical effects. The three flames
of cyclohexane/air, methylcyclohexane/air, and ethylcyclohexane/air have very
close adiabatic flame temperature; therefore the thermal effect should not be the
reason for the flame speed discrepancy between cyclohexane/air and
alkyl-cycloalkane/air. In addition, the transport properties of the three cycloalkanes
are similar to those of the C6–C8 normal alkanes; the flame speed of the n-hexane/
air, n-heptane/air, and n-octane/air are very close [18].

The simulation showed that cyclohexane and alkylcyclohexane have different
flame structure (e.g., flame temperature profile and heat release profile). The profiles
for temperature and heat release of methylcyclohexane and ethylcyclohexane flame
are very close; however, the two profiles in cyclohexane flame are different from
those of the two alkyl-cyclohexane flames. The steeper temperature profile indicates
stronger heat release of the cyclohexane flame. Moreover, this difference is more
evident at higher pressures. For example, the maximum difference in the heat
release rate between cyclohexane and alkyl-cyclohexanes flame at 1 atm is 3%,
while this value is 8% at 10 atm flame. Considering the very close adiabatic flame
temperature of the three cycloalkane flames, the difference for the heat release rate

Fig. 6.10 Laminar flame speed of cyclohexane/air, methycyclohexane/air, and ethylcyclohexane/
air with unburnt gas temperature of 353 K and pressure of 1, 2, 5, and 10 atm. Reprinted from Ref.
[16], Copyright 2012, with permission from Elsevier

198 6 Combustion Kinetics of Cyclohexane …



reflects the different kinetic behavior of cyclohexane compared to the
alkyl-cyclohexanes [16].

Sensitivity analysis proved that the reactions of C0–C4 intermediates signifi-
cantly affect flame speed [16]. Comparison of flame distribution intermediates
revealed that the profiles for H, OH, O, and CO in cyclohexane and methylcy-
clohexane flame were very close; the discrepancy becomes larger for the profiles of
CH3, CH4, C2H2, and C2H4, however, they are still on the same order of magnitude.
The apparent difference is in the profiles of propene and 1,3-butadiene; the maxi-
mum mole fraction of propene in cyclohexane flame is 40% of that in methylcy-
clohexane flame, while the maximum mole fraction of 1,3-butadiene in
cyclohexane flame is twice that in methylcyclohexane flame.

The discrepancy between propene and 1,3-butadiene explains the flame speed
difference of cyclohexane compared to alkyl-cyclohexane [16]. The reactivity of
propene is lower than that of 1,3-butadiene. The H-atom abstraction of propene
forms allyl radical, which then combines with H atom and forms propene. In
contrast, the reactions of 1,3-butadiene with the H atom to produce ethylene and
vinyl radical, which have high reactivity.

The sensitivity analysis and the distribution of the C3–C4 intermediates can also
explain the pressure effect on heat release rates and flame speed [16]. Compared to
the flame at 1 atm, the reactions of the C3 and C4 intermediates have even higher
sensitivity at 10 atm. For example, the high pressure promotes chain terminating
third-body reactions, such as aC3H5 + H + M = C3H6 + M.

To summarize, the symmetric structure of cyclohexane caused higher production
of chain-branching intermediate 1,3-butadiene and lower production of
chain-terminating intermediate propenes. The side-chains of methylcyclohexane
and ethylcyclohexane made the distribution of the flame intermediates more bal-
anced and led to similar reactivity [16].
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Chapter 7
Conclusions and Perspective

In this thesis, the combustion kinetics of cyclohexane, methylcyclohexane and
ethylcyclohexane pyrolysis and oxidation were investigated by flow reactor
pyrolysis and laminar premixed flame experiments, reaction pathway computations,
and rate constant evaluations. The kinetic models for the high temperature pyrolysis
and oxidation of cyclohexane, methylcyclohexane and ethylcyclohexane were
developed from experimental observation, quantum chemistry computation, and
literature review; model validation was carried out by speciation in the three
cycloalkane pyrolysis and oxidation measured in this work and in JSR oxidation
reported in the literature, as well as ignition delay times and laminar flame speed.

The main conclusions from experimental study are as follows:

(1) The flow reactor pyrolysis of cyclohexane, methylcyclohexane, and ethylcyclo-
hexane at 30, 150, and 760 Torr was investigated using synchrotron radiation
photoionization molecular beam mass spectrometry (SR-PI-MBMS). Pyrolysis
intermediates were identified by measuring the photoionization efficiency spec-
tra, including radicals and various isomers. Their mole fractions, with tempera-
ture, were measured; these clarified the pyrolysis mechanism and validated the
kinetic model. The combination of flow reactor pyrolysis with GC/GC-MS
analysis was adopted to study the pyrolysis of ethylcyclohexane at 30, 150, and
760 Torr. GC enabledmore efficient separation of the isomers and the detection of
some low concentration intermediates. The SR-PI-MBMS and GC data for
ethylcyclohexane pyrolysis were in good agreement and were complementary.

(2) In the pyrolysis of cyclohexane, methylcyclohexane, and ethylcyclohexane, the
species pool was similar. With the increased side chain, intermediates related to
the fuel structure were detected. Large amounts of chain and branched dienes
were measured, including 1,3-butadiene, 1,3-pentadiene, and 2-methyl-1,3-
butadiene, and 1,3-heptadiene. The mole fraction of 1,3-butadiene in the
pyrolysis of the three cycloalkanes was very high. Methylcyclohexane pyrol-
ysis produced the highest mole fraction of 2-methyl-1,3-butadiene, while
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ethylcyclohexane pyrolysis resulted in the highest mole fraction of
1,3-hexadiene, 2-ethyl-1,3-butadiene, and 1,3-heptadiene.

(3) A series of C6–C8 cyclic alkenes, dienes, and trienes were measured. In the
pyrolysis of three cycloalkanes, both cyclohexene and 1,3-cyclohexadiene were
specifically measured. The C7 cyclic alkenes were measured in methylcyclo-
hexane and ethylcyclohexane pyrolysis. The major component for C7 cyclic
alkenes in methylcyclohexane pyrolysis is methycyclohexenes, while the main
component in ethylcyclohexane pyrolysis is methylenecyclohexane. The iso-
mers of toluene, i.e., cC7H8 (o-isotoluene and p-isotoluene) were measured
during methylcyclohexane and ethylcyclohexane pyrolysis. The C8 cyclic
alkenes, dienes, and the isomers of ethylbenzene (e.g., 1-ethenyl-1,3-
cyclohexadiene) were measured in the pyrolysis of ethylcyclohexane.
Measurement of these cyclic compounds confirmed that the step-wise
dehydrogenation/dealkylation of cyclohexane and alkyl-cyclohexanes are pre-
cursors of aromatics.

(4) Low-pressure premixed flames of methylcyclohexane and ethylcyclohexane at
30 Torr, and with equivalence ratio of 1.75, were measured using the
SR-PI-MBMS. The hydrocarbon species measured in the flame of cycloalkanes
were similar to those formed during their pyrolysis. The flame temperature and
speciation of the flame intermediates were measured; these are useful in the
study of flame structure of methylcyclohexane and ethylcyclohexane, and in
validating the kinetic model. The C6–C8 cyclic intermediates were also mea-
sured in the flames; they are important aromatic precursors for benzene,
toluene, ethylbenzene, and styrene, etc. In addition, a large amount of
1,3-butadiene was produced in the two alkyl-cyclohexane flames.

The main conclusions from theoretical study are as follows:

(1) The adiabatic ionization energy of cyclic C7 andC8 intermediateswas calculated,
which are helps to identify the structure of these species. Thermodynamic data of
some cyclic intermediates C7H13, C7H12, C7H11, C7H10, C7H9, and C7H8 were
estimated from quantum chemistry calculations and isodesmic reactions.

(2) The reaction pathways of methylcyclohexane decomposition, i.e., methyl-loss
and ring-opening isomerization, were computed. The potential energy surface
showed that ring-opening isomerization via the C–C bond scission adjacent to
the side chain had the lowest energy barriers of all the isomerization channel.
The methyl-loss channel is also competitive with isomerization pathways. High
pressure limit rate constants indicated that the ring-opening isomerization via
the C–C bond scission adjacent to the side chain had the highest rate constants
of all the isomerization channels. The channel to 2-heptene was the dominant
isomerization pathway for methylcyclohexane. The pressure dependence of the
isomerization pathways was more apparent than the methyl-loss channel.
Theoretical calculation of the initial unimolecular reactions of methylcyclo-
hexane formed the basis for understanding the reaction kinetics of methylcy-
clohexane and ethylcyclohexane combustion.
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(3) The reaction pathways of H-atom abstraction of methylcyclohexane by H atom
were computed, and the evaluated rate constants were in agreement with reports
in the literature. Unimolecular decomposition pathways of the methylcyclo-
hexane radicals were computed, as well as temperature- and pressure-dependent
rate constants. The unimolecular decomposition pathways of ethylcyclohexane
radicals were also computed; results showed that, in most cases, the energy
barrier for the same reaction type of methylcyclohexane and ethylcyclohexane
radical was close. Thus, the rate constants of methylcyclohexane radical uni-
molecular decomposition can be used to estimate the rate constants of ethyl-
cyclohexane radicals.

The main conclusions from kinetic modeling follow:

(1) A combustion model of cyclohexane, methylcyclohexane, and ethylcyclohex-
ane was developed. The existence of the side chain complicated the reaction
mechanism of the alkyl-cyclohexane. The sub-mechanism of methylcyclo-
hexane was developed from the calculation of the unimolecular reactions of
methylcyclohexane, the H-atom abstraction of methylcyclohexane by H atom,
and the unimolecular decomposition of methylcyclohexane radicals. The
sub-mechanism of ethylcyclohexane was developed by referring to the
sub-mechanism of methylcyclohexane. Some novel reaction pathways were
proposed and developed from experimental observations and quantum chem-
istry calculations, including the detailed initial decomposition pathways of
methylcyclohexane and ethylcyclohexane, pathways from the step-wise dehy-
drogenation of methylcyclohexane and ethylcyclohexane to aromatics like
benzene, toluene, ethylbenzene, and styrene, and the intramolecular radical
addition on the double bond of the long-chain alkenyl radicals. The kinetic
model was validated by the speciation in flow reactor pyrolysis, premixed
flame, and JSR oxidation, as well as ignition delay times and laminar flame
speeds. The kinetic model, particularly unimolecular decomposition and
H-atom abstraction reactions of the cycloalkanes, and subsequent reactions of
the cycloalkane radicals, were examined under a wide range of pressures (30–
7600 Torr), temperatures (700–2100 K), and equivalence ratios (0.25–∞).

(2) Pyrolysis and flame kinetics of cyclohexane, methylcyclohexane and ethylcy-
clohexane were discussed with the aid of model simulation. Under the pyrolysis
experiment in this work, the fuel was consumed by both unimolecular
decomposition and H-atom abstraction reactions. The only unimolecular
pathway for cyclohexane was its isomerization to 1-hexene, while the dominant
unimolecular pathway for methylcyclohexane and ethylcyclohexane was the
side chain loss that formed cyclohexyl radical. H-atom abstraction pathways
were the dominant pathways for consumption of cyclohexane, methylcyclo-
hexane and ethylcyclohexane under flame conditions. The H-atom abstraction
by H atom was more important in fuel-rich flames, while under fuel-lean
flames, the reactions with OH radical were more important. In JSR oxidation,
H-atom abstraction by OH radical was the main route for consumption of the
three fuels.
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(3) The reactivity of cyclohexane, methylcyclohexane and ethylcyclohexane was
discussed, as well as the distribution of pyrolysis intermediates like alkenes
from the initial isomerization, C3 intermediates, C4–C7 chain and branched
dienes, C6–C8 cyclic alkene, diene, triene, and aromatics. The flame structure
of the three cycloalkanes was discussed, with a focus on mole fraction dis-
crepancy of the flame intermediates. The reaction kinetic causing the slightly
higher flame speed of cylcohexane compared to methylcyclohexane and
ethylcyclohexane was also discussed.

The perspective of this thesis includes:

(1) Study of the reaction kinetics of C6–C8 alkenes, C4–C7 chain and branched
dienes, and cyclic C6–C8 alkenes and dienes. These species are important
intermediates in cyclohexane, methylcyclohexane, and ethylcyclohexane
combustion. Studies on these species is scarce and detailed experimental and
theoretical investigation is needed, which will prove valuable for improving the
combustion kinetic model of cycloalkanes.

(2) Investigating the combustion kinetics of long chain alkyl-cyclohexanes such
as n-propylcyclohexane and n-butylcyclohexane and multiple chain alkyl-
cyclohexane.

(3) Developing the low-temperature oxidation mechanism of cyclohexane and
alkyl-cyclohexanes and extend kinetic models to lower temperatures and higher
pressures.
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Appendix A

See Figs. A.1, A.2, A.3 and A.4.
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Fig. A.1 Experimental (symbols) and simulated (lines) mole fraction profiles of reactants, major
products, and C1–C7 intermediates during cyclohexane oxidation with equivalence ratio of 0.5 and
pressure of 1.05 atm
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Fig. A.2 Experimental (symbols) and simulated (lines) mole fraction profiles of reactants, major
products, and C1–C7 intermediates during cyclohexane oxidation with equivalence ratio of 2.0 and
pressure of 1.05 atm
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Fig. A.3 Experimental (symbols) and simulated (lines) mole fraction profiles of reactants, major
products, and C1–C6 intermediates during cyclohexane oxidation with equivalence ratio of 0.5 and
pressure of 10 atm
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Fig. A.4 Experimental (symbols) and simulated (lines) mole fraction profiles of reactants, major
products, and C1–C6 intermediates during cyclohexane oxidation with equivalence ratio of 1.5 and
pressure of 10 atm
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Appendix B

See Figs. B.1, B.2, B.3 and B.4.

Fig. B.1 Potential energy surfaces for the unimolecular reactions of cyclohexylmethyl radical
(a) and 1-cyclohexyl-1-ethyl radical (b). Reprinted from Ref. [18] in Chap. 5, Copyright 2015,
with permission from Elsevier
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Fig. B.2 Potential energy surfaces for the unimolecular reactions of 1-methyl-cyclohexyl radical
(a) and 1-ethyl-cyclohexyl radical (b). Reprinted from Ref. [18] in Chap. 5, Copyright 2015, with
permission from Elsevier
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Fig. B.3 Potential energy surfaces for the unimolecular reactions of 3-methyl-cyclohexyl radical
(a) and 3-ethyl-cyclohexyl radical (b). Reprinted from Ref. [18] in Chap. 5, Copyright 2015, with
permission from Elsevier
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Fig. B.4 Potential energy surfaces for the unimolecular reactions of 4-methyl-cyclohexyl radical
(a) and 4-ethyl-cyclohexyl radical (b). Reprinted from Ref. [18] in Chap. 5, Copyright 2015, with
permission from Elsevier
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Appendix C

See Figs. C.1 and C.2.
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Fig. C.1 Mol fraction profiles of reactants, major oxidation products, and C1–C8 intermediates in
ethylcyclohexane oxidation at 800 Torr and equivalence of 0.25. Symbols from literature data of
Husson et al. Lines from simulation. Reprinted from Ref. [18] in Chap. 5, Copyright 2015, with
permission from Elsevier
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Fig. C.2 Mol fraction profiles of reactants, major oxidation products, and C1–C8 intermediates in
ethylcyclohexane oxidation at 800 Torr and equivalence of 1.0. Symbols from literature data of
Husson et al. Lines are from simulation. Reprinted from Ref. [18] in Chap. 5, Copyright 2015,
with permission from Elsevier
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