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Abstract

Internal combustion engines that rely heavily on fuel oxidation chemical kinetics, rather than
external ignition sources, promise the simultaneous improvement of thermodynamic efficien-
cies and reduction of pollutant emissions compared to more conventional designs. Unfortu-
nately, the successful operation of these engines require predictive chemical kinetic models to
assign ignition parameters to engine maps. This work adds to the growing database of chemi-
cal kinetics experiments for sixteen (potential) transportation fuel surrogate compounds that
all constitute large fractions of gasoline. In detail, shock tube and rapid compression ma-
chine experimental campaigns have been conducted for the five isomers of hexane, the nine
isomers of heptane, cyclopentane and toluene, where ignition delay times over a wide range
of conditions have been measured. A considerable amount of effort has been put forth to
extend the capabilities of these experimental platforms to handle relatively large, gasoline
relevant fuels. Through large collaborative efforts, detailed chemical kinetic models for the
oxidation of these fuels have been constructed/updated in light of this new data. Although,
these fundamental models are robust, with the capability to predict a large number of chem-
ical parameters important to engine operation, they are also computationally expensive. A
computationally lean, alternative approach for the storage of ignition delay time data has
also been developed in this work, where non-Arrhenius ignition delay times can be accurately
stored in terms of eight parameters.

This thesis also investigates the role of in-cylinder chemistry in more conventional spark,
compression ignition and gas turbine engines. New ignition delay time data are presented for
the cetane enhancer 2-ethyl-hexyl nitrate. Also, the role of endothermic chemistry in diesel
sprays has been computationally evaluated. Further, the coupling between flow motion
and the formation of stable combustion intermediates in swirl stabilized flames has been
investigated, based on the recent trend of gas turbine and large-bore marine engines to use
swirl as a lean charge combustion stabilizer.
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Preface

This manuscript presents the scientific results I have obtained over the course of a four
year PhD study. The overarching focus of the work has been to help alleviate the negative
effects that combustion technologies force upon the environment and society, by paving the
way for alternative fuel and combustor designs. This problem has largely been tackled from
two extremes; either blue skies research or engineering bandages. Blue skies research will
surely pave the way toward mitigating the plagues of current combustors, however the time
required for these studies to bear the fruit of usable technologies will likely overshadow
many of the problems current technologies produce in the meantime. On the other hand,
engineering bandages provide urgently needed solutions to specific problems, but are often
short-lived and brittle. The current work attempts to bridge the gap between these two
schools of thought. The constituent bricks of this bridge are generally cast of equal parts
fundamental science and engineering assumptions. Following this ethos, both experimental
data and theoretical models have been measured/constructed in this work in a manner which
maximizes their immediate utility to further research, both fundamental as well as applied
with an equal weighting.

These projects inherently require a multi-disciplinary and highly collaborative approach
where teams of engineers, chemists, physicists, mathematicians, computer scientists, politi-
cians, project managers, and business people are required to contribute expertise to suc-
cessfully complete most projects. During the last four years I have been fortunate to be
involved in many such projects, where my role within the collaboration has often been that
of the experimental chemist, however I have on occasion also played the role of theoretician,
mathematician, engineer and project coordinator. In this way, my PhD has strayed from the
convention of being assigned a single technical problem and providing a solution to it four
years later in thesis form. Due to this, my thesis has also strayed from convention, where I
have chosen to prepare an article based thesis in order to display the complete catalogue of
work conducted in a timely and succinct manner.

While published articles are effective ways to communicate technical breakthroughs, they,
unfortunately, leave little room for a discussion of either many remedial assumptions common
throughout the community or the results within the context of the larger inter-study goals.
To remedy this, I have organized this thesis into three parts. Part 1 provides a larger context
to the work presented here, and elucidates the synergy between the publications. Part 2 is a
compilation of the peer-reviewed studies that I have been a part of. Part 3 is a compilation of
the studies I have been a part of, where the technical work of the study has been completed

ix



and written-up, but has not yet been submitted for publication. As a side note, I have
forgone tabulating raw experimental data and simulation input files for the work presented
here as this information is available online at: http://c3.nuigalway.ie/
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Introduction
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Chapter 1

Background

1.1 Pollutant emissions from combustion

Mitigating the negative effects that industrialized technologies have on the environment has
become one of the foremost, world-wide challenges of the 21st century [1]. In brief, the
rapid increase of manufactured goods and automotive transportation over the last century
has required large sources of energy. These energy sources have, in large, typically been
supplied by the combustion of fossil fuels. In broad strokes, this process involves harnessing
the large chemical heat release when organic molecules are oxidized to form carbon dioxide
(CO2) and water (H2O). From a more detailed chemical perspective, the overall oxidation
of a fuel occurs via hundreds to thousands of fundamental reactions, which may form other
(secondary) stable products in addition to CO2 and H2O.

Secondary products that are routinely emitted into the atmosphere from combustion pro-
cesses include carbon monoxide (CO), unburned hydrocarbons, and nitrogen oxides (NOx)
– which are harmful to the environment in at least one way. For example, carbon monoxide
is a gas toxic to humans. The release of NOx into the atmosphere, on the other hand, can
lead to acid rain, and when combined with unburned hydrocarbons leads to the formation of
ground level ozone and smog. Furthermore, many of the emitted unsaturated hydrocarbons
are well-known carcinogens, and can lead to the formation of fine particulate matter (PM).
Fortunately, increased legislation throughout the developed world that limits the emission of
these compounds from combustion technologies has helped to resolve many of these issues.
Unfortunately, the widely used solution to do so performs a redox reaction of exhaust gases,
which makes use of expensive precious metal blends as catalysts.

In recent years, the primary combustion products CO2 and H2O have also become classi-
fied as pollutants due to their contribution to the atmospheric greenhouse effect as greenhouse
gases (GHGs). Although scientifically well-established [2], the validity of the atmospheric
greenhouse effect has spawned a large political debate. For clarification, a brief description
of this mechanism is given here.

The greenhouse effect occurs as broadband solar radiation interacts with an atmospheric
planet, such as Earth. On Earth, much of the high-energy radiation (greater than ultra-
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Figure 1.1: (a)–(c) The historical concentrations of several greenhouse gases present in Earth’s atmosphere.
Data courtesy of the NOAA, Mauna Loa monitoring site [3–5].(b) The recent deviation in Earth’s average
surface temeprature. Data Courtesy of NASA, Goddard Institute of Space Studies [6,7].

violet) is reflected back into space by a layer of ozone within the upper atmosphere, however
much of the lower energy radiation is transmitted to and absorbed by the surface. This
process heats the planet surface, which in turn undergoes black body radiation, emitting
mostly infra-red (IR) radiation back toward space. The atmospheric greenhouse effect occurs
when IR-active compounds are present within the atmospheric gases that can scatter this
radiation back toward the surface, leading to a boot strapping temperature rise of the planet.
The potentially catastrophic ramifications of a shift occurring in the equilibrium surface
temperature of the earth are too vast to state here, therefore the reader is directed to Ref.
[2] for a full survey.

Several combustion exhaust gases have been demonstrated as GHGs including CO2,
methane (CH4), and NO2, while the role of H2O is still unclear. Figures 1.1(a)–(c) illustrates
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Figure 1.2: Carbon dioxide produced in the United States as a combustion byproduct for several (a)
fuel sources throughout several (d) economic sectors. Data retrieved from the U.S. Energy Information
Administration [8].

the steady rise of the atmospheric concentration of these compounds in recent history. Fur-
thermore, Fig. 1.1(d) displays the change in the surface temperature of the Earth over the
past century, which has been steadily rising since 1980. A quantitative link between these
parameters is burdened by the need of complex and accurate atmospheric models. However,
the two trends correlate.

The GHG CO2 is produced in large quantities as a primary product of combustion,
which still serves as the primary source of energy production world-wide. For example, the
production of CO2 from combustion in the U.S. by source and sector is shown in Figs. 1.2(a)
and (b). Petroleum derived fuels within the transportation sector represent the largest
contributor to U.S. CO2 production. This fact is concerning, in that other sectors rely on
stationary power generators, where mature alternatives to combustion (nuclear, wind, solar,
tidal, etc.) are gaining attention. A constraint of the transportation sector, on the other
hand, requires that vehicles carry their power source as cargo, making these alternatives
much less effective due to size restrictions within the vehicle. Advances in batteries have
demonstrated themselves as viable alternatives to combustion engines in light-duty ground
vehicles, where these batteries can be charged from alternative stationary sources. However,
the low energy density of current batteries render them ill-suited to power heavy-duty ground,
air, and marine vehicles. Unfortunately, with no apparent alternative in sight the GHG
emitting combustion of energy dense liquid fuels will likely remain as the primary means of
power generation in these demanding vehicles for the foreseeable future.
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1.2 Advanced combustion strategies

Since GHGs, especially CO2, cannot be completely eliminated as a byproduct of combustion
powered vehicles, the current goal of engine research is to minimize its emission (along with
the emission of other pollutants) by maximizing the fuel efficiency (η = Eout/Ein) of the
engine when alternative power sources are not available. As early engines were designed for
reliable use, with little regard given to the emission of pollutants, great progress has been
made on this front over conventional designs within the past few decades.

Further, more recent, progress has been made in “game changing” laboratory scale en-
gines. These more chemical kinetically driven engines promise high-efficiencies and small
engine-out emissions, but suffer in reliability over a wide range of speeds and loads. To ade-
quately frame this work, a short review of the challenges and rewards of these varied devices
will be given here.

1.2.1 Spark ignition engines

Spark ignition (SI) internal combustion engines (ICEs) have historically been, and remain,
a common energy source for light-duty vehicle applications [9]. Power is generated within
these devices by compressing a typically globally stoichiometric pre-mixed fuel and air charge
within a piston-cylinder. At the end of the piston’s travel (top dead center (TDC)) the

Figure 1.3: A simplified cartoon of the combustion process within a spark ignition engine. First, (a) a pre-
mixed charge of fuel and air is inducted into the cylinder near atmospheric conditions and compressed. (b) A
spark plug then supplies energy to a small pocket of gas, generating a flame kernel. (c) The flame propagates
through the charge from the spark plug to the cylinder walls, thereby releasing the stored chemical energy
of the fuel. (d) The hot combustion exhaust performs work on the piston by volumetric expansion.
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compressed charge is sparked (an electrical discharge resulting in a small region of ionized gas)
creating a small flame kernel within the charge. The flame (reaction front) then propagates
through the compressed reactants, releasing heat as it converts the fuel and air mixture to
products until finally quenching at the cylinder walls. This combustion strategy is easily
controlled with varying engine speeds and loads as the initiation of fuel conversion can
be adjusted with spark timing, however it relies on fuels that are sufficiently volatile (for
adequate pre-mixing) with sufficiently high energy barriers to reaction (to avoid uncontrolled
reaction ahead of the flame; engine knock). In this sense, ignition resistant fuels such as
gasoline and ethanol are well-suited for these devices.

Although SI engines are reliable they generally suffer from low thermodynamic efficiencies
and high in-cylinder NOx production. The low efficiency of these engines is a result of
limited compression ratios to avoid engine knock. Further, the high flame temperatures
where reactions occur combined with the high fuel loading levels required to maintain the
stability of flame propagation lead to the formation of high levels of in-cylinder NOx. The
thermodynamic efficiencies of modern SI engines have been improved, where down-size and
boost (increasing the pre-compressed charge pressure) strategies are becoming more popular.
The reduction of in-cylinder NOx formation is achieved in modern engines by lowering the
temperature of the gas where reactions occur. One widely used method to do so is to
introduce exhaust gases from the end of one combustion cycle into the fresh reactant stream
of the next (exhaust gas recirculation (EGR)), which acts as a thermal sink due to the
raised specific heat of inert gases within the charge. Another more recent strategy to limit
the production of NOx at low engine loads has been to directly inject (DI) small amounts
of fuel into compressed air during the combustion stroke instead of pre-mixing the charge,
resulting in a globally lean burn. In all cases, modern SI engines are fitted with catalytic
converters to further after-treat the combustion exhaust to remove pollutants.

1.2.2 Compression ignition engines

Compression ignition (CI) ICEs are again piston-cylinder type machines that are a reliable
and thermodynamically efficient energy source for both light- and heavy-duty vehicle appli-
cations [9]. Power is generated within CI ICEs by first compression heating air along with
a small amount of exhaust gases from the previous combustion cycle (EGR). A liquid fuel
is then sprayed into the hot gases near TDC, which subsequently atomizes, vaporizes and
rapidly reacts with the in-cylinder air thereby releasing the stored chemical energy of the
fuel. In similarity to SI engines, this combustion strategy is easily controlled at varied engine
speeds and loads, where fuel injection timings can be adjusted to vary the start of chemical
reaction in relation to the engine cycle. The success of combustion within CI engines relies
on low-viscosity (to promote the fluid dynamic break-up of the liquid spray), low-volatility
(to limit the rate of gas phase reaction, by limiting in-cylinder fuel and air mixing times),
and highly reactive fuels (to achieve a stable reaction front at the liquid-vapor interface).
Petroleum derived diesel fuels as well as bio-derived fatty acid methyl-esters (FAME; bio-
diesel) fuels are well-suited within these constraints.

Since CI engines do not suffer from engine knock, these devices can be operated at much
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higher compression ratios than SI engines and therefore typically enjoy much higher thermo-
dynamic efficiencies. Compression ignition engines, however, are plagued by the high levels
of pollutant production. For example, the high fuel concentrations and relatively low O2

concentrations at the liquid-vapor interface where reactions occur lead to high levels of un-
burned hydrocarbons, which go on to form PM. In addition, the high flame temperatures at
the reaction zone promote the production of NOx. The high concentrations of PM, unburned
hydrocarbons, and NOx are typically reduced by exhaust after-treatment units such as par-
ticulate filters, oxidation catalysts, and deNOx catalysts, respectively. While cheaper and
more elegant in-cylinder strategies are under development that reduce the pollutant emis-
sion problems of CI engines, these combustion strategies differ enough from the standard CI
engine model to be categorized in the following section.

1.2.3 Kinetically controlled engines

In construction, kinetically controlled (KC) engines are slight variations of the SI and CI
engines discussed above [10]. In operation, however, the combustion strategies employed by
these engines differ greatly from their more conventional counterparts. More specifically,
these engines greatly rely on the fuel oxidation reaction dynamics to control the in-cylinder
fuel conversion instead of some external ignition source. This methodology promises the
simultaneous increase of engine efficiency with a direct in-cylinder reduction in the formation
of pollutant gases, albeit with certain caveats to be discussed shortly. Efficiency gains can
be provided by increased operating compression ratios over conventional engines, as the fear
of kinetically driven ignition vs. induced ignition is not present. Further, flames to stimulate
the fuel conversion process at the ignition source are not needed, thereby extending the
operating conditions of the engine to low air-to-fuel ratios and lower temperatures. With
the reactants in this unconventional thermodynamic state, the chemical pathways that form
unburned hydrocarbons and NOx can largely be avoided. Without the use of external ignition
sources, however, a deep mechanistic insight into the chemical kinetics of the specifically
tailored fuel oxidation process over a wide range of thermodynamic conditions is needed to
assign essential engine operating parameters such as the start of reaction and the rate of
heat release (ROHR) in relation to the engine cycle, especially for the transient operation
required in transportation vehicles. Unfortunately, as will become apparent in Part II of
this thesis, these models are extremely complex and require long lead times to develop,
especially for unconventional fuels. The bulk of the work presented in this thesis is focused
on contributing to the database of fuel oxidation chemical kinetic models, in order to help
resolve this issue. Many kinetically controlled combustion schemes are currently in the
research phase throughout the community. For the sake of brevity and context only a few
of these strategies that are currently promising will be presented here.

In many ways, homogenous charge compression ignition (HCCI) engines are analogous
to the SI engine platform, where the spark ignition source has been removed. Within this
strategy, a pre-mixed charge of fuel and air is compressed and allowed to auto-ignite due solely
to the energy transferred to the gas via volumetric compression. Without the prescription
of chemical kinetic fuel oxidation data, it is difficult to predict when or if the fuel will react
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during the engine cycle. In addition, upon ignition of the fuel the entire charge rapidly
releases the stored chemical energy in contrast to the much more gradual process of flame
propagation. These rapid heat releases lead to high levels of engine noise, and in extreme
cases damage the integrity of mechanical components.

To overcome the challenges present in HCCI engines, more recent efforts within the engine
research community has been invested in kinetically controlled stratified charge combustion
schemes as viable transportation engines. These combustion schemes offer a common so-
lution to the issues associated with HCCI, where the influence of fluid dynamic motion on
the gas reactivity is exploited to relax the dependance of chemical kinetics on engine com-
bustion phasing. Gasoline compression ignition (GCI) engines are an especially promising
concept that employ this combustion strategy. These engines make use of standard CI en-
gine platforms, with minor alterations to the electronic control unit, that burn low-reactivity
volatile fuels such as gasoline. In this approach, a small amount of fuel is injected into the
cylinder early during the air compression process. This fuel quickly vaporizes, but does not
react. Further along the compression process, fuel is injected into the cylinder for a second
time, where the volatile fuel vaporizes but does not homogeneously mix with the in-cylinder
charge. Pockets of gas which contain higher fuel concentrations quickly react, which in turn
heats the charge and causes the regions with lower fuel concentrations to react. In this way,
the timing of these fuel injections can be used to control the combustion phasing and rate
of heat release within the charge. However chemical kinetic information concerning the fuel
oxidation process is still needed to predict these parameters at untested engine conditions.

1.2.4 Gas turbine jet engines

In contrast to the piston-cylinder engines described above, modern aircraft are powered by
gas turbine (turbofan) engines. While the engines that power ground and marine vehicles
generate work by the expansion of combustion exhaust against a piston in a cyclic manner,
turbojet engines directly produce thrust by expelling combustion exhaust from the engine
at steady-state.

In terms of the combustion process, turbojet engines are conceptually simple. The engine
contains a compressor along a central shaft where air is directed into the engine, and a
turbine further along the shaft where air exits the engine through a nozzle. The turbine
and compressor are separated by a combustion chamber, which houses a continuous flame.
In operation, air is first supplied to the inlet and compressed. After compression, the air
arrives in the combustion chamber where a steady supply of fuel is injected and a stationary
flame in the high pressure air is produced. The high enthalpy flow of combustion exhaust is
then passed through the turbine, where a small fraction of the flow energy is converted to
mechanical work to drive the compressor, before it exits the nozzle at an accelerated velocity,
thereby producing thrust.

The control of these engines is less delicate than the reciprocating engines discussed
above, where an accurate timing of the start of reaction is not required. However, air vehicles
require large quantities of thrust, and therefore fuel, to become and remain airborne, which
subsequently produces a large mass of pollutant gases. In this sense, ensuring peak efficiencies
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while avoiding the formation of pollutants within these engines is imperative. The flames
that power these engines convert fuel to exhaust at high temperatures and reactions occur
at high fuel concentrations in order to stabilize the steady reaction, which unfortunately
promotes the formation of NOx within the exhaust. To eliminate the formation of this
pollutant the fuel concentration at the reaction front can be lowered, which reduces NOx

emissions – but also reduces the stability of flame. Ensuring flame stability in air vehicles is
absolutely essential to maintain lift on the vehicle. This requirement has sparked a diverse
set of research, in which fluid dynamic techniques to promote flame stability have been
investigated. One technique creates a swirling flow within the reactants, which serves as a
containment zone for the reaction front and prevents the extinction of the reaction due to
bulk fluid dynamic disturbances. This technique has been demonstrated to be successful in
this thesis.

1.3 Transportation fuels

Historically, fuels for transportation vehicles have been produced from refined naturally
occurring petroleum, which currently remains as the main source of fuel within this sector.
Common examples of these fuels include gasoline (petrol), diesel, and kerosene, which are
favored fuels for SI, CI, and turbojet engines, respectively. These fuels are refined from the
complex mixture of hydrocarbons by fractionally distilling the crude oil, and may be further
pyrolyzed to break down the larger molecules contained in kerosene and diesels. Gasoline
is formed from the low-boiling point components, which typically consists of small normal-
alkanes, highly-branched alkanes, alkenes, cyclic-alkanes, and alkyl-benzenes. To illustrate
the chemical complexity of petroleum-derived fuels, the distribution of compounds in an
example gasoline is shown in Fig. 1.4. Kerosene is composed of a higher boiling point fraction
of petroleum compounds, and is typically composed of a number of larger normal-alkanes
and cyclic-alkanes. Diesel fuels contain an even higher boiling point fraction of the crude
oil compounds, and typically contain large normal-alkanes, slightly branched-alkanes, and
alkyl-benzenes. The chemical diversity of modern transportation fuels is further complicated
by the blending of petroleum-derived fuels with more sustainable, typically oxygenated, fuels
that are produced from biological feedstocks. For example, ethanol is readily produced from
corn in the United States, and is often blended with gasoline in fractions ranging from 10 to
80%.

As described in section 1.2, modern and future engines require accurate and quantitative
predictions of the fuel oxidation process within the engine for their successful operation.
The overall goal of this thesis is to provide these results for the generic oxidation process
of gasoline at typical engine operating conditions. This undertaking is warranted to both
understand the ubiquitous knock limits of currently widely-used SI engines, as well as to
promote the successful operation of promising GCI engines.

A rigorous approach to achieve this task is nearly intractable. Gasoline is composed
of hundreds of chemical compounds, which vary as a function of distillation methods and
geographic location of the source petroleum. Furthermore, during oxidation, each of these
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Figure 1.4: The chemical composition of a typical gasoline [11] classified by (a) organic compound class
and (b) compound size.

chemical compounds undergoes hundreds to thousands of chemical reactions before forming
stable combustion products. Unfortunately, kinetic parameters for each reaction for every
component must be theoretically or experimentally determined to build accurate models that
are capable of predicting engine operating parameters. This complexity is often reduced,
where the composition of real fuels are approximated by mixtures of well-studied chemical
standards (surrogate fuels) that represent the bulk chemical and transport behavior of the
real fuel.

The simplest widely-used surrogate for gasoline is composed of a single component; 2,2,4-
trimethylpentane (iso-octane). This compound conforms to the general requirements of
chemical standards, where it can be readily synthesized at high-purity in large quantities at
low costs. As a first cut approximation, the physical properties (specific heat, density, boiling
point, viscosity, etc.) of iso-octane resemble those of gasoline, along with the bulk chemical
reactivity and heat of combustion. The combustion of this simple surrogate has been revisited
in this work, where a collaborative effort was carried out to expand the database of chemical
kinetic experiments and also improve the kinetic oxidation mechanism for iso-octane.

A more robust surrogate, primary reference fuel (PRF), is composed of blends of the rel-
atively more reactive normal alkane chemical standard heptane with iso-octane. The blend
ratio of these two compounds within this popular gasoline surrogate can be adjusted to
match the reactivity of the real fuel at a single thermodynamic condition. As iso-octane
and heptane are both similar in molecular structure they share many common oxidation
pathways, however heptane is, in general, faster to arrive at combustion products than
iso-octane. In this regard, the functional dependance of the chemical reactivity of PRFs
on their thermodynamic state is similar to either of each of its neat components, however
shifted in magnitude. Since alkanes (both branched and normal) constitute a large frac-
tion of gasolines, a large amount of experimental work is presented in this thesis on typical
alkanes found in gasolines to further flesh out this idea. In detail, these compounds in-
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clude: hexane, 2-methylpentane, 3-methylpentane, 2,2-dimethylbutane, 2,3-dimethylbutane,
heptane, 2-methylhexane, 3-methylhexane, 2,2-dimethylpentane, 2,3-dimethylpentane, 2,4-
dimethylpentane, 3,3-dimethylpentane, 3-ethylpentane, and 2,2,3-trimethylbutane. Unfor-
tunately, due to the presence of non-alkane hydrocarbons within gasoline that travel through
non-alkane pathways to combustion products, the chemistry of these real fuels rarely exhibit
“alkane-like” thermodynamic state dependancies.

Fuels that display a functional dependance of chemical parameters on thermodynamic
state variables that differ from that of PRF are said to exhibit fuel sensitivity. Most modern
gasolines exhibit fuel sensitivity, especially when they are blended with bio-fuels (which is
not addressed in this work). This behavior is a result of the generally high concentrations of
alkyl-benzenes within gasolines, as well as the presence of cyclic-alkanes. To better match
the dependence of chemical properties of surrogate fuels on the temperature, pressure, and
air-to-fuel ratio of the gas to that of the real fuel, toluene is often added as an alkyl-benzene
representative component to PRFs (toluene reference fuel (TRF)). This trend is much more
recent than the use of purely alkane surrogates, where chemical kinetic models for the ox-
idation of TRFs have yet to mature. Progress to develop a robust characterization of this
chemical standard has been largely inhibited by difficulties in experimentally probing the
combustion of this compound in conventional laboratory reactors, which has been addressed
in this work. To further match the properties of surrogate fuels to those of real gasolines, a
cyclic-alkane representative species may be added as a fourth component to the surrogate.
Cyclopentane has been suggested as a suitable candidate, and has been also been investigated
in this thesis.

1.4 Chemical kinetic models for combustion

In order to predict a wide range of chemical phenomena within engines without perform-
ing costly experiments on a wide-range of fuels and engines, the goal of many chemical
kinetic modeling efforts for the fuel oxidation process is to construct “detailed” chemical
kinetic models [12]. These models are constructed by first considering each fundamental
chemical reaction that may occur during the oxidation process (where one or more chemical
compounds are converted into a distinctly different, usually relatively thermodynamically
stable, compound in a single step). In combustion, this involves a series of radical reactions
that coalesce into a chain reaction mechanism. The rates of formation of each chemical
species are simultaneously solved in the following way.

For the generic set of J fundamental chemical reactions, R, of the set of N reactant
species, I, and m product species, P , which conserves atoms, any jth fundamental reaction,
Rj ∈ R, converting the reactant species, ri ∈ {Ij : ∃Ij ⊆ P}, with stoichiometric coefficient,
νi, and product species, pi ∈ {Pj : ∃Pj ⊆ P}, with stoichiometric coefficient, ν ′i, can be
written as,

Rj =

(
N∑
i=1

νiri 

m∑
l=1

ν ′lpl

)
j

(1.1)
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Where the rate of creation/destruction of any species S is given by,

d

dt
[S] =

J∑
j=1

k−,j ( m∏
l=1

[rl]
ν′l

)
j

− k+,j

(
N∏
i=1

[ri]
νi

)
j

 ∀Rj : S ∈ Ij ∪ S ∈ Pj (1.2)

where the standard bracket notation is used denote concentrations. For the jth reaction, the
rate coefficient is typically estimated by the modified Arrhenius expression,

k+,j = AjT
n exp

(
Ea,j
RT

)
(1.3)

where Aj is the molecular collision frequency factor, Ea,j is related to the energy barrier
of the reaction, T is the ensemble temperature, R is the universal gas constant and n is a
parameter fit to experiment. In addition, microscopic reversibility is typically assumed, so
that k−,j is given by,

k−,j = k+,j exp

(
−∆Gj

RT

)
(1.4)

where ∆Gj is the Gibbs free energy of the reaction (∆Gj = ∆Hj − T∆Sj).
These rate expressions for the formation of chemical species are empirically prescribed for

an ensemble of molecules in thermodynamic equilibrium, rather than being formally derived
from properties that exhibit system invariant Lagrangians under transformation (conserved
quantities). Due to this, non-equilibrium phenomena must be added into the formalism in
an ad-hoc manner. For example, the skipping of chemical potential wells by high-energy
compounds is often added into the rate constant expression as a pressure dependent term,
however the high concentration of collision partners in operating engines quickly make these
effects negligible.

These models quickly become complex, as thousands of reaction pathways are viable in
transportation fuel sized reactants – where the three chemical parameters in Eqn. 1.3 must
be experimentally determined for each reaction. In practice, these experiments are quite
difficult due to the combined short time scales of radical reactions and the high temperature
and pressure conditions of combustion. Laser based spectroscopy can provide time resolved
measurements of combustion radicals, however this is typically expensive and can detect only
a single species. The molecular beam sampling of test gases which are further separated and
quantified by mass spectrometry is becoming a popular choice for the measurement of rate
constant parameters. However, this often relies on the fine energy resolution of tuned syn-
chrotron radiation for the ionization process, which is unfortunately not accessible in many
labs. Typical combustion kinetics experiments often rely on both the poorly time resolved
measurement of stable species concentrations or time resolved heat release measurements,
which serve as bulk, integrated metrics for the oxidation kinetics of the reactant compound.
Fortunately, the recent progress in electronic structure simulations with the capability to
prescribe quantum energy states to statistical mechanics models has been demonstrated to
accurately fit these parameters in the place of experiment.
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Although one goal of the current research is to develop these chemical models through
large collaborative efforts, and has been achieved, the contribution of the author was typ-
ically experimental data to validate and refine these mechanisms rather than their direct
construction. Further details concerning the methodology used to conceive reaction path-
ways and assign Arrhenius parameters to reactions are well-documented in Part II and Part
III of this thesis.

Although extremely popular, detailed chemical kinetic models are computationally ex-
pensive. In many cases such a rigorous model is not needed to assign ICE operating pa-
rameters, where simplified chemical metrics such as ignition delay times, flame speeds and
rates of heat release as function of thermodynamic state parameters may be sufficient. The
correlation of these chemical metrics to either experimental data or more detailed simula-
tions may provide a more computationally lean solution to assign ICE operating parameters.
These correlations are typically not developed, however, as the mathematical formulation to
construct accurate functional correlation forms is somewhat unorthodox. A new functional
form for the correlation of ignition delay times is presented in this thesis.

1.5 Laboratory reactors and flames

Unfortunately, the in-cylinder environment of an engine is sufficiently complex to poorly suit
the collection of chemical kinetic data for the fuel oxidation process. The presence of igni-
tion induction equipment along with the complex charge mixing and gas exchange processes
within ICEs are tightly coupled with the fuel chemistry, where these effects are difficult
to deconvolve from chemical kinetic parameters. For this reason, the chemical kinetics of
fuel oxidation processes are usually experimentally probed in well-defined, laboratory-scale
reactors where chemical metrics can be tabulated against simple, homogenous, engine-like
thermodynamic conditions. These reactors often include shock tubes, rapid compression ma-
chines, flow reactors, and flames. Some reactors however, are designed to probe the synergy
between fluid dynamic processes and chemical ones. For example, swirl burners are an ex-
perimental platform where a swirling fluid motion is induced within the reaction zone. This
fluid dynamic technique is often applied to gas-turbine and large-bore CI engines in order
to promote combustion stability at fuel lean conditions in order to reduce the production of
NOx. The coupling of fluid dynamic and chemical effects for swirling combustion reactions
is presented in this thesis.

The simplest of these reactors are flow reactors, which are ubiquitous throughout the
chemical sciences. These devices consist of a long heated, typically glass, tube. Reactants
are mixed as they enter the inlet of the tube, and chemical reaction proceeds as the gas
travels toward the exit of the tube at a constant velocity. The concentration of intermediate
species at a given tube residence time can be measured by standard analytical techniques.
Although the chemical kinetic mechanisms presented in this thesis make use of flow reactor
validation targets, this data was taken in its entirety by collaborators.

Shock tubes (STs) and rapid compression machines (RCMs) are complimentary devices
that share a common goal. These experimental platforms have been utilized extensively
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throughout this thesis. These devices quickly compress a test gas from near room temper-
atures and pressures to highly elevated conditions. This elevated thermodynamic state is
maintained after the compression process for a period of chemical interest. Due to the poor
time-resolution of many standard analytical chemistry techniques, many STs and RCMs
contain a sole diagnostic where time-resolved pressure signals of the gas are obtained. From
these data sets, the time-resolved heat release of reaction can be obtained. Since the fuel
oxidation process is a chain reaction, a chemically active period is often observed after the
compression process where little or no heat is produced. Eventually, as the chemical radical
pool builds to critical size the stored chemical energy is quickly released in an ignition event.
The time between the end of compression of the test mixture and the maximum rate of pres-
sure increase thereafter is collected as the ignition delay time. This chemical kinetic metric,
which is useful for assigning combustion phasing in ICEs, is often the sole data collected
from an experiment.

The design and use of STs as chemical reactors has been well-documented in several
textbooks (for example, Ref. [13–17]), therefore these details will not be repeated here.
Briefly, shock tubes employ a traveling shock wave to rapidly heat the test gas, where
compression time scales are typically much shorter than reaction time scales. Unfortunately,
the gas is also quickly acoustically quenched within these devices, which limits test times
to a few milliseconds. In terms of combustion experiments, the temperature regime where
these devices can accurately probe fuel oxidation chemistry is typically higher than those of
modern reciprocating ICEs.

On the other hand, a volumetric gas compression method is used in RCMs. In RCMs,
the compression process is inherently much longer than is observed in STs. The compressed
conditions can be volumetrically maintained for a few hundred milliseconds. This machine
is, therefore, well-suited to study chemistry at reciprocating ICE conditions. The design and
use of RCMs is generally more sparsely documented compared to STs. In light of this, a
thorough description of the NUIG RCM is presented in the following chapter.

1.6 Specific Objectives of Thesis

The main objective of this thesis has been the experimental collection of ignition delay
times within STs and RCMs for chemical compounds that typically constitute gasoline.
More specifically, IDT experiments for hexane at p=15 bar, φ=1.0 and 2.0 are presented in
Chapter 4, along with a chemical kinetic model for the oxidation of this species. Ignition
delay time experiments for the remaining structural isomers of hexane (2-methylpentane,
3-methylpentane, 2,2-dimethylbutane, 2,3-dimethylbutane) for stoichiometric reactant mix-
tures compressed to 15 bar are reported in Chapter 13, along with corresponding chemical
kinetic oxidation models for each species. In addition, IDT experiments for φ=0.5, 1.0, and
2.0 mixtures of heptane compressed to 15, 20, and 38 bar have been reported in Chapter 5,
along with an updated kinetic oxidation mechanism for the PRF. An IDT experiment and
modeling study of the heptane isomer 2-methylhexane is reported in Chapter 6, where ST
and RCM data have been collected at φ=0.5 and 1.0, p=10, 15, and 20 bar. Experiments

15



for the remaining isomers of heptane (2-methylhexane, 3-methylhexane, 3-ethylpentane,
2,2-dimethylpentane, 2,3-dimethylpentane, 2,4-dimethylpentane, 3,3-dimethylpentane, and
2,2,3-trimethylbutane) have been reported in Chapter 3, at φ=0.5 and 1.0, p=10, 15, and 20
bar. Experiments for stoichiometric mixtures of the PRF 2,2,4-trimethylpentane compressed
to 15 and 20 bar have aided the refinement of a detailed oxidation mechanism for this species
in Chapter 7. Chapter 8 presents a chemical kinetic model for the oxidation of cyclopentane
along with IDT experiments measured at φ=0.5, 1.0, and 2.0, p=13, 20, 40, and 50 bar.
New experiments for toluene at φ=0.5, 1.0, and 2.0 at p=10 and 30 bar have been reported
in Chapter 14.

The studies outlined above have been facilitated by a complete rebuild of the NUIG RCM
including the remanufacturing of several mechanical and diagnostic components. Important
notes, not suitable for publication, taken during this process are presented in Chapter 2,
which serves as a supplement to this introductory material.

In addition to reporting IDT for the nine isomers of heptane, Chapter 3 also reports
initial findings with regard to a newly developed mathematical framework for correlating
generic measured IDTs. Again, this early stage work is not publishable in its current form
and is reported as an extension of this introductory material.

Chapter 9 reports a new oxidation mechanism and RCM data on the cetane enhancer
2-ethyl-hexyl nitrate (2EHN), where experiments were performed for 0.1, 1.0, and 3.0% EHN
doped RON 91 PRF mixtures compressed to 20 bar.

Chapter 10 reports an experimental investigation of fuel interchange and engine oper-
ating environment on swirl flame topology, where 2D natural OH* and CH* luminescence
imaging was preformed on 5 kW swirl flames of methane, propane, hexane, heptane, 2,2,4-
trimethylpentane, and decane under the influence of exhaust gas recirculation and dimethyl
ether addition.

Chapter 11 presents simulations which probe the effect of endothermic chemistry on the
heat release profiles of diesel sprays.

Chapter 12 presents a study examining the effectiveness 3.39 µm laser light as a gen-
eral diagnostic for measuring fuel concentrations in combustion reactors. A comprehensive
set of chemical compounds is experimentally assessed, and a novel computational quantum
chemistry process is explored in order to interpret experimental results.

Chapter 15 presents a sister study to the one reported in Chapter 10, where stable species
have been measured for the conditions outlined above by gas chromatography-flame ionizer
detection/thermal conductivity detection.
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Chapter 2

Rapid Compression Machines

2.1 Introduction

Rapid compression machines (RCMs) are transient laboratory-scale devices used to quickly
raise the internal energy of a test gas that is initially near atmospheric temperature and
pressure via volumetric compression. This rapid compression of the test gas is achieved
in the device using a traveling-piston-cylinder type arrangement. Experiments using these
machines are actuated by suddenly setting the piston(s) into motion, and accelerating the
piston(s) to a high compressive velocity relative to the cylinder and test gas. Near the
end of the compression process, the piston/pistons is/are rapidly accelerated to rest and
mechanically locked at the trajectory end point. The test gas is subsequently held at a
constant volume after compression, where the high-energy state of the gas slowly relaxes
into thermal equilibrium with the cooler cylinder walls.

This experimental platform has gained considerable attention as a laboratory chemical
reactor – especially for studying fuel oxidation chemistry at thermodynamic conditions rel-
evant to internal combustion engines (ICEs). Rapid compression machines have served in
studies that investigate, in a well-controlled manner, the interaction of chemical and physical
processes that occur in engines; for instance, the break-up of liquid fuel sprays [1–3], ignition
assistance [4,5], engine knock [6,7] and the influence of turbulence on fuel oxidation chem-
istry [8,9]. However, these facilities have proven themselves particularly useful in isolating
the chemical processes that occur in ICEs from the complex physical (transport/fluid dy-
namic) processes. Unfortunately, RCMs purposed to this end are not currently commercially
available, and the existing twenty or so RCMs currently in operation to investigate chemical
kinetics have been customly designed within their corresponding research institutions. Al-
though the world’s RCMs often contain novel and varied arrangements in relation to each
other, these devices have been constructed to satisfy the following common goals:

(1) Capability to vary test gas temperature and pressure. Although the test
gas within RCM experiments suffers from heat losses thereby rendering the compres-
sion process non-isentropic, we examine the isentropic compression/expansion relations
here, Eqns. 2.1 & 2.2 to highlight the controllable physical parameters that influence
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the compressed thermodynamic state properties of the test gas.

pc = pi

(
Vi
Vc

)γ
(2.1)

Tc = Ti

(
Vi
Vc

)γ-1

(2.2)

As can easily be seen from the coupled isentropic expressions above, adjusting the
compression ratio (CR = Vi/Vf ) will easily vary both the compressed temperature and
pressure of the test gas. In practice, this approach is rarely taken within the NUIG
RCM for two reasons: 1) varying the CR of the machine simultaneously varies both
the pressure and temperature of the test gas, where a decoupled approach is preferred
2) this method inherently changes the surface-area-to-volume ratio (SAV= A/V ) of
the test throughout data sets, and thus the heat loss profiles. Instead, for a fixed CR
RCM the compressed pressure and temperature of the gas can easily be varied more
independently by adjusting the initial pressure and temperature of the gas, respectively.
In practice, varying the initial pressure of the test gas is trivial, while an electric heating
system around, or within, the reaction chamber is used to vary the initial temperature
of experiments. Unfortunately, it is difficult to achieve initial temperatures below room
temperature using this method, as well as high initial temperatures (Ti >∼ 100◦C)
due to concerns over pre-test fuel decomposition and the degradation of mechanical
seals. Fortunately, for combustion experiments, a large component of the test is a
non-reactive diluent. The composition of this gas, and therefore the mixture ratio
of specific heats, γ, can be adjusted to provide experiments at both higher and lower
compressed temperature regimes. These facts seem trivial, however, they do give RCMs
a distinct advantage over other kinetic reactors (such as flames), where finely adjusting
the thermodynamic reaction environment is much more difficult.

(2) Short compression time. In order to simply tabulate data sets as a function of the
compressed thermodynamic state, the transient compression time must be significantly
shorter than reaction timescales. Unfortunately, this goal is rarely achieved in prac-
tice. Most RCMs exhibit fast compression times (< 100 ms), where a large extant of
compression heating occurs within the final few milliseconds. These fast compression
times are typically achieved by driving the piston with the quick expansion of a com-
pressed gas, however can also rely on slower mechanical drivers. Faster compression
driver mechanisms are indeed possible, in order to decrease the time scales of com-
pression in relation to chemical time scales. However, the high velocity piston speeds
needed in these arrangement will trip the test gas into turbulent motion during the
compression process. In this way, an extremely fast compression process poses a threat
to the tabulation of chemical data as a function of 0-D thermodynamic state variables,
as turbulence leads to test gas stratification. Therefore RCMs used to study chemical
kinetics comprise the reduction of compression time scales to chemical time scales and
the fluid dynamic homogeneity of the charge. Twin piston RCM arrangements, like
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those used at NUIG, present a unique solution on this front. In this arrangement, two
opposed pistons simultaneously compress the gas in order to double the compression
velocity in relation to the velocity of the pistons.

(3) Ability to maintain a constant compressed volume. One goal of RCM ex-
periments is to provide chemical kinetic data in order to validate chemical kinetic
mechanisms against experiments. In this vein, the use of simplified reactor models,
in particular the constant volume homogenous reactor model (HRM), is desirable to
adequately compare simulations to experimental results in order to promote the rapid
development of chemical kinetic mechanisms. In light of this, maintaining a constant
geometric volume of test gases after the compression process is essential for RCM ki-
netics experiments. Furthermore, the assurance of a critically damped piston seating
process at maximum compression is required in order to disregard oscillatory piston
trajectories during chemical simulations. A critically damped piston seating is often
achieved by the use of a hydraulic ring-groove dampener between the gas driver cham-
ber and reaction chamber, with great success. Unfortunately, the ubiquitous heat losses
from the hot test gases to the cool reaction chamber surfaces still must be accounted for
within the constant volume simulations to accurately assign temperatures to modeled
Arrhenius expressions.

(4) Suppress gas velocities. Unfortunately, heat transfer from the hot test gas to the
cooler reaction surfaces cannot be avoided in experiments, but can be characterized if
boundary layers develop in a deterministic, diffusive fashion. While turbulence within
the test gas can be largely avoided by limiting the piston velocity in RCMs, vortices
that form on the piston face during compression and advect cooler boundary layer
gases at the wall into the core charge are not so simply eliminated. These vortices are
typically suppressed by designing a fluid dynamically efficient piston face shape, where
a boundary layer trap is typically machined about the circumference of the piston.
The design of these pistons is currently an active area of research. Assuming these
pistons adequately suppress the formation of vortices within the test a gas, a simple
analytic model can correct the in-cylinder thermodynamic state parameters for heat
losses, which will be discussed later in this chapter.

(5) Diagnostics. Virtually all RCMs are fitted with a sole diagnostic; a time-resolved
piezoelectric pressure transducer. With this diagnostic, time-resolved measurements
of both chemical heat release and heat losses from the test gas can be easily performed.
More rigorous optical and gas-sampling chemical diagnostics are difficult to incorporate
into experimental setups due the short time-scales of combustion reactions combined
with the elevated thermodynamic state of the test gas, but are active areas of research.

The remainder of this chapter is focused on describing the design, operation, and major
uncertainties associated with the NUIG RCM in more detail than has been offered in the
publications presented in Part II and Part III of this thesis. First a description of the mechan-
ical components of the machine, along with their operation, is provided. Next, a derivation
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Figure 2.1: A photograph of the NUIG RCM.

Figure 2.2: A schematic of the pneumatic driver and hydraulic dampener sections of the NUIG RCM.

of the widely-used adiabatic core model for RCM experiments is performed. Finally, details
concerning the steps taken to reduce the uncertainty of ignition delay time experiments in
RCMs are discussed.

2.2 Description of Mechanical Operation

The NUIG RCM consists of a chemical reaction chamber, where a test gas is compression
heated via two opposed, traveling pistons, and is shown in Fig. 2.1. Each piston is attached to
a connecting rod with a pneumatic driver piston on the opposite end, with a hydraulic piston
in-between. Each hydraulic and pneumatic piston is housed in a hydraulic and pneumatic
chamber, respectively. A schematic of one such piston assembly is shown in Fig. 2.2.

The function of the pneumatic chamber is to house high pressure air, which in turn acts
on the face of the pneumatic piston and subsequently drives the connecting rod into the
reaction chamber. This process results in a rapid acceleration of the piston, as the driver
gas is able to quickly expand to accommodate the volume change within the chamber due to
piston motion and therefore continuously supply a net positive force on the connecting rod.
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The pneumatic chamber contains a single gas handling port, which serves two functions.
First, this port can be used to evacuate gas within the pneumatic chamber resulting in a
retraction of the piston to it’s initial, high reaction chamber volume position. Second, this
port is used to provide driver air into the chamber, which is supplied by a large compressor
at 10 bar. The port is left open to the compressor supply during experiments, in order
to maintain a constant pressure of 10 bar within the driver housing as the volume of the
chamber expands during an experiment. This seemingly subtle detail governs the maximum
reaction pressure that can be experimentally investigated within the machine, as this driver
force keeps the piston in the compressed position.

To estimate the maximum pressure that can be produced in the reaction chamber, pr,max,
without causing a retraction of the piston, we consider the free body forces on the piston
assembly. The force exerted on the piston assembly in the compressive direction by the
driver gas, Fd, is given by,

Fd = pd

(π
4

)
D2
d (2.3)

while the force exerted on the piston assembly in the retracting direction by the reaction
chamber gas, Fr, is given by,

Fr = pr(t)
(π

4

)
D2
r (2.4)

The arrangement of the machine relies on Fd > Fr to ensure the evolution of a constant
volume experiment after compression. In order to maintain this assumption, the maximum
reaction pressure, pr(t) = pr,max, that can occur without providing a net force on the assembly
in the retracting direction can then be evaluated by the condition, Fd = Fr, to give,

pr,max = pd

(
Dd

Dr

)2

(2.5)

For the current arrangement of the NUIG RCM, the maximum working pressure is then,

pr,max ≈ (10 bar)× 2.332 = 54.44 bar (2.6)

The hydraulic chamber is filled with hydraulic oil, and contains three fluid handling port;
two identical fluid ports axially drilled into the face of the chamber and one radially drilled
into the circumference of the chamber. The face ports are connected to an oil reservoir
at atmospheric pressure, while the radial port is connected to both a hydraulic oil pump
and a solenoid which releases the system oil to atmospheric pressure. The hydraulic piston
contains two components. The reaction-chamber-side face of the piston contains a dampening
ring, which mates with a groove machined into the inner reaction-chamber-side face of the
chamber at full compression. This system acts as a mechanical dampener, which rapidly
decelerates the piston as the ring mates with the groove near the end of the compression to
avoid oscillatory piston motion. The pneumatic-chamber-side face of the hydraulic piston
acts as tapered seal holder, which mates with a tapered face within the hydraulic chamber
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Figure 2.3: A schematic describing the piston drive, release, decelerate and lock procedures of a NUIG
rapid compression machine experiment. Open head represent fluid flows, while closed head arrows represent
net forces on the piston assembly.
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at maximum retraction. At maximum retraction, the hydraulic piston isolates the hydraulic
chamber into two smaller chambers. The smaller pneumatic-chamber-side hydraulic chamber
contains the two axial ports to the atmospheric oil reservoir, and is always maintained at
atmospheric pressure. The smaller reaction-chamber-side hydraulic chamber contains the
radial port and can be pressurized to 40 bar with oil, and quickly relieved to atmospheric
pressure via the solenoid.

The hydraulic piston and housing serves several purposes to actuate an RCM experiment.
An illustration of these functions is provided by Fig. 2.3. At the beginning of an experiment,
the piston is fully retracted and the hydraulic chamber is pressurized with oil. This provides
a large net force on the piston assembly in the retracting direction, which allows high pressure
driver gas to be supplied to the pneumatic chamber without causing an acceleration of the
piston assembly into the reaction chamber. At this point, the test gas is introduced into the
reaction chamber at the desired initial conditions and sealed. To initiate the compression
process, the retraction force is lifted as high pressure oil is vented to atmospheric pressure.

The monitoring of test gas within the reaction chamber, and the data sets collected during
an experiment are well-documented in the experimental sections of the papers presented in
Part II of this thesis and therefore will not be further discussed here.

2.3 Adiabatic core model

This section presents a useful and easy-to-implement model for RCM experiments that allow
the inferences of the thermodynamic state of the reacting gases within the RCM, which is dif-
ficult to fully constrain experimentally. In short, the use of piezoelectric pressure transducers
allows for an easy-to-implement method for time-resolved pressure measurements within the
reaction chamber of the machine. On the other hand, performing time-resolved temperature
measurements of the reacting gases is much more challenging, however these measurements
have been performed for a limited set of conditions. Temperature measurements employing
fine wire thermocouples and fiber optic thermometers, which utilize the phasing of laser
light or black body radiation are not well-suited for measuring the dynamic gas tempera-
tures during RCM experiments due to the relatively slow frequency response of these devices
(e.g. minimum time constants on the order of 1 ms). Laser based diagnostics which exploit
doppler broadening of species line shapes such as LIF, PLIF and Rayleigh scattering have
been used in the past to measure reaction chamber temperatures. While these methods offer
time- and spatially-resolved measurements, uncertainties in the measured temperatures are
quite high. Recently, the infra-red thermometry of water has been employed to obtain both
time and temperature resolved measurements in-cylinder, however these measurements are
difficult or impossible for reacting cases.

Since resolved dynamic temperature measurements of the reaction chamber are at least
practically awkward and in most cases impossible, an approach to infer in-cylinder gas tem-
peratures from the measured pressure profile is warranted. This section describes one such
approach, which is often referred to in the literature as the adiabatic core model. The model
was first hypothesized by Affleck et al. [7] when the isentropic compression equations were
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Figure 2.4: The control volume considered by Eqns. 2.7–2.10.

found to predict experimental temperature measurements using gas pressure signals but not
the machine volume history. This model has become the de facto standard for determining
the thermodynamic state of RCM experiments, however the theoretical roots of this model
have not been documented according to the knowledge of the author. Since a differentiation
of the adiabatic core from isentropic ones is often a stumbling block for new RCM users, a
theoretical derivation is provided here.

In this approach the reaction chamber gases are sectioned into two well defined regions
the homogenous adiabatic core region and the boundary layer gases, which is illustrated
in figure 2.4. In this model the adiabatic core gases are defined as having a homogenous
temperature, pressure and composition, while the boundary layer gases are thermally and
compositionally stratified.

The governing equations for the adiabatic core gases, i.e. the conservation of mass,
momentum, energy and the equation of state (EOS) are given below by Eqns. 2.7–2.10,
respectively.

dm

dt
= ṁAC→BL (2.7)

∇p = 0 (2.8)

d

dt
[mu] =

dm

dt
h-p

dV (t)

dt
(2.9)

p = ρRT (2.10)

In this analysis mass is transferred from the adiabatic core to the BL gases as the control
boundary closes in on the core gases due to thermal BL propagation to the center of the RC
as heat diffuses from the hot core gases to the cooler surfaces of the machine. The formulation
presented here is restricted to the assumption that the AC and BL gases exist in mechanical
equilibrium (i.e. the gas is free of pressure gradients). While this assumption is realistically
valid for the gases contained in the RC of the machine, a small pressure gradients typically
exist across the entrance channel of the piston that separates the main RC gases from the
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gases contained in the piston crevice due to choking of the flow through the tight clearance
of the entrance channel. For the purposes of inferring the temperature of the adiabatic core
gases the assumption of mechanical equilibrium between all of the reacting gases is expected
to cause only a small error on the calculated AC temperature. This assumption is formally
expressed by Eqn. 2.8, and the ramification of this assumption manifests itself to a trivial
solution to the momentum equation. Only two mechanisms exist to transfer gas to or from
the AC. The first term on the right-hand side (RHS) of Eqn. 2.9 represents the energy that
is transferred from the core as mass is transferred from the core to the BL gases. This
occurs as a function of time as the thermal gradient due to heat conduction to the reaction
chamber surfaces propagates toward the center line of the machine and destroys temperature
homogeneity with the AC. The second term on the RHS of Eqn. 2.9 accounts for both the
boundary work done on the adiabatic core gases due to piston compression as well as the
inward movement of the boundary separating the homogenous core gases and the stratified
BL gases moves inward into the core due to heat loss to the walls. Finally, the final governing
equation, Eqn. 2.10 restricts the analysis to ideal gases.

Again, the aim of the current analysis is to determine the temperature of the gases inside
the AC as a function of the easily experimentally determined pressure history. To achieve
this we will start simplifying and mathematically manipulating the energy equation, i.e. Eqn.
2.9. The detailed mathematical rigor of this process is outlined here, as it is not presented in
any other manuscripts to the best of the author’s knowledge. First the chain rule is applied
to derivative on the LHS of Eqn. 2.9, which is given by Eqn. 2.11. The expanded derivative
is then substituted back into the energy equation, with the result given by Eqn. 2.12.

d

dt
[mu] = m

du

dt
+ u

dm

dt
(2.11)

m
du

dt
+ u

dm

dt
=

dm

dt
h-p

dV

dt
(2.12)

Next the definition of enthalpy, given by Eqn. 2.13, is utilized to cancel the mass deriva-
tives in the cumulation term of the energy equations as well as the enthalpic loss term of the
energy equation. This is shown by Eqn. 2.14.

h = u+
p

ρ
(2.13)

m
du

dt
+

�
�
�

u
dm

dt
=

�
�
�

u
dm

dt
+
p

ρ

dm

dt
-p

dV

dt
(2.14)

It is worth noting here a subtle assumption that was made by canceling the terms in Eqn.
2.14, and some further explanation is warranted to guide understanding of ramifications
of this cancellation. First, we remember that the term dm/dt represents the mass that is
transferred from the AC gases to the boundary layer gas as spatial propagation of the thermal
boundary layer inward degrades the thermal homogeneity of the AC gases and redefines them
as BL gases. This term on both sides of Eqn. 2.14 represents the same physical process, and
can indeed be canceled on both sides of the equation. However, the term for the internal
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energies that have resulted on both sides of the equation are not necessarily equal to each
other. We arrive at two situations for these terms. In the first situation, mass is transferred
from the AC to the BL as heat conduction occurs. If this occurs the mass that is leaving
the control volume has the same composition and temperature as the gas inside the control
volume so that the specific internal energies of the gas in the AC and the gas leaving the AC
are equal. The other situation, which is nonphysical within the constraints of our current
model is that gas from the BL enters the AC. For this to occur the gas must have the same
temperature (and composition) as the AC gases, while the gases in the AC will always be
at a lower temperature than AC gases for non-reacting cases. For either situation Eqn. 2.14
holds. It is also worth noting that gas of a different temperature to the AC cannot re-enter
the AC by definition.

Continuing on with our search for the AC temperature in terms of the in-cylinder bulk
pressure history the energy equation has been simplified to produce Eqn. 2.15.

m
du

dt
=
p

ρ

dm

dt
-p

dV

dt
(2.15)

Where now we have obtained an equation for the internal energy (i.e. temperature) of
the AC gas in terms of AC mass, pressure, density and volume. The mass and volume of
the AC gases are well-defined quantities, however are awkward from an experimental point
of view; these are both very difficult to measure. Because of this, the goal of the following
part of the derivation is to transform Eqn. 2.15 into an expression that is only a function of
intensive thermodynamic properties which can be measured. To achieve this we start with
the definition of density, which is given by Eqn. 2.16.

V =
m

ρ
(2.16)

Taking the derivative of Eqn. 2.16 and imposing the chain rule on the result leads to an
expression for rate of change of AC volume in terms of mass and density, which is given by
Eqn. 2.17.

dV

dt
=

d

dt

[
m

ρ

]
= m

d

dt

[
1

ρ

]
+

1

ρ

dm

dt
(2.17)

Substitution of the newly obtained expression for the rate of change of the AC volume yields
Eqn. 2.18, and further algebraic manipulations in Eqns. 2.19 – 2.20 result in an expression
for the AC gas in terms of pressure and density only, given by Eqn. 2.21.

m
du

dt
=
p

ρ

dm

dt
-p

(
m
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ρ
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(2.18)
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(2.19)

��m
du
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= −��mp

d

dt

[
1

ρ

]
(2.20)
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du

dt
= −p d

dt

[
1

ρ

]
(2.21)

Since the gas in the adiabatic core is at rest and considered only to be an ideal gas the
energy of the gas in the volume is only a function of temperature. We will now exploit this
functionality to develop a term for the temperature change rate of the gas from the internal
energy rate of change. To achieve this we utilize the definition of constant volume specific
heat from the Maxwell relations, which is given by Eqn. 2.22.(

∂u

∂T

)
v

≡ cv (2.22)

By imposing the chain rule on Eqn. 2.22 the change rate of energy of the gas can be expressed
in terms of the gas temperature change, which is shown below by Eqn. 2.23. Substitution of
this relation back into the energy equation, i.e. Eqn. 2.21, yields an expression, Eqn. 2.24,
for the gas which relates transient state parameters of the gas coupled with specific heat.

du

dt
=

(
∂u

∂T

)
v

(
dT

dt

)
= cv

dT

dt
(2.23)

cv
dT

dt
= −p d

dt

[
1

ρ

]
(2.24)

Since the density of the adiabatic core is not a quantity that is directly measurable, it is
advantageous to write the temperature change of the core in terms of the pressure change rate
which is easily accessible experimentally. Experimentally the pressure history is measured
via a piezoelectric transducer that is mounted in the sidewall of the machine, which measures
the dynamic pressure of the gas in the boundary layer nearest to the reaction chamber walls.
We have assumed earlier that the pressure is assumed to be in equilibrium throughout the
reaction chamber of the machine (i.e. Eqn. 2.8), and discussed that this assumption may
not be valid across the entrance channel of the piston. However, multi-dimensional CFD
simulations have suggested that core and boundary layer gases are in mechanical equilibrium.
To cast the energy equation strictly in terms of temperature and pressure we invoke the aide
of the final remaining governing equation; the ideal gas equation of state Eqn. 2.10. This
equation has been rearranged to give Eqn. 2.25. Differentiation of Eqn. 2.25 leads to an
expression for the differential on the RHS of Eqn. 2.24 in terms of only temperature and
pressure. After some algebraic manipulations that are detailed by Eqns. 2.27 – 2.28 we arrive
at the new form of the energy equation which is given by Eqn. 2.29.

1

ρ
=
RT

p
(2.25)
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(2.26)
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= −pRT d

dt
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dt
(2.28)
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dt
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1
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]
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Further we evaluate the derivative on the RHS of Eqn. 2.29,

d

dt
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dp
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dp

dt
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dp

dt
(2.30)

to produce,

(cv −R)

R

1

T
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dt
=

1

p

dp

dt
(2.31)

The time dependance of Eqn. 2.31 is then cancelled, to give the separable ordinary differential
equation (ODE),

(cv −R)

R

1

T
dT =

1

p
dp (2.32)

We then recognize that for an ideal gas the specific heat relations cp− cv = R and γ = cp/cv,
can be substituted into Eqn. 2.32 to give.

1

T
dT =

(
1− 1

γ

)
1

p
dp (2.33)

We then solve the following ODE assuming constant specific heats.∫ T

Ti

1

T ∗
dT ∗ =

(
1− 1

γ

)∫ p

pi

1

p∗
dp∗ (2.34)

Finally we arrive at the relation,

T (t) = Ti

(
p(t)

pi

)1− 1
γ

(2.35)

In addition, a substitution of adiabatic core specific volume, ν, for adiabatic core temperature
yeilds,

ν(t) = νi

(
p(t)

pi

) 1
γ

(2.36)

In practice, adiabatic core temperatures are estimated from experimental pressure histo-
ries by Eqn. 2.35, where data is typically tabulated against the temperature at the end of
the compression process. Equation 2.36 is also particularly useful to assign heat loss rates to
simulated reactors, where the volume of the reactor is adjusted in order to account for energy
losses from the adiabatic core. Many modern chemical kinetics codes achieve an agreement
with RCM experiments by matching the reactor specific volume profiles with those in the
adiabatic core from experiment. Codes to post-process experimental pressure signal in both
ways are provided in the appendix of this thesis.
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2.4 Uncertainty reduction

To facilitate the work presented in this thesis several modifications to the NUIG RCM
were made to modernize the facility and improve the fidelity of data that can be collected
from the apparatus. The machine was originally designed by Affleck and Thomas [10] and
constructed at the Shell Thornton research centre in the 1960s. The combustion chemistry
centre at NUIG acquired the machine in the 1990s and at that time re-commissioned the
facility to perform state-of-the-art chemical kinetics experiments [11]. However, in recent
years mechanical degradation of the machine (to be discussed in the following paragraph)
has become increasingly more problematic and has made ignition delay time experiments
challenging or in some cases impossible. Before work was started collecting the mechanism
validation targets for the data presented here the machine was modified to improve the
practical performance and reduce the uncertainty in produced data sets with great success.

Several mechanical components of the machine were re-manufactured to address the wear
on the device caused by enduring over 50 years of experimental campaigns. However, only
minor changes were made to the overarching design of the machine during the rebuild. For
instance, many of the seal packs in the machine were redesigned to utilize modern high-speed
seal technologies for both the hydraulic and pneumatic components of the apparatus. The
hydraulic systems, pre-heating system, data acquisition system and reaction chamber geom-
etry of the machine were also updated during the rebuild of the machine, and are discussed
in more detail below. These modules of the machine were refined to reduce systematic un-
certainties in data sets, where random uncertainties are limited by the state-of-the-art of
commercially available diagnostic equipment (pressure transducers, position sensors, PID
controllers, etc.). In general, each refinement to the machine were made to achieve at least
one of the following goals:

1. Improve the shot-to-shot repeatability of the machine to achieve the same compressed
gas conditions for given initial conditions.

2. Promote the evolution of a well-defined region of adiabatic core gases throughout the
experiment, and maximize the size and longevity of this core.

3. Minimize the uncertainty in the measured and inferred time-dependant adiabatic core
thermodynamic state variables.

4. Promote confidence that test mixtures for intermediate molecular weight transporta-
tion relevant fuels (e.g. C6–C8 alkanes) are adequately prepared.

As the work conducted was extensive, a brief description of the physical modifications
to the machine and their impacts on data fidelity will be discussed in the remainder of this
section.
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Figure 2.5: A comparison of piston synchronicity at TDC using the original and modified hydraulic systems.

2.4.1 Piston timing

As previously mentioned, the NUIG RCM utilizes a dual, opposed piston platform where
two pistons are used to simultaneously compress test mixtures. This novel arrangement
of the machine is advantageous over that of single piston RCMs as fast compression times
can be achieved while piston velocities are minimized along with the undesirable turbulent
in-cylinder fluid dynamics these high velocities cause.

While utilizing a twin-piston approach is in many ways advantageous for RCM experi-
ments, one practical challenge of this approach is the proper synchronization of the time at
which the two pistons are released from bottom dead center (BDC) and arrive at top dead
center (TDC). In the NUIG RCM, independent control of the piston trajectory is achieved
via hydraulic dampers on each of the pistons. Although the original hydraulic systems
of the machine were cleverly designed with the technology available at the time of their
construction, this antiquated system was redesigned and greatly simplified due to the high
shot-to-shot variations in piston synchronicity that resulted due inconsistent hydraulic oil
flow fields within the complex plumbing arrangement of the machines hydraulics.

Shot-to-shot deviations in the difference of piston arrival times at TDC (piston tim-
ing) is not directly detrimental to the quality of RCM experiments, however the secondary
effects of this phenomenon include a substantial scatter in the compressed gas pressures
and temperatures. Variations in the compressed thermodynamic state of the test gas are
caused by a scattered residence time of the gas at elevated pre-compression temperatures as
a direct result of stochastics in piston timing, where test gases that experience a longer pre-
compression residence time have the opportunity to transfer more heat to the cool reaction
chamber surfaces before the end of compression and result in lower compressed temperatures
and pressures. To assess the amount of shot-to-shot scatter present in piston timing a series
of 30 experiments were conducted at the same initial condition ( pi = 102 Torr, Ti = 20 ◦C),
and the arrival time of both pistons were monitored by a linear inductive position sensor
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(LIPS) that is housed inside each of the pistons connecting rods. The resulting probability
density function (PDF) for this series of experiments that use the original hydraulic system
is shown (in red) by Fig. 2.5.

Deviations in piston timing using the original hydraulic system were unacceptably high
at about ± 2 ms, leading to poor repeatability in compressed pressures of about ± 500 mbar.
The PDF shown in Fig. 2.5 that was developed for the original hydraulic system was used
as a baseline test set for which modified arrangements of the hydraulic systems could be
compared. Results taken, at the same conditions as those for the baseline tests, for the most
recent hydraulic system arrangement are also shown (in blue) by Fig. 2.5. Repeatability of
the device has substantially improved as the orifice size of the oil dump valve was increased
from 1/4” to 1/2”, where deviations of less than ± 0.5 ms in difference of piston arrival time
at TDC are typically achievable in the current arrangement, and compressed pressures are
typically repeatable to within about ± 100 mbar.

2.4.2 Creviced pistons

Since the current state-of-the-art RCM experiment simulation techniques model only the
adiabatic core gas, it is imperative that an adiabatic core can be experimentally created
and maintained throughout the experiment. To facilitate the evolution of an adiabatic core
in the NUIG RCM, creviced piston geometries were adjusted during the recent rebuild of
the machine. The new pistons were designed to minimize the rate of heat transfer from
the reaction chamber gases throughout the experiment while simultaneously minimizing the
formation of advective motion within the reaction chamber.

To properly optimize the geometry of the RCM piston heads in order to promote the
generation and maintenance of an adiabatic core, the velocity fields of the test gas during and
after the compression process would need to be characterized with varied geometries across
the wide domain of working pressures, temperatures and gas compositions constrained by
experimental objectives. Doing so would ideally require both an elaborate and expensive flow
visualization rig and simulation tools to solve the compressible, turbulent equations governing
the in-cylinder flow. Either of these studies is well-beyond the simple modifications made
here. As such a few simple engineering metrics have been used to guide the design of these
pistons, with some guidance from previous CFD studies [12–14], while more rigorous studies
are suggested for future work to improve these designs.

To achieve this, three parameters were varied which affect the thermal homogeneity of the
charge and heat transfer rates; the gas thermal diffusivity, the final reaction chamber surface
area-to-volume ratio and the ratio of the piston crevice volume to the reaction chamber
volume, which are given by the following equations, respectively.

α =
k

ρcp
(2.37)

SAV =
2B + 4h

Bh
(2.38)
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V ∗crv =
Vcrv

Vc
(2.39)

The gas thermal diffusivity and surface area to volume ratio are parameters derived from the
energy equation for heat conduction from the compressed gas to the walls, where large values
for either of the parameters promote boundary layer propagation rates. The final parameter,
the ratio of the crevice volume to the reaction chamber volume, has been earmarked by CFD
simulations [12–14] of the machine as a sensitive parameter which controls the effectiveness of
the creviced piston to reduce the formation of roll-up vortices during the experiment. These
simulations have shown that a crevice volume to reaction chamber volume ratio of about
10–15% is necessary to suppress the formation of the vortex for a wide range of conditions,
while volume ratios above this value only enhance the heat transfer rates from the adiabatic
core. As such, the crevice volumes were reduced in the modified piston heads from an original
value of about 30% to 13%. The large crevice volume of the original piston geometry lead
to enhanced heat transfer rates from the adiabatic core volume, so that the geometric CR
(defined previously on pg. 18) of the machine was increased to achieve elevated compressed
gas temperatures. This high CR was achieved by reducing the clearance height (piston
face-to-face distance) within the machine, which inherently also increased the compressed
surface area to volume ratio of the machine and further promoted the propagation of the post
compression boundary layer. The increase in compression ratio also caused lowered initial
and compressed gas densities to be used in order achieve the same compressed gas conditions
that could be achieved for a lower compression ratio, so that gas thermal diffusivities were
higher for the high compression ratio arrangement. In short, the newly designed piston heads
have improved the integrity of the adiabatic core gases by effectively suppressing in-cylinder
gas motion and protracting heat transfer rates to the reaction chamber surfaces.

2.4.3 Reaction chamber heating system

Since the adiabatic core model is required to infer adiabatic core temperatures, systematic
errors stemming from the operation of the machine and hardware non-idealities have been
methodically assessed and minimized. The measured parameters necessary to predict adi-
abatic core temperature are the initial temperature of the gas and the in-cylinder pressure
history, which are determined from inspection of Eqn. 2.35.

Typically, varying the initial pre-heat temperature of the RCM reaction chamber varies
compressed gas temperatures. Therefore it is imperative that thermal homogeneity of the
reaction chamber surfaces and test gas is achieved for a wide range of pre-heat temperatures.
This non-trivial task is complicated by the complex geometry of the machine along with the
course-grain resolution offered by commercially available industrial closed-loop temperature
controllers. However, satisfactory thermal homogeneity has been demonstrated utilizing a
refined five zone heating system for the machine, the characteristics of this heating system
are shown in Fig. 2.6. The effects of spatial variations in temperatures along the reaction
chamber surfaces on the uncertainty in the compressed gas temperatures for various pre-heat
temperatures are demonstrated for a single condition in Fig. 2.7. Compressed gas temper-
ature uncertainties are demonstrated for a single gas, in which the adiabatic core model is
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Figure 2.6: Thermal stratification within the RCM
reaction chamber for pre-heat temperatures of Ti =
30–105 C.

Figure 2.7: A demonstration of the effects of ini-
tial thermal stratification on the uncertainty of the
inferred compressed adiabatic core temperature.

used to simulate the compression of pure nitrogen using a typical effective compression ratio
for the machine to 10 bar. This test case is used to compare the contribution of several
systematic errors, which will be discussed shortly, to a single condition of the machine. It is
demonstrated here that small variations in the temperature of the reaction chamber surfaces
can have a large effect on the uncertainty of the compressed gas temperature.

2.4.4 Pressure signal

To further reduce the systematic uncertainty in the calculation of compressed gas tem-
peratures an analysis into the fidelity of the compressed pressure measurements was also
performed. From this analysis two large sources of systematic uncertainty became appar-
ent. The most obvious of these was to highlight in-adequacies of the digital data collection
methodology. Fortunately, time resolution in the collected pressure signals is not problematic
for the time scales of RCM experiments, however resolved acquisition of signal amplitude
is imperative to ensure an accurate inference of in-cylinder gas temperatures. Figure 2.8
highlights the effects of quantization error on the pressure signal measured during RCM
experiments as a function of full-scale gain for varying degrees of bit depth in the analog-to-
digital converter (ADC), while Fig. 2.9 shows the effect of the ability of the data acquisition
system to discretize the pressure signal on the uncertainty in the inferred compressed gas
temperature. The current setup of the machine utilizes a conventional 12-bit ADC, while a
more accurate delta-sigma type ADC which can achieve 24-bit like resolution and essentially
eliminate this type of uncertainty.

Another large source of uncertainty in the measured pressure signal that can lead to sig-
nificant uncertainties in the inferred gas temperature is the presence of mechanical vibrations
within the machine. This phenomenon is problematic as the piezoelectric pressure transducer
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Figure 2.8: Analog-to-digital converter least signif-
icant bit resolution error on RCM compressed pres-
sure readings as a function of amplifier gain in terms
of ignition pressure.

Figure 2.9: A demonstration of the effect of
analog-to-digital quantization error on the uncer-
tainty of the inferred compressed adiabatic core tem-
perature.

that is mounted in the sidewall of the reaction chamber that is used to monitor the pressure
of the in-cylinder gases also acts as an efficient accelerometer in the machine. Therefore
any movement of the transducer during the experiment results in an artificial change in the
pressure signal multiplexed into the observed signal. The evolution of these artificial sig-
nals are especially prevalent near the end of the piston stroke where the hydraulic damper
system has been optimized to result in short pre-compression gas residence times at high
temperatures rather than gradual piston deceleration rates causing high impact velocities
of the pistons into their seating groove and subsequently mechanical vibrations within the
machine. This is especially problematic for evaluating the compressed gas pressure and sub-
sequently the compressed gas temperature for experiments as artificial ringing is multiplexed
into pressure signals near the end of compression. The effects of mechanical vibrations on
the pressure signal have been experimentally isolated by performing experiments with an
initially evacuated reaction chamber. The artificial pressure signal that is generated due to
vibrations is shown in Fig. 2.10. Since alleviating mechanical vibrations by increasing the
amount of hydraulic damping to more gradually slow the pistons near TDC would negatively
impact the fast compression characteristic of the machine an approach to remove the effects
of vibration from the pressure signal is accomplished via signal manipulation. In this case, a
Butterworth low-pass (LP) filter is employed upstream of the data acquisition unit to atten-
uate the high frequency noise in the pressure signal generated by mechanical vibrations due
to the piston seating process, where the effects of several cut-off frequencies on the vibration
contaminated pressure signal are shown in Fig. 2.10. This is possible as the frequency of
the mechanical ringing is high (typically above 6 kHz) relative to the low frequency of the
compression and ignition processes. A hardware LP filter has been chosen to eliminate this
noise rather than that of a digital filter during post processing to eliminate numerical errors
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Figure 2.10: RCM experiments conducted with
an initially evacuated reaction chamber to highlight
mechanical ringing effects on the pressure signal,
and the attenuation of these effects by low-pass fil-
tering.

Figure 2.11: A demonstration of the effect of in-
cylinder pressure signal pollution due to mechanical
vibrations on the uncertainty in the inferred com-
pressed adiabatic core temperature.

and signal aliasing that will result in the latter option. The reduction in the uncertainty in
the inferred adiabatic core temperatures that result from attenuating the signal structures
over 6 kHz are shown in Fig. 2.11, where the reduction in compressed gas uncertainty from
about ± 20 K to ± 2 K is a marked improvement.
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Chapter 3

A correlation for non-Arrhenius
ignition delay times

3.1 Introduction

Progress towards the development of low-pollutant emitting, thermodynamically efficient
internal combustion engines (ICEs) is facilitated by the development of accurate chemical
models for in-cylinder chemical processes [1]. In particular, ICE operation and efficiency is
dependent on an a priori ability to accurately predict the ignition kinetics of the utilized
fuel mixture across a wide range of engine operating conditions, which quantifies the time
needed for the reacting fuel mixture to generate a sufficient radical pool that rapidly converts
the fuel and oxidizer to combustion products along with the subsequent rate of chemically
stored energy release. For instance, the undesired chemical kinetic ignition of fuel mixtures
upstream of the flame front in spark ignition engines leads to engine knock and limits the
engine compression ratio, and therefore the engine thermodynamic efficiency, as increased
compression ratios drive the unburned gas towards more reactive conditions [2]. Furthermore,
more advanced, chemical kinetically controlled ICEs rely on an accurate characterization of
the fuel mixture ignition kinetics as a function of the in-cylinder thermodynamic state to
successfully time the ignition event with respect to the engine cycle, which is especially
difficult when engine speed and load are transiently varied in transportation vehicles [3].

Effectively tabulating fuel mixture ignition times for ICEs is an arduous task due to
the inherently complex variation of in-cylinder transport environments across typical com-
bustion modes, operating conditions, and fuel molecular structures that are employed by
modern engines, where slight variations in transport processes can greatly effect ignition
chemistry. To circumvent this challenge, ignition delay times (IDT) are often measured in
idealized, nearly homogenous charge reactors such as shock tubes and rapid compression
machines so that IDTs can be isolated from complex transport effects and collected in terms
of fundamental charge state variables. This chemical information is often further refined
into validation targets for chemical kinetic fuel oxidation mechanisms that fundamental rad-
ical chain reaction chemistry for the fuel oxidation process, which are in turn capable of
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accounting for localized chemistry in multi-dimensional in-cylinder ICE simulations. Chem-
ical kinetic mechanisms that represent the oxidation of common liquid transportation fuels
contain hundreds of species and thousands of reactions and, unfortunately, quickly become
computationally top-heavy when integrated into fluid dynamics models making simulations
of the combustion process within ICEs intractable. This process is demonstrated on several
occasions throughout the remainder of this thesis.

One currently fashionable strategy to overcome this computational hurdle has been to re-
duce the size of mechanisms by “lumping” several unimportant chemical compounds within
mechanisms into representative chemical placeholders to avoid the high memory and floating-
point operation requirements resulting from the tracking of a high number of chemical species
during simulations [4]. While this approach has been successful in many cases, a reliable and
generalized method for the lumping of chemical species for an arbitrary kinetic mechanism
remains a work-in-progress within the community. Additionally, these reduced chemical ki-
netic mechanisms often lose extrapolative fidelity beyond experimental validation targets
compared with more fundamental models while maintaining a significant tax on computa-
tional resources.

Another school of thought to overcome the computational expense of ignition chemistry
simulations has been to develop a correlation of fuel mixture IDTs with a functional form for
the dependence of IDTs on kinetically relevant parameters, where the sensitivity of each in-
dependent parameter can be adjusted using a handful of empirically derived parameters (for
example, see Refs. [6–10]). While IDT correlations lack the elegance of utilizing fundamen-
tally validated chemical kinetic models for combustion chemistry simulations, this method
offers an ultra-lean computational approach and ensures high precision in replicating experi-
mental IDTs due to the empirical tuning of fit parameters, given that a suitable mathematical
form for IDT dependency on kinetically relevant parameters can be formulated.

Historically, IDT correlations have conventionally relied on a simplified generalized form
which is derived from generically global view of fuel oxidation, which is given by, (3.1).

a fuel + b O2 + c dil.→ d CO2 + e H2O + c dil. (3.1)

The law of mass action for the irreversible, global combustion equation above is given by,
(3.1).

d [fuel]

dt
= -kG [fuel]a [O2]b [dil.]c (3.2)

where,

kG = AG exp

[
EG
RT

]
(3.3)

At this point, it is important to recognize that rate equations for the global oxidation
of a fuel has been derived based on theory that describes molecular collisions that lead to
chemical reaction. In general, the combustion of a fuel is more accurately described by a
chain reaction mechanism comprised of many fundamental reactions, which eventually form
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Figure 3.1: Simulated ignition delay times (IDTs) for stoichiometric mixtures of 2,2,3-trimethylpentane in
air, using the mechanism of Andrae et al. [5]. (a) highlights the typical dependance of IDTs on temperature
for alkanes. (b) transforms this data into Arrhenius space, while (c) the first and (d) second temperature
derivative are also shown.

stable combustion products. As a result, Eqn. 3.2 rarely remains accurate for fuels, espe-
cially at lower temperatures. In this low-temperature regime, the competition between chain
branching and chain propagating pathways often leads to a reduction in overall fuel reactiv-
ity as temperatures are increased (negative temperature coefficient (NTC) behavior). For
example, simulated ignition delay times for 2,2,3-trimethylpentane are shown as a function
of temperature in Fig. 3.1a, where this functional dependency is typical for most fuels.

Although inaccurate, the de facto method within the community has been to borrow
functional dependance from Eqn. 3.1 within ignition delay time correlations to give,
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tI = f([fuel], [O2], [dil.], T ) = AG [fuel]l [O2]m [dil.]n exp

[
EG
RT

]
(3.4)

or the equivalent expression,

tI = AG φl pm χn exp

[
EG
RT

]
(3.5)

This expression is often accurate at conditions where the fuel oxidation process is con-
trolled by integrated behavior of high-temperature kinetics (decomposition and beta-scission),
but quickly loses fidelity at lower temperatures after the reactions following the production
of ṘO2 significantly compete for chain-branching vs. chain-propagation (see Part II of this
thesis for further qualification). This is especially problematic as these IDT correlations are
not accurate at the lower-temperature operating conditions of modern ICEs. A consequence
of this inaccuracy is the need for computationally expensive chemical kinetics models to
predict chemical progress variables in engine CFD simulations.

Several attempts have been made to rescue the functional form of Eqn. 3.5 for non-
Arrhenius IDT dependance on temperature (for example, see Refs. [10–12]. The most
commonly assumed temperature dependence is an inverted superposition of Eqn. 3.5 of the
form:

1

tI
=

1

A3 exp[E3/T ]
+

1

A1 exp[E1/T ]− A2 exp[E2/T ]
(3.6)

While this functional form has been demonstrated to capture the strong NTC behavior of
some fuels (alkanes), it suffers from a lack of mathematical completeness. In this vein, it is
unclear how Eqn. 3.6 should be perturbed to account for the generic temperature dependence
of measured fuel ignition delay times. For example, unsaturated hydrocarbons often display
a more mild deviation from Arrhenius behavior than their saturated counterparts, which
does not suit the trajectory of Eqn. 3.6. This would require experiments performed with
differing classes of molecular structures to be correlated with different functional forms, while
tabulating coefficients corresponding to a common, well-defined mathematical form for all
experiments is much more ideal for extrapolation and the automation of data look-up.

A more notable effort was put forth by Goldsborough [10], which was able to accurately
correlate IDTs for 2,2,3-trimethyl-pentane with a 37 parameter fit – which is on the order
of constants needed to construct a skeletal chemical kinetic model. The bulk temperature
dependance contains three parabolas, two of which are scaled by an exponential decay of vari-
able power. These terms are then further scaled by a Gaussian function. Although accurate,
this approach is mathematically over-defined, and may suffer from Runge’s phenomenon at
extrapolated conditions.

The goal of this early-stage work is to develop a mathematically well-defined functional
form for the dependance of IDTs on temperature. The formulation of this new functional
form is described in the following section. As a demonstration of the capabilities of this new
correlation, it is applied to newly collected IDTs of the heptane isomers in a shock tube and
rapid compression machine.
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3.2 Correlation formulation

A typical temperature dependance of IDTs is shown in Fig. 3.1a. We first recognize that
negative temperatures and the possibility of reactions propagating into the past are not
physically realistic. Therefore,

T ∈ {x ∈ R|x < 0} (3.7)

tI ∈ {x ∈ R|x < 0} (3.8)

In addition, the curve is well-behaved in the usual sense (smooth, continuous, etc.). In
general, ignition delay times are infinite as temperatures approach 0K, as energy states to
overcome the barrier of reaction initiation are not available to the reactants at equilibrium.
Also, at very high temperatures the bulk of the reactant gas has enough energy to readily
overcome the reaction barrier. This can be stated more succinctly by,

lim
T→0

tI =∞ (3.9)

lim
T→∞

tI = 0 (3.10)

As the temperature of the gas increase the IDT of the gas exponentially increases, as long
as purely low-temperature kinetic pathways are dominant. Eventually, increasing the tem-
perature of the gas gradually provides access to more chain propagating reactions so that
this exponential dependance is gradually reduced. Eventually, as these chain propagating
pathways become more competitive, the IDTs gradually increase with increasing tempera-
ture. Eventually an inflection point is reached, at T = ε. The dependance eventually rolls
back over to an exponential decay at higher temperatures due to the complete dominance
of chain propagating pathways over the low-temperature branching pathways. To properly
constrain this behavior we must satisfy Eqns. 3.9 and 3.10, as well as account for low- and
high-temperature exponential decay. Between the regions of exponential decay we consider
an inflection point, with a local minimum and maximum in the region of the inflection point
at T = ε−∆T1 and T = ε+ ∆T2, respectively.

To satisfy these mathematical constraints we first transform our dependent and indepen-
dent variables to “Arrhenius space”,

ti → t∗ = ln

[
tI
tc

]
(3.11)

T → T ∗ =
Tc
T

(3.12)

where tc and Tc are arbitrary constants.
In this space the exponential decays become linear, as shown in Fig. 3.1b. To correlate

the data we consider a function ψ(T ∗), defined by,

∂2τ ∗

∂T ∗2
= ψ(T ∗) (3.13)
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which is shown in Fig. 3.1d. The second derivate is useful here, as any Arrhenius type
behavior is removed and the more interesting intermediate temperature behavior is isolated.
Next we consider appropriate functional forms of ψ, with the following constraints that follow
from the physical arguments above:

1. The parameters of ψ must be able to chosen such that ψ = 0, in order to reproduce
Eqn. 3.2.

2. ψ must be general enough to approximate the intermediate temperature behavior of
any generic fuel of interest.

3. ψ must asymptotically approach:

lim
T ∗→0

t∗ = 0 (3.14)

lim
T ∗→∞

t∗ =∞ (3.15)

4. ψ must have at least one inflection point such that ψ(ε+ δT ∗) = −ψ(ε− δT ∗).
In order to satisfy constraint 2 and 4 an infinite basis set of well-behaved functions must

be considered, that also satisfies constraint 3, while constraint 1 effectively rules out the use
of constants. Although many functions exist to satisfy these criteria, we consider a simple
Gaussian basis set for this preliminary work. ψ is then given by,

ψ(T ∗) =
∞∑
i=1

αi exp

[
-
(T ∗ − βi)2

γi

]
(3.16)

Where the greek parameters are fit to experimental data. As a first-cut approximation
the infinite basis set is truncated to two Gaussians, which is the minimum size that satisfies
the four constraints listed above. The trial function, to be evaluated against the experimental
data provided in this study is given by,

ψ(T ∗) = α1 exp

[
-
(T ∗ − β1)2

γ1

]
− α2 exp

[
-
(T ∗ − β2)2

γ2

]
(3.17)

Ignition delay times are then given by,

t∗ =

∫∫ T ∗

0

∂T ′ψ(T ′) + EGT
∗ + A (3.18)

Unfortunately, an analytical solution Eqn. 3.18 does not exist, therefore this equation must
be numerically solved and tabulated. Fortunately, this process is trivial with modern codes.
It should be noted that to compare fit parameters across data sets, a common integration
reference point must used. The natural reference T ∗ = 0 (T=∞) is used for this work.

This formulation is somewhat elegant as the parameters in Eqn. 3.18 correspond to the
well-defined mathematical entities considered in the beginning of this section. For example,
EG and A are the same parameters contained in Eqn. 3.2. In addition, β1 = ε∗ −∆T ∗1 and
β2 = ε∗+∆T ∗2 . The slope connecting the two IDT stationary points is given by α2, while the
rate of exponential increase of IDTs in the low-temperature regime is given by α1. Finally,
γ1 and γ2 prescribe the “sharpness” of roll-over into and out of the NTC.
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3.3 Experimental methods

Fuel mixture autoignition delay times were measured in two complimentary gas-phase chem-
ical kinetic reactors; a shock tube and rapid compression machine (RCM). The common
goal of these devices is to rapidly and homogeneously heat a mixture of test gases to high
pressures and temperatures, and further maintain this elevated thermodynamic state for a
period of chemical interest. The two devices are complimentary in the sense that the physical
mechanism of gas compression, which will be described shortly, within the shock tube and
RCM allows the devices access to faster (IDT = 0.05–5 ms) and slower (IDT = 3–200 ms)
chemistry, respectively. Consequently, both shock tube and RCM experiments are required
to measure the entire thermal dependance of a fuel’s ignition delay time, which include
high-temperature, low-temperature and negative temperature coefficient (NTC) behavior.

In this study, stoichiometric mixtures of research grade (typically >99% purity) fuel
species were transiently heated in a 21% O2 : 79% diluent (Ar, N2 or CO2), which was
prepared by partial pressure inside of an external mixing tank. Measurements were performed
at stoichiometric fuel loadings at compressed pressures of 10, 15, and 20 bar, as well as fuel
lean (φ = 0.5) case for each isomer. Fuel losses within the mixing tanks, transfer lines, and
reactor due to condensation was assessed by reactor in-situ light absorbance measurements
of the test gas at 2950 cm−1, which targets resonance with the IR active C–H vibrational
stretch mode found within the hydrocarbons, and found to be negligible. Further details of
this He-Ne laser based technique can be found in Part III of this thesis.

Due to the high-fuel and oxidizer concentrations for all mixtures studied here and thus
the high rate-of-heat-release upon ignition, ignition delay times are inferred from reactor
pressure measurements, which provide a sufficiently sensitive diagnostic so that further ig-
nition indicators offered by spectral techniques are not necessary. The remainder of this
section describes the shock tube and RCM experiments in more detail.

3.3.1 Shock tube

High-temperature ignition delay times (1000–1300 K) were measured for each of the hexane
and heptane isomers in a shock tube, behind reflected shocks at pressures of 15 bar. The
common theory and design of shock tubes as chemical reactors has been generally well-
documented in Ref. [13] and the particular shock tube used has been described in detail in
Refs. [14] and [15], thus only a brief description of the apparatus is presented here.

The shock tube rapidly heats a “driven” test gas via a traveling shock wave that is
formed by expanding a low-molecular weight (high speed of sound) “driver” gas into the
heavier test gas. When the shock reaches the reactor wall containing the test gas (endwall),
the shock is reflected back through the test gas, which is subsequently heated again. The
compressed test gas temperatures and pressures are varied by varying the Mach number of
the shock, which is achieved by varying the pressure of the driver gas. For this study shocks
are generated with a helium driver gas for experiments resulting in short ignition times
(< 1 ms), while the driver gas is doped with nitrogen to reduce effects of the driver-test
gas interface (contact surface) at the endwall and increase measuring times for experiments

45



resulting in longer ignition times (1–5 ms). The pressure history of the test gas is recorded
by a dynamic pressure transducer that is mounted in the endwall of the test section, from
which the ignition delay time of the mixture is subsequently measured. Ignition delay times
are defined as the time difference between the arrival of the shock at the endwall and the Von
Neumann spike due to ignition. The thermodynamic state of the test gas behind the reflected
shock wave is evaluated from the 1-D compressible Euler equations with a Rankine-Hugoniot
jump condition [16], which require the measurement of the shock velocity at the endwall.
This measurement is performed by monitoring the incident shock arrival time at six pressure
transducers staggered along the axis of the test section and interpolating the velocity of the
shock along the tube. The shock attenuation due to skin drag of the test gas behind the
incident shock is accounted for by extrapolating the collective velocity measurements to the
endwall.

3.3.2 Rapid compression machine

Low- to intermediate-temperature ignition delay times (675–1000 K) for each of the hexane
and heptane isomers were measured in an RCM at compressed pressures of 10, 15 and 20 bar.
The details concerning the design, operating principles, and limitations of the apparatus have
been well-documented in Refs. [17,18], and [19], while a description of the current reaction
chamber geometry, ignition delay time collection methodology, data acquisition hardware,
and data post-processing techniques are available in Ref. [20].

Briefly, the experimental platform utilizes opposed pistons to volumetrically compress a
test gas, and furthermore maintain the elevated compressed gas thermodynamic state for
the duration of chemical interest. Compressed gas temperatures are varied by adjusting the
initial temperature of the reactor as well as tailoring the specific heat of the diluent gases.
The test gas pressure history is monitored during each experiment, and serves as the sole
diagnostic during and after the compression process. Ignition delay times are defined at
each condition as the time difference between the local maximum in pressure that occurs
near the end of volumetric compression and the maximum rate of pressure rise due to igni-
tion. The widely used adiabatic core model [21] is employed to evaluate the compressed gas
temperatures from pressure histories.

3.4 Preliminary results

Figure 3.2a displays the ignition delay time measurements as a function of compressed tem-
perature for the five structural isomers of hexane in an Arrhenius style format. Further,
Fig. 1a illustrates the high-temperature behavior of the isomers which was measured in the
shock tube, while Fig. 3.2b–d illustrates the NTC and low-temperature behavior of the fuels
measured primarily in the RCM. The data has been measured in a manner that isolates the
dependance of molecular structure on ignition delay times, while holding all other kineti-
cally relevant parameters (initial reactant concentrations, pressures and collision partners)
constant between the isomers at each compressed temperature condition. In short, vertical
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Figure 3.2: Ignition delay times for stoichiometric mixtures of the heptane isomers in a (21% O2):(79%
diluent) bath gas compressed to: (a) 15 bar at high-temperatures (1000–1300 K) measured within the
shock tube (b) 10 bar at low- to intermediate-temperatures (650–1000 K) measured within the RCM (c)
15 bar at low- to intermediate-temperatures (650–1000 K) measured within the RCM (d) 20 bar at low- to
intermediate-temperatures (650–1000 K) measured within the RCM.
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comparisons of data points in the two plots highlight differences in only structural effects,
but unfortunately also contain small influences from differences in non-ideal facility effects
between the isomers. These effects include heat losses to the reactor walls and constant test
gas heating due to shock acceleration through the boundary layer for the RCM and shock
tube measurements, respectively.

From inspection of Fig. 3.2a, ignition delay times are clearly independent of molecular
structure at high-temperatures. This loss of individuality between the isomers is hypothe-
sized to be caused by the domination of fuel decomposition reactions at high-temperatures,
where each of the isomeric structures quickly break down into similar, rate-limiting intermedi-
ate species. However, this hypothesis must be qualified by intermediate species concentration
measurements or by simulations with a validated, detailed kinetic mechanism.

Figures 3.2b–d display the more engine relevant low-temperature and NTC behavior of
the isomers, where a reactivity hierarchy between the structural isomers quickly becomes
apparent. The relative reactivity of the isomers correlates well with the fuel octane rating of
each compound, and provides confidence in the data presented here. A strong and similar
NTC behavior is noted for all of the species, however ignition delay times are slowed with the
extant of molecular branching, where the normal isomer is the fastest to ignite, followed by
the singly branched structures, followed the doubly branched species, and finally the triple
branched species. This hierarchy in reactivity is due to differences in the complex oxidation
pathways leading to combustion products following the addition of molecular oxygen to fuel
radicals. A discussion of this chemistry is beyond the scope of this work, but is offered in
detail in Ref. [15].

Figures 3.3–3.6 show the newly collected data correlated with the new non-Arrhenius for-
mulation. An excellent agreement between the correlation and experimental data is observed
throughout all of conditions presented, which rivals the typical agreement of many tuned
detailed chemical kinetic models. One data set, stoichiometric mixtures of 2-methylhexane
at 10 bar, exhibits a small deviation from the correlation at high RCM temperatures. It is
currently unclear whether this is due to experimental error or an inadequacy of the correla-
tion functional form. Nevertheless, these results are encouraging and provide confidence in
the use of the proposed functional form.

It is somewhat surprising that a highly Arrhenius functional form (where the inte-
grated Gaussians have a small influence at high-temperatures) correlates well with both
low-temperature shock tube and high-temperature RCM data. Large discrepancies are often
reported between shock tube and rapid compression machine IDT measurements at similar
compressed thermodynamic conditions. This discrepancy between measurements within the
two apparatuses is usually attributed to a two-fold series of non-ideal effects in both of the
experimental platforms. For low temperature shock tube experiments with long chemical
test times, a non-homogenous ignition event is often observed. This phenomenon is thought
to be the result of boot-strapping temperature rise of boundary layer gas within the inciden-
tally shocked gas due to skin drag on the tube of the gas that is set into motion due to the
shock passage. The reflected shock is accelerated through the boundary layer on its second
pass through the driven gas, resulting in a raised temperature of the boundary layer gas
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Figure 3.3: Correlated ignition delay times for heptane and 2-methylhexane.
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Figure 3.4: Correlated ignition delay times for 3-methylhexane and 3-ethylpentane.
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Figure 3.5: Correlated ignition delay times for 2,4-dimethylpentane and 2,3-dimethylpentane.
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Figure 3.6: Correlated ignition delay times for 2,2-dimethylpentane and 3,3-dimethylpentane.
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compared to the bulk free stream driven gas. The boundary layer gas therefore ignites first,
then compresses the free stream gas which subsequently ignites. The resulting measure ig-
nition delay times, which are reported at the free stream temperature, are artificially faster
than those where a homogenous ignition occurs. On the other hand, these same ignition
events are relatively short with respect to compression time scales within the RCM. In this
case, significant chemical residence times occur at the hot pre-compressed conditions, before
the defined start of the experiment (the compressed condition). As a result, the compression
process has a large influence on IDT measurements when they are tabulated as a function
of only compressed pressures, where reported values are shorter than those of an instanta-
neous compression event. Fortunately, these effects seem to be incredibly subtle for the data
presented here, which is highlighted by the linearly correlated agreement between the two
facilities. Again, to be explicitly clear, the current formulation does not take into account
these “facility effects” in any special way, and is a testament to these effects being small for
the data presented. That is not to say that experimental conditions could not be conceived
in the NUIG RCM and ST or others where these effects would be too large to accurately
correlate with the given function, without modification.

3.5 Future work

A new correlation for non-Arrhenius ignition delay time dependance on gas temperature has
been developed and demonstrated for newly acquired ignition delay time experiments for
the nine isomers of heptane in shock tube and rapid compression machine. Measurements
were performed at pc = 10, 15, and 20 bar at φ = 0.5 and 1.0 in 21:79 O2:Dil. The new
correlation is mathematically well-constrained and requires the experimental assignment of
eight parameters. The new functional form performs excellently for the data presented here,
which provides confidence in the correlation approach outlined here. Future work is needed
to correlate the shape of the NTC to the concentration of reactants (or pressure, equivalence
ratio, and oxygen fraction).
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Summary of work contributed to the following papers:

The main objective of this thesis has been the experimental collection of ignition de-
lay times within STs and RCMs for chemical compounds that typically constitute gasoline.
More specifically, IDT experiments for hexane at p=15 bar, φ=1.0 and 2.0 are presented in
Chapter 4, along with a chemical kinetic model for the oxidation of this species. Ignition
delay time experiments for the remaining structural isomers of hexane (2-methylpentane,
3-methylpentane, 2,2-dimethylbutane, 2,3-dimethylbutane) for stoichiometric reactant mix-
tures compressed to 15 bar are reported in Chapter 13, along with corresponding chemical
kinetic oxidation models for each species. In addition, IDT experiments for φ=0.5, 1.0, and
2.0 mixtures of heptane compressed to 15, 20, and 38 bar have been reported in Chapter 5,
along with an updated kinetic oxidation mechanism for the PRF. An IDT experiment and
modeling study of the heptane isomer 2-methylhexane is reported in Chapter 6, where ST
and RCM data have been collected at φ=0.5 and 1.0, p=10, 15, and 20 bar. Experiments
for the remaining isomers of heptane (2-methylhexane, 3-methylhexane, 3-ethylpentane,
2,2-dimethylpentane, 2,3-dimethylpentane, 2,4-dimethylpentane, 3,3-dimethylpentane, and
2,2,3-trimethylbutane) have been reported in Chapter 3, at φ=0.5 and 1.0, p=10, 15, and 20
bar. Experiments for stoichiometric mixtures of the PRF 2,2,4-trimethylpentane compressed
to 15 and 20 bar have aided the refinement of a detailed oxidation mechanism for this species
in Chapter 7. Chapter 8 presents a chemical kinetic model for the oxidation of cyclopentane
along with IDT experiments measured at φ=0.5, 1.0, and 2.0, p=13, 20, 40, and 50 bar.
New experiments for toluene at φ=0.5, 1.0, and 2.0 at p=10 and 30 bar have been reported
in Chapter 14. Chapter 9 reports a new oxidation mechanism and RCM data on the cetane
enhancer 2-ethyl-hexyl nitrate (2EHN), where experiments were performed for 0.1, 1.0, and
3.0% EHN doped RON 91 PRF mixtures compressed to 20 bar.

Chapter 10 reports an experimental investigation of fuel interchange and engine oper-
ating environment on swirl flame topology, where 2D natural OH* and CH* luminescence
imaging was preformed on 5 kW swirl flames of methane, propane, hexane, heptane, 2,2,4-
trimethylpentane, and decane under the influence of exhaust gas recirculation and dimethyl
ether addition.

Chapter 11 presents simulations which probe the effect of endothermic chemistry on the
heat release profiles of diesel sprays, where metric were developed to determine the effect of
these influences.

Chapter 12 presents a study examining the effectiveness 3.39 µm laser light as a gen-
eral diagnostic for measuring fuel concentrations in combustion reactors. A comprehensive
set of chemical compounds is experimentally assessed, and a novel computational quantum
chemistry process is explored in order to interpret experimental results.

Chapter 15 presents a sister study to the one reported in Chapter 10, where stable species
have been measured for the conditions outlined above by gas chromatography-flame ionizer
detection/thermal conductivity detection.

In all cases, manuscript review and preparation was at least partially undertaken.
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Abstract

Ignition delay times for n-hexane oxidation have been measured in a rapid compression
machine (RCM) at stoichiometric conditions and at 15 bar. Due to the high reactivity
of n-hexane and non-ideal experimental effects associated with measuring short ignition
delay times in the RCM (i.e. under 5 ms), further experiments were performed in a high-
pressure shock tube for multiple fuel mixtures at equivalence ratios of φ = 1 and φ = 2
over the temperature range of 627–1365 K at pressures of 15 and 32 bar. To further study
the concentration of intermediate species during the oxidation process, experiments have
also been carried out in a jet-stirred reactor over a wide temperature range of 530–1160
K at 10 atm pressure and at equivalence ratios of φ = 0.5, 1.0 and 2.0. Species which
include reactants, intermediates and products were identified and quantified as a function of
temperature. These experimental results were used to aid the development and validation
of a detailed kinetic model. The low-temperature chemistry of n-hexane has been refined
by adopting alternative isomerization reactions for peroxyl alkylhydroperoxide (Ȯ2QOOH)
radicals, leading to more detailed chemistry for this type of intermediate with multiple
product channels. This mechanism has adopted a series of new reaction rates and rate rules
mostly from recently reported high-level calculations. Slight modifications have been made
to the suggested reaction rates and rate rules within their reported uncertainty ranges to
achieve better agreement with the experimental results for both ignition delay times and
speciation measurements. The new model has been validated against the experimental data
presented here, with an overall good agreement compared to the experimental results. The
molecular structure of n-hexane is more representative of normal alkanes that may be found
in transportation relevant fuels (e.g. gasoline) compared to those with shorter carbon chains
which is important in developing a robust sub-mechanism of base chemistry for larger, more
practical fuels. Since the modified reaction rate rules presented in this work have shown to
successfully predict the oxidation kinetics of n-hexane, these rate rules could be the basis for
the development of mechanisms for even larger normal alkanes that are more representative
of diesel and jet fuels. As a further demonstration of the utility of the rate rules they
are shown to predict well ignition delay times and species concentrations measured at low
temperature for n-heptane oxidation from previous studies.

4.1 Introduction

Chemical kinetic mechanisms describing the oxidation of alkane molecules are receiving in-
creased attention within the combustion community due to the large amount of this type
of species found in transportation fuels and their surrogates. These predictive models are
invaluable toward the design of future combustion technologies that can achieve high fuel
efficiencies while emitting low levels of toxic and climate altering pollutants [1–3]. The de-
velopment of accurate low-temperature oxidation mechanisms is especially important for
assigning ignition timing and rate-of-heat-release in kinetically controlled, low-temperature
combustion strategies such as Homogeneous Charge Compression Ignition, Reactivity Con-
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trolled Compression Ignition and Partially Premixed Combustion, which all hold promise
for clean, efficient transportation engines [4]. The oxidation mechanisms of small alkanes,
from methane to butane, have been studied over a wide range of conditions both experimen-
tally and theoretically [5–13]. An abundance of work has been performed on characterizing
the oxidation chemistry of these small fuels because of the practical importance of these
species as constituents in natural gas, while also providing the building blocks for mech-
anisms focused on larger hydrocarbons [14,15]. Much attention has also been focused on
larger alkanes such as n-heptane and iso-octane due to their relevance to liquid fuels used
in practical combustors, where they serve as primary reference fuels [16–22].

In comparison, intermediate length alkanes such as the hexanes have been less studied
[23–27]. Previous work has focused mainly on the high-temperature oxidation of hexane,
however few studies have been conducted at low-temperature conditions [25,27,28]. In 1996,
Burcat et al. measured ignition delay times for n-hexane-oxygen-argon mixtures in a shock
tube over the temperature range of 1020–1725 K at pressures of 1–7 atm [23]. A mechanism
with 386 elementary reactions was validated against the experimental results. In 2004,
Zhukov et al. reported ignition delay times for n-hexane at much higher pressures of 60–220
atm, in the temperature range of 1000–1100 K [26]. The kinetic model published by Curran
et al. for n-heptane was used by Zhukov et al. to simulate the reported shock tube data
with satisfactory agreement [17]. However, these studies focused on the high temperature
conditions and neglected to validate the n-hexane mechanism in the low-temperature regime.

In 2014, Mével et al. studied the oxidation of n-hexane in a flow reactor at low tem-
peratures [25] where n-hexane was used as a single component surrogate for kerosene. The
temperature range investigated was 450–1000 K at a pressure of 1 bar. The gas phase mix-
ture composition was measured by both laser-based diagnostics and gas chromatography at
the outlet of the reactor. The species measured by these techniques were limited to reactants,
C2–C5 olefins and major products such as H2O, CO and CO2. The model of Ramirez et al.
[29] reproduced most of the reported experimental trends. However, the detection of more
species such as alkyl peroxides and cyclic ethers was needed to provide a better insight into
the important low-temperature chemistry pathways.

A recent study was reported by Wang et al. [27] where the low-temperature oxidation of
the five isomers of hexane were investigated in a jet-stirred reactor (JSR) between 550–1000
K at 1 atm. Intermediate species concentrations were measured by both gas chromatography-
mass spectrometry (GC-MS) and synchrotron vacuum ultraviolet photoionization mass spec-
trometry (SVUV-PIMS) techniques [30], where species concentration measurements obtained
from both methods were in good agreement. Cyclic ethers, which are important intermedi-
ates formed in the negative temperature coefficient (NTC) region [31], were identified and
quantified for all five isomers, providing valuable data for the validation of kinetic models in
the NTC region.

The current study reports newly acquired experimental data for n-hexane and a newly
developed kinetic model for n-hexane oxidation. Ignition delay times of stoichiometric n-
hexane mixtures in synthetic air (i.e. 21% O2 and 79% diluent) have been measured both in
a rapid compression machine (RCM) and in a high-pressure shock tube at temperatures of
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627–1365 K and at a pressures of 15 and 32 bar. To further investigate reactant, interme-
diate and final species formation, experiments were conducted in a JSR in the temperature
range of 530–1160 K at 10 atm. Species were identified and their concentrations were mea-
sured as a function of temperature. These data have been used to validate the updated
detailed chemical kinetic oxidation mechanism which is also presented here. The current
work is an extension of our previous works on n-alkanes, which is a continuous effort to
develop the oxidation mechanisms of alkanes in a hierarchical manner. New reaction path-
ways are adopted in the updated mechanism particularly in the low-temperature region that
include alternative isomerization reactions for hydroperoxyl alkyl peroxides, which produce
di-hydroperoxyl alkyl radicals that in turn have multiple decomposition channels by analogy
to that of hydroperoxyl alkyl radicals. Reaction rates in the updated mechanism are deter-
mined by analogy to the rate rules which were previously utilized for n-pentane, but have
been slightly modified within the rate constant uncertainty range in order to obtain better
agreement with the experimental data. The details of the impact of the modifications in
reaction rate rules on n-hexane will be presented and discussed.

4.2 Experimental Methods

4.2.1 Rapid compression machine

Low-temperature (600–750 K) ignition delay times were measured in the NUIG rapid com-
pression machine. This is a clone of the RCM originally built by Affleck and Thomas [32],
and re-commissioned at NUI Galway by Brett et al. [33]. Briefly, two opposed pistons volu-
metrically compress a fuel mixture in about 16 ms to create and maintain a high temperature
and pressure environment. At the end of the stroke the pistons are locked, allowing a con-
stant volume reaction to proceed. The pistons are pneumatically driven and locked, while
a chamber filled with hydraulic oil along the connecting rod is used to actuate the pistons
and control their trajectory. The machine has a 168 mm stroke and 38.2 mm bore. The
fuel mixture pressure-time history is recorded in the reaction chamber using a Kistler 601A
pressure transducer mounted in the sidewall of the machine. Piston positioning is monitored
using a Positek P100 linear inductive position sensor, which is inserted into the machine’s
hollow connecting rod. The pressure transducer signal is amplified by a Kistler 5018 charge
amplifier unit. Both the pressure and piston position signals are recorded by a PicoScope
4424 digital oscilloscope at 50 MHz with 8-bit resolution. The oversampled reaction chamber
pressure signal is then smoothed during post-processing by employing a digital low-pass filter
with a cut-off frequency of 2.7 kHz. Ignition delay times are measured from the reaction
chamber pressure-time histories, which are taken as the time between the end of compression
and the maximum rate of pressure rise due to the main chemical heat release, as illustrated
in Fig. 4.1. A steep pressure rise was observed for all of the ignition events investigated here.

Compressed gas temperatures were varied by adjusting the initial temperature of the
reaction chamber surfaces via an electrical heating system around the reaction chamber.
Great care has been taken to reduce thermal stratification within the reaction chamber,
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Figure 4.1: An example RCM pressure trace.

and details of this system are available elsewhere [34]. The reaction chamber is heated to
a maximum temperature of 120 C to avoid the degradation of mechanical seals within the
machine. For this study, experiments were conducted in a 0.65 CO2:0.35 N2 diluent to allow
access to the low temperature regime. The compressed pressure was held at 15 bar to within
1% for all of the experiments presented here by adjusting the initial fuel mixture fill pressure.

The RCM employs creviced piston heads, as illustrated in Fig. 4.2, which have been
shown through several experimental and computational studies to suppress the formation of
in-cylinder roll-up vortices within the boundary layer gases. The suppression of these vortices
significantly reduces in-cylinder in-homogeneities. The current geometry of the pistons are
a modified design of the optimum that is suggested by Würmel et al. [35], which is shown
in Fig. 4.2. These were designed with a large crevice volume to extend the RCM to low
pressure, and high-argon concentration conditions.

While the geometrically optimized creviced pistons minimize advective heat transfer from
the cool boundary layer gases into the fuel charge, enthalpic losses from the test gases to the
piston crevice volumes as well as diffusive heat flux from the hot charge to the cool reaction
chamber walls must be accounted for to make suitable comparisons between experimental
RCM data and chemical kinetic models. This is achieved here by employing a two-zone model
for the in-cylinder gases, where one zone contains the small volume of inhomogeneous, non-
reactive boundary layer gases while the other contains the homogenous, reactive adiabatic
core gases. Mechanical equilibrium is assumed between the two zones, and the homogenous
reactor model (HRM) temperature is obtained by isentropically compressing or expanding
the adiabatic core volume at a rate derived from the experimentally measured pressure
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Figure 4.2: Schematic of the RCM piston head geometry.

history. However, to isolate the effects of transport processes from chemical heat release
in the measured pressure histories it is necessary to compress a non-reactive mixture at
each experimental condition with matched transport properties of the reactive mixture; an
example is shown in Fig 4.1. In this study, adiabatic core expansion rates are determined at
each experimental condition by compressing an additional fuel mixture, where the oxygen
fraction is replaced with nitrogen.

The test fuel n-hexane (96%) was supplied by TCI UK, and used without further pu-
rification. The impurity is most likely 3-methyl pentane, which has been identified as the
main impurity in the n-hexane used in the jet-stirred reactor experiments. The effect of this
impurity on the simulated ignition delay times is minor, which has been shown in Fig. S1 of
the Supplementary material. Nitrogen (99.95%), oxygen (99.5%) and carbon dioxide (99.5%)
gases were supplied by BOC Ireland. Fuel, oxygen and diluent mixtures were prepared in an
external stainless steel mixing vessel. Mixtures were prepared by partial pressure, where the
liquid fuel was injected and the tank heated to promote vaporization. Test mixtures were
allowed to diffusively mix for 12 h before experiments were conducted.

4.2.2 Shock tubes

Intermediate- and high-temperature (750–1300 K) ignition delay times for mixtures of n-
hexane in air were measured in the NUIG high-pressure shock tube (HPST), described
previously [36]. Briefly, the 63.5 mm bore tube is comprised of a 3 m driver section and
a 5.73 m driven section, which are separated by a 3 cm diaphragm section. A double-
diaphragm bursting mechanism that utilizes pre-scored aluminum diaphragms is employed
to reach high-pressure reflected shock conditions. Typically, a thin downstream diaphragm
is used to promote an ideal bursting and minimize undesirable fluid dynamics during shock
formation. The shock velocity is interpolated at five locations along the driven section to
account for shock attenuation by measuring the incident shock arrival times at six axially
staggered, sidewall mounted PCB 113B24 pressure transducers. The endwall shock velocity is
calculated by linearly extrapolating the five velocities to the endwall. Pressure-time histories
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Figure 4.3: An example HPST pressure trace.

at the shock tube endwall are monitored using a Kistler 603B pressure transducer mounted
flush with the endwall. All pressure signals are recorded using two Handyscope HS4-50 digital
oscilloscopes sampling each signal at 5 MHz with 12-bit resolution. Ignition delay times are
measured via the endwall pressure transducer, and are taken to be the time difference between
the arrival of the shock wave at the endwall and the arrival of the Von Neumann spike due
to ignition, as illustrated in Fig. 4.3. Well-defined ignition events have been observed for all
of the conditions investigated here.

Test gas temperatures and pressures behind the reflected shock were varied by altering
the shock velocity, which was achieved in two ways. For experiments that resulted in short
ignition times (i.e. less than 1 ms), the total pressure of pure helium driver gas was varied.
For experiments that resulted in long ignition times (i.e. greater than 1 ms), the helium
driver gas was doped with 0–20% nitrogen where the total driver gas pressure and nitrogen
fraction were simultaneously varied to achieve a tailored interface at the desired reflected
shock conditions. For each condition in this study the pressure behind the reflected shock
wave was held constant at either 15 or 30 bar to within 10% by adjusting the initial test gas
pressures.

The test gas temperature and pressure behind the reflected shock wave are calculated
from the endwall shock velocity by solving the 1-D Euler equations with Rankine-Hugoniot
jump conditions across the shock. The species thermochemistry used is consistent with that
used to develop the kinetic model. Interactions between the shock wave and the boundary
layer gases, which lead to a characteristic constant rate of pressure rise (i.e. dp/dt = 3% per
ms), were small for the conditions investigated here. Since, for this study, nearly constant

65



Table 4.1: The detailed composition (%) of the inlet gas mixtures in JSR experiment.

φ n-hexane 3-methylpentane O2 N2

0.5 0.095 0.005 1.900 98.00
1.0 0.095 0.005 0.950 98.95
2.0 0.095 0.005 0.480 99.42

temperature and pressure conditions are maintained behind the reflected shock, adequate
comparisons of experimental results and kinetic mechanisms are achieved by simulating
constant volume HRMs at the reflected shock conditions.

Mixtures were prepared in the same manner as described for the RCM, but the mixing
vessels were fitted with a stirring mechanism. The driven section of the shock tube was
also heated to prevent fuel condensation prior to an experiment. Mixtures were allowed to
homogenize for 20 min with active stirring before experiments were conducted. For the RCM
and HPST experiments presented here the estimated uncertainties are ±15% for ignition
delay time and ±2% for temperature

4.2.3 Jet-stirred Reactor

Measurements of stable intermediate species concentrations were conducted in the jet-stirred
reactor (JSR) at the CNRS, Orléans. A detailed description of the experimental setup of the
JSR is available in previous publications [37,38]. The fuel (95% purity with 5% impurity of
3-methylpentane) is delivered using an HPLC pump (Shimadzu LC10-AD-VP) fitted with
an online degasser (DGU-20-A3) to an atomizer-vaporizer at a temperature of about 500
K. Nitrogen was used for fuel dilution to prevent possible pyrolysis and minimize the heat
release in the reactor. High purity oxygen was used as the oxidizer (99.995% pure, Air
Liquide). The gas phase reactants travelled through four nozzles opposed in pair with inner
diameters of 1 mm to produce stirring and mix the reactants in the reactor, which is a silica
sphere with 4 cm diameter. A thermocouple with 0.1 mm diameter (Pt-Pt/Rh-10% in a
thin-wall silica tube) was used to measure the temperature in the reactor along the vertical
axis, indicating good thermal homogeneity had been achieved, that is, within 3 K/cm.

The pressure in the reactor was maintained at 10 atm and the residence time at 0.7 s
and the temperature was varied stepwise over the temperature range of 530–1160 K. The
residence time is calculated as:

τ =

(
V

F

)(
p1

p2

)(
T1

T2

)
(4.1)

where V is the volume of the reactor (cm3), F is the total gas flow rate (cm3/s), p1 and T1

are the pressure and the temperature in the reactor, p2 and T2 are the ambient pressure and
room temperature.

The gas phase mixture in the reactor was sampled through a low pressure sonic probe and
transferred through a Teflon line heated to 200 C. Fourier transform infrared spectroscopy
(20 kPa) was used to analyze the sampled gases online. Off-line analyses were performed
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for the samples stored in 1L Pyrex bulbs (ca. 4–6 kPa). While Fourier transform infrared
(FTIR) spectroscopy was used to quantify H2O, CO, CO2, CH2O; all of the other species
were measured by gas chromatography (O2 and N2 by a thermal conductivity detector while
a flame ionization detector was used to measure the other species.) The experimental results
showed good repeatability and carbon balance (ca. 100 ± 20%). The experiment had
been performed under three different equivalence ratios of 0.5, 1.0 and 2.0. The detailed
composition of the inlet gas mixture for each equivalence ratio is shown in Table 4.1. For the
JSR experiments the uncertainties in reactor temperature (±3 K), residence time (±0.05 s)
and reactor pressure (10 ± 0.1 atm). Inlet concentration uncertainties are less than ±5%
for reactants; for measured species an uncertainty of less than ±10% was determined for
concentrations higher than 10 ppm.

4.3 Chemical kinetic mechanism

The n-hexane mechanism in this work, which includes 913 species and 4150 reactions, uses
AramcoMech1.3 as a sub-mechanism [13]. AramcoMech1.3 describes the oxidation of C1–C2

hydrocarbon and oxygenated fuels including: methane, ethane, ethylene, propene, acetylene,
formaldehyde, acetaldehyde, methanol, ethanol and di-methyl ether. This mechanism has
been validated against a variety of experimental results across a wide range of conditions
[13]. Most recently, the sub-mechanism for the three pentane isomers has been updated [39].
The n-hexane sub-mechanism has been built based on previous mechanisms [17,40] with the
addition of several new reaction pathways. Figure 4.4 shows a reaction path diagram for
the oxidation of alkanes, where this general framework has been adopted in the previous
studies as well as in the current study. The grey arrows represent reaction classes that have
been included in previous alkane mechanisms as well as the current n-hexane mechanism
[40], while open arrows are used to indicate newly added reaction classes to the current
mechanism, which will be described in detail below. Several representative species relevant
to the oxidation of n-hexane are shown in Table 4.2. A mechanism for 3-methyl pentane has
also been developed since it accounts for 5% of the fuel mole fraction in the JSR experiments.
Similar reaction pathways and rate rules have been adopted for the 3-methyl pentane sub-
mechanism as for the n-hexane mechanism. However, the details regarding the development
and performance of the 3-methyl pentane mechanism will not be discussed here. The kinetic
model used in this work is available in the Supplementary material, together with a glossary
of all of the species in the mechanism.

4.3.1 High temperature mechanism

The high-temperature mechanism for n-hexane developed here is based on the n-hexane
portion of the n-heptane mechanism proposed by Curran et al. [17]. The high temperature
oxidation regime is relatively simple compared to the low-temperature regime. This can be
observed from inspection of the lower part of Fig. 4.4.

The pressure-dependent rate constants for the uni-molecular decomposition of n-hexane
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Figure 4.4: Reaction pathways considered in the model development of this work. The reaction pathways
induced by the alternative isomerization of peroxy alkylhydroperoxide have been marked with open arrows.

were calculated based on the estimated high-pressure limit rate constants for radical re-
combination reactions, using Quantum Rice-Ramsperger-Kassel/Modified Strong Collision
(QRRK/MSC) theory and the CHEMRev software package [41]. The computationally effi-
cient QRRK/MSC method is employed here since good agreement has previously been ob-
tained between this method and the more precise Rice-Ramsperger-Kassel-Marcus/Master
Equation (RRKM/ME) approach for alkane decomposition [42]. The Lennard-Jones pa-
rameters for n-hexane have been reported by Jasper and Miller [43], which are σ = 4.37 Å
and ε = 201 cm−1 in a bath gas of N2. The branching ratio of hydrogen abstraction from
different sites of the fuel by the radical pool has a significant effect within both the low-
and high-temperature regimes since this branching ratio determines the ratio of formation of
the different fuel-derived radicals. Therefore, the product distributions of the following beta-
scission reactions of alkyl radicals at high temperatures or alkyl radical addition to molecular
oxygen at low temperatures are also affected by the hydrogen abstraction branching ratio.

Hydrogen-atom abstraction by ȮH radicals is the most important H-atom abstraction
reaction for hydrocarbon oxidation. Recently, Sivaramakrishnan and Michael proposed rate
rules for hydrogen abstraction by ȮH radicals from saturated alkanes [44], including abstrac-
tion of various types of primary, secondary, and tertiary H-atoms, which have been adopted
in our mechanism. The rate constants of hydrogen-atom abstraction by HȮ2 radicals are
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Table 4.2: Nomination of representative species in n-hexane submechanism.

nC6H14

Ċ6H13 − 1

C6H12 − 1

C6H13Ȯ2 − 1

Ċ6H12OOH1− 3

C6H12O1− 4

C6H12OOH1− 3Ȯ2

Ċ6H13Q13− 5

from [45].

Tsang et al. derived the high-pressure limit rate constants for the decomposition of n-
hexyl radicals from experiments that were performed in a single pulse shock tube over a
temperature range of 890–10x0 K at pressures of 1.5–5.0 bar [46]. The rate constants of
the isomerization reactions of n-hexyl radicals were also obtained by combining these ex-
perimental results with other literature values of the beta bond scission reactions of hexyl
radicals. Tsang et al. suggested that the fall-off effect may become insignificant as the
size of the molecule increases, while the isomerization process becomes more important with
increasing chain length. Therefore the high-pressure limit rate constants for the decom-
position and isomerization of n-hexyl radicals are used directly in the mechanism without
further consideration of pressure effects, as fall-off from the high-pressure limit is negligible
for n-hexane at the conditions investigated here. Figure S2 in the Supplementary material
compares the simulations using high pressure limit rate constants [46] and pressure depen-
dent rate coefficients calculated using Quantum Rice-Ramsperger-Kassel/Modified Strong
Collision (QRRK/MSC) theory. Almost no difference has been observed in the predicted
ignition delay times.
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4.3.2 Low temperature mechanism

At low-temperatures fuel consumption is initiated by H-atom abstraction from the fuel,
which produces alkyl radicals (Ṙ). These alkyl radicals can add to molecular oxygen to
form alkylperoxyl radicals (RȮ2), which in turn isomerize into hydroperoxyl-alkyl radicals
(Q̇OOH). Thereafter, these radicals can again add to molecular oxygen (i.e. the second
addition to O2) to produce peroxyl alkylhydroperoxide radicals (Ȯ2QOOH). The reac-
tion pathways for this process are illustrated in the upper part of Fig. 4.4. This is a
chain propagating process. It was previously assumed [17,40] that the only consumption
channel for Ȯ2QOOH is a single step reaction where the internal transfer of a hydrogen
atom to form a di-hydroperoxyl radical and the subsequent decomposition of this radical
into keto-hydroperoxides occurs simultaneously. The formation and decomposition of keto-
hydroperoxides is a chain branching process because it produces three radicals (two ȮH
radicals and one alkoxyl radical). However, this is based on the assumption that the C–H
bonds on the carbon atom neighboring the hydroperoxyl group are much weaker than anal-
ogous C–H bonds on a regular alkyl chain. While this assumption is reasonable, a more
precise approach is warranted to adequately describe the complexities of low-temperature
oxidation chemistry.

In this work, the single step approximation for the decomposition of Ȯ2QOOH radicals to
ketohydroperoxides has been relaxed, where new reaction pathways for the consumption of
Ȯ2QOOH radicals have been considered as illustrated in Fig. 4.4 by open arrows. Ȯ2QOOH
radicals are now allowed to undergo internal H-atom transfer from carbons other than the
carbon atom that neighbors the hydroperoxyl group, forming a di-hydroperoxyl alkyl radical
(Ṗ(OOH)2). This kind of intermediate contains two hydroperoxyl groups attached to two
different carbon atoms and one radical site on a third carbon atom, which is similar to a
Q̇OOH radical in structure but with an additional hydroperoxyl group. The inclusion of
alternative isomerization pathways is especially important for branched alkanes which con-
tain at least one tertiary carbon atom. With the previous assumption, a Ȯ2QOOH radical
with the hydroperoxyl group on a tertiary carbon could not isomerize via internal hydrogen
abstraction because there is no hydrogen atom on this tertiary carbon. Thus, further chain
propagation is inhibited and the overall reactivity would be artificially decreased. However,
Ṗ(OOH)2 radicals can now be produced in the current mechanism via the alternative isomer-
ization reactions. Depending on the locations of the hydroperoxyl groups and radical sites,
the decomposition of Ṗ(OOH)2 radicals can still contribute to chain branching via beta-
scission reactions during which the O–O bonds break to produce two ȮH radicals. Another
pathway considered is the formation of hydroperoxyl cyclic ethers, which decompose easily
due to the relatively weak O–O bond in the hydroperoxyl moiety. Therefore, the formation of
hydroperoxyl cyclic ethers is also a chain branching reaction with two ȮH radicals produced
in total. At intermediate temperatures, the concerted elimination of HȮ2 radicals from RȮ2

radicals becomes competitive with the isomerization of RȮ2 radicals to produce c radicals,
as does its dissociation reaction back to Ṙ + O2. The concerted elimination reactions of
HȮ2 radicals have also been considered for Ȯ2QOOH radicals by analogy with those for RȮ2

species. These reactions could be considered as a chain propagating step since only one ȮH
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radical is produced from the formation and decomposition of olefinic hydroperoxides.

A series of quantum chemical calculations have been reported for the low-temperature ox-
idation reactions of alkanes [47–51]. However, few of these calculations have been performed
for n-hexane or larger fuels. Reaction rate rules have been proposed in these studies, which
are commonly statistically averaged reaction rates for generalized reaction classes that occur
in specific structures for a variety of molecules, with less consideration of the influence of the
neighboring molecular structures. Thus, these rules have to be used with caution considering
the uncertainties induced from quantum chemical calculations and statistical methods used
to generate the rate rules, as well as an inadequate comparison to target molecular structures
which are too specific to be adequately captured by a generalized rate rule. Due to these
uncertainties in the suggested rate rules and the difficulty of performing high level ab-initio
calculations for all of the relevant reactions, modifications to the suggested rate rules within
the reported uncertainty range have been made in some instances to achieve better agree-
ment between the mechanism and the experimental results both in reactivity and speciation.
The details of these modifications are listed in Table . Since over one hundred reactions are
relevant to these modifications, their detailed rate constants will not be listed here, however
these are available from the model as Supplementary material. For n-pentane and smaller
alkanes, these modifications have not been applied since many specific rate constants from
ab-initio calculations are available for these alkanes.

The rate rules from Miyoshi [52] are used for the addition of alkyl radicals to molecular
oxygen, which are based on calculations using variational transition state theory (VTST)
and RRKM/ME calculations. Rate constants for the Q̇OOH radical addition to O2 (second
addition to O2) has been calculated for the propyl + O2 system by Goldsmith et al. [47].
However, using these rate constants as a direct analogy for the hydroperoxyl hexyl + O2

system may not be accurate since the length of the carbon chain of propyl and hexyl is
significantly different. Therefore, for the second addition to O2 we use rate constants for the
first addition to O2 proposed by Miyoshi [52] with the A-factor decreased by a factor of 2,
which is the same trend as with the propyl + O2 system reported by Goldsmith et al. [47].
To the best of our knowledge, the calculation on the propyl system by Goldsmith is the only
reported investigation of Q̇OOH + O2 rates. In other n-heptane mechanisms estimated,
identical rate constants for both Q̇OOH + O2 and Ṙ + O2 are used, for example LLNL [17]
and POLIMI [53]. The rate rules employed by the current mechanism for these important
reactions are expected to be more accurate than previous mechanisms due to their ab-initio
origins compared with previous estimates.

Villano et al. [50] developed the reaction rate rules for the formation of cyclic ethers
and the beta-scission reactions of Q̇OOH radicals as linear functions of the heat of reaction.
Villano et al. also reported that the uncertainty in the A-factors is a factor of two, while the
uncertainty in the activation energy is ±1 kcal mol−1. These rate rules are adopted in the
n-hexane mechanism but modifications have been made to the rate constants within their
expected uncertainty (detailed in Table ??, row 2) to obtain better agreement with the ratios
of measured concentrations of cyclic ethers in the JSR.

The reaction rates for the concerted elimination of RȮ2 radicals has been calculated by
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Villano et al. in both the forward and reverse directions [49,51]. However, at lower tem-
peratures the forward rate constants derived through microscopic reversibility [51] utilizing
the CHEMRev software package [41] are inconsistent with previous results [49], which are
caused by both errors in the thermodynamic data estimated by THERM [54] and in the
quantum chemical calculations [49,51]. In addition, the rate rules from [49] and [51] were
derived from a series of calculated rate constants, which were not identical to the calculated
results for each reaction and contribute to the inconsistency. Therefore, the reaction rate
constants for the concerted HO2 elimination are adopted by analogy to the calculated re-
sults for n-pentane [49], with modifications (Table 3, row 3) within the uncertainty range to
obtain better agreement with the experimental results.

Meanwhile, the rate rules for the beta-scission of the C–O bond in beta-hydroperoxyl
alkyl radicals producing an olefin and an HO2 radical as well as the decomposition of the
Q̇OOH radicals via beta-scissions have been adopted from the calculations of Villano et al.
[50].

Due to the similarity between Q̇OOH and Ṗ(OOH)2 radicals, rate rules have been applied
to Ṗ(OOH)2 radicals by analogy with reactions of Q̇OOH radicals, including the formation of
hydroperoxyl cyclic ethers, concerted HO2 elimination reactions and C–O bond beta-scissions
producing olefinic hydroperoxides, as well as decomposition via beta-scission reactions. Since
the same rate rules have been used for reactions involving Q̇OOH and Ṗ(OOH)2 radicals the
modifications made to rules are consistent for reactions involving either species.

Sharma et al. [48] calculated the isomerization reactions ṘO2 
 Q̇OOH for a series of
ṘO2 radicals using the CBS-QB3 quantum chemical method as well as the isomerization and
subsequent decomposition of O2Q̇OOH radicals into carbonyl hydroperoxide species and ȮH
radicals. These rate constants are adopted here from analogous reactions. However, certain
types of reactions which are only available for longer chain alkanes have not been calculated
by Sharma et al. For these reactions, analogies have been made to closest representative re-
actions for which rate constants are available and modifications within the uncertainty range
have been made. For example, the isomerization reaction C6H132− 2 
 Ċ6H12OOH2− 6,
which occurs via an 8-membered ring transition state, has the peroxyl group on a secondary
carbon and involves the abstraction on a primary hydrogen atom (8 sp). Unfortunately
calculations for this type of reaction were not reported by Sharma et al. [48]. Therefore, an
analogous reaction rate constant of an 8 pp isomerization has been used for C6H13Ȯ2 − 2 

Ċ6H12OOH2− 6, with the A factor divided by two.

4.3.3 Thermodynamic Database

Thermodynamic data reflects the thermodynamic properties of species from which the equi-
librium constants and reverse reaction rates are determined. The thermodynamic data for
the n-hexane sub-mechanism has been determined using the software THERM [54] based on
the group additivity method proposed by Benson [55]. The group values are consistent with
those used for n-pentane [39]. The software THERM and the group values and input files
for species from n-hexane oxidation are available as Supplementary material.
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Figure 4.5: Experimental (symbols) and modeling results (lines) for n-hexane ignition delay times at
multiple conditions. Solid symbols denote data from experiments with rapid compression machine while
open symbols are those from high pressure shock tube experiments. Solid and dashed lines are predictions
with and without the modifications in the rate rules, respectively. Dash-dotted lines are predictions without
considering the alternative isomerization reactions. Error bars of 1% in temperature have been shown.

4.4 Results and discussion

4.4.1 Rapid compression machine data

Figure 4.5 shows the measured ignition delay time for stoichiometric n-hexane/air mixtures
over the compressed temperature (Tc) range of Tc = 627–695 K at 15 atm (solid squares),
which were measured in the RCM. The ignition delay time of the stoichiometric n-hexane/air
mixture decreases sharply with the increasing temperature. When the timescales of ignition
become short compared to the compression time of the machine, the mixture may start
reacting during compression, resulting in shorter ignition delay times than might be expected
without reaction during compression pre-conditioning. Therefore, ignition delay times that
are shorter than 5 ms may involve reaction during compression and are not presented here.
Because of this limitation of the RCM and high reactivity of n-hexane a complementary set
of ignition delay time measurements have been carried out in a high pressure shock tube
over the NTC region and also at higher temperatures.

The rapid compression machine ignition delay measurements were simulated using the
closed homogenous batch reactor code in CHEMKIN PRO [56]. The ignition delay time in
both the rapid compression machine and the high pressure shock tube simulations is defined
as the time from maximum compression or shock arrival at the endwall, respectively, to
the maximum pressure rise rate due to ignition. Considering the facility effects, variable
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volume-time histories have been used to account for the facility effects, which mainly include
heat losses to the walls [57]. As shown in Fig. 4.5, the agreement between the experiments
and the simulations is satisfactory except at 696 K, where the ignition delay times become
very short and may be heavily influenced by reactions during the compression process.

Compared with n-pentane and/or n-butane, n-hexane is more reactive at low temper-
atures and has shorter ignition delay times at similar conditions [39,58]. Since the uni-
molecular decompositions are not significant reactions at low temperatures, the high reac-
tivity of n-hexane compared to smaller alkanes is mainly due to its longer carbon chain that
contains more secondary hydrogen atoms. Rather, the fuel is mainly consumed by hydrogen
abstraction reactions producing fuel-derived radicals, which go through addition to O2 and
readily isomerizes into Q̇OOH radicals via internal hydrogen isomerization. During this pro-
cess secondary hydrogen atoms are favored in both the hydrogen abstraction reactions and
in the internal hydrogen isomerizations. The isomerization process favors six-membered ring
transition states that consist of three carbon atoms, two oxygen atoms and one hydrogen
atom due to their low ring strain. There are four secondary carbon atoms in n-hexane, so
that each ṘO2 radical produced from H-atom abstraction and further addition to O2 can
easily isomerize to a Q̇OOH radical by internal H-atom isomerization from another secondary
carbon atom via a six-membered ring. This is a highly efficient way to consume the fuel
at low temperatures, which is only available for n-alkanes that contain five or more carbon
atoms in the molecule. Therefore n-hexane has a higher reactivity at low temperatures than
shorter alkanes and its ignition characteristics are kinetically representative of larger normal
alkanes.

4.4.2 High pressure shock tube data

The ignition delay times for n-hexane/air mixtures at equivalence ratios of 1.0 and 2.0 over
the temperature range of 744–1365 K at pressures of 15 atm and 32 atm were measured in
a high pressure shock tube, depicted as open symbols in Fig. 4.5. NTC behavior has been
observed at φ = 1 and φ = 2, over the temperature range of approximately 78–890 K at 15
atm. The measured ignition delay times are consistent with those reported by Zhukov et al.
at similar conditions (n-hexane in air at φ = 0.5, 15 atm).

The experimentally observed ignition delay times at φ = 2 are shorter than those at
φ = 1 over most of the temperature range except at temperatures above 1250 K. This is
because the fuel-rich condition has a higher HO2 radical concentration, leading to higher
concentrations of H2O2 molecules that decompose into two ȮH radicals. The production
of ȮH radicals from H2O2 enhances reactivity and is the critical chain branching reaction
at intermediate temperatures (∼900–1250 K). However, at higher temperatures, the chain
branching reaction Ḣ + O2 
 Ö + ȮH becomes increasingly more important. Ḣ atoms can
be readily produced from the beta-scission of the radicals produced by fuel decomposition.
However, the reaction between fuel molecules and Ḣ atoms competes with the reaction of
Ḣ + O2 and therefore reduces the reactivity at high temperatures. Thus, at these higher
temperatures, stoichiometric mixtures are faster to ignite compared to fuel-rich mixtures.
This trend can be observed in Fig. 4.5. In the NTC region and throughout most of the

74



high-temperature region shown in the figure, the ignition delay times for fuel-rich conditions
are in general shorter than those for the stoichiometric condition. At temperatures above
1250 K the ignition delay times at the stoichiometric condition become shorter than those
for the fuel-rich condition. The ignition delay times are also shorter at the higher pressure of
32 atm compared to 15 atm as reaction rates increase with species concentration. At higher
pressure conditions the NTC region is shifted to higher temperatures due to the competition
of Ḣ + O2 (+M) 
 HO2 (+M) with Ḣ + O2 
 Ö + ȮH. A similar trend in the pressure
effects of NTC behavior has also been observed for n-heptane [16].

The high-pressure shock tube simulations were performed using the constant volume
closed homogenous batch reactor code of CHEMKIN PRO [56]. This model is appropriate
as the pressure rise before ignition (i.e. dp/dt = 3% per ms) is slight. The comparison
of predicted ignition delay times for the shock tube experiments demonstrating the effect
of this pressure rise is shown in the Supplementary material as Fig. S3. The reflected
shock temperature and pressure were used as the initial conditions. The model reproduces
the ignition delay times well and their trends with varying temperature and pressure in
both the intermediate- and high-temperature regions, which can be observed in Fig. 4.5.
The best agreement between the model and ignition delay measurements is observed for
the stoichiometric condition at 15 atm, while the ignition delay times for φ = 2 at 15
atm and φ = 1 at 32 atm are slightly under-predicted. The predictions of the new model
without modifications to the rate rules are shown in Fig. 4.5 with dashed lines. It is clear
that these modifications have improved the overall agreement between the modeling and
experimental results investigated in this study over the entire temperature range, especially
in the NTC region. The dash-dotted lines represent the simulations without considering the
alternative isomerization reactions. It can be seen that the adoption of these reactions has
slightly increased the reactivity in the NTC region while reactivity has been decreased at
low temperatures. As aforementioned, these reactions are expected to be more important
for branched alkanes.

A flux analysis was carried out at φ = 1.0 and 2.0, TC = 800 K, pc = 15 atm and 20%
fuel consumption to determine the reactions that are important for n-hexane oxidation in
the NTC region, the results are illustrated in Fig. 4.6. Only reactions which contribute more
than 5% of the total fuel consumption are considered in the figure. The detailed contributions
for the consumption of each species are shown in percent beside the arrows in different colors
and fonts for φ = 1.0 (black, regular) and φ = 2.0 (red, bold and underlined).

The consumption of the fuel is shown at the top left part of Fig. 4.6. H-atom abstraction
by ȮH radicals on the secondary carbons that form C6H13 − 2 radicals is the most favored,
while the formation of C6H13 − 1 radicals is least favored due to the stronger primary C–
H bonds. From Fig. 4.5 it can be seen that Tc = 800 K is near the low temperature
end of the NTC region at 15 atm, thus the chain branching process of low temperature
chemistry dominates the reactivity of the system. The consumption of fuel-derived radicals
is mainly through the chain propagating and branching sequence of first addition to O2 →
isomerization → second addition to O2 → isomerization and decomposition.

At φ = 1.0, 90% of Ċ6H13 − 2 radicals add to molecular oxygen, producing C6H13Ȯ2 − 2
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Figure 4.6: Reaction flux for n-hexane ignition at Tc = 800 K, pc = 10 atm and 20% fuel conversion. The
contributions of the reactions are marked beside the arrows. Regular and underlined numbers are for φ =
1.0 and φ = 2.0, respectively.
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peroxyl radicals, as shown in the lower left part of Fig. 4.6. In the subsequent isomerization
reactions two Q̇OOH radicals, Ċ6H12OOH2− 4 and Ċ6H12OOH2− 5 are mainly produced
via six- and seven-membered ring transition states, respectively. As mentioned earlier, the
former radical is favored (36.9% of total consumption) because of the low ring strain energy
for six-membered rings. Concerted HO2 eliminations consume 32.3% of C6H13Ȯ2 − 2 rad-
icals, which reduces the reactivity by producing olefins and HȮ2 radicals. Q̇OOH radicals
are mainly consumed by addition to O2 (2nd addition to O2). However, the formation of
cyclic ethers and the decomposition by beta-scission are competitive with comparable con-
tributions of 31% for Ċ6H12OOH2− 4 and over 50% for Ċ6H12OOH2− 5 at stoichiometric
conditions. These pathways are more important as the temperature increases, inhibiting the
chain-branching step, thus contributing to the NTC behavior. After the second addition
to O2, C6H12OOH2− 4Ȯ2 radicals dominantly isomerize into a ketohydroperoxide via the
six-membered ring transition state. In comparison to the C6H12OOH2− 5Ȯ2 radical, the
alternative isomerization producing di-hydroperoxide radical is favored with a contribution
of 62%. Moreover, the formation of the ketohydroperoxide only contributes about 27% to the
total consumption of C6H12OOH2− 5Ȯ2 radical, since it proceeds through an unfavorable
seven-membered ring transition state which has a higher ring strain energy than that of a
six-membered ring. The decomposition of di-hydroperoxide radicals have multiple product
channels; (i) the scission of a C–O bond leading to olefinic hydroperoxides when the radical
site is on the beta carbon of the hydroperoxyl group, (ii) the formation of hydroperoxyl
cyclic ethers and the scission of the carbon chain producing olefinic hydroperoxides plus hy-
droperoxide radicals. All of the products then go through further decomposition to produce
smaller molecular species. Thus, in total, the first channel produces an HȮ2 radical and an
ȮH radical which reduces the reactivity at low temperatures, while the second and the third
channels both act as chain branching steps by producing two ȮH radicals and an alkoxy
radical thereby promoting reactivity. The contributions of these channels vary depending
both on the locations of hydroperoxyl groups as well as on the radical site.

The consumption pathways for Ċ6H13 − 3 radicals are slightly similar to those for the
Ċ6H13 − 2 radicals, however considerable amounts of Ċ6H13 − 3 radicals are consumed via
concerted HȮ2 elimination which is not a dominant pathway for the Ċ6H13 − 2 radicals.
The isomerization of C6H13Ȯ2 − 3 radicals mainly produces C6H12OOH3− 5Ȯ2 radicals.
Meanwhile the production of Ċ6H12OOH3− 1 radicals, which are also a possible product of
isomerization, is not significant. However, for Ċ6H13 − 1 radicals the consumption pathways
are more complicated compared to those of Ċ6H13 − 2 and Ċ6H13 − 3 radicals because the
hydroperoxyl group is on a primary carbon which has relatively stronger C–H bonds. Approx-
imately 16.4% of Ċ6H13 − 1 radicals isomerize into Ċ6H13 − 2 radicals, which is illustrated
in the upper part of Fig. 4.6. Although the addition to O2 is the dominant consumption
reaction, the subsequent chain propagation and branching steps are heavily influenced by the
formation of olefins, cyclic ethers and olefinic hydroperoxides. For C6H13Ȯ2 − 1 radicals, the
isomerization via a 7 membered ring transition state appears more competitive than that of
a 6 membered ring transition state, although the rate of the latter is higher according to the
rate constants used. The simulated results indicate that this is because the Q̇OOH radical
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that is produced in the former reaction is readily consumed to form a cyclic ether.
Through the comparison of the fates of different Ȯ2QOOH radicals, it appears that

the alternative isomerization is generally more competitive than the formation of keto-
hydroperoxides via seven-membered ring transition states but less than those via six-membered
ring transition states. However, the rate rules used for the alternative isomerizations in this
work are identical to those for Q̇OOH isomerization, which did not take into consideration
the influence of the hydroperoxyl group. Therefore the rate rules for these reactions may
need to be further investigated.

In general for fuel-rich (φ = 2) conditions the chain branching processes are slightly
inhibited compared to that at φ = 1, which is illustrated in Fig. 4.6. For example, the
importance of the first addition to O2, ṘO2 isomerization, the second addition to O2 and
production of keto-hydroperoxides all decrease in importance. Concurrently, the formation
of olefins, cyclic ethers and the decomposition of ṘO2 through beta-scissions all increase
in importance. The main reason is that the temperatures of φ = 2 mixtures are higher
than those of φ = 1 mixtures when 20% of the fuel is consumed since the rich condition
has a higher fuel concentration, although they have the same Tc of 800 K. According to the
modeling predictions, the temperature of the former is 861 K while that of the latter is 837
K. It is also worth noting that unlike the reactions in jet-stirred reactors, the homogenous
batch reactor has varying temperatures during the ignition process, which has to be taken
into consideration when comparisons are made between different mixtures at the same Tc.

A brute force sensitivity analysis was performed using CHEMKIN PRO at φ = 1.0, Tc =
800 K and pc = 15 atm. The analyses were performed by increasing and decreasing both the
forward and reverse rate constants by a factor of two. The sensitivity coefficient is expressed
as follows:

S =
ln(τ+/τ−)

ln(k+/k−)
=

ln(τ+/τ−)

ln(2/0.5)
(4.2)

A positive sensitivity coefficient indicates a reaction that inhibits reactivity while a negative
sensitivity coefficient indicates a reaction that promotes reactivity, and the results of the
sensitivity analysis are shown in Fig. 4.7. The most sensitive reaction is the addition of
Ċ6H12OOH2− 4 hydroperoxyl alkyl radicals to O2 which promotes overall reactivity. The
Ċ6H12OOH2− 4 radical is produced through the most favored chain propagation pathways
discussed above, and leads to chain propagation and branching via the decomposition of keto-
hydroperoxides. Similarly, the addition of the Ċ6H12OOH3− 5 radical to O2 is also highly
sensitive. In contrast, H-atom abstraction from the fuel by ȮH radicals shows different effects
on fuel reactivity. The sensitivity coefficients for the formation of Ċ6H13 − 1 and Ċ6H13 − 2
radicals are negative, while that for the formation of Ċ6H13 − 3 radicals is positive. This could
be due to the relatively higher production of olefins from Ċ6H13 − 3 radical as shown in the
flux analysis, where the production of C6 olefins are the most important reactions inhibiting
reactivity. The sensitivity analysis results also suggest that the isomerization between RȮ2

and Q̇OOH is faster than both the second addition to O2 and the concerted HȮ2 elimination
steps in the simulation, and therefore make RȮ2 and Q̇OOH radicals partially equilibrated.
The chemistry of small molecules does not play the most important role, as the decomposition
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Figure 4.7: Sensitivity analysis on the ignition delay time of n-hexane at Tc = 800 K and pc = 15 atm.
Negative sensitivity coefficients indicate decreases in ignition delay times.

of H2O2 leading to chain branching and the chain terminating reactions between HȮ2 radicals
shows considerably high sensitivity. The sensitivity analysis results at φ = 2 are similar to
those at φ = 1, with an overall decrease in sensitivity coefficients.

4.4.3 Jet-stirred reactor

The experimental and modeling results for the oxidation of n-hexane in a jet-stirred reactor
at 10 atm, at a residence time of 0.7 s and at equivalence ratios of 0.5, 1.0 and 2.0 are
shown in Figs. 4.8–4.10 as a function of temperature. The symbols denote experimental
results while the model predictions with and without the modifications in the rate rules are
plotted as solid lines and dashed lines, respectively. The perfectly-stirred reactor code in
CHEMIKIN PRO has been used to simulate the JSR experiments [56]. The end time of the
transient calculations has been set to 20 s to allow for the system to reach steady state.

The NTC behavior of n-hexane is noted from the JSR data to be well predicted by the
model at all three equivalence ratios, as shown in Figs. 4.8–4.10(a). Good agreement between
experimental and kinetic modeling results has also been observed for the evolution of several
major intermediates and products including CO, CO2, H2O, C2H4, H2, CH4 and CH2O as
shown in Figs. 4.8–4.10 (b) and (c). The modifications to the reaction rate rules have in-
creased the consumption of the reactant in the NTC region, which improves the predictions,
e.g. those for CO and CH2O. Figures 4.8–4.10(d) and (e) show that the predictions for some
intermediates such as C3H6 are also good. However, the model under-predicts the concentra-
tion of CH3OH although a slight improvement in agreement is observed with modifications
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Figure 4.8: Experimental (symbols) and modeling results for n-hexane oxidation in a jet-stirred reactor
at 10 atm for φ = 0.5. Solid and dashed lines are predictions with and without the modifications in the
rate rules, respectively. Dash-dotted lines are predictions without considering the alternative isomerization
reactions.

in the rate rules, which indicates that rate constants for H-atom abstraction from the fuel by
CH3Ȯ radical might need to be refined in the model. On the other hand, Dooley et al. [59]
suggested that methanol can be produced more easily by considering the catalytic effect of
Si–OH in an investigation of methyl butanoate oxidation in a JSR. Although n-hexane is not
an oxygenated fuel, the oxygenated intermediates might be affected by catalysis where this
effect may contribute to deviations between the experimentally measured and modeled con-
centration profiles of methanol. It is worth noting that the simulated mole fraction profiles
of the impurity 3-methyl pentane are also in reasonable agreement with the experimental re-
sults. Figures 4.8–4.10(f) and (g) show some intermediates, including mainly aldehydes with
long carbon chains and alkanes with high unsaturation. Most of these mole fraction profiles
are well-reproduced by the model. The effects of the modifications to the reaction rate rules
generally improve agreement, especially for the predictions of the aldehydes acetaldehyde,
propanal and butanal, as shown in Figs. 4.8–4.10(d)–(f).

The mole fraction profiles for important cyclic ether intermediates produced in the NTC
region are presented in Figs. 4.8–4.10(h). Three C6 cyclic ethers have been measured:
C6H12O2− 5 (2,5-dimethyl-tetrahydrofuran, cis and trans), C6H12O2− 4 (2-methyl, 4-ethyl-
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Figure 4.9: Experimental (symbols) and modeling results for n-hexane oxidation in a jet-stirred reactor
at 10 atm for φ = 1.0. Solid and dashed lines are predictions with and without the modifications in the
rate rules, respectively. Dash-dotted lines are predictions without considering the alternative isomerization
reactions.

oxetane) and C6H12O1− 4 (2-ethyl-tetrahydrofuran). C6H12O2− 5 has the highest concen-
tration among the three cyclic ethers. This is similar to the trend observed by Herbinet et
al. [60] for the oxidation of n-heptane, in which the 2-ethyl, 5-methyl-tetrahydrofuran (cis
and trans) showed significantly higher concentrations compared to the other C7 cyclic ethers
that were detected. This trend has been well captured by the model at all three equivalence
ratios.

The experimentally measured concentrations and the corresponding kinetic modeling pre-
dictions for the hexenes isomers, which is another important intermediate class of product
species, are shown in Figs. 4.8–4.10 (i). C6 olefins can be readily produced from RȮ2 radicals
by HȮ2 elimination reactions, which initiate an important pathway that reduces the reac-
tivity of the system. In this work, all of the isomers of n-hexene have been detected. The
mole fractions of the three hexene isomers are generally similar. The model over-predicts the
formation of 2-hexene at around 800 K at φ = 1.0 and 2.0, but in general well predicts the
mole fraction profiles for all three hexenes over the temperature range at all three equivalence
ratios. It can be seen that the predictions for the cyclic ethers, especially C6H12O2− 5 and
C6H12O1− 4, have been greatly improved by the modifications to the reaction rate rules for
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Figure 4.10: Experimental (symbols) and modeling results for n-hexane oxidation in a jet-stirred reactor
at 10 atm for φ = 2.0. Solid and dashed lines are predictions with and without the modifications in the
rate rules, respectively. Dash-dotted lines are predictions without considering the alternative isomerization
reactions.

cyclic ether formation. Although the mole fraction of C6H12 − 2 is slightly over-predicted,
C6H12 − 1 and C6H12 − 3 are better predicted.

Figure 4.11 shows a flux analysis for the oxidation of n-hexane in a simulated jet-stirred
reactor at 950 K when the system has reached steady state. At this temperature the effect of
low temperature reactions is expected to be very small. The reaction pathways shown here
are dominated by high temperature reactions as opposed to the low-temperature chemistry
shown in Fig. 4.4. The contribution of each reaction pathway has been marked with different
fonts: φ = 0.5 (black, regular), φ = 1.0 (red, italic), φ = 2.0 (blue, underlined). The con-
sumption of the fuel occurs mainly through H-atom abstractions by the radical pool, which
produces the three possible fuel-derived radicals. Reactions involving the isomerization of
fuel radicals become important at 950 K. These reactions are responsible for the consumption
of about 70% of Ċ6H13 − 1 radicals, which in turn form Ċ6H13 − 2 and Ċ6H13 − 3 radicals.
At high temperatures the remaining fuel derived radicals readily decompose into smaller
molecules and radicals. Addition of fuel radicals to O2 becomes much less important at
elevated temperatures, where only a small amount of RȮ2 is produced from Ċ6H13 − 2 and
C6H13 − 3 radicals, the contributions of which are below 5% at stoichiometric and fuel-rich
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Figure 4.11: Reaction flux for n-hexane ignition at Tc = 950 K, pc = 10 atm and 20% fuel conversion.
The contributions of the reactions are marked beside the arrows. Regular, italic, and underlined numbers
represent φ = 0.5, 1.0, and 2.0, respectively.

conditions. The subsequent chain branching pathways of the small amounts of RȮ2 radicals
that are produced are inhibited by the competition of HȮ2 elimination, cyclic ether formation
and beta-scission reactions. The high-temperature chemistry is not significantly influenced
by the modifications made to the literature rate rules, in contrast to causing substantial
improvements for mechanism predictions at low-temperature conditions.

Other validations of the mechanism were made using ignition delay times, speciation in
flow reactors and laminar flame speeds from the literature [25,26,61], and are included in
the Supplementary material as Figs. S4–S9. The comparisons of the current mechanism
and previously reported mechanisms for n-hexane [17,29] have also been included as Figs.
S10–S13.

4.4.4 Application of the reaction rate rules and modifications to
n-heptane

Since n-hexane is a normal alkane relevant to transportation fuel, it is also interesting to see
whether the reaction rate rules and these modifications could also be applied to larger normal
alkanes such as n-heptane. A detailed kinetic model has been developed for n-heptane in
a hierarchical manner using as a basis the n-hexane mechanism presented in this work.
However, the detailed development of the n-heptane mechanism will not be discussed here.
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Figure 4.12: Shock tube [16] and modeling results of ignition delay times of n-heptane/air mixtures.

In brief, the reaction pathways shown in Fig. 4.4 were considered. The same reaction rate
rules and modifications to these rules that have been utilized for n-hexane have also been
applied to the corresponding reaction types for the n-heptane model. No further refinement
to the rate constants has been performed to improve agreement between model predictions
and experimental data. Only two representative examples will be shown here as the focus
of this work is on n-hexane oxidation despite the numerous data sets that are available for
n-heptane. Figure 4.12 shows the predictions for the n-heptane model simulating ignition
delay times in a shock tube, compared to the experimental data reported by Ciezki et al.
[16].

Over the wide temperature and pressure ranges shown in Fig. 4.12, very good agreement
has been achieved between the experimental and modeling results. For speciation data,
the work reported by Herbinet et al. on n-heptane oxidation in a JSR [60] is taken as a
validation test case. The model reproduces well the mole fraction profiles for most species,
as shown in Fig. 4.13, although some deviations were observed for species such as n-butanal
and n-pentanal, which indicates the need for minor refinements to the mechanism in the
future.

4.5 Conclusions

In this work, ignition delay times of n-hexane have been measured for multiple mixtures at φ
= 1 and φ= 2 over a wide temperature range at elevated pressures. The structure of n-hexane
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Figure 4.13: Experimental [60] and modeling results of n-heptane oxidation in a jet-stirred reactor at φ =
1.0, 1.06 bar with the residence time at 2 s and the dilution ratio at 94% (Diluent: Helium).

contains a long carbon chain and many secondary carbons, which leads to its high reactivity.
The species produced during the oxidation of n-hexane have been investigated in a JSR over
the temperature range 530–1160 K at three different equivalence ratios (φ = 0.5, 1.0 and
2.0). Species including important low temperature intermediates were identified with their
mole fractions quantified in the JSR, providing valuable information for the development
and validation of a kinetic model. The model has adopted reaction rates and rate rules
which are mostly from recently reported high-level calculations. Based on the comparison
of the model predictions with the experimental observations, modifications to the reaction
rate rules have been made in order to obtain better agreement in the predicted reactivity
and speciation validation targets simultaneously. In general the model reproduced well the
reactivity and speciation with satisfactory agreement with slight modifications to the rate
rules. Further analysis of the model to the reaction flux and the sensitivity to ignition delay
times has revealed the main reaction pathways and reactions during the oxidation process of
n-hexane. The reaction rate rules and modifications used in this work have also been applied
in developing an n-heptane mechanism, the predictions of which show good agreement with
the experimental results. This has provided a basis for developing mechanisms for larger
normal alkanes and also for branched alkanes, which are the aims of our future work.
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Abstract

This work presents an updated experimental and kinetic modeling study of n-heptane ox-
idation. In the experiments, ignition delay times of stoichiometric n-heptane/air mixtures
have been measured in two different high-pressure shock tubes in the temperature range of
726–1412 K and at elevated pressures (15, 20 and 38 bar). Meanwhile, concentration versus
time profiles of species have been measured in a jet-stirred reactor at atmospheric pressure,
in the temperature range of 500–1100 K at φ = 0.25, 2.0 and 4.0. These experimental results
are consistent with those from the literature at similar conditions and extend the current
data base describing n-heptane oxidation.

Based on our experimental observations and previous modeling work, a detailed kinetic
model has been developed to describe n-heptane oxidation. This kinetic model has adopted
reaction rate rules consistent with those recently developed for the pentane isomers and for
n-hexane. The model has been validated against data sets from both the current work and
the literature using ignition delay times, speciation profiles measured in a jet-stirred reactor
and laminar flame speeds over a wide range of conditions. Good agreement is observed be-
tween the model predictions and the experimental data. The model has also been compared
with several recently published kinetic models of n-heptane and shows an overall better per-
formance. This model may contribute to the development of kinetic mechanisms of other
fuels, as n-heptane is a widely used primary reference fuel. Since the sub-mechanisms of
n-pentane, n-hexane and n-heptane have adopted consistent reaction rate rules, the model
is more likely to accurately simulate the oxidation of mixtures of these fuels. In addition,
the successful implementation of these rate rules have indicated the possibility of their ap-
plication for the development of mechanisms for larger hydrocarbon fuels, which are of great
significance for practical combustion devices.
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5.1 Introduction

The oxidation of n-heptane has been widely studied as it is a primary reference fuel (PRF)
and is a representative normal alkane. It is also an important component of toluene reference
fuel (TRF) and ethanol toluene reference fuel (ERF) [1], which has been used as a surrogate
gasoline fuel for research of combustion processes in internal combustion engines [2]. Ex-
periments have been performed which have focused on different properties of fuel oxidation
over a wide range of conditions, such as ignition delay times in shock tubes [3–8] and rapid
compression machines [9–12], species versus time and/or temperature profiles measured in
jet-stirred reactors [13–17] and flow reactors [18–21], laminar flame speeds [22–26] and spa-
tial distribution of species in flames [27–30]. Moreover, a series of experiments have been
performed in engines [31–35] to study homogeneous charge compression ignition (HCCI),
engine knock, exhaust gas recirculation (EGR), NOx emission control, etc.

Since 1979 [4] efforts have been made to develop a kinetic model for n-heptane oxidation
at both low temperature and high temperature to provide further insight into this process.
In 1989, Westbrook et al. developed a detailed chemical kinetic mechanism to describe the
oxidation of n-heptane and iso-octane [36]. This mechanism adopted both low- and high-
temperature chemistry, and was validated through comparisons with experimental data from
shock tubes, turbulent flow reactors and jet-stirred reactors. Later, Chevalier developed a
computational technique to automatically develop detailed kinetic mechanisms, which were
used to study the influence of fuel, fuel mixtures and fuel additives on knock tendency [37].
Ranzi et al. proposed a semi-detailed kinetic model for n-heptane oxidation [38], while Côme
used a computer package to develop the kinetic models for the oxidation of both n-heptane
and iso-octane [39].

Curran et al. [40] carried out a comprehensive kinetic modeling study of n-heptane oxi-
dation in a systematic way. The important reactions during the oxidation of n-heptane were
categorized into 25 different reaction classes, including 10 reaction classes to describe high-
temperature oxidation and 15 classes to describe the low-temperature regime. Although
approximate treatments were assigned to some less important reactions such as the con-
sumption of the heptene isomers, the overall performance of the mechanism was very good.
This mechanism has been improved and further validated, with good performance over the
pressure range of 3 to 50 atm, in the temperature range of 650 to 1200 K and at equivalence
ratios of 0.3 to 2.0. More importantly, this model set a successful frame for the kinetic
mechanism development of other larger n-alkanes [41]. A more recent study carried out
by Mehl et al. [42] on the kinetic modeling of gasoline surrogate components and mixtures
under engine conditions has further refined and adopted this mechanism. Moreover, this
mechanism also forms the basis for the mechanism development in this work.

There has been a continual interest among the research community in developing a better
understanding of n-heptane oxidation both experimentally and theoretically. For example,
Herbinet et al. performed an experimental study in a jet-stirred reactor [16]. In addition
to traditional gas chromatography, the experiments also used synchrotron vacuum ultravio-
let photoionization mass spectrometry as the diagnostic technique to identify the unstable
species such as radicals, which is an example of the new experimental methods being applied
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to this kind of study. Herbinet et al. also generated a kinetic mechanism using the software
EXGAS [43], which satisfactorily reproduced the mole fraction profiles of most of the species
identified in the experiments.

Meanwhile, new reaction pathways are being adopted into the kinetic model to better
describe the oxidation process of n-heptane. Recently, Pelucchi et al. proposed an improved
kinetic model for n-heptane [44], by emphasizing new reaction classes producing organic
acids, diones and ketones in the low temperature regime. The mechanism was validated over
a wide range of conditions including both low and high-temperature ranges. Good agreement
was observed between simulations and experimental data from the literature for ignition delay
time measurements [5,42,45], species profiles measurements taken in a jet-stirred reactor
[14–16] and in a flow reactor [20], as well as laminar flame speeds [26]. Meanwhile, the
experimental database of n-heptane is being extended to cover a wider range of conditions.
Seidel et al. performed an experimental and kinetic modeling study of a fuel-rich, premixed
n-heptane flame at 40 mbar, and successfully identified over 80 species generated at this
condition [30]. Based on previous work, a detailed kinetic model was developed. Reduced
kinetic mechanisms are also being proposed, such as the work by Cai and Pitsch [46], who
proposed an optimized chemical mechanism for gasoline surrogates which was validated
under extensive conditions and it showed a very good performance compared to experimental
ignition delay measurements.

This current study is based on a continuity of effort in experimental and kinetic modeling
studies of hydrocarbon fuels that we have published previously [47–58]. In this work, the
ignition delay times of n-heptane in air are firstly measured in two different high-pressure
shock tubes to provide more experimental ignition delay time data at elevated pressures.
Moreover, the experimental conditions of n-heptane oxidation in a jet-stirred reactor have
been extended to extremely rich (φ= 4.0) and very lean (φ= 0.25) conditions, while the other
conditions remain consistent with those published previously. To reflect the improvements in
the chemical kinetics and thermodynamics as well as their impact, a detailed kinetic model of
n-heptane oxidation has been developed based on our previous work, including our updated
base mechanism [47–50,53,56–58], the sub-mechanisms of the pentane isomers [51,55] and
n-hexane [54]. In the development of this mechanism, the new reaction classes and reaction
rate rules with modifications, which have been successfully applied to the pentane isomers
and n-hexane, have been adopted. The thermodynamic database has also been updated
with recently published optimized group values [52]. The model has been validated using
the experimental data sets obtained in this work, as well as those from the literature for
ignition delay times, species profile measured in jet-stirred reactors and also for laminar
flame speed measurements. Moreover, comparisons are made between the current model
and those from recent publications. The significant reaction pathways for the oxidation of
n-heptane are revealed by further analysis of the simulations.
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5.2 Experimental Methods

5.2.1 PCFC shock tube

The Physico-Chemical Fundamentals of Combustion (PCFC) shock tube at Aachen Univer-
sity has been designed similar to the high-pressure shock tube at NUIG. It has an inner
diameter of 63.5 mm and an overall length of about 7.5 m with a 3 m driver section. Due
to physical space limitations the driver section is curved with a bending radius of 1 m. The
diaphragm section can house up to two pre-scored aluminum diaphragms. All parts com-
ing into contact with fuel/air mixtures are made of stainless steel (316Ti), except for the
aluminum diaphragms. Shock velocities and pressure profiles are recorded in the measur-
ing section close to the endwall of the driven section with up to 8 PCB 113B22 pressure
sensors. Signals are recorded using a digital oscilloscope with a sampling rate of 25 MHz.
Fuel/air mixtures are prepared in a separate 40 L Teflon coated stainless steel mixing vessel.
Partial pressures are used to prepare the desired gas mixtures. Static pressures are moni-
tored with two STS ATM. 1st pressure sensors with measuring ranges of 500 mbar and 5
bar, respectively. The shock tube, manifold and mixing vessel can be electrically heated to
150 C in order to avoid fuel condensation. In this study, initial temperatures of 40 C are
sufficient due to the relatively high vapor pressure of n-heptane. Temperatures are mon-
itored with type T thermocouples due to their lower measuring uncertainty compared to
conventional type K ones. High purity grade gases for reactive mixture preparation (N2 and
O2) were provided from Praxair and Westfalia. Helium and compressed air were used as
driver gases. The reflected shock conditions were calculated using the initial conditions of
pressure and temperature and mixture composition and the measured shock velocity with
an in-house code which is based on the shock and detonation toolbox [59] in Cantera [60].
An uncertainty analysis has been performed for the PCFC shock tube and is provided as
Supplementary material. Maximum uncertainties in the reflected shock temperatures are
estimated to amount to 1.1% in the reflected shock temperature and 3.5% in the reflected
shock pressure. Depending on the fuel reactivity this can induce uncertainties of up to 15%
in the measured ignition delay time for the range studied.

5.2.2 NUIG shock tube

High-temperature (above 1000 K) ignition delay times for stoichiometric mixtures of n-
heptane at compressed pressures of 15 bar in a 21% O2 : 79% N2 bath gas were measured
in the National University of Ireland, Galway (NUIG) high-pressure shock tube [61], with
an inner diameter of 63 mm. The methodology used to measure ignition delay times in
this facility has recently been described in our work on n-hexane [54], and thus will not be
described further here. Again, n-heptane was supplied by TCI UK in high purity (¿ 99.0%),
while oxygen (99.5%) and nitrogen (99.95%) were supplied by BOC Ireland.

93



5.2.3 Jet-stirred reactor

The oxidation of n-heptane was studied in a jet-stirred reactor at LRGP in Nancy (France).
This reactor can be considered to be perfectly stirred [62] and has frequently been used for
numerous gas phase kinetic oxidation studies of hydrocarbons and oxygenated compounds
[63]. Experiments were performed at a constant pressure of 1.067 bar, at a residence time of
2 s, at temperatures ranging from 500 to 1100 K, and at four equivalent ratios of φ = 0.25,
1.0, 2.0 and 4.0. The fuel was diluted in helium resulting in an n-heptane concentration of
0.5%. The fuel was provided by Sigma-Aldrich (purity of 99%). Helium and oxygen were
provided by Messer with purities of 99.99% and 99.999%, respectively.

The reactor is made of fused silica, and consists of a fused silica sphere (volume = 95
cm3) into which diluted reactant enters through an injection cross located at its center. It is
operated at constant temperature and pressure and it is preceded by an annular pre-heating
zone in which the temperature of the gases is increased to the reactor temperature before
entering it. T he gas mixture residence time inside the annular pre-heater is very short
compared to its residence time inside the reactor (a few percent). Both the spherical reactor
and the annular pre-heating zone are heated using resistance wires coiled around their walls.
The temperature is controlled using type K thermocouples. The reaction temperature was
measured using another independent type K thermocouple which was located in a glass finger
at the center of the reactor (which is actually the intra annular part of the preheater). The
uncertainty in the temperature measurement is ±5 K.

A Coriolis flow controller is used to feed n-heptane, and two mass flow controllers are used
to meter the helium and oxygen flow rates. The fuel is mixed with helium and evaporated
in a heat exchanger. Oxygen is added at the reactor inlet. The accuracy in flow rates given
by the manufacturer (Bronkhorst) is 0.5%. This results in a small uncertainty of 2.00 ±0.01
s in the residence time.

Product species are analyzed directly by gas chromatography using a heated transfer line
between the reactor outlet and the chromatograph sampling. The temperature of the line is
heated to 160 C to avoid product condensation during transfer. Three gas chromatographs
are used for the quantification of the different species. The first chromatograph, equipped
with a Carbosphere packed column, a thermal conductivity detector (TCD) and a flame
ionization detector (FID), is used for the quantification of O2, CO, CO2, methane, ethylene,
acetylene and ethane. The second is fitted with a PlotQ capillary column, a methanizer,
and an FID is used for the quantification of molecules from methane to reaction products
containing up to 5 carbon atoms and 1 or 2 oxygen atoms maximum. The third is fitted
with a HP-5 capillary column and an FID is used for the quantification of molecules which
contain at least 5 carbon atoms. Calibrations are performed by injecting standards where
available or by using the effective carbon number method when standards were unavailable.
The maximum relative error in mole fractions is estimated to be ±5% for species which
are calibrated using standards and ±10% for species calibrated using the effective carbon
number method [64–65]. The identification of reaction products is performed using a gas
chromatograph equipped with a PlotQ or an HP-5 capillary column and coupled to a mass
spectrometer (quadrupole). The mass spectra of all of the detected reaction products are
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Table 5.1: Nomination of representative species in n-heptane sub-mechanism.

nC7H16

Ċ7H15 − 1

C7H14 − 1

C7H15Ȯ2 − 1

Ċ7H14OOH2− 4

C7H14O2− 5

C7H14OOH2− 4Ȯ2

Ċ7H13Q13− 5

C7KET1− 3

C7KET1− 3O

included in the NIST 08 Mass Spectra Database [66]. For certain species, single-photon-
ionization mass spectrometry (SPI-MS) [67] is used for higher accuracy, as shown in the
experimental data sets provided in the Supplementary material.

5.2.4 Chemical kinetic mechansims

The kinetic model used in this work consists of 1268 species and 5336 reactions. The sub-
mechanism for C0 −−C4 fuels is taken from AramcoMech 2.0 [57–58]. This mechanism has
been widely validated for a series of fuels including hydrogen, syngas [48], methane, methanol
[56], formaldehyde, ethane, ethylene, acetylene, ethanol, acetaldehyde [47], dimethyl ether
[53] and propene [49–50]. The sub-mechanisms for the three pentane isomers and for n-
hexane have also been published recently [51,54–55]. On the basis of the above mechanisms,
an n-heptane sub-mechanism has been developed in this work. Table 5.1 shows the nomina-
tion of some representative species in the n-heptane sub mechanism.

Figure 5.1 shows the reaction pathways for n-heptane oxidation considered in this work,
which are similar to those considered previously [40,51,54]. The reaction pathways of a
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Figure 5.1: Reaction pathways considered in the model development of this work. The reaction pathways
induced by the alternative isomerization of peroxy hydroperoxyalkyl have been marked with open arrows.

fuel are strongly dependent on its structure, and significantly affect the reactivity of the
fuel. Compared to smaller alkanes, n-pentane shows a higher reactivity at low temperatures
because its structure contains more connected secondary carbons. H-atom abstraction is fa-
vored at secondary sites compared to primary ones, where secondary pentyl peroxyl radicals
formed can isomerize via six-membered transition state (TS) rings into hydroperoxy pentyl
radicals. Six-membered TS ring formations are faster than any other (5-, 7-, or 8-membered
ones) which is mainly due to their lower ring-strain energies and formation of six-membered
TS ring structures contributes considerably to the chain branching process at low temper-
atures, promoting fuel reactivity [51,54–55]. Similarly, n-hexane shows a higher reactivity
compared to n-pentane because six-membered TS ring structures are available for all of the
four connected secondary carbons, while the reactivity of n-heptane is even higher than that
of n-hexane since the ratio of secondary carbon atoms to primary ones is even higher again.
However, the reaction pathways that need to be considered for n-pentane, n-hexane and
n-heptane are almost identical, as shown in Fig. 5.1. Therefore consistent reaction rate rules
can be applied to their sub-mechanisms.

A series of reaction rate rules have been adopted in our previous work on the oxidation of
the pentane isomers [51,55]. These rate rules were derived from recently published ab-initio
calculations [68–73] and have been applied to the reaction classes in the low temperature
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regime. New reaction classes related to the alternative isomerization pathway of peroxy
hydroperoxyl alkyl radicals [51] have also been added. The mechanisms for the three pentane
isomers predict well ignition delay times with good agreement observed compared to the
experimental data [55]. Many of the rate constants for the low temperature reaction classes
(e.g. RȮ2 
 Q̇OOH, etc.) for the pentane isomers are available from ab-initio calculations
[68,71–72], but those for the hexane isomers and larger alkanes are rare. Therefore in the
kinetic modeling study of n-hexane, the reaction rate rules were derived from those calculated
for n-pentane but modifications were made within their uncertainty range, which have led
to better agreement between the experimental and simulated results [54]. The refined rate
rules have been used to generate the n-heptane mechanism used in this work to maintain
consistency in the chemical kinetics.

The thermodynamic data of the species involved have been updated using the THERM
software [74], which is based on the group additivity method proposed by Benson [75].
The group values used in the calculation have been optimized [52], and are consistent with
those used for the pentane isomers and for n-hexane [51,54–55]. The kinetic mechanism,
thermodynamic data, transport data, species glossary and group values for group additivity
method are available as Supplementary material. In the future, this mechanism might be
updated for better performance and released with comprehensive validations. Please visit
our website http://c3.nuigalway.ie/ for more details.

5.2.5 High temperature mechanism

The most significant reaction classes in the high temperature regime of n-heptane oxida-
tion are the unimolecular decomposition of the fuel and fuel derived radicals in addition
to hydrogen abstraction from the fuel by the radical pool. To derive the rate constants
for the unimolecular decomposition of n-heptane, firstly the high-pressure limit rate con-
stants of the radical recombination are estimated; then the reverse rate constants are ob-
tained using the CHEMRev software package [76] with their pressure dependence calculated
using Quantum-Rice-Ramsperger-Kassel/Modified Strong Collision (QRRK/MSC) theory,
which has been proven to show good agreement with the more precise Rice-Ramsperger-
Kassel-Marcus/Master Equation (RRKM/ME) approach for alkane decomposition [77]. The
Lennard-Jones parameters for n-heptane are from Jasper and Miller [78], which are σ = 4.42
Å and ε = 213 cm−1 in a bath gas of N2. The pressure dependent rate constants for the
decomposition of the fuel-derived radicals: Ċ7H15 − 1, Ċ7H15 − 2 and Ċ7H15 − 1 are adopted
from [79].

H-atom abstraction from the fuel by ȮH radicals is the most significant reaction class
involving the fuel with the radical pool over a wide temperature range. The rate constants for
these reactions have been adopted from the values reported by Sivaramakrishnan and Michael
[80], who measured these reaction rates experimentally in a shock-tube using ȮH-radical
electronic absorption and compared the results with literature data. H-atom abstraction
by HȮH2 radicals contributes little to fuel consumption at low temperatures (600–750 K)
but these reactions become more important at higher temperatures (750–1300 K) because
the H2O2 molecule produced decomposes into two ȮH radicals, greatly promoting reactivity.
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The rate constants for H-atom abstraction from the fuel by HȮ2 radicals are adopted from
[81]. Other reactions in the high temperature regime and their rate constants are mainly
derived from the n-heptane mechanism proposed by Curran et al. [40].

5.2.6 Low temperature mechanism

The low-temperature reaction pathways are illustrated in the upper part of Fig. 5.1. In
the low-temperature regime, the fuel derived radicals (Ṙ) add to molecular oxygen to form
alkylperoxy radicals (RȮ2). Further isomerization of RȮ2 via ring transition states and in-
ternal hydrogen atom transfer leads to the formation of hydroperoxy-alkyl radicals (Q̇OOH).
The most important competing reaction class is the concerted elimination forming C7 olefins
and HȮ2 radicals, which becomes more competitive as the temperature increases. At low-
and intermediate-temperatures this concerted elimination reaction tends to reduce reactivity,
because it consumes a reactive radical (usually ȮH) in the hydrogen abstraction reaction from
the fuel, and produces an HȮ2 radical which is less reactive. Other consumption reactions of
RȮ2 are bi-molecular reactions, but only play a minor role in the reaction flux. For the con-
sumption of OOH radicals, the addition to molecular oxygen is a significant step, producing
peroxy alkylhydroperoxide radicals (Ȯ2QOOH) as the precursor of ketohydroperoxides. ȮH
radicals are produced from both the formation and decomposition of ketohydroperoxides,
which makes this reaction sequence the major chain branching process at low temperatures.
Meanwhile, the consumption of Q̇OOH radicals also has other channels. As the O–O bond
in the hydroperoxy group is weak, the consumption of Q̇OOH radical can produce small
molecule products or cyclic ethers and release an ȮH radical, which contributes to the chain
propagation process. The beta-scissions of C–O bonds that produce olefins and HȮ2 radicals
are only available for certain structures such as C7H14OOH1− 2 and are thus less important.

The equilibrium between RȮ2 and Q̇OOH radicals significantly influences fuel reactivity
at low- and intermediate-temperatures. The concerted elimination reaction of RȮ2 leads
to chain propagation while the addition of Q̇OOH radicals to O2 ultimately contributes to
chain branching. Other significant reaction classes that can affect this equilibrium include the
addition of R to Ȯ2, the formation of cyclic ethers and the formation of ketohydroperoxides.
The modified reaction rate rules for the above mentioned reaction classes are consistent
with those proposed for n-hexane [54], as shown in Table 5.2. Detailed discussions of the
comparison of rate rules and the refinements can be found elsewhere [51].

The red open arrows in Fig. 5.1 denote the reaction classes induced by the alternative
isomerization pathways of Ȯ2QOOH radicals. These reaction classes have been proposed in
our previous work [51,54], with their reaction rate constants taken by analogy with those
possible for RȮ2 radicals. Although the adoption of alternative isomerization pathways has
proven to have a limited effect upon model predictions for n-hexane [54], these reaction
classes have been included for n-heptane to reflect the complexity of the low temperature
chemistry, which become more important for the oxidation of branched alkanes [51].

98



Table 5.2: Modifications to the reaction rate rules.

Reaction Rate rules Details Example

ṘO2 
 Q̇OOH Table 6 in [68] A× 0.5 for those using nearest analogy, which were not calculated:

5 membered ring, O2 on secondary, abstraction on primary C7H15Ȯ2 − 2 
 Ċ7H14OOH2− 1

7 membered ring, O2 on secondary, abstraction on secondary C7H15Ȯ2 − 2 
 Ċ7H14OOH2− 5

8 membered ring, O2 on secondary, abstraction on primary C7H15Ȯ2 − 2 
 Ċ7H14OOH2− 6

Cyclic ether Table 3 in [72] ∀A : A× 0.5.
formation Ea + 1 kcal for:

CY/C4O, OOH on primary, radical on secondary Ċ7H14OOH1− 4 
 C7H14O1− 4 + ȮH

CY/C3O, OOH on secondary, radical on secondary Ċ7H14OOH2− 4 
 C7H14O2− 4 + ȮH
Ea − 1 kcal for:

CY/C4O, OOH on secondary, radical on secondary Ċ7H14OOH2− 5 
 C7H14O2− 5 + ȮH

Concerted HȮ2 Table 4 in [71] A× 1.5 for:

elimination O2 on primary, H on secondary Ċ7H15Ȯ2 − 1 
 C7H14 − 1 + HȮ2

O2 on secondary, H on primary Ċ7H15Ȯ2 − 2 
 C7H14 − 1 + HȮ2

O2 on S11, H on S11. (P1–S10–S11–S11–S10–P1) Ċ7H15Ȯ2 − 3 
 C7H14 − 3 + HȮ2

Second addition Table IV in [69] A× 0.5 from first addition to O2 Ċ7H14OOH1− 2 + O2 
 C7H14OOH1− 2Ȯ2
to O2

5.3 Results and discussion

5.3.1 High pressure shock tube data

The ignition delay times for the oxidation of stoichiometric n-heptane/air mixtures at differ-
ent pressures have been measured in the PCFC high pressure shock tube, see solid symbols
in Fig. 5.2, over the temperature range of 688–1412 K, which includes the low, intermediate
and high temperature regimes. The new data sets are consistent with those reported in pre-
vious work [82–83] which are depicted as half-filled symbols and open symbols respectively,
showing a significant pressure effect reflected by the decrease in ignition delay times and the
shifting of the negative temperature coefficient (NTC) region towards higher temperatures [5]
at higher pressures. Furthermore, simulation results using the kinetic mechanism presented
in this study are shown. Shock tube ignition delay times are simulated using the constant
volume closed homogenous batch reactor code in CHEMKIN PRO [84]. It is assumed that
the changes in conditions induced by facility effects in the region near the endwall can be
treated as an isentropic compression/expansion by an effective volume change as in the RCM.
These CHEMKIN PRO input files and the experimental data are available as Supplementary
material. In the following descriptions, the ignition event in the simulation is defined as the
maximum pressure rise unless the experimental data sets taken from literatures define the
ignition delay differently.

It is important to note that the different data sets have been obtained in different facilities.
This is a critical aspect regarding the level of confidence of the experimental results. By
considering results taken at the same conditions but from different facilities, a higher level
of confidence can be attributed to the experimental results. This has motivated a repeat of
experiments in this study at conditions that have been reported previously.

Another aspect of this investigation is the treatment of facility effects. The conditions
such as pressure and temperature behind the reflected shock are ideally constant. However,
in the real process both the pressure and temperature behind the reflected shock increase
with time due to boundary layer effects inside the shock tube and the non-ideal opening
of diaphragms. This leads to pressure and temperature gradients influencing the ignition

99



Figure 5.2: Experimental (symbols) and modeling results (lines) for n-heptane ignition delay times at
multiple conditions (in air, φ = 1.0). Half-filled symbols are experimental data from [82], while solid symbols
are experimental data measured in this work. Open symbols are experimental data from [83]. Solid and
dashed lines are predictions with and without the modifications in the rate rules, respectively.

process. As a result, the measured ignition delay times may be shorter than those assuming
ideal conditions. More detailed discussion on these shock tube facility effects can be found
in [85]. In general, these effects become stronger with smaller inner diameter tubes and
longer measuring times. In Fig. 5.2 the results of shock tubes with inner diameters of 50
mm [83], 63.5 mm (this study) and 140 mm [82] are shown. In [82] an average pressure
gradient of p/p0 = 3%/ms is given for the 140 mm tube. The PCFC tube has an average
pressure gradient of 8%/ms due to the smaller inner diameter. This pressure gradient has
been determined from non-reactive measurements (Fig. 5.3). Pressure gradients of the 50
mm tube have previously been reported to amount to around 10%/ms [85].

At high pressures, where ignition delay times are well below 1 ms, these different pressure
gradients hardly have an effect on ignition delay times and in this case the simulations can
be performed assuming a truly constant volume reactor. For longer measuring times above
1 ms, facility effects are taken into account by assuming a volume change reflecting the
experimentally observed constant increase in pressure as appropriate, depending on the shock
tube as discussed above. Comparing the experimental results with the kinetic simulation
including a proper treatment of the facility induced increase in pressure and temperature,
it becomes obvious that the mechanism is able to predict the measured ignition delay times
within 15%, which is within the experimental uncertainty.

It can be seen in Fig. 5.2 that the model predicts well the measured ignition delay times
when the facility effect is considered (solid lines). The previous and current results appear
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Figure 5.3: An example non-reactive pressure trace.

inconsistent in ignition delay times at 38 bar, because both the current experiments and sim-
ulations were not performed at precisely 38 bar as in [82] (see the experimental data in the
Supplementary material). Therefore the inconsistency is caused by the pressure effect. By
using the specific experimental temperatures and pressures in our simulations, the model can
successfully reproduce both the current and the previous experimental results. It is worth
noting that the simulations using varying volume traces obtained from the experimentally
measured non-reactive pressure profiles are very similar to those assuming an average con-
stant increase in pressure of 8%/ms, which is consistent with the average pressure gradient
of 7–8%/ms assumed for the PCFC shock tube. The dashed lines in Fig. 5.2 represent the
simulations with the current mechanism using unmodified rate rules, which tend to under-
predict ignition delay times over the entire temperature range. This trend is similar to those
observed in the kinetic and modeling study of n-hexane [54].

As an additional input to the ignition delay times at higher temperature, Fig. 5.4 shows
the ignition delay times measured in the high-pressure shock tube at NUIG for n-heptane
oxidation at φ = 1.0 and 15 bar in the temperature range 1058–1298 K. The agreement
between the experimental (points) and modeling results (solid line) are good, which further
validates the high temperature n-heptane chemistry. The dashed line shows model simu-
lations with unmodified rate rules. The slight difference between the predictions indicates
that those modifications have only a minor effect in this temperature regime.

The mechanism has also been validated using shock tube ignition delay time data from
the literature. Campbell et al. [86] used a shock tube to measure ignition delay times for
n-heptane oxidation in the temperature range 651–823 K and at pressures between 6.1 and
7.4 atm at φ = 0.75 in 15% O2/5%CO2/Ar and in 15% O2/Ar mixtures. Both first-stage
(cool flame) and second-stage (total) ignition delay times were measured, providing critically
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Figure 5.4: Experimental (symbols) and modeling results (lines) for ignition delay times of stoichiometric
n-heptane/air mixture at 15 bar. Solid and dashed lines are predictions with and without the modifications
in the rate rules, respectively.

needed targets for further validation of kinetic models. Figure 5.5 shows the experimental
and modeling results for that study [86] which used the LLNL mechanism [42], and the
predictions using the current model as well as several other models [16,30,46]. It can be
seen that the current mechanism generally shows a better performance in predicting both
the first and the second stage ignition delay times.

Shen et al. [45] measured ignition delay times for several n-alkane/air mixtures in a heated
shock tube. The experimental results for n-heptane, which were measured at φ = 0.25, 0.5
and 1.0 at multiple pressures are shown in Fig. 5.6. These results show the varying reactivity
of n-heptane depending on temperature, pressure and equivalence ratio, which have been
well captured by the current model. Here the maximum in excited OH radical concentration
is defined as the ignition delay event, which is consistent with that reported in [45]. Some
discrepancies can be seen at conditions such as φ = 0.5 at 13 atm. However, the relevant
experimental data is not completely consistent with those under similar conditions shown in
Fig. 5.7. Therefore these discrepancies can be partly attributed to the uncertainties of some
specific data points from the literature. Ciezki and Adomeit investigated the ignition delay
times for n-heptane/air mixtures in a high pressure shock tube for equivalence ratios of 0.5 to
3.0, at pressures between 3.2 and 42 bar in the temperature range of 660–1350 K [5]. These
experimental data have been the benchmark for validating n-heptane oxidation mechanisms
[16–17,30,40,42,44] for many years. Figure 7 shows a comparison of the experimental results
reported by Ciezki and Adomeit and the predictions using the current mechanism, which
indicates that it captures well the trend of the reactivity with the varying equivalence ratio,
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Figure 5.5: Experimental (symbols) [86] and modeling results (lines) for n-heptane/1515% O2/5%CO2/Ar
mixture ignition delay times at multiple conditions. Solid lines are predictions using current mechanism and
dashed lines are predictions using mechanisms from (a) [42], (b) [16], (c) [30], (d) [46].

pressure and temperature ranges. The comparison of the predictions using the current
mechanism and several other recently published ones [16,30,42,44,46] are shown in Fig. 5.8(a),
(b), (c), (d) and (e) respectively.

A brute force sensitivity analysis was performed using CHEMKIN PRO [84] at φ = 1.0,
p = 20 bar, T = 720 K, and at 820 K and 1000 K respectively to determine the reactions
that are most significant for the ignition process, Fig. 5.9. In the analysis, the rate constants
of each reaction were increased and decreased by a factor of two (k+ and k−), and the
simulations were performed using two mechanisms adopting these changes to obtain the
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Figure 5.6: Experimental (symbols) [45] and modeling results (lines) for n-heptane/air mixture ignition
delay times at multiple conditions.

Figure 5.7: Experimental (symbols) [5] and modeling results (lines) for n-heptane/air mixture ignition
delay times at multiple conditions.
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Figure 5.8: Comparisons of the predicted ignition delay times at multiple conditions using the current
mechanism and several other ones proposed recently. Experimental data (symbols) are from [5]. Solid lines
are predictions using current mechanism. Dashed lines are predictions using mechanisms from: (a) [42], (b)
[16], (c) [44], (d) [30], (e) [46].
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ignition delay times (τ+ and τ−). The sensitivity coefficient (S) is then defined as follows:

S =
ln(τ+/τ−)

ln(k+/k−)
=

ln(τ+/τ−)

ln(2/0.5)
(5.1)

From the definition above, it can be concluded that a reaction with a positive sensitiv-
ity coefficient inhibits reactivity while that with a negative sensitivity coefficient promotes
reactivity.

At low temperatures, the consumption of the fuel is mainly initiated by H-atom abstrac-
tion from the fuel by ȮH radicals, followed by propagation via addition to O2→ isomerization
to Q̇OOH → addition to O2, and the branching process via the formation and decomposi-
tion of ketohydroperoxides which produce ȮH radicals, promoting reactivity. Therefore at
low temperatures, the reactivity is dominated by chain branching from the fuel, depicted
in Fig. 5.9(a). Hydrogen and other small species chemistry is only of minor importance.
The most significant reactions promoting reactivity are those leading to the formation and
decomposition of ketohydroperoxides. However, the formation of ketohydroperoxides via
the isomerizations of Ȯ2QOOH radicals is not sensitive, because at low temperatures this
reaction class dominates the consumption of Ȯ2QOOH radicals, while other consumption
pathways such as the beta-scissions of Q̇OOH radicals cannot compete with their addition
to molecular oxygen, even when their A factors are reduced by a factor of two. The newly
adopted alternative isomerization reactions of Ȯ2QOOH radicals only show minor contribu-
tions as discussed in a previous work [54].

n-Heptane composes only primary and secondary carbon atoms. H-atom abstraction from
fuel by the radical pool mainly occurs at secondary carbon sites because the C–H bonds are
weaker compared to those on primary carbons. For the same reason, the hydrogen atoms on
secondary carbons are favored for the internal H-atom transfer/abstraction process in the
isomerization of RȮ2 to Q̇OOH radicals. Meanwhile, the isomerization of RȮ2 to Q̇OOH
radicals prefers six-membered ring transition states since they have the lowest ring strain
energies. These preferences of relevant reaction classes are also reflected in Fig. 5.9(a). For
example, the most sensitive reaction promoting reactivity is the addition of Ċ7H14OOH2− 4
radicals to O2. These are produced through the sequence of hydrogen abstraction from a
secondary carbon → addition to O2 → isomerization via a six-membered transition state
ring and internal abstraction of a secondary H-atom. The decomposition of the relevant
ketohydroperoxide, C7KET24, also significantly promotes reactivity. Similarly, the additions
of Ċ7H14OOH3− 5 radicals to O2 also contribute significantly to reactivity, with certain
differences caused by the branching ratios of hydrogen abstraction reactions from the fuel.
On the other hand, the concerted (olefin + HȮ2 radical) elimination reactions are the most
inhibiting at low temperatures. Although HȮ2 radicals can abstract hydrogen atoms from the
fuel, these reactions are considerably endothermic and contribute little to fuel consumption
at low temperatures. In addition, H-atom abstraction from the fuel by HȮ2 radicals produces
H2O2 which only decomposes easily into ȮH radicals at higher temperatures (∼850 K). As
has been discussed above, the equilibrium between RȮ2 and Q̇OOH radicals significantly
influences fuel reactivity at low temperatures. This is consistent with Fig. 5.9(a) since the
concerted elimination reactions of RȮ2 play a key role in reducing reactivity, while the
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Figure 5.9: Sensitivity analysis on the ignition delay time of n-heptane at T = 720 K, 820 K and 1000 K,
p = 20 bar. Negative sensitivity coefficients indicate decreases in ignition delay times.
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addition of Q̇OOH to O2 greatly increases it. The predicted reactivity of n-heptane (Fig.
5.2) and n-hexane [54] become lower when modified reaction rate rules are used, which can
be mainly attributed to the enhanced concerted elimination reactions in the modification
[54].

Figure 5.9(b) shows the results of the sensitivity analysis performed in the NTC re-
gion at 820 K. With an increase in temperature, there is an increased competition between
chain branching and chain propagation/termination reactions. Under these conditions, the
addition of Q̇OOH radicals to O2 and the concerted elimination reactions of RȮ2 radicals
continue to be important promoting and inhibiting reaction classes, respectively. However,
the chemistry of small molecules starts to become important. The most important reaction
promoting reactivity is the decomposition of H2O2, while the most inhibiting reaction is the
chain termination reaction HȮ2 + HȮ2 
 H2O2 + O2. This is because in this reaction two
HȮ2 radicals are consumed to produce just one H2O2 molecule leading to the formation of
two reactive ȮH radicals, whereas if one HȮ2 radical reacts with any stable species two rad-
icals and two H2O2 molecules will be produced leading to the formation of four reactive ȮH
radicals. Moreover, even though the decomposition of H2O2 into ȮH radicals promotes reac-
tivity, this reaction is endothermic and only becomes significant at higher temperatures. At
820 K, HȮ2 radicals can also be converted into more reactive ȮH radicals via reaction with
ĊH3 and CH3Ȯ2 radicals, promoting reactivity as shown in Fig. 5.9(b), or inhibit reactivity
through the chain-termination reaction producing H2O2 and O2. However, the temperature
can increase to temperatures above 900 K after the first stage ignition, making the decom-
position of H2O2 much easier and promoting reactivity. The sensitivity coefficients shown
in Fig. 5.9(b) reflect the influences of different reactions integrated over the entire ignition
process. It indicates that the production and consumption reactions of HȮ2 radicals play a
significant role in the NTC region, and are sensitive to the increase in temperature leading
to ignition.

The relatively large sensitivity coefficient of H-atom abstraction from primary carbon
atoms indicates the branching ratio of this reaction class is also important in controlling
reactivity. As discussed above, H-atom abstraction occurs preferentially from secondary
carbon atoms. However, the concerted elimination reaction that inhibits reactivity also favors
secondary alkylperoxy radicals, since there are more hydrogen atoms on beta carbons. On
the other hand, primary alkylperoxy radicals, C7H15 − 1Ȯ2, only have two hydrogen atoms
on the beta carbon leading to the concerted elimination reaction, and therefore there is less
competition from this reaction class in the sequent chain branching process. Besides H2/O2

and C1 chemistry, the reactions of other small molecules also become sensitive. For example,
the concerted elimination of n-propyl peroxide radical (nC3H7Ȯ2) inhibits reactivity. These
small molecule radicals are mainly produced from the β-scission of fuel-derived radicals or
from low-temperature products of the chain branching process.

The chemistry of small molecule species is even more important in the high-temperature
regime, as shown in Fig. 5.9(c). As the temperature increases, the decomposition of H2O2

is further enhanced and becomes the dominant reaction promoting reactivity. Correspond-
ingly, H-atom abstraction from fuel by HȮ2 radicals, which converts HȮ2 radicals into H2O2,
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Table 5.3: The detailed composition of the reactant mixtures in jet-stirred reactor experiments.

φ % n-heptane % O2 % He
4.00 0.50 1.38 98.13
2.00 0.50 2.75 96.75
0.25 0.50 22.00 77.50

greatly promotes reactivity. On the other hand, the duplicated chain terminating reactions
of HȮ2 radicals are the most inhibiting reactions, as discussed above. The unimolecular
decomposition of the fuel and β-scission of the fuel-derived radicals show positive or nega-
tive sensitivity coefficients depending on the reactivity of the different smaller hydrocarbon
species produced. The low-temperature chain branching reactions are not observed to be
sensitive in Fig. 5.9(c) due to the high temperature conditions. A series of reactions between
small molecule hydrocarbon radicals and HȮ2 radicals are shown in Fig. 5.9(c). In general,
those converting HȮ2 into ȮH radicals directly or indirectly promote reactivity, while those
converting HȮ2 into O2 inhibit reactivity.

5.3.2 Jet-stirred reactor

The jet-stirred reactor experiments were performed at 1.06 bar, at a residence time of 2 s
and at equivalence ratios of 0.25, 2.0 and 4.0 in order to extend the relevant experimental
database to very lean (φ = 0.25) and very rich (φ = 4.0) conditions. Detailed compositions of
the mixtures are listed in Table 5.3, with over 40 species being identified. The intermediates
include C1–C2 alcohols, C1–C4 aldehydes, C1–C4 alkanes, C2–C7 alkenes, small molecular
dienes and alkynes, C7 cyclic ethers, as well as other oxygenated species such as acids and
unsaturated aldehydes, which can be produced from the low-temperature oxidation pro-
cess. The simulation has been performed using the perfectly-stirred reactor module within
CHEMKIN PRO [84] employing the transient solver, with an end-time of 20 s. Figures 5.10–
5.12 present the model versus experimental results at equivalence ratios of 0.25, 2.0 and 4.0,
respectively. The experimental data sets are available in the supplementary material.

The NTC behavior of n-heptane under different conditions is reflected in the experimen-
tal results. In general, the experimental trends are well captured by the model, except for
the under-prediction in reactivity at φ = 0.25 at a temperature of approximately 750 K, in-
dicating that the current mechanism can capture the overall chemical behavior of n-heptane
under most conditions studied in the present work. Good agreement is observed between
the experimental results and the predictions for major intermediates, with the deviations in
the peak concentrations being mostly within a factor of two of the experiments. However,
the deviations for oxygenated species at low temperatures, such as those shown in Figs.
5.10(j), 5.11(b) and 5.10(f), suggest that the consumption pathway of the low-temperature
chemistry products can be further refined. In the current mechanism, the Korcek mechanism
[87] which produces acids from ketohydroperoxides has also been considered, with the rate
constants adopted from Pelucchi et al. [44]. However, the effects of adopting this reaction
class are very slight, as the concentrations of the acids are under-predicted at all conditions
studied in this work, especially for the leanest mixture. This might be due to the fast decom-

109



Figure 5.10: Experimental (symbols) and modeling results (lines) for n-heptane oxidation in jet-stirred
reactor at 1.06 bar with residence time = 2 s, φ = 4.0, 0.5% fuel diluted by helium. Solid and dashed lines
are predictions with and without the modifications in the rate rules, respectively.
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Figure 5.11: Experimental (symbols) and modeling results (lines) for n-heptane oxidation in jet-stirred
reactor at 1.06 bar with residence time = 2 s, φ = 2.0, 0.5% fuel diluted by helium. Solid and dashed lines
are predictions with and without the modifications in the rate rules, respectively.
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Figure 5.12: Experimental (symbols) and modeling results (lines) for n-heptane oxidation in jet-stirred
reactor at 1.06 bar with residence time = 2 s, φ = 0.25, 0.5% fuel diluted by helium. Solid and dashed lines
are predictions with and without the modifications in the rate rules, respectively.
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position of ketohydroperoxides in the current model which requires further investigation of
the detailed reaction pathways that consume ketohydroperoxides. The dashed lines present
the simulations using the mechanism with unmodified rate rules. It can be see that the new
modifications have only a slight effect upon the predicted mole fraction profiles of major
species. The dashed lines are overlapping with the solid lines for many cases.

It is worth noting that two important classes of intermediates are reasonably well pre-
dicted by the model, that is, heptenes and C7 cyclic ethers. As shown in Figs. 5.10–5.12(m),
the heptene isomers are largely produced from the concerted elimination reactions of RȮ2

radicals, to which ignition delay times are sensitive, showing different effects depending on
the temperature range, as discussed earlier. The overall agreement between the model and
experimental results of 1-, 2- and 3-heptene are better predicted using the modified rate rules
adopted here, yet the branching ratio may need to be further refined. Another possible rea-
son for the deviations, especially those at intermediate temperatures, may be attributable to
the consumption pathways of these alkenes. The experimental and simulated mole fraction
profiles of five different C7 cyclic ethers are shown in Figs. 5.10–5.12(n)–(o). These species
are produced from the chain propagating reactions of Q̇OOH radicals forming cyclic ethers
and ȮH radicals. Although this reaction class is not seen to be sensitive according to our
analysis presented above, its significance for the consumption of RȮ22 radicals cannot be
neglected, as will be shown in the rate of production analysis below. Using the modified
rate rules adopted here, in general the predicted mole fraction profiles agree better with the
experimental results. Even at φ = 0.25, where the performance of the model is not as good
as at the other equivalence ratios, the predicted peak concentration of cyclic ethers match
the magnitude of the measured values.

Figures 5.13 and 5.14 present the validation of the model against experimental data from
previous studies [16–17] in the same jet-stirred reactor. The experimental conditions are
similar having a fuel concentration of 0.5% using helium as the diluent gas. The pressure was
1.06 bar with the residence time of 2 s. The equivalence ratios were 1.0 and 3.0, respectively.
The agreement of the predicted mole fraction profiles with the measured ones is good for the
major species. Figure 5.13(d) and (f) shows the mole fraction profiles of cyclic ethers and the
heptene isomers. The cyclic ethers are well-predicted, while the heptenes are over-predicted
within a factor of two. Similar trends are seen in Fig. 5.14(d) for the φ = 3.0 condition,
as the concentrations of the two cyclic ethers are well predicted, while the agreement for 1-
and 2-heptene shown in Fig. 5.13(f), are better than those at the stoichiometric condition.
However, certain deviations are observed at low temperatures for oxygenated species at φ
= 3.0, such as acetaldehyde and propanal shown in Figs. 5.13(c) and (e). Figure 5.15
shows the validations at higher pressures, which uses the experimental data from Dagaut
et al. [14]. The model can in general reproduce well the species mole fraction profiles. The
predicted mole fraction profiles of the heptane isomers agree better with the experimental
results as shown in Fig. 5.15(f) compared to those at 1.06 bar, while certain deviations
between the experimental and modeling results can be observed for some smaller alkenes
such as ethylene and propene as shown in Fig. 5.15(b) and (c). These observations indicate
that the consumption pathways for the primary oxidation products of n-heptane may need
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further refinement, possibly by firstly considering their pressure dependence.

Simulations have also been performed using the mechanisms proposed by Mehl et al.
[42], Herbinet et al. [16], Pelucchi et al. [44] Seidel et al. [30] and Cai et al. [46] and com-
pared with those of the current mechanism. The experimental data sets are taken from
[16]. Comparisons are shown in Fig. 5.16, with each row comparing the simulated results
using the current mechanism compared to the target mechanism, which indicates that the
current mechanism has an overall better performance. Rate of production analyses have
been performed for n-heptane oxidation in the jet-stirred reactor using helium diluted at
0.5% fuel, at a residence time of 2 s, at φ = 1.0, and at T = 650, 850 and 1000 K in order
to reflect the significant reaction pathways over the entire temperature range. Based on the
results at the three different temperatures, a reaction pathway diagram has been generated
following two principles and is shown in Fig. 5.17. Considering the neatness of the diagram,
the first principle is that, the reaction pathways with contributions of less than 10% at all
three temperatures are not shown. Some of the remaining pathways may have very low
contributions at either low or high temperatures due to their dependence on temperature;
e.g. the addition of fuel derived radicals to oxygen. Therefore the second principle is that,
if a reaction pathway has a contribution of less than 6%, the contributions of the sequent
reaction pathways of its product are not shown. The arrows denote reaction pathways, with
their contributions under different temperatures indicated using different fonts: red italic
denotes T = 650 K, black bold denotes T = 850 K and blue underlined denotes T = 1000
K.

At all three temperatures, fuel consumption occurs mainly via H-atom abstraction by
the radical pool, with a slight change in the branching ratios leading to different fuel derived
radicals (Ṙ). An analysis of the branching ratio for abstraction by different radicals indicates
that the contribution of H-atom abstraction by ȮH radicals to fuel consumption is 95.8%
at 650 K, 78.1% at 850 K and 43.5% at 1000 K, while that by Ḣ atoms is 3.1% at 650 K,
9.1% at 850 K and 52.7% at 1000 K. This reflects the inhibited chain propagating process
due to increasing temperature, as well as the enhanced β-scission of fuel derived radicals
which readily produce Ḣ atoms in the sequent dehydrogenation reactions. This overall
trend can also be observed from the change in flux distribution with increasing temperature.
Unlike those of ȮH radicals and Ḣ atoms, the contributions to fuel consumption of H-atom
abstraction by HȮ2 radical is 0.7% at 650 K, 9.1% at 850 K and 2.2% at 1000 K. This
trend is consistent with the discussions on sensitivity analysis for ignition delay time in that
H-atom abstraction from the fuel by HȮ2 radicals plays an important role at intermediate
temperatures (∼850–1300 K). The production of Ṙ radicals is depicted in the upper left part
of Fig. 5.17, and the consumption is shown in the order of 1-, 2-, 3- and 4-heptyl vertically. In
general, the chain propagation and chain branching processes in the consumption of each fuel
radical are depicted from left to right in Fig. 5.17; the left edge shows the reaction classes such
as the β-scission and isomerization reactions of alkyl radicals, followed by chain propagation
reactions including the addition of alkyl radicals to O2, concerted elimination of RȮ2 radicals
producing an HȮ2 radical and an olefin, which competes with the isomerization of RȮ2 into
Q̇OOH radicals. In the middle part of Fig. 5.17, the multiple consumption channels of
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Figure 5.13: Experimental (symbols) [16] and modeling results (lines) for n-heptane oxidation in jet-stirred
reactor at 1.06 bar with residence time = 2 s, φ = 1.0, 0.5% fuel diluted by helium.

Figure 5.14: Experimental (symbols) [17] and modeling results (lines) for n-heptane oxidation in jet-stirred
reactor at 1.06 bar with residence time = 2 s, φ = 3.0, 0.5% fuel diluted by helium.
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Figure 5.15: Experimental (symbols) [14] and modeling results (lines) for n-heptane oxidation in jet-stirred
reactor at 10 bar with residence time = 1 s, φ = 1.0, 0.1% fuel diluted by nitrogen.

Q̇OOH are shown, including Q̇OOH radical addition to O2, the formation of cyclic ethers
and also the β-scission reactions producing smaller molecule products. On the right edge,
the chain branching step is reached via the formation of ketohydroperoxide species and bi-
hydroperoxy alkyl radicals. The formation and decomposition of the former produce two
ȮH radicals in total, while the decomposition of the latter also releases two ȮH radicals.
The further decomposition pathways of these species are not depicted here in order to reduce
the size of the figure. Alternative isomerization reactions are more important for Ȯ2QOOH
radicals where the hydroperoxy groups are on primary carbon atoms. This is because the C–
H bonds are stronger and are not favored by the internal H-atom transfer process. Although
for n-heptane, the alternative isomerization reaction leads to chain branching which can
also be reached via the formation of ketohydroperoxides, this additional pathway may be
important for branched alkanes when the formation of ketohydroperoxides is not possible
[51].

At 650 K, the chain branching process dominates, with the production of ketohydroper-
oxides and bi-hydroperoxyl alkyl radicals at the right end of Fig. 5.17. The β-scission path-
way of each fuel derived radical can be neglected. The concerted elimination reactions of
RȮ2 have lesser contributions compared to those of the isomerization into Q̇OOH radicals.
However, ignition delay time predictions are very sensitive to these concerted elimination
reactions where an increase in their rate reduces reactivity, as shown in Fig. 5.9. On the
other hand, the flux leading to cyclic ethers is quite high. For each RȮ2 radical, the 1,4
H-atom transfer channel is favored over the other isomerization pathways, and the sequent
formation of five membered ring cyclic ethers dominates the consumption of the correspond-
ing Q̇OOH radicals. However, the reactivity of the system is insensitive to the formation
of cyclic ethers because these chain propagation reactions produce ȮH radicals which are
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Figure 5.16: Comparisons of experimental results (symbols) [16] and predictions using the current mecha-
nism and several other ones proposed recently. Solid lines are predictions using current mechanism. Dashed
lines are predictions using mechanisms from: Row (a) [42], Row (b) [16], Row (c) [44], Row (d) [30], Row
(e) [46].
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Figure 5.17: Reaction flux for n-hexane oxidation in jet stirred reactor at p = 1.06 bar with 0.5% fuel in
helium, τ = 2 s. The contributions of the reactions are marked. Red italic, black bold and blue underlined
numbers are at φ = 1.0, T = 650 K, 850 K and 1000 K, respectively. Numbers with red frames and red
backgrounds are at φ = 0.25 and φ = 4.0 at T = 650 K.
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much more reactive than the HȮ2 radicals produced from the concerted elimination reac-
tions of RȮ2 radicals at low temperatures. As the temperature increases to 850 K, the chain
propagation pathways become more dominant and there is little flux to chain branching
and Q̇OOH radical addition to O2. An obvious feature in the reaction pathways is that
the concerted elimination reactions largely consume RȮ2 radicals, especially secondary RȮ2

radicals since there are more hydrogen atoms on the beta carbons. Meanwhile, the forma-
tion of cyclic ethers is also enhanced. As has been discussed previously, the production of
1-heptyl radicals promotes reactivity, with this class of reaction showing a relatively large
sensitivity coefficient at intermediate temperatures. This may be partly explained by the
consumption channels of different fuel radicals shown in Fig. 5.17. While the concerted elim-
ination reaction dominates the consumption of 2-, 3- and 4-heptyl radicals, the isomerization
reactions contribute about 69% in total to the consumption of 1-heptyl radicals. Therefore
the production of 1-heptyl radicals, compared to the other heptyl radicals, increases the
chain branching process, and thus promotes reactivity. At the higher temperature condition
of 1000 K, the only important consumption pathways for alkyl radicals are β-scissions, si-
multaneously producing smaller hydrocarbon radicals and olefins. Therefore the chemistry
of these smaller hydrocarbon species becomes important in controlling the reactivity of the
system. The addition of alkyl radicals to molecular oxygen has only a minor contribution to
the overall flux of the system.

Rate of production analyses have also been performed at φ = 0.25 and φ = 4.0 at T
= 650 K to determine the influence of equivalence ratio upon the oxidation of n-heptane
through the reaction pathways shown in Fig. 5.17. The contributions have been marked with
numbers in red frames and numbers with red backgrounds for φ = 0.25 and φ = 4.0 at T =
650 K, respectively. As shown by the experimental conditions in Table 5.3, the concentration
of the fuel remains constant, while that of oxygen varies with increasing equivalence ratio.
As a result, the reactions involving oxygen are enhanced at φ = 0.25 and inhibited at φ
= 4.0. This is reflected in Fig. 5.17 in that the additions of Ṙ and Q̇OOH radicals to
molecular oxygen, especially the latter, have higher contributions at the fuel-lean condition.
For example, the addition of Ċ7H14OOH4− 2 radicals to oxygen account for 89.2%, 67.2%
and 35.5% to its consumption at φ = 0.25, 1.0, and 4.0, respectively, shown at the bottom
of Fig. 5.17. For the consumption of Q̇OOH radicals, the lower contribution of the addition
to O2 with an increase in equivalence ratio leads directly to the higher contribution of
cyclic ether formation. Meanwhile, the equilibrium between RȮ2 and Q̇OOH radicals is also
affected. As the consumption of Q̇OOH radicals is actually inhibited by the lack of O2 at
the fuel-rich condition, the isomerization of Q̇OOH radicals back to RȮ2 radicals and the
consumption of RȮ2 radicals via other reaction pathways are promoted. Figure 5.17 shows
that the production of 3-heptene from C7H15 − 4Ȯ2 radical contribute 15.3%, 32.9% and
45.7% to its consumption at φ = 0.25, 1.0, and 4.0, respectively. According to the results
and discussions of the sensitivity analysis shown in Fig. 5.9, these changes lead to a lower
reactivity at fuel-rich conditions, which is consistent with the fuel consumption values shown
in Figs. 5.10–5.12(b). On the other hand, the branching ratios in the production of different
fuel derived radicals are very similar at all of the three equivalence ratios. This is because H-
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Figure 5.18: Experimental (symbols) [26] and modeling results (lines) for the laminar flame speed of
n-heptane in air at 1 atm and different initial temperatures.

atom abstraction from the fuel occurs mainly via ȮH radicals, with only minor contributions
from the other radicals, but varies with equivalence ratio. Similarly, the branching ratios
of different consumption channels of Ȯ2QOOH radicals are also highly consistent despite of
the varying equivalence ratio, since they are mainly consumed via isomerization and sequent
decomposition.

5.3.3 Laminar flame speed predicitons

The current mechanism has been validated using the laminar flame speed data reported in
[24–26]. The comparisons are shown in Figs. 5.18–5.20. The simulation used the premix
code in CHEMKIN PRO [84]. Considering the high temperature condition in the flame,
the current mechanism has been reduced by removing most of the reactions involving low-
temperature species. This reduced mechanism, or the high temperature version of the current
mechanism, is also available as Supplementary material and at the C3 website: http://c3.
nuigalway.ie/.

Dirrenberger et al. measured adiabatic laminar burning velocities of n-heptane at 1 atm
using a flat flame adiabatic burner [26]. The heat flux method was used to determine
burning velocities at conditions for which the net heat loss of the flame is zero. Figure
5.18 shows the experimental data sets reported for n-heptane flame speeds, which were
measured at 298 K, 358 K and 398 K [26]. The model predicts well the flame speeds except
for the under-prediction at fuel-rich conditions, which is similar to the deviations between
the experimental and modeling results presented in the original paper [26]. Sileghem et al.
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Figure 5.19: Experimental (symbols) [25] and modeling results (lines) for the laminar flame speed of
n-heptane in air at 1 atm and different initial temperatures.

Figure 5.20: Experimental (symbols) [24] and modeling results (lines) for the laminar flame speed of
n-heptane in air at initial temperature of 353 K and different pressures.
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measured the laminar burning velocities of n-heptane using the heat flux method for a flat
flame adiabatic burner at atmospheric pressure and at multiple initial temperatures from
298 K to 358 K [25]. Good agreement can be seen between the experimental data and the
simulations using the current model for all data sets at initial temperature from 298 K to
358 K (Fig. 5.19). Only slight under-predictions can be seen at the initial temperature of
358 K. The deviations are mostly within the reported uncertainty range (± 1.4 cm/s for
equivalence ratio = 1.3 and ± 1 cm/s for the other equivalence ratios).

The current mechanism has been further validated against flame speed data at elevated
pressures. Kelly et al. performed an experimental study on laminar flame speeds and Mark-
stein lengths studies for C5 − C8n-alkane mixtures in air at pressures of up to 10 atm [24].
Figure 5.20 shows the measured n-heptane flame speeds at an initial temperature of 353 K
and at pressures of 1, 2, 5, and 10 atm, respectively. The predicted flame speeds agree well
with the experimental results at all pressures, with slight under-predictions at 5 atm which
are within the reported uncertainty range of ± 2 cm/s. This indicates that the pressure
dependence of the high temperature chemistry is reasonable in the current mechanism.

5.4 Conclusions

In this work, the oxidation of n-heptane has been firstly investigated experimentally. A de-
tailed chemical kinetic model has been developed to numerically describe these experimental
observations. Good agreement is observed between the model predictions and measured ig-
nition delay times. In general, the model also satisfactorily captures the trend in the mole
fraction profiles of most species measured in a jet-stirred reactor over a very wide range of
equivalence ratios (0.25, 2.0 and 4.0). A good performance of the current mechanism is also
indicated via further validations and comparisons to several recently published n-heptane
mechanisms. The reaction rate rules used in this mechanism are consistent with those used
for the pentane isomers [51,55] and n-hexane [54] sub-mechanisms. Therefore good consis-
tency in kinetic can be expected, which is important regarding simulations for fuel mixtures.
The reaction rate rules have been shown to lead to reasonably good predictions and may
thus be used in the development of mechanisms of larger alkanes.
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Abstract

Accurate chemical kinetic combustion models of lightly branched alkanes (e.g., 2-methylalkanes)
are important to investigate the combustion behavior of real fuels. Improving the fidelity of
existing kinetic models is a necessity, as new experiments and advanced theories show inaccu-
racies in certain portions of the models. This study focuses on updating thermodynamic data
and the kinetic reaction mechanism for a gasoline surrogate component, 2-methylhexane,
based on recently published thermodynamic group values and rate rules derived from quan-
tum calculations and experiments. Alternative pathways for the isomerization of peroxy-
alkylhydroperoxide (OOQOOH) radicals are also investigated. The effects of these updates
are compared against new high-pressure shock tube and rapid compression machine ignition
delay measurements. It is shown that rate constant modifications are required to improve
agreement between kinetic modeling simulations and experimental data. We further demon-
strate the ability to optimize the kinetic model using both manual and automated techniques
for rate parameter tunings to improve agreement with the measured ignition delay time data.
Finally, additional low temperature chain branching reaction pathways are shown to improve
the models performance. The present approach to model development provides better per-
formance across extended operating conditions while also strengthening the fundamental
basis of the model.
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6.1 Introduction

Accurate kinetic models of fuel oxidation at high and low temperatures offer better predic-
tions of combustion properties, hence, enabling improvements in engine combustion efficiency
with lower emissions. However, developing these models is challenging for complex fuels such
as gasoline. In order to make kinetic model development more tractable, surrogate fuels are
formulated such that they replicate the combustion properties of real fuels, including H/C
ratio, distillation curve, and ignition quality, among others.

Chemical kinetic models consist of kinetic, thermodynamic, and transport data. One
way of developing these mechanisms is via automated mechanism generators that make use
of rate-based algorithms [1]. Alternatively, these models can be developed manually based
on rate rule and group additivity methods for kinetic and thermodynamic data, respectively.
Ideally, the rate coefficients of elementary reactions are taken from experimental measure-
ments or theoretical calculations. However, such data is often unavailable in the literature,
which necessitates the use of estimation and analogy, and ultimately increases the level of
uncertainty in the model. Thermodynamic data, on the other hand, is mainly estimated
based on group additivity (GA) methods [2–4]. The accuracy of the thermodynamic data
depends on that of the group values used.

Over the past few years, much effort has focused on the investigation of combustion
reaction kinetics and thermodynamics, which has resulted in more accurate rate coefficients
and group values, as well as new reaction pathways. Kinetic models available in the literature
have to be updated based on newly obtained data in order to improve their predictive
capabilities. Moreover, the updated models have to be compared against experimental data
available in the literature. The kinetic models for C5, C6, and C7 alkanes have been recently
updated [5-7]. Silke et al. [7] updated the n-heptane model originally developed by Curran
et al. [8]. In addition to updating the rate coefficients of existing reactions, they added new
pathways for RO2 + OH, RO2 + HO2, cyclic ether formation, and OOQOOH alternative
isomerization reactions. Bugler et al. [5] revisited the chemical kinetic models of the pentane
isomers originally developed by Healy et al. [9]. In their work, they investigated the effect
of implementing thermodynamic and reaction rate updates, [10-15] as well as the addition
of alternative OOQOOH isomerization pathways, on the combustion properties of pentane
isomers. Finally, n-hexane sub-mechanism in Curran et al.s [8] heptane model was updated
by Zhang et al. [6]. Reaction rate coefficients were updated and missing pathways were
included. The updated mechanism was manually tuned (i.e., modified), within uncertainty
limits, to provide better agreement with experimental data.

In this study, a kinetic model for 2-methylhexane, a molecule which has been proposed
as a surrogate component for iso-alkanes in the middle boiling range of gasoline fuels [16], is
updated and re-evaluated. The high-temperature mechanism for 2-methylhexane oxidation
was initially proposed by Westbrook et al. [17] as part of an experimental and modeling study
on the heptane isomers. Later, Sarathy et al. [18] updated this mechanism and added low-
temperature oxidation pathways based on Curran et al.s models for n-heptane and isooctane
[8, 19]. In addition to updating the reaction rate parameters and base chemistry, Sarathy et
al. [18] added concerted elimination pathways to the model. The updated mechanism was
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compared against rapid compression machine measurements performed by Silke et al. [20],
and it was shown that the implemented updates improve agreement with the experimental
data. Since the publication of Sarathy et al.s [18] work, important advancements have been
made in the field of combustion kinetics and thermodynamics. Therefore, the 2-methylhexane
oxidation mechanism needs to be revisited yet again.

This work investigates the effects of updating the thermochemistry, reaction pathways,
and rate rules on the simulated ignition kinetics of 2-methylhexane/air mixtures. The up-
dated model is based on that of Sarathy et al. [18], and is compared against new shock
tube and rapid compression machine ignition delay data. In order to ameliorate agreement
between model and experiments, the rate coefficients of reactions with high sensitivity co-
efficients are modified. The modifications are effectuated via (i) manual tuning and (ii)
automated optimization based on the methods proposed by Cai and Pitsch. [21,22].

6.2 Experimental methods

The original 2-methylhexane model proposed by Sarathy et al. [18] was previously com-
pared against rapid compression machine (RCM) ignition delay data from Silke et al. [20] at
stoichiometric conditions and at end of compression pressures and temperatures of 13.5–15
bar and 640–960 K, respectively. The model updated herein is compared against the same
experimental data. However, in order to further ensure the validity of this model, more
experiments are conducted over a wider range of conditions. RCM experiments were carried
out at NUI Galway at pressures of 10, 15, 20, and 40 bar and equivalence ratios of 0.5 and
1.0. Moreover, experimental ignition delay data at high temperatures were obtained using
the high-pressure shock tube at KAUST for pressures of 20 and 40 bar, and equivalence
ratios of 0.5 and 1.0.

6.2.1 High pressure shock tube measurements

Ignition delay times of 2-methylhexane/air mixtures were measured using the high-pressure
shock tube (HPST) facility at KAUST. The shock tube is constructed from stainless steel
with an inner diameter of 10 cm. The driven section is 6.6 m long, and the driver section
has a modular design to vary its length from 2.2 m to a maximum of 6.6 m. The midsection
of the tube houses two prescored aluminum diaphragms in a double-diaphragm arrange-
ment (DDA) which allows better control of the postreflected shock conditions compared to
single diaphragm arrangement (SDA). The main difference between DDA and SDA is the di-
aphragm rupture timing. In SDA, the gas pressure in the driver section is increased until the
diaphragm ruptures. The breaking pressure depends on many variables such as diaphragm
thickness, scoring depth, aluminum grade and rate of pressure increase. This makes it hard
to precisely control the bursting pressure (p4) and conditions (p5 and T5) behind the re-
flected shock wave. In DDA, the midsection is filled with bath gas at a pressure that is much
lower than the breaking pressure of the diaphragm. Thereafter, the driver section is filled
to the desired pressure p4. Breaking of the diaphragms is activated by suddenly venting the
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Table 6.1: Number of Gauche interaction corrections in the classical and revised counting schemes [36].

φ % 2MH % O2 % N2

0.5 0.95 20.81 78.24
1.0 1.88 20.61 77.51

midsection. This procedure allows precise control of postshock temperature/pressure and
experimental conditions can be easily reproduced [23].

The incident shock speed was measured using five PCB 113B26 piezoelectric pressure
transducers (PZTs) placed in the last 3.6 m of the driven section. Shock attenuation rates
varied from 0.2 to 1.8%/ms. Shock jump relations and known thermodynamic parameters
were used to calculate the postreflected shock conditions (p5 and T5) with an uncertainty of
<1%. Sidewall pressure trace was measured using a Kistler 603B1 PZT located at 1.0 cm
from the endwall. Also, OH* chemilimuniscence at 307 nm was monitored through sapphire
windows at the endwall and sidewall (1.0 cm from the endwall) locations using modified
Thorlabs PDA36A photodetectors. A 3.39 µm He–Ne laser absorption diagnostic was set
up at the sidewall location to measure fuel decay during the induction phase. The C–H
stretching vibration in the fuel molecule causes absorption of 3.39 ?m wavelength. This
diagnostic can be used to measure only qualitative fuel decay profiles as other intermediate
hydrocarbons also absorb laser light at this wavelength. A fast time-response photodetector
(VIGO Systems PVI-3TE-4) was used to collect the transmitted He-Ne signal. A schematic of
the experimental setup is shown in Fig. 6.1. A more detailed description of the experimental
method could be found in ref. [24].

2-Methylhexane was purchased from Sigma-Aldrich (99% purity), whereas research-grade
oxygen and nitrogen cylinders (99.999% purity) were purchased from Abdullah Hashim Gas
Company. A molar ratio of 3.76:1.0 of N2:O2 was used to prepare fuel/air mixtures in a
magnetically stirred mixing tank. After vacuuming the mixing tank to pressures less than
10–4 mbar, 2-methylhexane was injected directly in the heated (75 C) mixing tank. The
injection was made through a septa rubber valve that has high sealing properties. Mixing
tank, manifold and shock tube driven section were electrically heated to 75 C to prevent
condensation of 2-methylhexane. Driver gas tailoring (nitrogen in helium) and long length
of driver section were used to extend the shock tube test times to 10 ms. A gradual pressure
rise behind reflected shock wave (dp5/dt) was observed, which varied from 2–3%/ms.

Ignition delay time experiments spanned two equivalence ratios (0.5 and 1.0) and two
pressures (20 and 40 bar). Reflected shock temperatures ranged 758–1280 K for the 40 bar
experiments and 740–1290 K for the 20 bar data. Mixture compositions used for fuel-lean and
stoichiometric ignition measurements are summarized in Table 6.1. Representative ignition
delay time measurements are shown in Figure 6.2–6.3. Time zero was defined as the time of
midpoint of pressure jump from p2 (pressure behind the incident shock wave) to p5 (pressure
behind the reflected shock wave). The onset of ignition was defined by the maximum slope
in the sudden increase of pressure, OH* sidewall, OH* endwall or He–Ne laser signal. All
four methods lead to very similar ignition delay times. Ignition delay data presented in this
work are deduced from the pressure signal. A two-stage ignition phenomenon was clearly
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Figure 6.1: Experimental setup of the high-pressure shock tube (He-Ne laser beam and OH* emission
signal are monitored from the same axial location but through different radial accesses).

identified for 2-methylhexane at temperatures near 800 K for all conditions of pressure and
equivalence ratio. The pressure jump due to first stage ignition was quite small at some
conditions. For this reason, the He-Ne laser signal, proportional to fuel decay, was used to
identify the first stage ignition delay time when possible (see Fig. 6.3). The ignition delay
times investigated in this work ranged from 64 µs to 10.5 ms. Ignition delay time uncertainty
analysis of the experimental method showed that shock tube data reported in this work have
an uncertainty of ±20%. Tabulated results of ignition delay times as a function of pressure,
temperature, and equivalence ratio are presented as Supplementary data.
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Figure 6.2: Typical pressure and OH*
traces for single stage 2-methylhexane
ignition.

Figure 6.3: Typical pressure, He–Ne laser, and OH*
traces for two-stage 2-methylhexane ignition.

6.3 Rapid compression machine measurements

For conditions resulting in ignition delay times longer than 2 ms, ignition delay time mea-
surements were carried out in a rapid compression machine (RCM) at NUI Galway. The
RCM is an experimental platform designed to promptly compress a test gas to an elevated
temperature and pressure in order to probe chemical kinetic processes of the gas at the
elevated thermodynamic state. The design of the machine and the method of ignition de-
lay measurement using this device has been previously documented,[25–28] and will not be
further described here.

Ignition delay times were measured in the RCM at stoichiometric and fuel-lean (φ = 0.5)
conditions in a bath gas containing 21% O2 and 79% diluent. Experiments were conducted
at compressed pressures of 20 and 40 bar (measured to ±1%) in the compressed temperature
range of 620–750 K. The test fuel 2-methylhexane was supplied in high purity (>99%) by
TCI UK, and used without further purification. Nitrogen (99.95%), oxygen (99.5%) and
carbon dioxide (99.5%) gases were supplied by BOC Ireland. These experiments were mostly
conducted using pure nitrogen diluent. However, to lower the specific heat ratio (i.e., γ =
cp/cv) of the test gas and consequently provide access to lower compressed temperatures, a
diluent mixture of 45% N2 and 55% CO2 was used for the fuel-lean experiments at compressed
temperatures below 670 K. Experiments with stoichiometric mixtures compressed to 40 bar
could not be performed in the RCM due to the high rate of heat release during ignition, which
can cause damage to the dynamic pressure transducer (Kistler 6045a) used to monitor the
pressure. Uncertainties of ±15% are suggested for the RCM ignition delay measurements.

The RCM ignition delay measurements reported by Silke et al. [20] at φ = 1.0, at com-
pressed pressures of 15 bar, and in the compressed temperature range of 630–925 K have
also been reassessed here. For these experiments, a bath gas of 21% O2 and 79% diluent was
used. Pure nitrogen was used as diluent for compressed temperatures below 750 K, while
an 80% Ar/20% N2 diluent blend was used for higher temperatures to raise the specific heat
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ratio of the test gas and avoid excessive preheating of the machine. In the current study,
2-methylhexane was found to be highly reactive at these conditions with significant heat
release during the compression process for compressed temperatures above 730 K making
adequate comparisons between experimental and mechanism simulation results challenging.
This has been alleviated by measuring ignition delay times at a slightly less reactive condition
(i.e., pc = 10 bar ± 1%).

Ignition delay times are reported here as a function of the measured compressed pressure
and mixture composition together with the compressed gas temperature, which is evalu-
ated using the widely validated adiabatic core model [29–31]. Comparisons between the
2-methylhexane oxidation mechanism and RCM experiments are achieved by simulating the
adiabatic core gas in a zero dimensional closed adiabatic reactor, where the reactor gas is
volumetrically compressed or expanded at an empirically derived rate to account for the ef-
fects of piston compression and heat loss from the test gas to the reaction chamber surfaces,
respectively.

6.4 Chemical kinetic model development

In this work, we updated the low- and high-temperature 2-methylhexane oxidation mecha-
nism proposed by Sarathy et al. [18]. The C0 − C4 base chemistry was replaced with the
AramcoMech 1.4 [32] base chemistry. Thermodynamic properties of chemical species were
recalculated using updated group values. Furthermore, the rate coefficients of important
low-temperature reaction classes were revised based on recent experimental and theoretical
kinetic studies. Finally, alternative isomerization pathways of OOQOOH intermediates were
added to the mechanism. These updates are discussed in detail in subsequent sections. All
simulations were conducted using the homogeneous batch reactor model in CHEMKIN PRO
[33], and thermochemical data were calculated using THERM software [34].

6.4.1 Updates of thermochemical data

The accuracy of thermochemical data is important in combustion modeling. Thermody-
namic properties (heat of formation ∆Hf , entropy ∆S, and specific heat cp) are used to
estimate heat of reaction, equilibrium constants, and rates of reverse reactions. In this work,
thermodynamic data is estimated using THERM software [34], based on the group additivity
method (GA) proposed by Benson and co-workers [35]. This method divides the molecule
into groups, each having its own contribution to thermodynamic properties. Typically, one
can obtain properties within 0.96 kcal/mol chemical accuracy [36]. A second order estima-
tion method is also used, in which corrections for 1,4- and 1,5-interactions, optical isomers,
cyclization, etc. are accounted for [34]. In this work, updated ALPEROX (Ȯ2 radical) and
OO/C/H group values from Burke et al. [15] are used to recalculate the thermodynamic data
of all species in the 2-methylhexane kinetic mechanism. Optical isomers and the effect of
the non-next-nearest neighbor interactions (NNI), especially gauche interactions[36,37] were
taken into account.
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Figure 6.4: 2-Methylhexane structure with labels to denote specific sites.

Table 6.2: Number of Gauche interaction corrections in the classical and revised counting schemes [36].

bond classical [35] revised [38]
P–P, S, T, or Q 0 0
S–S 0 0
S–T 1 1
S–Q 2 2
T–T 2 3
T–Q 4 5
Q–Q 6 8

Optical isomers

An optical isomer (OI) group value is added for every chiral center in a chemical species. For
example, a primary radical at C1 in 2-methylhexane (Fig. 6.4) renders C2 a chiral center as
it is connected to four different groups, which requires the addition of the OI group value. It
is also added for every OO and OOH group in peroxy and alkyl hydroperoxide species since
they are considered as pseudochiral centers [11]. The OI group value adds a correction of
Rln(2) to the entropy.

Gauche interactions

In this work, three different types of gauche interactions are accounted for:

• Alkane gauche interaction (AG) is the classical gauche interaction [3] that occurs when-
ever a 60◦ dihedral angle is formed between two carbons, as shown in Fig. 6.5a. This
destabilizes the energy by 0.8 kcal/mol [36]. Table 6.2 presents the counting scheme
for gauche interactions based on the type of bond between the two central carbons.
This scheme was revised by Cohen and Benson [38] in 1992 to better match the ex-
perimental enthalpies of highly substituted molecules (Table 6.2). In 2-methylhexane
a tertiary and a secondary sites are adjacent, i.e., C2 and C3 in Fig. 6.4, so one AG
interaction is added.

• Radical gauche 1 interaction (RG1), of the same magnitude as AG, is considered when
a radical site exists at one of the central carbons, as shown in Fig. 6.5b. In this case,
the radical is neglected and the revised counting scheme in Table 6.2 is used. For
2-methylhexane, C2 and C3 radicals are considered to have one gauche interaction
[36,37].
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Figure 6.5: Newman projection of 2-methylbutane or the C2–C3 bond in 2-methylhexane: (a) gauche
interaction; (b) radical gauche 1; (c) radical gauche 2.

• Radical gauche 2 interaction (RG2) is considered when a radical exists on sites neigh-
boring the central carbons. In such cases, the molecule should be rearranged so as to
minimize the number of AG interactions in favor of RG2 interactions (Fig. 6.5c), since
the destabilizing magnitude of the latter (0.4 kcal/mol) is less important. Considering
that only one gauche interaction group value, corresponding to AG, exists in THERM
databases, the RG2 interaction was neglected in this study. Therefore, RG2 interac-
tions are not taken into consideration when calculating the thermodynamic properties
of radical species. For example, no gauche effect is assumed for the radical species in
Fig. 6.5c which has zero AG, zero RG1, and one RG2 interactions.

Table ???3 shows a comparison between the original and updated thermodynamic prop-
erties of two low temperature species. These updates alter the thermochemical properties
of low temperature species, which alters the equilibrium constants and reverse rates of some
elementary reactions and ultimately influences reactivity. In the case of 2-methylhexane, as
shown in the example in Table ???3, the thermodynamic updates increases the Gibbs energy
of the reaction which increases the reverse rate and shift the equilibria toward the reactants.
This results in a reduced reactivity in the negative temperature coefficient (NTC) region as
shown in Fig. 6.6.

6.4.2 Updates to existing pathways

The detailed chemical kinetic mechanism describes the typical low- and high-temperature
reactions that take place during fuel oxidation. The types of species and reactions included
in the model are based on experimental observations of hydrocarbon oxidation and widely
accepted reaction mechanisms [39,40]. Reactions are initiated by H atom abstraction from
the fuel forming fuel radicals that mainly undergo β-scission reactions leading to olefins and
radicals at high temperature. At low temperatures, fuel radicals react with O2 to form chem-

138



Figure 6.6: Constant volume simulated ignition delay profiles for 2-methylhexane/air mixtures at 40 bar,
φ = 1 using the original and updated thermodynamic data.

ically activated alkylperoxy adducts (RO2*). These adducts are collisionally stabilized at
high pressure, leading to thermally equilibrated (RO2) radicals. Both, chemically activated
and thermally equilibrated adducts, undergo isomerization and concerted elimination reac-
tions to form hydroperoxyalkyl radicals (QOOH) and olefins + HO2, respectively (Fig. 6.7).
The concerted elimination pathway is a chain termination pathway that inhibits reactivity.
Meanwhile, QOOH radicals undergo chain branching reactions upon the addition of molecu-
lar oxygen, ultimately leading to the formation of two reactive OH radicals, which promotes
reactivity. Alternative isomerizations of the OOQOOH radicals (as discussed later) may also
influence low temperature reactivity and ignition depending on the molecular structure and
combustion conditions (i.e., temperature, pressure, equivalence ratio). QOOH radicals also
undergo chain propagation and chain termination reactions leading to cyclic ethers + OH
and olefins + HO2, respectively. Competition of HO2 elimination and cyclic ether formation
with the second O2 addition is partially responsible for the NTC behavior in 2-methylhexane
ignition.

Several important reaction classes in the aforementioned reaction scheme have been re-
vised and modified based on recent experimental and theoretical studies. High-pressure limit
rate constants were revised based on recent quantum calculations using the same approach
as Bugler et al. [5] and Zhang et al. [6] for the pentane isomers and n-hexane, respectively.
Bugler et al. [5] also compared rate constants from different studies and provided a rec-
ommended set of rate coefficients with uncertainty bounds. We will later show how these
recommended rate coefficients and their uncertainty bounds can be used for model optimiza-
tion. High-pressure limit rate constants were used because previous work by Villano et al.
[11], Goldsmith et al. [41], and Bugler et al. [5] concluded that high-pressure limit rates are
suitable for a typical combustion conditions (i.e., above 10 atm). Specifically, their work
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Figure 6.7: Schematic of low temperature pathways of hydrocarbon combustion.

showed small differences in species concentrations and ignition time when pressure depen-
dent rates were used, and this effect was shown to decrease as the fuel molecular weight
increases.

After having updated the base C0 − C4 chemistry [32] and the thermodynamic data of
all chemical species, as described earlier, updates were made to the rate coefficients of the
following reaction classes. The updates were incorporated sequentially, and simulations were
performed after each update to monitor its effect on the kinetic models reactivity. For exam-
ple, the seventh update comprises the update of QOOH + O2 rate coefficients, in addition
to the updates 1 through 6, as well as updates of the base chemistry and thermodynamic
data.

1. (R + OH 
 Ṙ)

2. (1 + (Ṙ + O2 
 RO2))

3. (2 + (RO2 
 QOOH))

4. (3 + (RO2 
 olefin + HO2))

5. (4 + (QOOH 
 cyclic ether + OH))

6. (5 + (QOOH 
 olefin + HO2))

7. (6 + (QOOH + O2 
 OOQOOH))

8. (7 + (OOQOOH 
 ketohydroperoxide + OH))

9. (8 + (ketohydroperoxide decomposition))
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Figure 6.8: Site specific rate comparisons of H atom abstraction by OH radical.

H atom abstraction from the fuel by OH

Fuel abstraction by OH is important in fuel consumption at all temperatures. This class
of reactions recently received attention from Sivaramakrishnan et al. [42] and Badra et al.,
[43] wherein experimental measurements of the rate of OH abstraction were made using the
reflected shock tube technique. Both studies extend their measurements to quantify the
effect of the next-nearest-neighbor (NNN) proposed by Cohen [44].

The NNN method differentiates between various primary, secondary and tertiary sites by
considering the number of carbon atoms bonded to the carbon adjacent to the C–H site of
interest. P0, P1, P2, and P3 are primary sites in which the carbon next to the C–H carbon is
bonded to 0, 1, 2, or 3 other carbon atoms. Similarly, it is possible to differentiate between
ten secondary sites, Sij, where i and j are the number of other carbon atoms bonded to the
two carbons adjacent to the secondary site. For tertiary site, 20 different types Tijk can be
distinguished [42].

On the basis of the NNN method, Cohen [44] proposes a unique set of rate coefficients for
each type of C–H site. The subscripts in Fig. 6.4 show the NNN notation for each site. In
this study, the rate coefficients of P1, P2, S01, and S11 are taken from Sivaramakrishnan et al.
[42] while those of S21 and T001 are taken from Badra et al. [43] as they were not measured by
Sivaramakrishnan et al. [42]. Fig. 6.8 compares the rate constants of H-abstraction by OH
for different secondary sites with those used in the original mechanism [45]. At intermediate
temperatures, where abstraction by OH is more dominant, the rates differ by around ±15%
from the original rate. The updates to the H-abstraction reaction class result in a very minor
effect, almost negligible, on the ignition delay time, as shown in Fig. 6.9.
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Updates 2 and 7: addition of O2 to alkyl radicals (Ṙ + O2 
 RO2) and addition
of O2 to QOOH (QOOH + O2 
 OOQOOH)

The Ṙ + O2 reaction initiates the low temperature oxidation mechanism. The second O2

addition to QOOH intermediates initiates low temperature chain branching. Miyoshi [12]
calculated high-pressure-limit rate coefficients for the Ṙ + O2 reaction using variational
transition-state theory at the CBS-QB3//B3LYP/CBSB7 level of theory. Goldsmith et al.
[41] computed the rate coefficients of propyl/isopropyl + O2 and the corresponding QOOH
+ O2 reactions using variable reaction coordinate-transition state theory (VRC-TST). Their
results show that the rate of Ṙ + O2 is twice faster than that of QOOH + O2. Bugler et
al. [5] compared ignition delay times obtained using Miyoshi [12] and Goldsmith et al. [41]
rate rules for both first and second O2 additions. Better agreement with experimental data
was found when Miyoshis rate coefficients were used, with the A coefficient reduced by a
factor of 2 for the second O2 addition, as per Goldsmiths findings. In this study, we utilized
Miyoshis [12] rate rule for Ṙ + O2 reactions and their rate constants were divided by two
for QOOH + O2 reactions.

Updates 3 and 4: alkyl peroxy radical isomerization (RO2 
 QOOH) and con-
certed eliminations (RO2 
 olefin + HO2)

Villano et al.[11], Miyoshi [12], and Sharma et al. [10] calculated the rate constants of RO2

isomerization. Bugler at al. [5] compared the values from these studies and showed discrep-
ancies within a factor of 2–3. However, these differences had no effect on ignition delay
times. In this work, Villano et al.’s [11] rate coefficients were used. These coefficients
were calculated at the CCSD(T)/6-31+G(d’)//B3LYP/6-311G(d,p) and the MP4(SDQ)/6-
31G+(d,p)//B3LYP/6-311G(d,p) levels of theory. Transition state theory was used to de-
termine high-pressure limit rate coefficients for reactions involving C1 − C5 and few selected
C6 and C7 alkyl peroxy radicals.

In this study, alkyl peroxy to alkyl hydroperoxy isomerization reactions proceeding via
5-, 6-, 7- and 8-membered ring transition states (TS) were considered. The rates of these
reactions depend on the TS ring size and the type of hydrogen being abstracted, where
abstraction from primary is more difficult than abstraction from secondary, which in turn
is more difficult than abstraction from tertiary. They also depend on the position of the
abstracted hydrogen relative to the peroxy group (α, β, γ, δ, or ε). Villano et al. [11]
take these parameters into account when calculating the rate coefficients of isomerization
reactions and thus, their values were used in our mechanism.

The concerted elimination reaction of RO2 is an endothermic reaction that forms HO2

radicals which are not highly reactive [5,46]. Villano et al. [11] found that the activation
energy of this elimination reaction is hardly affected by the thermochemistry or the bond
dissociation energies of C–OO and C–H bonds. The reactivity of this pathway is only
influenced by the chemical nature of the produced olefin. The rates are 2 to 3 times faster if
highly substituted olefins are formed [11]. In this work, we used the rate coefficients for the
less substituted olefins.
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Update 5: cyclic ether formation (QOOH 
 cyclic ether + OH)

This reaction class was updated based on the computational study of Villano et al. [13] that
relates the activation energy of cyclic ether formation reactions to the degree of reaction
exothermicity. These relations depend on ring size and the level of substitution. On the
basis of their findings, Villano et al. [13] propose an equation that describes the relation-
ship between activation energy and reaction enthalpy at 298 ◦C. The proposed equation is
used along with updated thermochemistry data to estimate the activation energy and rate
coefficients of cyclic ether formation reactions in this study.

Update 6: QOOH 
 olefin + HO2 (Radical Site β to OOH Group)

This reaction is basically a β-scission of the C–OOH bond in alkyl hydroperoxy species
where the radical site is located at β-position relative to the OOH group. Villano et al.
[14] calculated the high-pressure-limit rate coefficients of these reactions, in the reverse,
exothermic direction, for C2–C5 and selected C6 and C7 olefins at the same level of theory
used in their previous work [11,13]. They showed that the entropy of HO2 addition depends
on the level of substitution, and that the activation energy depends on the nature of the
β-carbon (primary, secondary or tertiary).

Update 8: Isomerization of OOQOOH (OOQOOH O2 Ketohydroperoxide + OH)

Peroxyalkylhydroperoxide (OOQOOH) radicals isomerize via migration of the most weakly
bound hydrogen at the α-site to the hydroperoxide group. This migration is quickly followed
by β-scission to form an OH radical and a ketohydroperoxide. The weak O–OH bond in the
ketohydroperoxide then breaks to form OH and an alkoxy radical. This sequence of chain
branching reactions is responsible for low-temperature reactivity [10].

In the original mechanism which was developed based on Curran et al. [19], the rate
coefficients used for ketohydroperoxide formation were assumed to be the same as those
of RO2 isomerization with an activation energy correction of 3 kcal/mol to account for the
weaker C–H bond α to the OOH moiety. However, Sharma et al. [10] found that the difference
between the activation energies of RO2 isomerization and OOQOOH isomerization varies
with the transition states ring size. They estimated corrections of 8.6, 2.2, and 0 kcal/mol
for 5-, 6- and 7-membered ring migrations, respectively. Both, Miyoshi [12] and Sharma et
al. [10] calculated the rate coefficients for this reaction class. Bugler et al. [5] compared the
rate constants of the two studies and investigated in detail the effect of implementing each
set on the ignition delay time of pentane isomers. They showed that the use of Sharmas rate
coefficients gives very good agreement with experimental ignition delay data, better than
when using Miyoshis rate coefficients. Therefore, values from Sharma et al. [10] were used
in this work. These values are determined computationally at the CBS-QB3//B3LYP/6-
31G(d) level of theory using coupled internal rotor treatment.
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Figure 6.9: Constant volume simulated ignition delay time for 2-methylhexane/air mixtures at 40 bar,
φ = 1, using the original mechanism and updated thermodynamic data, base chemistry and reaction rate
coefficients.

Update 9: Ketohydroperoxide Decomposition

Ketohydroperoxide decomposition is the last step in the low temperature chain branching
reaction sequence. A ketohydroperoxide species undergoes scission of the weak O–OH bond,
thereby forming an alkoxy rapidly that further decomposes to smaller molecules through a
series of β-scissions. Different rate rules and barriers have been suggested for this reaction
class [8,19]. The original model by Sarathy et al. [18] utilized an activation energy of 39
kcal/mol for ketohydroperoxide decomposition. Bugler at al. [5] and Zhang et al. [6] modified
the activation energy to values which are closer to the one calculated by Jalan et al. [47]
of 43 kcal/mol. In this study, the updated activation energy value of 42.3 kcal/mol from
Zhang et al. [6] was adopted for this reaction class, as well as other O–OH scission reactions
(e.g., hydroperoxy cyclic ethers, olefinic-hydroperoxide, etc.). Implementing the modified
rate constants from all the previously discussed Updates 1 to 9 resulted in a 85% reduction
of ignition delay time, as shown in Fig. 6.9. The global reactivity was mostly affected
by updates 3 and 8 because the updated rates for RO2 and OOQOOH isomerizations are
significantly higher than the rates in the original mechanism. A comparison between the
original and updated rate constants are shown in the Supporting Information.

6.4.3 Addition of alternative isomerization pathways

In the original mechanism, only migration of the weakest hydrogen at the α-site to the per-
oxy group in OOQOOH was considered. This pathway leads to ketohydroperoxide and OH
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Figure 6.10: Schematic of conventional and alternative pathways of OOQOOH isomerization.

radical as discussed above. Alternatively, the peroxy group can abstract a hydrogen from
other sites, leading to alkyldihydroperoxides P(OOH)2. This species can further decompose
to form hydroperoxide cyclic ether + OH and olefinic-hydroperoxide + HO2. Sharma et al.
[10] mentioned the importance of these pathways and recommended more efforts to explore
them. Silke et al. [7] included these pathways in the n-heptane mechanism developed origi-
nally by Curran et al. [8] They found that including them leads to longer ignition delay due
to the high concentration of the HO2 radicals produced. However, the rate coefficients of
these reactions were assigned based on analogy with QOOH reactions, which leads to a rel-
atively high level of uncertainty. Bugler et al. [5] also considered these alternative pathways
and their subsequent reactions and found that they had little effect on reactivity. Figure 6.10
shows an example for the conventional and alternative OOQOOH isomerization pathways
considered in this study.

OOQOOH 
 P(OOH)2

Figure 6.11a shows an example from the 2-methylhexane mechanism of the conventional iso-
merization pathway forming ketohydroperoxide and the alternative pathway of abstracting
from a secondary carbon site. A rate comparison in Fig. 6.11b shows that, for this partic-
ular case, the alternative pathway is faster by over an order of magnitude and is dominant
over the pathway to ketohydroperoxide formation. The alternative pathway is favored for
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Figure 6.11: (a) Conventional and alternative pathways of OOQOOH. (b) rate constant comparison of
conventional and alternative pathways.

this specific radical because hydrogens bonded to the secondary site have a lower bond dis-
sociation energy than hydrogens bonded to the primary site adjacent to the hyroperoxyl
group. However, other OOQOOH radicals with different molecular structure still favor the
ketohydroperoxide formation because alternative isomerization are not competitive. Only
6-member ring transition state for alternative isomerization and subsequent reactions are
included in this work. This is due to the relatively low steric cost of forming 6-member
rings that makes them more favorable. Since no rate rules are estimated for these reactions
explicitly, functional group analogy was used to assign rate constants. Villano et al.s [11]
rate coefficients of RO2 isomerization are used for this class.

P(OOH)2 
 olefinic-hydroperoxide + HO2

This pathway is added in analogy to olefin production from QOOH using Villano et al.s
[14] rates for P(OOH)2 species with a radical in the beta position relative to the OOH
group. Silke et al. [7] argue that this chain termination pathway reduces reactivity when
alternative pathways are added. However, further decomposition of olefinic-hydroperoxide
by O–O scission of the OOH group will produce OH radicals. Therefore, an HO2 and an OH
radical are produced from P(OOH)2 compared to two OH radicals from the conventional
isomerization pathway. Considering that OH has a higher fuel abstraction potential than
HO2, the conventional isomerization pathway yields higher reactivity than the alternative
one at low temperatures. However, at intermediate temperatures, HO2 radicals are converted
into two OH via the dissociation of H2O2 intermediates, and thus, their production increases
reactivity. This is consistent with the study of Bugler et al. [5] which showed that, in the case
of pentane, the production of HO2 and OH instead of two OH radicals reduces reactivity
at low temperature and increases reactivity at intermediate temperatures. However, this
reactivity trend was not observed in our study because hydroperoxy cyclic ether formation
is more dominant as explained in the following section.
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Figure 6.12: Effect of adding alternative isomerization pathways on ignition delay time of 2-
methylhexane/air mixtures at 40 bar, φ = 1.

P(OOH)2 
 hydroperoxide cyclic ether + OH

The rate coefficients for this reaction class are analogous to those taken from Villano et al.
[13] for cyclic ether formation from QOOH. Hydroperoxide cyclic ether further decomposes
via O–O scission of the hydroperoxide entity. Therefore, this pathway leads to the formation
of two OH radicals. In this work, where only 6-membered ring alternative isomerizations
are accounted for, the rate of producing hydroperoxide cyclic ether + OH from P(OOH)2 is
considerably higher than the production of olefinic-hydroperoxide + HO2. This is due to the
relatively low concentrations of P(OOH)2 species with a β-positioned OOH that may undergo
HO2 elimination. Consequently, the effect of HO2 in reducing reactivity is suppressed and
an overall increase in reactivity is observed upon the addition of alternative isomerization
pathways, over a wide temperature range, as shown in Fig. 6.12.

6.5 Experimental and modeling results

The updated model is compared against new experimentally measured ignition delay profiles
at 20 and 40 bar, stoichiometric and fuel-lean conditions, as shown in Figure 13. The imple-
mented thermodynamic and kinetic updates particularly RO2 and OOQOOH isomerization
reactions, and the addition of alternative OOQOOH isomerization pathways, significantly
increased the reactivity of the model. Comparison against the original model is shown in the
Supporting Information. The experimental data at 20 and 40 bar indicate a transition to
high temperature reactivity around 900 K for both fuel-lean and stoichiometric conditions.
This transition out of the NTC and into the high temperature regime indicates a transi-
tion from fuel radical Ṙ + O2 chemistry to radical β-scission reactions. The kinetic model
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Figure 6.13: Updated model compared to HPST (solid line and square symbols) and RCM (dashed line
and circle symbols) data. The insets illustrate first stage ignition measured in the HPST.

predicts the transition to high temperature reactivity at around 950 K, which is notably dif-
ferent than the experiments. Once in the high temperature regime, (e.g., above 950 K), the
kinetic model accurately captures the experimental data at all conditions in Fig. 6.13. The
NTC regime in the experiments is generally in the range 800–900 K and is more pronounced
at stoichiometric conditions compared to fuel-lean conditions. The kinetic model qualita-
tively captures the equivalence ratio dependence of the NTC regime; however, ignition delay
times are consistently under predicted in this regime (i.e., the model is too reactive). Below
800 K, the experiments depict typical Arrhenius-type low temperature reactivity, which is
qualitatively captured by the model. First stage ignition delay times measured in the HPST
are also presented in Fig. 6.13, together with simulation results. The measured first stage
ignition delay times indicate Arrhenius-type behavior and little pressure dependence at both
lean and stoichiometric conditions, and the simulations qualitatively capture these features.
However, both first stage and overall ignition delay times are quantitatively under predicted
by the model in the low temperature regime.

In summary, the kinetic model under predicts ignition delay times in the low temperature
and NTC regimes, which indicates deficiencies in the branching ratios of competing low
temperature chain branching, propagation, and termination reactions. Considering that this
discrepancy is most probably due to uncertainties in kinetic rate coefficient measurements or
computations, these parameters were modified for some reaction classes in order to improve
agreement between model and experiments. Two methods of modification were implemented.
The first is a manual tuning that relies on manual manipulation of the rate coefficients
of sensitive reactions. The second is automated optimization that relies on a model and
experimental uncertainty quantification based on rigorous mathematical formulations.
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6.6 Sensitivity analysis and manual rate constant tun-

ing

A brute force sensitivity analysis, implemented at φ = 1 and 0.5, 40 bar and 800 K, is shown
in Fig. 6.14 (see Supporting Information for a species dictionary). A temperature sensitivity
analysis at the time of ignition was first conducted at the same conditions to determine the
most sensitive reactions to be considered in the brute force sensitivity. Brute force sensitivity
coefficients were calculated using the equation below, where τ2 and τ0.5 are the ignition delay
times estimated after multiplying the rate of the reaction by 2 and 0.5, respectively:

σ =
log(τ2/τ0.5)

log(2/0.5)
(6.1)

A positive sensitivity indicates that increasing the rate of the reaction decreases reactivity
and vice versa. Figure 6.14 shows that QOOH + O2 and RO2 isomerization pathways
increase reactivity since these pathways lead to the formation of ketohydroperoxides and
subsequent low temperature chain branching. Fuel abstractions by OH (except from the
tertiary site (see Fig. 6.14)) and the chain branching reaction H2O2 (+M) 
 OH + OH
(+M) pathways also promote reactivity at the conditions investigated. Fuel abstractions
from the tertiary site (c7h152b) showed a positive sensitivity because this radical cannot
form a reactive ketohydroperoxide species, and thus forms less reactive intermediates via
alternative pathways. The tertiary radical (Ṙ) reacts with O2, isomerizes, and then forms
OOQOOH with a hydroperoxide group at the tertiary site. Ketohydroperoxides cannot
be formed because it requires migration of a hydrogen at the α-site to the hydroperoxide
group, which is not available in the OOQOOH radical corresponding to the c7h152b radical.
A schematic showing the low temperature pathways of c7h152b (positive sensitivity) and
c7h152d (negative sensitivity) is shown in the Supporting Information. Chain propagation
reactions, such as formation of 5-member ring cyclic ethers, and RO2 concerted elimination
reactions have positive sensitivity coefficients, which indicate that they reduce reactivity.
Base chemistry reactions that consume OH radical and reactions that form stable molecules
decrease reactivity, and thus have positive sensitivity coefficients.

The rate coefficients of selected low temperature reaction classes having high sensitivity
coefficients have been modified within the uncertainty limits defined by Bugler at al., [5]
as illustrated in Table ???4. These modifications were consistently applied to all reactions
within the same reaction class. The rates of 5-membered ring cyclic ether formation and
O2-addition to QOOH were multiplied and divide by 2, respectively. The ignition delay
profiles simulated using the tuned model are shown in Figure 15.

The tuned model shows good agreement with the HPST data at the different condi-
tions, and a better agreement with the first stage ignition delay time especially at φ = 1, as
illustrated in Fig. 6.15a and Fig. 6.15b. The transition temperature between various reactiv-
ity regimes (low temperature, NTC, and high temperature) are accurately captured by the
tuned model. The quantitative agreement in the NTC regime is also significantly better in
the tuned model. These improvements are attributed to the applied modifications constrain-
ing the branching ratios of competing low temperature chain branching, propagation, and
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Figure 6.14: Brute force sensitivity analysis for ignition delay time at φ = 1 and 0.5, 40 bar and 800 K.

termination reactions. This was achieved by reducing the rates of OOQOOH formation and
increasing the rates of the competing cyclic ether formation pathway. Figure 6.16 presents
a flux analysis for 2-methylhexane oxidation at 20 bar, intermediate temperature of 800 K,
and a time corresponding to 20% fuel consumption. The branching ratio of QOOH in the
tuned mechanism (bold %) changed in the direction of favoring the cyclic ether formation
over the second O2 addition compared to the updated (untuned) mechanism (italic %). The
flux diagram also illustrates isomerization of the primary RO2 radical and the subsequent
major pathways leading to various chain branching, propagation, and termination pathways
(e.g., cyclic ethers, ketohydroperoxides, and alkyldihydroperoxides (P(OOH)2), etc.). Al-
though the rate constant of the 6 member rings is higher than the 7-member rings, the flux
of forming QOOH-d via 7-member rings is faster (52%) than the QOOH-c via 6-member
rings (18%). This is because the fluxes in Fig. 6.16 are calculated based on the net reaction
rate of each pathway (forward minus reverse rate) which is higher for the formation QOOH-d
(1.35e-3 and 3.70e-3 mol/(cm3 · s) for QOOH-c and QOOH-d respectively). Comparing the
formation of cyclic ethers from QOOH-c and QOOH-d indicates that the rates are faster
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Table 6.3: Modification of the Rate Rules

reaction class rate rule modification comment
5-member ring, cyclic ether formation Villano [13] A× 2 also, 5m rings HPCE formation,
(QOOH = cyclic ether + OH) (P(OOH)2 = HPCE + OH)
addition of O2 to QOOH Miyoshi [12]/2 (A/2)/2 original rates divided by 2 based on
(QOOH + O2 = OOQOOH) Goldsmith et al. [41] recommendation

for QOOH-d (5-member ring) compared to QOOH-c (4-member ring). Thus, QOOH-d is
primarily forms the cyclic ether, which is an irreversible reaction pathways, while QOOH-c is
consumed via the reversible O2 addition reaction. Thus, the overall flux through QOOH-c is
less favored from a thermodynamic perspective since it is limited by reversibility of the second
O2 addition process, while that of QOOH-d is not. The diagram also shows that two of the
three formed OOQOOH species favor the alternative isomerization pathway (P(OOH)2), by
96% and 66% compared to 2% and 15% for the conventional pathway (ketohydroperoxide),
respectively.

Longer ignition delay times at temperatures below 715 K were observed compared to
the RCM experimental data at all pressures. This might refer to the less reactive kinetics
at these low temperatures, and thus the rates for ketohydroperoxide decomposition (as well
as hydroperoxy cyclic ether, olefinic-hydroperoxide and ROOH decomposition) needs to be
revisited. Good agreement was found at temperatures higher than 730 K at 10 bar (Fig.
6.15c), whereas at higher pressures (20 bar, φ = 0.5) expected ignition delay times become
very short, which is a difficult condition to obtain ignition delay measurements in an RCM
as reactions might start to occur before the end of compression. When both shock tube and
RCM data are available at the same condition, as shown in Fig. 6.15b, the model better
matches shock tube experiments in comparison to RCM experiments.

6.6.1 Automatic model optimization

In addition to manual tuning, an automatic mechanism optimization technique based on
reaction rate rules [21] was used to improve the models predictive ability and minimize
differences between model and experiments. This technique was developed based on the
work of Frenklach [48]. Uncertainty minimization using polynomial chaos expansion MUM-
PCE by Sheen and Wang [49] was used to calibrate the rate rules. Sensitivity analysis
was first performed at the conditions of interest to select the important rate rules. The pre-
exponential factors of the rate rules were then systematically calibrated within their specified
uncertainty bounds through the minimization of the deviations between model responses and
measurements.

A total of 46 rate rules are selected for calibration due to their high sensitivity and are
listed in Table 5 along with their related pre-exponential factors and uncertainty limits. For
the H atom abstraction from fuel by OH radicals, uncertainties are defined as 1.5, as these
rate rules are accurately measured by Sivaramakrishnan et al. [42] and Badra et al. [43].
Note that, for the automatic calibration, the rate rules proposed by Bugler et al. [5] for low
temperature classes 11, 15, 16, 23, and 25 (Table 5) are incorporated in the prior set, as
detailed information about rate uncertainties are provided. A factor of 4 was used for the
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Figure 6.15: Final model after tuning compared to HPST (solid line and square symbols) and RCM (dashed
line and circle symbols) data. The insets illustrate first stage ignition measured in the HPST.
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Figure 6.16: Flux analysis at 20 bar, 800 K and 20% consumption of 2-methylhexane: italic %, updated
mechanism; bold %, tuned mechanism.
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remaining rate rules, as no values were available in the literature. Note that the rate rules
are treated as uniformly distributed in their error bounds, as suggested by Bugler et al. [5].

Optimized rate rules were mainly the H-abstraction from fuel by various radicals and rate
controlling reaction classes in the low temperature reaction mechanism. For example, classes
11, 15, 26, and 27 are essential steps in the low temperature chain branching sequence. In
contrast, the acceleration of the concerted elimination of RO2 and the cyclic ethers formation
can retard ignition at low temperatures.

Calibrating all these sensitive rate rules generated an optimized mechanism. The modified
set of rate rules is shown in Table 5, which is specifically optimized for 2-methylhexane. It can
be seen that a few rate rules were modified strongly. The reason is that uniform distributions
were specified to the original parameters, which gives constant probability to the parameter
values within uncertainty bounds.

The ignition delay profiles calculated using the optimized model are presented in Fig.
6.17. It is seen that the optimized model agrees very well with the measurements. A
notable improvement is observed in first stage ignition delay time simulations under both
lean and stoichiometric conditions. The optimization framework successfully modified the
rate rules within their uncertainty bounds and minimized the disagreement between model
and experiment.

6.6.2 Analysis of reactivity at low temperatures

The aforementioned modifications to the kinetic model successfully improved agreement
with experimental data under shock tube conditions. However, the agreement with ignition
delay times measured in the RCM at relatively lower temperatures (e.g., below 715 K) did
not improve when the model was optimized. Both the manual and automated optimization
schemes only modified pre-exponential rate coefficients, which applies a uniform change in the
rate constant at all temperatures. Figure 6.18 demonstrates that RCM ignition delay times
at low temperatures are primarily sensitive to the activation energy for the decomposition of
ketohydroperoxides, hydroperoxy cyclic ethers, and olefinic-hydroperoxides. As mentioned
previously, the activation energy (Ea) used in the model is 42.3 kcal/mol, which is close to
the 43 kcal/mol value calculated by Jalan et al. [47]. We found that modifying the activation
energy to 41.6 kcal/mol provided better agreement with the experimental data.

While modifying the activation energy appears to resolve the discrepancy between model
and experiment, the revised value is further from the theoretical calculations by Jalan et al.
[47]. Recently Wang and co-workers [50–52] discovered a previously unconsidered third O2

addition reaction scheme in the low temperature oxidation of alkanes. Wang and Sarathy
[52] showed that including these additional chain branching reactions accelerates simulated
ignition delay times for n-alkanes at low temperatures and high pressures. In a recent work on
jet stirred reactor oxidation of 2-methylhexane, we [52] added the third O2 addition pathways
to the present papers manually tuned kinetic model. Wang et al. [52] discuss the kinetic
modeling of third O2 addition pathways in detail. Figure 6.18 shows that including the third
O2 addition pathways improves agreement with the RCM experimental data without the
need to modify the activation energy for decomposition of ketohydroperoxides, hydroperoxy
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Figure 6.17: Final model after optimization compared to HPST (solid line and square symbols) and RCM
(dashed line and circle symbols) data. The insets illustrate first stage ignition measured in the HPST.
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Table 6.4: Unoptimized (A0) and Optimized (A) Pre-Exponential Factors per H-Atom Basis

class rate rule uncertainty A0 A
C1 Fuel decomposition → CH3 and alkyl radical [4.0, 4.0] 1.00E+13 4.00E+12
C1 Fuel decomposition → alkyl radicals [4.0, 4.0] 8.00E+12 3.20E+13
C2 H-atom abstraction from the fuel by H (primary carbon site) [4.0, 4.0] 2.22E+05 1.75E+05
C2 H-atom abstraction from the fuel by H (secondary carbon site) [4.0, 4.0] 6.50E+05 1.72E+05
C2 H-atom abstraction from the fuel by H (tertiary carbon site) [4.0, 4.0] 6.02E+05 1.18E+06
C2 H-atom abstraction from the fuel by OH (P1) [1.5, 1.5] 4.55E+06 6.82E+06
C2 H-atom abstraction from the fuel by OH (S01) [1.5, 1.5] 3.53E+09 2.35E+09
C2 H-atom abstraction from the fuel by OH (S11) [1.5, 1.5] 2.86E+06 1.90E+05
C2 H-atom abstraction from the fuel by OH (P2) [1.5, 1.5] 5.58E+05 3.72E+05
C2 H-atom abstraction from the fuel by OH (T001) [1.5, 1.5] 3.43E+08 2.28E+08
C2 H-atom abstraction from the fuel by OH (S21) [1.5, 1.5] 6.45E+08 7.08E+08
C2 H-atom abstraction from the fuel by HO2 (primary carbon site) [4.0, 4.0] 6.80E+00 5.08E+00
C2 H-atom abstraction from the fuel by HO2 (secondary carbon site) [4.0, 4.0] 3.16E+01 7.90E+00
C2 H-atom abstraction from the fuel by HO2 (tertiary carbon site) [4.0, 4.0] 6.50E+02 2.60E+03
C2 H-atom abstraction from the fuel by CH2 (secondary carbon site) [4.0, 4.0] 7.55E?01 2.68E?01
C2 H-atom abstraction from the fuel by O2 (secondary carbon sites) [4.0, 4.0] 1.00E+13 1.58E+13
C2 H-atom abstraction from the fuel by CH3O2 (secondary carbon site) [4.0, 4.0] 5.10E+00 1.49E+00
C2 H-atom abstraction from the fuel by CH3O2 (tertiary carbon site) [4.0, 4.0] 2.06E+02 5.40E+01
C3 Alkyl radical (R) decomposition → alkene and H (secondary carbon site) [4.0, 4.0] 2.50E+11 1.00E+12
C4 Alkyl radical (R) isomerization (6m, P → S) [4.0, 4.0] 1.82E+02 2.05E+02
C4 Alkyl radical (R) isomerization (6m, T → P) [4.0, 4.0] 4.86E+01 9.72E+01
C5 H-atom abstraction from alkene by OH [4.0, 4.0] 3.28E+08 1.23E+08
C9 Alkene decomposition [4.0, 4.0] 2.50E+16 6.07E+160
C11 Addition of O2 to alkyl radicals (R) (primary carbon site) [2.2, 1.7] 1.30E+11 2.21E+11
C11 Addition of O2 to alkyl radicals (R) (secondary carbon site) [1.7, 2.1] 1.51E+15 3.17E+15
C15 Alkyl peroxy radical isomerization (1,4s) [3.1, 4.2] 2.33E+07 9.80E+07
C15 Alkyl peroxy radical isomerization (1,5s) [2.3, 2.2] 8.20E+10 3.57E+10
C15 Alkyl peroxy radical isomerization (1,6s) [2.3, 1.6] 7.05E+08 3.07E+08
C15 Alkyl peroxy radical isomerization (1,4t) [2.0, 1.9] 5.63E+10 5.39E+10
C15 Alkyl peroxy radical isomerization (1,6t) [1.6, 1.5] 1.29E+07 8.04E+06
C15 Alkyl peroxy radical isomerization (1,5t) [2.0, 2.1] 1.82E+07 3.82E+07
C15 Alkyl peroxy radical isomerization (1,7t) [1.3, 1.2] 2.96E+09 3.55E+09
C16 Concerted eliminations (RO2 → alkene + HO2) [2.2, 2.8] 2.89E+09 8.08E+09
C23 QOOH → cyclic ether (4m) + OH [11.1, 35.8] 4.58E+15 5.53E+16
C23 QOOH → cyclic ether (5m) + OH [6.2, 7.4] 3.50E+10 5.65E+09
C25 QOOH → β-scission products [6.0, 8.5] 5.82E+05 7.15E+05
C26 Addition of O2 to QOOH (primary carbon site) [4.0, 4.0] 6.51E+10 2.60E+11
C26 Addition of O2 to QOOH (secondary carbon site) [4.0, 4.0] 7.54E+14 2.70E+15
C26 Addition of O2 to QOOH (tertiary carbon site) [4.0, 4.0] 1.23E+11 4.92E+11
C27 Isomerization of OOQOOH (6m, OOH-P, OO-S) [4.0, 4.0] 5.49E+03 1.38E+03
C27 Isomerization of OOQOOH (6m, OOH-S, OO-S) [4.0, 4.0] 1.75E+02 4.38E+02
C27 Isomerization of OOQOOH (6m, OOH-S, OO-T) [4.0, 4.0] 8.20E+10 1.59E+11
C28 Decomposition of ketohydroperoxide [4.0, 4.0] 1.00E+16 2.50E+15
C29 Cyclic ether reactions with OH [4.0, 4.0] 2.50E+12 2.21E+12
C31 Alternative isomerization of OOQOOH → P(OOH)2 (6m, S) [4.0, 4.0] 1.64E+11 4.10E+10
C33 P(OOH)2 → cyclic ether (3m) + OH [4.0, 4.0] 2.28E+08 9.13E+08
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Figure 6.18: Simulated ignition delay time compared to RCM data at 20 and 40 bar, φ = 0.5.

cyclic ethers, and olefinic-hydroperoxides. Thus, these additional reaction pathways improve
the predictive capabilities of the model without the need for additional tuning/retuning of
rate constants.

6.7 Conclusions

In this work, thermodynamic data and the kinetic mechanism of 2-methylhexane have been
updated using updated group values and accurately measured and calculated rate rules,
respectively. Thermodynamic updates, especially of low temperature species, shift the equi-
libria of low temperature reactions toward inhibition of reactivity. The updated rate rules
also cause a significant effect on model behavior, particularly at low temperatures.

Alternative pathways have also been added to the mechanism, which result in increased
reactivity and faster ignition due to the importance of hydroperoxy cyclic ether + OH for-
mation from P(OOH)2 radicals. However, the exact effect of these added pathways is not yet
well addressed due to the analogies used to assign their rate coefficients. In order to evaluate
the importance of these pathways and their contribution to fuel reactivity, it is essential to
measure or calculate their rate coefficients precisely.

The updated model has been compared against new ignition delay data measured in a
high pressure shock tube and a rapid compression machine at pressures of 10, 15, 20, and
40 bar, at lean and stoichiometric conditions. The results show that upon incorporating the
thermodynamic and kinetic updates, the updated model is more reactive at low and interme-
diate temperatures. In order to minimize discrepancies between the model and experiments,
two approaches were adopted: manual tuning and automated optimization techniques. Both
methods led to improvements in model predictions against HPST and RCM experimen-
tal data, by appropriately constraining branching ratios between various low temperature
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radical chain branching, propagation, and termination pathways. Finally, additional chain
branching pathways in the form of the third O2 addition reaction scheme are shown to im-
prove predictions at low temperatures; the kinetics of these reactions should be the focus of
future experimental and theoretical research.
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[47] Jalan, A.; Alecu, I. M.; Meana-Pañeda, R.; Aguilera-Iparraguirre, J.; Yang, K. R.; Merchant,
S. S.; Truhlar, D. G.; Green, W. H. New Pathways for Formation of Acids and Carbonyl Prod-
ucts in Low- Temperature Oxidation: The Korcek Decomposition of ?-Ketohy- droperoxides.
J. Am. Chem. Soc. 2013, 135 (30), 11100–11114.

[48] Frenklach, M. Systematic Optimization of a Detailed Kinetic Model Using a Methane Ignition
Example. Combust. Flame 1984, 58 (1), 69–72.

160



[49] Sheen, D. A.; Wang, H. The Method of Uncertainty Quantification and Minimization Using
Polynomial Chaos Expansions. Combust. Flame 2011, 158 (12), 2358–2374.

[50] Wang, Z.; Zhang, L.; Moshammer, K.; Popolan-Vaida, D. M.; Shankar, V. S. B.; Lucassen,
A.; Hemken, C.; Taatjes, C. A.; Leone, S. R.; Kohse-Hinghaus, K.; Hansen, N.; Dagaut, P.;
Sarathy, S. M. Additional Chain-Branching Pathways in the Low-Temperature Oxidation of
Branched Alkanes. Combust. Flame 2016, 164, 386–396.

[51] Wang, Z.; Sarathy, S. M. Third O2 Addition Reactions Promote the Low-Temperature Auto-
Ignition of n-Alkanes. Combust. Flame 2016, 165, 364–372.

[52] Wang, Z.; Mohamed, S. Y.; Zhang, L.; Moshammer, K.; Popolan-Vaida, D. M.; Shankar, V.
S. B.; Lucassen, A.; Ruwe, L.; Hansen, N.; Dagaut, P.; Sarathy, S. M. New insights into the
low- temperature oxidation of 2-methylhexane. Proc. Combust. Inst. 2015, submitted for
publication.

161



162



Chapter 7

A comprehensive iso-octane
combustion model with improved
thermochemistry and chemical
kinetics

Published in Combustion and Flame Volume 178, pages 111–134 in 2017.
DOI: https://doi.org/10.1016/j.combustflame.2016.12.029

Authors and Contributions

(1) Nour Atef
King Abdullah University of Science and Technology
Contribution: Chemical kinetic modeling and manuscript preparation.

(2) Goutham Kukkadapu
University of Connecticut
Contribution: Rapid compression machine experiments.

(3) Samah Y. Mohamed
King Abdullah University of Science and Technology
Contribution: Rapid compression machine experiments and shock tube experiments.

(4) Mariam Al Rashidi
King Abdullah University of Science and Technology
Contribution: Chemical kinetic modeling.

(5) Colin Banyon
National University of Ireland, Galway
Contribution: Rapid compression machine experiments.

163



(6) Marco Mehl
Lawrence Livermore National Laboratory
Contribution: Chemical kinetic modeling.

(7) Karl Alexander Heufer
RWTH Aachen University
Contribution: Rapid compression machine experiments, project management and manuscript
review.

(8) Ehson F. Nasir
King Abdullah University of Science and Technology
Contribution: Rapid compression machine experiments.

(9) Adamu Alfazazi
King Abdullah University of Science and Technology
Contribution: Chemical kinetic modeling.

(10) Apurba K. Das
University of Connecticut
Contribution: Rapid compression machine experiments.

(11) Charles K. Westbrook
Lawrence Livermore National Laboratory
Contribution: Project management and manuscript review.

(12) William J. Pitz
Lawrence Livermore National Laboratory
Contribution: Project management and manuscript review.

(13) Tianfeng Lu
University of Connecticut
Contribution: Project management and manuscript review.

(14) Aamir Farooq
King Abdullah University of Science and Technology
Contribution: Project management and manuscript review.

(15) Chih-Jen Sung
University of Connecticut
Contribution: Project management and manuscript review.

(16) Henry J. Curran
National University of Ireland, Galway
Contribution: Project management and manuscript review.

164



(17) A. Mani Sarathy
King Abdullah University of Science and Technology
Contribution: Project management and manuscript review.

Abstract

iso-Octane (2,2,4-trimethylpentane) is a primary reference fuel and an important component
of gasoline fuels. Moreover, it is a key component used in surrogates to study the ignition
and burning characteristics of gasoline fuels. This paper presents an updated chemical ki-
netic model for iso-octane combustion. Specifically, the thermodynamic data and reaction
kinetics of iso-octane have been re-assessed based on new thermodynamic group values and
recently evaluated rate coefficients from the literature. The adopted rate coefficients were
either experimentally measured or determined by analogy to theoretically calculated val-
ues. Furthermore, new alternative isomerization pathways for peroxy-alkyl hydroperoxide
(ȮOQOOH) radicals were added to the reaction mechanism. The updated kinetic model
was compared against new ignition delay data measured in rapid compression machines
(RCM) and a high-pressure shock tube. These experiments were conducted at pressures of
20 and 40 atm, at equivalence ratios of 0.4 and 1.0, and at temperatures in the range of 632–
1060 K. The updated model was further compared against shock tube ignition delay times,
jet-stirred reactor oxidation speciation data, premixed laminar flame speeds, counterflow
diffusion flame ignition, and shock tube pyrolysis speciation data available in the literature.
Finally, the updated model was used to investigate the importance of alternative isomeriza-
tion pathways in the low temperature oxidation of highly branched alkanes. When compared
to available models in the literature, the present model represents the current state-of-the-art
in fundamental thermochemistry and reaction kinetics of iso-octane; and thus provides the
best prediction of wide ranging experimental data and fundamental insights into iso-octane
combustion chemistry.

7.1 Introduction

A better understanding of fuel oxidation chemistry and kinetics is crucial for improving the
design of modern internal combustion engines (ICE) [1]. For example, end-gas autoignition
(i.e., knock) in spark ignition (SI) engines and combustion phasing in homogeneous charge
compression ignition engines (HCCI) and partially premixed combustion (PPC) engines are
driven by chemical kinetic processes [2–4]. A thoroughly tested kinetic model enables the
accurate simulation of engine experiments and gives insight into the effect of fuel composition
on HCCI engine combustion phasing [5]. iso-Octane (2,2,4-trimethylpentane) is a gasoline
primary reference fuel (PRF) that is highly knock resistant, with an assigned octane num-
ber of 100. Since PRF mixtures may be used as surrogates of gasoline, their kinetics and
ignition properties have been extensively investigated over the past few decades, both ex-
perimentally and theoretically. Most pratical gasoline fuels have octane numbers above 85,
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and therefore iso-octane is the principal component in PRF surrogates and strongly governs
their combustion chemistry.

Various fundamental combustion experiments have been conducted for iso-octane, in-
cluding ignition delay time and pyrolysis measurements in shock tubes [6–12] and rapid
compression machines (RCM) [13–20], premixed laminar flame speed measurements [21–29],
and ignition temperature measurements in counterflow flames [30,31]. However, the majority
of experiments were conducted at relatively high temperatures because iso-octane is gener-
ally less reactive at lower temperatures (i.e., compared to normal alkanes such as n-heptane).
The measurement of intermediate species for iso-octane low temperature oxidation is limited
to the measurement of species concentration profiles in a jet-stirred reactor (JSR) [32–34]
using gas chromatography and mass spectrometry.

A comprehensive chemical kinetic model for iso-octane was presented by Curran et al.
[35]. The model was developed based on the low- and high-temperature reaction pathways
and rate rules proposed earlier for the Lawrence Livermore National Laboratory (LLNL) n-
heptane model [36]; however, some modifications were made to better predict experimental
iso-octane reactivity. The model was compared against various experimental data sets and
showed good agreement. Later, Mehl et al. [1,37] further developed the low temperature
reaction mechanism for iso-octane oxidation to better predict low temperature heat release
(LTHR) in HCCI engines. Although both versions of the model are capable of matching
a wide range of experimental data sets available in the literature, there have been some
experimental data sets that are difficult to match, in particular, shock tube ignition data [9]
and HCCI LTHR profiles of PRF mixtures containing a large amount of iso-octane (i.e., PRF
85–100) [37–40]. The aforementioned studies [9,37–40] indicate that the currently available
iso-octane kinetic models are not sufficiently reactive at low and intermediate temperatures
and lean conditions encountered in HCCI engines. Experimental data of iso-octane ignition
at 600–800 K and lean conditions are needed to further improve the model.

Since the publication of the latest comprehensive iso-octane model [1], several computa-
tional studies have been reported for iso-octane thermochemistry and kinetics. Snitsiriwat
and Bozzelli [41] computed the standard heat of formation, entropy, and specific heat ca-
pacities of iso-octane and its radicals at the CBS-QB3//B3LYP/6-31G(d,p) level of theory.
Later, Auzmendi-Murua and Bozzelli [42] performed energy calculations on the potential
energy surface of the secondary iso-octyl radical + O2 system at the CBS-QB3//B3LYP/6-
31G(d,p) level of theory, and provided corresponding thermochemical and kinetic data.
Recently, the thermochemistry of species and kinetics of reactions lying on the potential
energy surface of tertiary iso-octyl + O2 system were computationally studied at the CBS-
QB3//B3LYP/6-31G(d,p) level of theory [43]. Finally, the pressure-dependent kinetics of
iso-octane unimolecular decomposition, radical β-scission, and radical isomerization were
computed using the CASPT2-(2e,2o)/6-31 +G(d,p)//CAS(2e,2o)/6-31 +G(d,p) level of the-
ory and Rice-Ramsperger-Kassel-Marcus/Master Equation (RRKM/ME) analysis [44].

In addition, several computational studies [45–48] have been recently reported regarding
the low-temperature oxidation kinetics of normal and branched alkanes. The calculated rate
coefficients have been implemented in the oxidation mechanisms of three pentane isomers
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(i.e., n-pentane, iso-pentane and neo-pentane) [49], n-hexane [50], and 2-methylhexane [51].
The use of these coefficients and the addition of alternative peroxy-alkyl hydroperoxide
(ȮOQOOH) isomerization pathways were found to improve the agreement between simulated
and experimental ignition delay data for the fuels considered.

In the present work, a comprehensive approach is taken to update the iso-octane detailed
chemical kinetic model developed by Curran et al. [35] and Mehl et al. [1]. Specifically, we
updated thermochemistry group values and reaction rate coefficients based on new experi-
mental or theoretical studies. We also incorporated alternative isomerization pathways for
peroxy-alkylhydroperoxide species (ȮOQOOH) and third O2 addition pathways suggested
by Wang et al. [52,53]. The updated model was compared against new RCM ignition delay
data from three different facilities at King Abdullah University of Science and Technology
(KAUST), National University of Ireland Galway (NUIG), and University of Connecticut
(UCONN). The conditions covered by these facilities were low and intermediate tempera-
tures (632–1060 K), equivalence ratios of 1 and 0.4, and nominal pressures of 20 and 40 atm.
In addition, new high-pressure shock tube ignition delay data at 20 atm from KAUST were
obtained. The updated model was also tested against data of ignition delay times [6–9], JSR
oxidation speciation data [32], premixed laminar flame speeds [21,23–26,28,29], counterflow
flame ignition data [54], and shock tube pyrolysis speciation data [12] available in the liter-
ature. Chemical kinetic mechanism reduction was utilized to generate a skeletal mechanism
that was used in flame simulations.

7.2 Chemical kinetic modeling

The updated comprehensive chemical kinetic model for iso-octane was jointly developed by
researchers at KAUST, LLNL, NUIG, and UCONN. The thermochemical data for all species
in the iso-octane sub-mechanism were updated using new group values and detailed analysis
of intra-molecular interactions. Our updated thermochemistry was compared to literature
data available for a limited number of species that have been subject to high-level theoretical
calculations. The chemical kinetic reaction mechanism was also updated with new reaction
classes and rate rules. Further details about the thermochemistry and reaction mechanism
are provided in the following sections.

7.2.1 Thermochemistry

Chemical kinetic models require thermochemical data, not only for calculating the mixture
temperature, but also for calculating the rates of reversible reactions. In this work, we
re-evaluated the thermochemical data of all species involved in the iso-octane oxidation
sub-mechanism using Benson’s group additivity method [55], as implemented in THERM
software [56].

The new group values suggested by Burke et al. [57] and Simmie and Somers [58] were
used, and gauche interactions were accounted for based on the work of Sabbe et al. [59].
iso-Octane is a highly branched molecule that has three full alkane gauche (AG) interactions
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according to the Newman projection shown in Fig. 7.1a and b. Each gauche interaction is
estimated to add 0.8 kcal to the heat of formation of the molecule [60]. In the case of iso-octyl
radicals, the contribution of the gauche interaction to the heat of formation depends on the
nature of the radical site. In their work, Sabbe et al. [59] distinguished between two different
types of gauche interactions for radicals: (i) interaction between two sp3-hybridized carbon
groups, one of which is connected to the radical site (RG1), and (ii) interaction between an
sp2-hybridized and an sp3-hybridized carbon groups (RG2). According to the calculations
performed by Sabbe et al. [59], RG1 and RG2 interactions are 40% and 76% lower in energy
than a full gauche interaction, respectively. For implementation in the THERM program,
the total gauche interactions for each radical were rounded off to a total number of whole
gauche interactions. Therefore, only two gauche interactions are considered for primary iso-
octyl radicals (AĊ8H17 and DĊ8H17) and 3 gauche interactions for secondary and tertiary
iso-octyl radicals (BĊ8H17 and CĊ8H17) (refer to the Supplementary material for species
nomenclature). For cyclic ethers, gauche interactions are only considered if one or both of the
interacting groups are not within the cycle, as shown in Fig. 7.1e and f. This methodology
was tested by comparing standard enthalpy of formation and entropies from THERM and
those from computational chemistry as discussed below.

Based on the methodology proposed by Sabbe et al. [59] for olefinic species, gauche in-
teractions between an sp3-hybridized carbon center and an sp2-hybridized one, such as the
interaction between C1 and C6 in 2,2,4 trimethyl-pent-3-ene (Fig. 7.2a), were not included
because they are already accounted for in other group values. For example, the C/C3/CD
group used for the quaternary carbon center in 2,2,4 trimethyl-pent-3-ene includes the in-
teraction between groups 1 and 6.

Another destabilizing interaction in the iso-octane molecule is the 1,5 hydrogen interac-
tion resulting from the repulsion between the two methyl groups lying on the same side of the
molecule (e.g., C1 and C7 in the carbon skeletal Fig. 7.2b). This adds 1.5 kcal mol−1 to the
heat of formation as reported by Benson et al. [60]. This destabilizing effect is lower in the
case of radicals, as reported by Sabbe et al. [59], especially for the tertiary iso-octyl radical
(-0.43 kcal mol−1). When calculating the thermodynamic properties of radicals, standard
THERM hydrogen interaction groups were used; the number of standard groups included
was chosen to most closely match the specific radical hydrogen interactions. Thus, the 1,5
hydrogen interaction in our group additivity thermochemistry estimation for the tertiary
iso-octyl radical (-0.43 kcal mol−1) is neglected.

In addition to gauche and 1,5 hydrogen interactions, we added an optical isomer group
(OI) for every chiral center and hydroperoxy OOH functional group (pseudo-chiral center).
This adds Rln(2) to the entropy of the species, which affects the equilibrium constant:

Keq =
kf
kb

= exp

[
−∆H

RT
− ∆S

R

]
(7.1)

where Keq is the equilibrium constant, kf and kb are rates of forward and backward reactions
respectively, ∆H and ∆S are the change in the enthalpy and entropy of chemical reaction.

Computational standard heat of formation values of iso-octane [41], iso-octyl radicals
[41], and species involved in the potential energy surfaces of secondary [42] and tertiary
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Figure 7.1: Newman projections showing gauche interactions for the iso-octane molecule along (a)
secondary-quaternary bond and (b) secondary-tertiary bond; radical interactions (c) RG2, (d) RG1, and
(e,f) cyclic ethers; and (g) structure of iso-octane with site labels.
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Figure 7.2: 2,2,4 trimethyl-pent-3-ene (a) and iso-Octane (b).

iso-octyl radical + O2[43] are available in the literature. These values, calculated at the
CBS-QB3 level of theory, were compared to those calculated using group additivity, as
shown in Table 7.1. The agreement between the two sets of values is within the uncertainty
limits of the computational values (±1.5–2.0 kcal mol−1), except for species with an OOH
group attached to the tertiary site and for four membered ring cyclic ethers. The differences
observed for these species are likely due to uncertainties in the magnitudes of the gauche
and 1,5 hydrogen interactions. To correct for such systematic discrepancies, we applied a +2
kcal mol−1 correction to the heat of formation of all species with a tertiary OOH group and
a -4 kcal mol−1 correction to the heat of formation of all four membered ring cyclic ethers.
These corrections did not affect simulated ignition delay times or jet stirred reactor species
profiles (comparison shown in Fig. S1 of the Supplementary material). High-level quantum
chemical calculations with uncertainties of less than 1 kcal mol−1 are needed to develop a
rigorous set of group values and counting schemes that allow for more accurate estimation
of thermochemical properties of complex species. A comparison between calculated and
estimated entropy values of various species is presented as Supplementary material (Table
S2) along with a species dictionary and the input groups employed in THERM (Table S1).

7.2.2 Chemical kinetic mechanism

The updated iso-octane oxidation sub-mechanism was built upon that of H2 and C1–C7

hydrocarbons in a hierarchical manner. AramcoMech 2.0 [61] was used for the C0–C4 base
chemistry, whereas the chemistry of C5–C7 species was taken from LLNL’s gasoline sur-
rogate mechanism [1], with the addition of the mechanism by Metcalfe et al. [62] for the
di-isobutylene isomers that are produced from iso-octane’s alkylperoxy radicals (ROȮ) by
concerted HȮ2 radical elimination reactions and CH β-scission of the iso-octyl radicals. The
original high- and low-temperature chemistry of iso-octane was taken from [1], and the rate
coefficients for nine reaction classes associated with low-temperature kinetics were updated.
The updated classes are shown in Fig. 7.3. These include H-atom abstraction by ȮH rad-
icals, alkyl radical addition to O2, concerted elimination of HȮ2 radicals from alkylperoxy
radicals, alkylperoxy/hydroperoxy alkyl isomerization, formation of cyclic ethers, β-scission
reactions of hydroperoxy alkyl radicals, QOOH radical addition to O2, and isomerization of
ȮOQOOH species. Alternative isomerizations, concerted eliminations, hydrogen-exchange
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Figure 7.3: Reaction classes for which rate coefficients were updated. The newly added pathways are
shown in red.

and third O2 addition pathways for peroxy-alkyl hydroperoxide (ȮOQOOH) radicals were
also added to the mechanism. Since the kinetics of these reactions has never been studied
before, their rate coefficients were estimated by analogy. The complete updated mechanism
consists of 9220 reactions and 2768 species, with 481 reactions and 179 species specific to
the iso-octane sub-mechanism.

For all pressure-dependent low temperature oxidation reactions, only the high pressure
limit rates were included following the recommendations of Villano et al. [46]. They con-
ducted simulations for n-butyl radical + O2 using two mechanisms; one including pressure
dependent rate coefficients and another using only the high pressure limit rates. The au-
thors concluded that the high pressure limit for ṘO2 and Q̇OOH reactions are sufficient
under conditions relevant to practical combustors (i.e., pressures higher than a few atmo-
spheres). They also showed that ṘO2 radicals are collisionally stabilized at elevated pressure
conditions, which results in well-skipping Ṙ + O2 reactions to form alkenes+HȮ2 and cyclic
ethers+ȮH being less important. Simulations of low temperature oxidation below one at-
mosphere may require pressure-dependent rate coefficients, but such conditions less relevant
to practical engines.
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Figure 7.4: Carbon sites in iso-octane labeled according to the NNN methodology.

Hydrogen abstraction reactions

In this work, the rate coefficients of all H-atom abstraction reactions were updated based
on the rate rules suggested by Sarathy et al. [63], except for H-atom abstraction by ȮH
radicals, for which experimentally-derived rate rules were recently made available [64,65].
Sivaramakrishnan and Michael [64] provided rate rules that were inferred from shock tube
kinetic measurements of H-atom abstraction by ȮH radicals from five saturated hydrocarbons
comprising different types of abstraction sites (primary, secondary and tertiary). The next-
nearest-neighbor (NNN) effects, discussed by Cohen [66], were accounted for, and abstraction
sites were further distinguished based on the chemical nature of the neighboring atoms. The
compounds that were chosen for the study led to rate rules for P1, P2, P3, S00, S01, S11, T000

and T002 abstraction sites, where P, S and T refer to primary, secondary, and tertiary sites,
and the subscript denotes the number of C atoms bonded to the NNN C atom of the CH
bond of interest [64]. For example, P3 is a primary carbon bonded to a carbon connected to
three other carbons (i.e., the neighbor is a quarternary site); and T002 is a tertiary carbon
bonded to two primary carbons and one tertiary carbon. Badra et al. [65] conducted a
similar study wherein they measured the total rate of H-atom abstraction by ȮH radicals
from different molecules, including iso-octane. Based on their measurements, and the rate
rules reported by Sivaramakrishnan and Michael [64], Badra et al. [65] derived rate rules for
H-atom abstraction by ȮH radicals from S20, S21, S22, S30, S31, S32, S33, T100 and T101 sites.
The classification of abstraction sites in iso-octane based on NNN effects is shown in Fig.
7.4.

Badra et al. [65] proposed iso-octane rate coefficients for H-abstraction by ȮH radicals
by adopting P2 and P3 rates from Sivaramakrishnan et al. [64] and S32 and T100 from their
own work [65]. These [65] rate expressions yield a total abstraction rate constant profile that
agrees with the experimental measurements for iso-octane [65]. The rates from [65] agree
better than that which was previously employed in the iso-octane kinetic model by Mehl
et al. [1], as demonstrated in Fig. 7.5. However, slight deviations between measurements
and fittings were observed at low temperatures, as shown in Fig. 7.5. Therefore, we re-
calculated the rate coefficients of H-atom abstraction by ȮH radicals from S32 and T100 to
better fit the experimental total rate constant profile reported by Badra and Farooq [65].
The re-calculated rate expressions are given below:
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Figure 7.5: Carbon sites in iso-octane labeled according to the NNN methodology.

S32, k(cm3 ·mol−1 · s−1) = 18.069 T 3.5 exp

[
591.344

T

]
(7.2)

T100, k(cm3 ·mol−1 · s−1) = 2.4092× 109 T exp

[
2.516

T

]
(7.3)

Addition of alkyl and hydroperoxy alkyl radicals to O2

The rate rules proposed by Miyoshi [67] were used for the addition of iso-octyl radicals to O2

to form alkylperoxy radicals (ROȮ). These rate rules are derived from energy calculations
using variational transition state theory (VTST) and (RRKM)/master equation. The same
rules were used for the addition of hydroperoxy-alkyl radicals (Q̇OOH) to O2 to form peroxy-
alkylhydroperoxide radicals (ȮOQOOH); however, the rates were divided by 2, based on the
findings of Goldsmith et al. [68]. Their calculations showed that the rate for second addition
to O2 (Q̇OOH + O2) is half that of the first addition to O2 (R + O2), and in accordance
with other modeling studies [50,51,69].

Concerted elimination from ROȮ/ȮOQOOH to form olefin + HȮ2

The third updated class is the concerted elimination to form olefins and HȮ2 radicals from
alkylperoxy radicals (ROȮ). This class of formally chain propagation reactions produces
relatively stable olefins and relatively less reactive HȮ2 radicals, effectively inhibiting re-
activity and slowing ignition. Villano et al. [45] calculated the rate coefficients of these
reactions for C2 to C6 alkylperoxy radicals using CBS-QB3 electronic structure calculations
combined with B3LYP/6-31G(d,p) optimized geometries, and provided rate rules depending
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on the degree of substitution in the olefins produced. Based on their reported values, the
formation of highly substituted olefins from alkylperoxy species is two to three times faster
than that of less substituted olefins, which contributes to the lower reactivity of branched
alkanes. The reaction kinetics involved in the potential energy surfaces of secondary and
tertiary iso-octyl radicals + O2, including concerted HȮ2 radical elimination reactions, were
studied computationally by Auzmendi-Murua and Bozzelli [42] and Snitsiriwat and Bozzelli
[43], respectively, both using optimized geometries from B3LYP/6-31G(d,p) and CBS-QB3
for the energy calculation. In both studies, it was shown that the calculated rate constants
for different classes are in good agreement with those of analogous reactions available in the
literature [45–48], except for the concerted elimination of HȮ2 radicals from the tertiary site.

Figure 7.6 compares rate constants of concerted HȮ2 radical elimination for secondary
and tertiary peroxy radicals calculated using Villano et al.s [45] rate rules to those reported
for iso-octyl peroxy by Auzmendi-Murua and Bozzelli [42] and Snitsiriwat and Bozzelli [43],
respectively. As shown in Fig. 7.6, the rate constants obtained from [42] for the HȮ2 radical
elimination from tertiary iso-octyl peroxy radicals are almost two orders of magnitude higher
than those reported by Villano et al. [45] for tertiary peroxy, regardless of temperature.
Therefore, for consistency, Villano et al.s [45] rate rules of concerted HȮ2-elimination were
used for primary and secondary peroxy radicals, whereas Snitsiriwat and Bozzelli’s [43]
rate coefficients were used for the tertiary iso-octyl peroxy radical. By analogy, the rates
calculated by Villano et al. [45] were also used for the concerted elimination from ȮOQOOH.

Isomerization of ROȮ and ȮOQOOH species and ketohydroperoxide (KHP) de-
composition

Isomerization of ROȮ species involves the intra-molecular migration of a hydrogen atom
from an alkyl group to the peroxy group via cyclic transition states, leading to the formation
of hydroperoxy-alkyl radicals (Q̇OOH). The rate coefficients of these reactions were taken
from the computational study of Villano et al. [45], which provides rate rules depending on
both the size of the transition state ring and the chemical nature of the alkyl group. The
model includes isomerizations via 5,6,7 and 8 membered-ring transition states. The size
of the transition and the nature of the migrating hydrogen atom (primary, secondary and
tertiary) was considered when assigning the rates, as recommended by Villano et al. [45].
A comparison of isomerization rates for various transition state ring sizes and migrating
hydrogen atoms is provided in Supplementary Fig. S3.

For ȮOQOOH isomerization, Sharma et al. [48] conducted a computational study at
the CBS-QB3 and B3LYP/CBSB7 levels of theory with accurate treatment of hindered
rotors. Their rate rules for isomerization of ȮOQOOH to ketohydroperoxides (KHP) were
adopted in our study. However, since Sharma et al. [48] do not provide a rate rule for intra-
molecular H-atom migration to a peroxy group at a tertiary site, the rate coefficients of this
type of reaction were estimated based on the knowledge that the rate of abstraction gets
progressively slower from tertiary to secondary and then primary carbons. The subsequent
decomposition of KHP via O–O scission was assigned a rate constant with a frequency (A-)
factor of 1.5×1016 s−1 and an activation energy of 42.3 kcal mol−1 [69]. In addition, the
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Figure 7.6: The rates of (upper left) CC8H17Ȯ2 
 IC8H16 + HȮ2 and (upper right) CC8H17Ȯ2 
 JC8H16

+ HȮ2 from Snitsiriwat et al. [43] vs Villano et al. [45] and rates of (bottom) BC8H17Ȯ2 
 IC8H16 + HȮ2

from Auzemendi-Murua et al. [42] vs Villano et al. [45]. See Supplementary Material for species identification.

H-exchange reactions in ȮOQOOH radicals from the hydroperoxy site to the peroxy (i.e.,
ȮOQOOHHOOQOȮ) were added to the mechanism. The rate rules from Miyoshi [47] were
adopted for this class.

Cyclic ether formation, and β-scission of Q̇OOH species

Hydroperoxy-alkyl radicals (Q̇OOH) undergo addition to molecular oxygen, cyclic ether
formation, and β-scission reactions. The reactions involving Q̇OOH radical addition to
molecular oxygen have already been discussed above.

The β-scission reactions are divided into two classes; β–QOOH = olefin + HȮ2 and β–
Q̇OOH = olefin + carbonyl + ȮH. The formation of HȮ2 and olefin is favored due to the
weakness of the C–OOH bond compared to a C–C or C–H bond. The rates of this reaction
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class were updated based on the computational rate rules published by Villano et al. [46].
They showed that the kinetics of this class is insensitive to carbon substitution(s) at the
hydroperoxy or the radical site, and thus, they only provided one rate rule for this reaction
class. The other class involving the formation of olefin, carbonyl and ȮH is less energetically
favorable than the other pathways (addition to O2 and cyclic ethers formation) due to the
higher bond dissociation energy of C–C bonds compared to O–O and C–O bonds. This class
was updated using the rate rules recommended by Bugler et al. [49].

Another propagation reaction pathway for Q̇OOH radicals is the formation of cyclic ethers
+ ȮH. The kinetics of such reactions were computationally studied by Villano et al. [46] and
Miyoshi [47] at the CBS-QB3 level of theory. Villano et al. [46] found that the activation
energies of these reactions vary depending on the thermochemistry of the specific reaction.
Therefore, they reported rate rules with activation energies written as a function of standard
heat of reaction (∆Hrxn). Meanwhile, Miyoshi [47] distinguished between different cyclic
ether formation reactions based on the degree of branching. As the number of substituents
on the formed ring increases, the exothermicity of the reaction increases, implying that the
rate of the reaction depends on the nature of the radical site and hydroperoxy site in the
Q̇OOH radical. In their work, Villano et al. [46] compared their calculated rate constants to
those from Miyoshi’s work [47] and both sets of rate rules gave good agreement.

However, when applied to iso-octane, the rate rules from [46] and [47] did not give
similar rate constants for cyclic ether formation reactions. Figure 7.7 compares the rate
constants of cyclic ether formation from BĊ8H16OOH− A (7.7a), CĊ8H16OOH− B (7.7b),
CĊ8H16OOH−D (7.7c) and CĊ8H16OOH− A (7.7d) using the rate rules from Miyoshi [47]
and Villano et al. [46] (see Supplementary material for species glossary).

When using Villano et al.s [46] ∆Hrxn-dependent rate rules, three values of ∆Hrxn were
tested in the comparison: (i) computational values for ∆Hrxn from Bozzelli’s group [42,43]
(solid black lines in Fig. 7.7), (ii) THERM-calculated values with the corrections mentioned
previously (dashed black line in Fig. 7.7), and (iii) THERM-calculated values without the
corrections (dotted black line in Fig. 7.7). Figure 7.7 clearly shows that the rate constants
of cyclic ether formation reactions are highly sensitive to the thermochemistry of the re-
action. The best agreement is observed between Miyoshi’s [47] rate constants and those
obtained using Villano et al.s rate rules with ∆Hrxn calculated using computational values
form Bozzelli’s group [42,43]. Since computational thermochemical properties are not avail-
able for all iso-octane Q̇OOH and cyclic ether species, Miyoshi’s rate rules for cyclic ether
formation reactions were chosen in our model. The effect of using different sources for the
rate constants of cyclic ether formation on iso-octane ignition delay profiles is shown in Fig.
S2 of the Supplementary material.

7.2.3 Alternative isomerization pathways

In previously developed mechanisms [35,36], the only reaction pathway available for peroxy-
alkylhydroperoxide radicals (ȮOQOOH) was the formation of ketohydroperoxides (KHP)
via intra-molecular H-atom migration from the CH site connected to the peroxy group (i.e.
COOH); this is followed by cleavage of the OOH bond to form KHP and an ȮH radical.
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Figure 7.7: Rates of cyclic ether formation from (a) BĊ8H16OOH−A, (b)CĊ8H16OOH− B, (c)
CĊ8H16OOH−D, and (d) CĊ8H16OOH−A calculated using Miyoshi’s rate rules [47] (grey line), Villano’s
rate rules [46] with computationally calculated heats of formation from Bozzelli et al. [42,43] (solid line),
heat of formation from THERM after adding the corrections to the groups (dashed line) and without adding
these corrections (dotted line).

The H-atom at the COOH site is abstracted to form the ketohydroperoxide due to the weak
CH bond. However, recent studies [48–51,69,70] show that the intra-molecular migration of
H-atoms from other carbon sites in ȮOQOOH radicals can be competitive. In their study
on 2,5-dimethylhexane oxidation in a jet stirred reactor, Wang et al. [52] detected species
with four and five oxygen atoms that were not accounted for in conventional combustion
mechanisms. Based on their findings, they proposed new oxidation pathways that are insti-
gated by alternative isomerization of ȮOQOOH species to produce alkyl-dihydroperoxides
(P(OOH)2), followed by a third O2 addition, or β-scission, or the formation of hydroperoxy
cyclic ethers, as shown in Fig. 7.3. Later, Wang and Sarathy [53] showed the importance of
the third O2 addition pathway in simulating combustion in HCCI engines, and recommended
the addition of this pathway to mechanisms of large alkanes (> C6). Therefore, alternative
isomerization and subsequent reactions of P(OOH)2 species were added to our updated iso-
octane model. Example of conventional and alternative isomerization pathways is shown in
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Figure 7.8: Conventional and alternative isomerization for one of the species.

Fig. 7.8.

Since the added reactions have only been recently postulated, no information exists in the
literature regarding their kinetics. Therefore, we used analogies and estimations to assign
rate coefficients of these reactions. For alternative isomerization and β-scission of P(OOH)2

species, we used Villano et al.s [46] rate coefficients for ROȮ/Q̇OOH isomerization and β-
scission of Q̇OOH, respectively. Meanwhile, Miyoshi’s [47] rate coefficients of cyclic ether
formation were used for the formation of hydroperoxy cyclic ethers. Finally, Miyoshi’s [47]
coefficients for alkyl radical addition to O2 were used for the third O2 addition (P(OOH)2 +
O2), with an A-factor divided by two, similar to the second addition to O2 reactions.

The subsequent reaction pathway of ȮOP(OOH)2 species is isomerization to keto-dihydroperoxides
(KDHP), for which Sharma et al.s [48] KHP formation rate coefficients were used. Similar
to KHP, the KDHP species decompose via OOH bond scission. However, unlike the decom-
position of KHP, for which the activation energy is 42.3 kcal mol−1, the activation energy of
KDHP decomposition was chosen as 39 kcal mol−1 following the recommendations of Sarathy
et al. [63]. This value was assigned to better match experimental ignition delay profiles of
iso-octane.
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Figure 7.9: Simulated IDT using the updated and untuned model compared against experimental data
from literature circles [9] and open squares [10] at 40 atm, stoichiometric fuel/air mixture.

Reaction Ref. Mod.

QOOH 
 cyclic ether + ȮH [47] A-factor ×2

P(OOH)2 
 hydroperoxy cyclic ether + ȮH [47] A-factor ×2

KDHP 
 β-scission products + ȮH [62] Ea = 39kcal

Table 7.2: Summary of experimental conditions employed for validating iso-octane model.

7.2.4 Performance of updated model

The addition of all of the aforementioned reaction pathways and rate constant updates led
to a model that is too fast at low and intermediate temperatures, compared to experimental
data [9], with an example comparison shown in Fig. 7.9. Further modifications to the rate
rules, based on ȮH radical sensitivity analysis performed using CHEMKIN-PRO [71], were
required to achieve better agreement between model-simulated and experimental ignition
delay time profiles. Figure 7.10 shows that the Q̇OOH radical plus O2 reactions exhibit high
and positive sensitivity coefficients, meaning that they promote the production of ȮH radicals
and increase reactivity. Meanwhile, the competing pathways of cyclic ether formation from
Q̇OOH radicals have negative sensitivity coefficients and decrease reactivity. The formation
of cyclic ethers is a chain propagation pathway while the O2 addition is a chain branching
pathway, which illustrates their opposite effect on reactivity. The rate constants of these
sensitive reactions were modified within their uncertainty limits, and model agreement with
experimental data was tested after each modification. The best agreement was obtained
when the rate constants of cyclic ether and hydroperoxide cyclic ether formation reactions
for iso-octane moieties were doubled. The tuned reaction classes are shown in Table 7.2.
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Figure 7.10: Simulated IDT using the updated and untuned model compared against experimental data
from literature circles [9] and open squares [10] at 40 atm, stoichiometric fuel/air mixture.

7.3 Experimental

7.3.1 UCONN RCM

Experimental ignition delay time measurements at low and intermediate temperatures were
conducted using rapid compression machines (RCM) at UCONN, NUIG and at KAUST. The
UCONN RCM consists of a creviced piston that is driven pneumatically, and brought to rest
hydraulically towards the end of compression. Compression occurs in a single stroke and the
compression time is about 30–40 ms. The compression ratio can be varied by changing the
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stroke length and clearance volume independently. Pressure time histories from the start of
compression to post-ignition is measured using a Kistler 6125C pressure transducer along
with a 5010B charge amplifier. Compressed pressures as high as 70 atm and pre-heated
temperatures up to about 420 K can be attained in this RCM. Further details regarding this
machine can be found in [72,73].

Homogeneous fuel air mixtures were prepared in a stainless steel mixing chamber. Fuel
was injected into the mixing chamber on a gravimetric measure using a syringe, whereas
oxygen and diluent gases were filled in on a barometric measure. Ultra high purity (>99.99%)
gases supplied from Airgas were used to prepare the mixtures, except for iso-octane, which
was supplied by Sigma-Aldrich at high purity (>99.8%) by Sigma-Aldrich. A magnetic
stirrer at the bottom of the mixing chamber was used to ensure homogeneity of the prepared
gas mixtures. The fuel-oxidizer mixtures were allowed to mix in the chamber for about 2.5
h.

The homogeneous fuel-air mixtures were compressed rapidly to the desired pressure and
temperature. The compressed temperature was estimated using the adiabatic-core hypoth-
esis. Subsequent to compression and after an induction period, a rapid rise in pressure was
observed due to auto-ignition. Ignition delay time is defined as the time interval between
the end of compression and the maximum rate of pressure rise. First- (τ1) and total ignition
delays (τ) are defined similarly. This definition of ignition delay is illustrated in Fig. S4. A
minimum of 5 concordant experimental runs were carried out for each data point reported.
A representative experimental pressure trace close to the mean is chosen for reporting the
ignition delay. The typical scatter in ignition delay time is ±10% of the reported value and
the temperature uncertainty is ±5 K. Figure S5 demonstrates the typical repeatability. Inert
runs wherein oxygen was replaced by nitrogen were conducted at every set of temperature,
pressure and equivalence ratio condition in order to infer the heat loss characteristics during
the compression stroke and the post-compression period.

Experiments were conducted in the low-to-intermediate temperature range with temper-
ature at end of compression (Tc) varying between 640 K and 960 K at equivalence ratios of
0.4 and 1 in air. High compressed pressures of nominal pc near 20 and 40 atm are investigated
herein.

7.3.2 KAUST RCM

The rapid compression machine (RCM) facility at KAUST is based on a twin-opposed piston
design similar to the one used at NUIG [74]. The combustion chamber bore is 5.08 cm and,
based on the final piston spacing, the volumetric compression ratio can be adjusted up to
16.8. The characteristic time required for the final 50% of the pressure rise during the
compression phase is about 3 ms. The piston heads are creviced to minimize boundary layer
mixing with the core gas. The gas mixtures are prepared in a 20 L stainless steel magnetically
stirred mixing vessel. The temperature of the vessel and the combustion chamber can be
increased using heating jackets. The compressed gas temperature at the end-of-compression
(EOC) is computed by applying the following isentropic relation on the measured pressure
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trace:∫ Tc

Ti

γ

γ − 1

1

T
dT = ln

[
pc
pi

]
(7.4)

where, the subscripts c and i refer to the EOC (end of compression) and initial conditions,
respectively. The diluent was varied from pure nitrogen to a mixture of nitrogen and ar-
gon to reach temperatures up to 950 K and a mixture of nitrogen and carbon dioxide to
reach temperatures down to 635 K. Six axisymmetric ports are present on the central ax-
ial location of the combustion chamber for optical access, gas exchange and the pressure
transducer (Kistler 6045A). The ignition delay time for this work was determined from the
maximum pressure rise in the measured pressure trace. The uncertainty in the ignition delay
measurement was approximately ±10%.

7.3.3 NUIG RCM

Low- to intermediate-temperature (650–1000 K) ignition delay times for stoichiometric mix-
tures of iso-octane in a 21:79 oxygen to diluent bath gas at nominal pressures of 15 near
15 and 20 atm were measured in two RCM facilities at NUIG; low compression piston head
(LCPH) and high compression piston head (HCPH). The details of the experimental plat-
form and the methodology used to measure fuel ignition delay times within the device have
been extensively documented in [51,75–78] therefore only a brief description of the apparatus
is given here.

Briefly, the device volumetrically compresses a test gas to a high temperature and pressure
condition, and allows an isochoric reaction to proceed after compression within the high-
energy gas. The compressed gas pressure is varied by adjusting the initial gas pressure
in the reaction chamber, while the compressed gas temperature is varied by altering the
initial temperature of the reaction chamber as well as by tailoring the composition (specific
heat) of the non-reactive diluent gases. The transient pressure history of the test gas is
monitored during the experiment by a Kistler 6045A pressure transducer that is mounted
in the sidewall of the reaction chamber. Ignition delay times are measured from the test gas
pressure history, and defined as the time difference between the local maximum in pressure
that occurs near the end of volumetric compression and the maximum rate of pressure rise
due to ignition. The widely used adiabatic core model [72,79] is employed to evaluate the
compressed gas temperatures from pressure histories. Furthermore, the adiabatic core model
is also used to transiently prescribe the energy supplied to or lost from the test gases due
to volumetric compression and heat losses, respectively, in order to adequately compare
experimental data sets with mechanism simulations. These transport processes are isolated
from chemical ones by compressing an analogous non-reactive gas for each experimental
condition (where the reactive gas oxygen fraction is substituted by nitrogen), and quantified
by deriving the specific volume history of the adiabatic core gas from the measured pressure
history of the non-reactive experiment that is then used as an input boundary condition for
a simulated variable volume 0-D reactor. The uncertainty in the ignition delay measurement
is approximately ±15
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The fuel burned in this study was provided by Sigma-Aldrich (99.8% pure), while nitrogen
(99.95%), oxygen (99.5%) and argon (99.5%) gases were supplied by BOC Ireland.

7.3.4 KAUST HPST

The high-pressure shock tube (HPST) facility has been previously described in detail in [80],
so only a brief overview is given here. The facility consists of a stainless steel, electropolished
tube divided by aluminum diaphragms into a 6.6 m driven section and a modular driver
section that can be extended up to 6.6 m. The inner diameter of the tube is 10 cm. The
measurements were conducted at the reflected shock conditions via a pressure transducer
(Kistler 6045A) mounted at a distance of 1 cm from the shock tube endwall. The reflected
shock conditions are determined from the incident shock wave velocity measurements using
five axially spaced pressure transducers (PCB113B26) over the last 3.2 m length of the driven
section. The reactant mixture was prepared in a 40 L stainless steel mixing vessel equipped
with a magnetic stirrer. The vessel and shock tube were heated to 80 ◦C for these experiments
using heating jackets to prevent fuel condensation. As with the RCM, the ignition delay
time is determined by the time of maximum pressure rise. The uncertainty in the ignition
delay measurement is ±20 %. A non-ideal pressure rise (dp/dt) of approximately +3% /ms
was observed behind the reflected shock wave in these experiments. This non-ideality is
accounted for in numerical shock tube simulations using a representative volume profile.
Example pressure traces for shock tube ignition delay measurements are illustrated in Fig.
S6 of the Supplementary material. Several pressure traces at lower temperatures (i.e., longer
ignition delay times) exhibited significant pre-ignition pressure rise that may be caused by
inhomogeneous ignition [81,82].

7.4 Results and discussion

7.4.1 Model validation against new experimental data

The chemical kinetic model was compared against experimental data at a range of conditions,
including newly acquired data and data available in the literature, as shown in Table 7.3.
The experimentally measured ignition delay time profiles were simulated using the closed
homogeneous batch reactor model in CHEMKIN-PRO software [71] along with the updated
iso-octane model. In order to account for heat losses, RCM experiments were simulated using
experimentally determined variable volume profiles. These volume profiles are available as
supplementary material.

Figure 7.11 shows a comparison of the simulated ignition delay time (IDT) profiles to
those measured experimentally using the RCM facility at UCONN. Simulations were con-
ducted using the updated iso-octane model developed in this study, as well as the original
model developed by Mehl et al. [1]. As shown in Fig. 7.11, the updated model matches
the experimental data better than the original one, particularly at φ = 0.4. Matching the
reactivity under fuel-lean conditions is crucial for HCCI engine simulations because those
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Figure 7.11: iso-Octane/air ignition delay times measured at the UCONN RCM facility and the corre-
sponding simulations. Left panels are 20 atm while right panel are 40 atm. Upper panels are 0.4 equivalence
ratio and lower panels are stoichiometric. Solid and dashed lines represent simulations using the updated
model and original model [1], respectively. The insets show first stage IDT profiles.

engines are typically operated at equivalence ratios of less than 0.5. The updated model
under predicts the measured ignition delay times by nearly a factor of two at the lowest
temperature conditions at φ = 0.4, 40 bar and φ = 1, 20 and 40 bar. At φ = 0.4, 20 bar,
the model slightly over predicts the measured ignition delay time. Despite the improved
agreement between the updated model and experimental data at φ = 0.4 and pc = 20 atm,
the updated model shows higher reactivity at φ = 1 and pc = 20 atm for temperatures higher
than 750 K. This discrepancy warranted further investigation.

In order to ensure the validity of RCM experiments conducted at UCONN, particularly at
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Figure 7.12: iso-Octane/oxygen/diluent ignition delay times at φ = 1 and 20 atm from (a) various RCM
facilities and (b) KAUST ST and RCM. Solid lines are variable volume simulations while dashed lines are
constant volume simulations in (b). Open and closed circles represent RCM experiments with only N2

and N2+Ar bath gases, respectively. Closed squares represent RCM experiments with N2+CO2 diluent
while open squares in (b) represent KAUST shock tube experiments. Dashed circle identified shock tube
experiments that exhibited significant pre-ignition heat release. See digital paper for color version of this
figure.

conditions where significant discrepancies were observed between experimental and simulated
data, the same experiments (φ = 1 and pc = 20 atm) were run using RCM facilities at NUIG
and at KAUST. However, as mentioned earlier, experiments at UCONN were conducted
in air (O2/N2), whereas Argon was added to Nitrogen bath gas at NUIG and at KAUST
to achieve high temperatures at EOC (end of compression). Figure 7.12a shows that for
temperatures greater than 850 K, NUIG and KAUST RCM ignition delay data do not match
those recorded at UCONN. This discrepancy is a attributed to the diluent effect, which was
thoroughly discussed by WÜrmel et al. [77]; they argued that substituting nitrogen by argon
increases the ignition delay time in RCM experiments due to the cooling effect of argon in
the post compression period. As shown in Fig. 7.12, for temperatures greater than 850 K
the ignition delay times measured by NUIG (diluent gas is 25%N2 and 75% Ar) and KAUST
(diluent gas is 20% N2 and 80% Ar) are longer than those measured by UCONN (diluent gas
is only N2). The diluent effect is not observed at 630 K and 655 K where 80% CO2/20% N2

were used as diluent at KAUST compared to 100% N2 at NUIG and UCONN. This is largely
due to the lower heat loss due to the lower thermal diffusivities (with correspondingly lower
thermal conductivities and higher heat capacities) of N2 and CO2.

The diluent effect was not observed in simulated ignition delay times when comparing
those under NUIG and UCONN conditions, as shown in Fig. 7.12a. For example, simulated
ignition delay times using the inert volume profiles and bath gas conditions from UCONN
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and NUIG show similar ignition delay times at all temperatures. Simulations at the KAUST
conditions (i.e., volume profiles and inert composition) show longer ignition delay times
compared to the UCONN simulations due to the use of Ar as the diluent, but the differences
are not as prominent as those observed experimentally. A comparison of the inert pressure
and temperature traces at 850 K from UCONN (O2/N2), NUIG (O2/ N2/Ar) and KAUST
(O2/N2/Ar) is shown in Fig. S7 in the Supplementary Material. It is interesting to note
that the pressure and temperature profiles after TDC are similar for both facilities, which
indicates similar heat-loss characteristics.

Wagnon and Wooldridge [83] studied the effect of buffer gas composition on autoigni-
tion of stoichiometric mixtures of three different fuels; iso-octane, n-heptane and n-butanol.
Their results emphasized the effect of the bath gas composition on low temperature combus-
tion chemistry through HȮ2 radical and H2O2 recombination and decomposition reactions,
which are pressure dependent. They showed that different bath gases have different collision
efficiencies, which affects the second stage ignition delay time. They compared experimental
data for n-heptane ignition using different diluents (Ar and N2) and showed that ignition is
faster in the presence of Ar at high temperatures (>750 K); however their simulations were
not able to capture the same difference.

Figure 7.12a shows a typical trend for the reactivity of alkanes. At low temperature,
reactivity increases with increasing temperature and then starts to be inversely proportional
to temperature. This region is known as the negative temperature coefficient regime (NTC),
which is characterized by the competition between chain branching reactions, mainly isomer-
ization of ȮOQOOH compounds (production of keto hydroperoxides), and chain propagation
reactions, such as the formation of cyclic ethers and olefins from Q̇OOH species (Q̇OOH 

cyclic ether + ȮH and Q̇OOH 
 olefin + HȮ2). After the NTC region, reactivity is more
controlled by high-temperature chemistry and HȮ2 radical chemistry, and again increases
with increasing temperature.

To further understand discrepancies between simulated and experimental measurements,
ignition delay times measured in the KAUST HPST are presented in Fig. 7.12b and com-
pared with the KAUST RCM data and simulations. The HPST simulations include 3% per
millisecond (dp/dt) pressure rise rate. An interesting observation in Fig. 7.12b is a factor of
3 discrepancy in IDT between the HPST and RCM experiments at an intermediate temper-
ature TC of ∼870 K. This phenomenon was noticed in previous studies [38,84,85] of other
high-octane fuels, but the reason for this difference is not yet identified. It may be attributed
to the invalidity of the homogeneous core assumption of the RCM due to mass loss in the fa-
cility crevices or heat loss through walls. Inhomogeneity and boundary layer phenomenon in
the shock tube may also contribute to the discrepancy. The updated kinetic model captures
the IDTs measured by the HPST at temperature above 900 K, but the model is more reac-
tive when compared to the RCM data these temperatures. It is worth restating that HPST
experiments at low temperatures (933 K, 928 K and 894 K see dashed circle in Fig. 7.12b)
exhibited non-ideal pre-ignition pressure rise, as shown in Fig. S5 in the Supplementary
material. These conditions exhibited significant pre-ignition pressure rise (above 3%/ms)
due to inhomogeneous ignition phenomenon [81,82]. Various shock tube groups, including
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KAUST, are exploring such inhomogeneous ignition phenomena in detail to understand their
causes, their effect on ignition measurements and potential remedies. Such discussions and
illustrations are beyond the scope of the current work. It should be noted that experimental
measurements exhibiting pre-ignition pressure rise cannot be accurately modeled using 0-D
simulations, and therefore are not suitable targets for kinetic model validation/optimization.

The performance of the updated model is also compared to a recently optimized model by
Cai and Pitsch [86] in which the rate rules assigned by Curran et al. [35] were calibrated to
match the ignition delay time for iso-octane in [10], which limits the agreement of the model
to a broader set of target data. The simulation results from both models compared to the
new RCM experiments from UCONN are shown in Fig. S8 in the Supplementary material.
The present model reproduces the RCM experimental data better than the optimized model
of Cai and Pitsch [86]. The optimized model [86] could be improved by including the new
data as targets for the model optimization.

Figure 7.13 shows the ignition delay time for stoichiometric iso-octane mixtures using
different diluents at 15 atm and 20 atm in the NUIG RCM. Decreasing the pressure decreases
the reactivity due to lower rate of production of ȮH radicals from H2O2 (+M) 
 ȮH + ȮH
(+M), a pressure dependent reaction. In addition, high pressure promotes low temperature
chemistry, specifically alky radicals addition to O2. Overall, the model shows good agreement
with the experimental data at low and intermediate temperatures; however, the model is
more reactive than the experiments at higher temperatures.

7.4.2 Model validation against experimental data in literature

Shock tube ignition delay data

The updated chemical kinetic model was used to simulate shock tube experiments from the
literature. The simulations were carried out using the constant volume batch reactor code in
CHEMKIN-PRO [71] assuming homogeneous and adiabatic conditions behind the reflected
shock wave.

Hartmann et al. [9] and Fieweger et al. [10] measured ignition delay times of iso-octane/air
mixtures at 40 atm and φ = 0.5 and 1.0 in a high pressure shock tube. Figure 7.14 shows
the experimental and simulated ignition delay time profiles over the temperature range 700–
1200 K. The reactivity at this temperature range is sensitive to the equivalence ratio of the
mixture because chain branching is dominated by KHP production. The leaner the mixture,
the lower the fuel concentration and the less KHP produced, which results in a less reactive
system [36]. Figure 7.14 also shows that the present model offers improved agreement with
experimental data when compared with the original model by Mehl et al. [1].

Shen et al. [8] carried out ignition delay time experiments of iso-octane/air mixtures in a
high-pressure shock tube at different equivalence ratios (0.25, 0.5 and 1.0) and at pressures
of 10, 12, 25, 45 and 50 atm. Their experimental data, and those simulated by our updated
model and the original model [1] at the same conditions, are presented in Fig. 7.15. Both
models match the experimental data relatively well at all investigated conditions, with better
predictions for the updated model at high pressures and low temperatures.
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Figure 7.13: iso-Octane/air ignition delay times at φ = 1 and 15 atm and 20 atm. Closed circles and
straight lines represent experiments and simulations respectively with only N2 as diluent in LCPH RCM.
Triangles and dotted lines represent experiments and simulations in HCPH RCM with only N2 as diluent.
Open circles and dashed lines represent experiments and simulations with 20% N2 and 80% Ar diluent.

Shock tube iso-octane oxidation experiments were also conducted by Davidson et al. [7]
for fuel/air mixtures at pressures between 14 atm and 59 atm, temperatures between 855 K
and 1270 K, and equivalence ratios of 0.5 and 1. Figure 7.15 compares the experimental IDT
profiles from [7] to those simulated using the updated and original [1] iso-octane models. The
updated model is more reactive than the original one at high pressures and low temperatures,
which gives better agreement with experimental data at these conditions, particularly at φ
= 1.0.

Oehlschlaeger et al. [6] used a shock tube to measure IDT for iso-octane/O2/Ar mixtures
at 1.4 atm and 0.5 < φ < 2 using different fuel concentrations (0.25%, 0.5% and 1%). Figure
7.17 compares experimental data from [6] to those simulated using the updated and original
models. Both models show good agreement with the experimental data. However, for 1%
fuel in air mixtures, the updated model is more reactive than the original one, especially at
lower temperatures, and shows better agreement with experimental data.

Jet stirred reactor data

Dagaut et al. [32] carried out iso-octane oxidation experiments in a JSR for 0.1% fuel/oxidizer
mixtures at φ = 0.3, 0.5, 1.0 and 1.5. The experiments were performed at 10 atm and with
a mean residence time of 1 s. Gas chromatography and mass spectrometry were used to
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Figure 7.14: iso-Octane/air ignition delay times at 40 atm and equivalence ratios of 0.5 and 1.0. Experi-
ments are from [9] (circles) and [10] (open squares). Simulations (lines) with the updated and original model
[1] are represented by solid and dashed lines, respectively.

identify and quantify intermediates formed during iso-octane oxidation. The updated iso-
octane model was compared against species concentration profiles measured in [32] using
the perfectly stirred reactor code in CHEMKIN-PRO [71] with a transient solver to obtain
a steady-state solution.

Figures 7.18–7.21 show the experimental and simulation profiles for different species at
the four experimentally investigated equivalence ratios. Qualitatively, the updated model
matches the experimental concentration profiles of all species detected species which in-
clude iso-octane, CO, CO2, O2, CH4, H2, CH2O, C2H4, C3H6, iso-butene, 2,4-dimethyl-
1-pentene, 2,4-dimethyl-2-pentene and 4,4-dimethyl-1-pentene. The profiles of iso-octane,
carbon monoxide (CO), and carbon dioxide (CO2) are well captured by the model at differ-
ent equivalence ratios. Based on the shape of the iso-octane and CO profiles, neither the
simulations nor experiments showed NTC behavior at the conditions studied. At all investi-
gated conditions, CO concentrations are lower than those of CO2; however, the concentration
profiles of these species cross over at lean conditions as a result of oxidation of CO to form
CO2 at high temperatures. The leaner the mixture, the lower is the crossover temperature.
In the presented data, the crossover temperature is 1000 K and 1050 K for φ = 0.3 and 0.5,
respectively. The simulated concentration profiles of H2, CH4 and CH2O agree well with
those measured experimentally at φ = 0.5, 1.0 and 1.5. For φ = 0.3, H2 concentrations are
under predicted by 51% whereas CH2O concentrations are over predicted by 36% at peak
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Figure 7.15: iso-Octane/air ignition delay times at various pressures and (a) φ = 1.0, (b) φ = 0.5, and (c)
φ = 0.25. Experiments are from [8] (symbols). Simulations (lines) with the updated and original [1] model
are represented by solid and dashed lines, respectively.

values. CH4 concentrations are under-predicted below 900 K and over-predicted above 900
K.

The concentration profiles of C2H4 and C3H6 are quantitatively well predicted by the
model at fuel-rich and stoichiometric conditions; however, the peak concentrations are under-
predicted by 50–61% and 41–44%, respectively, at fuel-lean conditions. The predicted profiles
as a function are temperature for 2,4-dimethyl-1-pentene (XC7H14), 2,4-dimethyl-2-pentene
(YC7H14) and 4,4-dimethyl-1-pentene (PC7H14), the β-scission products of iso-octyl rad-
icals, are generally broader that the experimental measurements. However, the maximum
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Figure 7.16: iso-Octane/air ignition delay times at two pressure and (a) φ = 1.0 and (b) φ = 0.5. Exper-
iments are from [7] (symbols). Simulations (lines) with the updated and original model are represented by
solid and dashed lines, respectively.

concentrations of YC7H14 and PC7H14 are under predicted with maximum deviation at φ =
0.3 of 52% and 73%, respectively.

Also Figs. S9–S12 in the Suppllementary material show the simulated species profiles
using the Mehl et al. [1] model. Generally, the updated model shows a better agreement for
all species.

Laminar flame speed

In addition to IDT measurements, the updated model was tested against laminar flame speed
data available in the literature carried out at atmospheric pressure [21,24–26,28,29] and high
pressure [23]. Flame speeds depend strongly on the base chemistry; however, different fuels
produce different concentrations of C1–C4 species and this impacts the flame speed. In their
analysis, Ji et al. [29] showed that a high concentration of iso-butene is produced during
the oxidation of iso-octane, mainly from the β-scission of iso-octyl radicals, which affects its
flame speed. To minimize computational time and cost, the proposed updated mechanism
was reduced and only high temperature reaction pathways were retained.

The model was reduced using the method of direct relation graph with expert knowledge
(DRG-X) [87]. This approach assumes that some species are weakly coupled to others, so
they do not play a significant role in combustion processes, and as such, they can be re-
moved whilst retaining the chemical fidelity of the remaining species. Also, contrary to the
original DRG approach that is restricted by a uniform error tolerance for all the species, the
DRG-X method allows a separate controlled reduction error for heat release rate and species
of interest. Therefore, the DRG-X method can result in a smaller reduced mechanism with
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Figure 7.17: iso-Octane/O2/Ar ignition delay times at 1.4 atm, various equivalence ratios, and fuel concen-
trations of (a) 1%, (b) 0.25%, and (c) 0.5%. Experiment are from [6] (symbols). Simulations with updated
and original [1] models are represented by solid and dashed lines, respectively.

similar chemical fidelity compared to the original DRG method. In this work, the detailed
mechanism is reduced by specifying the error tolerance for heat release as 0.01, for Ḣ atoms
and ȮH radicals as 0.1, for iso-octane as 0.5, and for other species as 0.4. The target tem-
peratures and pressures for the reduction are 1000–2300 K and 1–10 atm, respectively. A
skeletal mechanism with 189 species was generated from the detailed mechanism. The trans-
port parameters for some species in the reduced model were estimated by analogy, except for
the Lennard-Jones collision parameters that were estimated using critical temperature, crit-
ical pressure, and acentric factor properties based on Tee et al.s [88] method. The reduced
mechanism and the transport file are provided as Supplementary Material.

The simulations were carried out on CloudFlame [89–91], a cyber-infrastructure that
presents a web front-end for Cantera [92]. The premixed laminar flame speed module was
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Figure 7.18: JSR species concentration profiles (points) and simulations (lines) using updated model
(straight lines) and original model [1] (dashed lines) for 0.1% iso-octane at φ = 1.5. Experiments are from
[32].

used with a domain size of 5 cm and a initial base grid of 20 points; the final solution
exhibited grid-convergence with approximately 260 grid points. Figure 7.22 shows the ex-
perimental and simulation results for flame speeds measured at 1 atm and at 298 K and 353
K. Simulations show good agreement with experimental data for fuel-lean conditions at both
temperatures; however the model under predicts flame speeds at fuel-rich conditions at 298
K. In general, the model matches well with the experimental data at 355 K [24,29] across
the entire range of equivalence ratios when considering the typical experimental uncertainty
of ±2 cm s−1.

In addition, the model was used to simulate high pressure flame speed experiments carried
out at 10 atm and temperatures of 323 K, 373 K, 423 K and 473 K with a high-speed
shadowgraph system [23]. Figure 7.23 shows that the updated model agrees within the
experimental uncertainty to the experimental data of [23].

195



Figure 7.19: JSR species concentration profiles (points) and simulations using updated model (straight
lines) and original model [1] (dashed lines) for 0.1% iso-octane at φ = 1.0. Experiments are from [32].

Counterflow diffusion flame

Numerical simulations were also carried out to compare the skeletal model against ignition
temperature measurements by Bieleveld et al. [54] at different strain rates and iso-octane
mass fractions. The experiment were carried out in counterflow diffusion flames. The fuel
stream was comprised pre-vaporized isooctane in nitrogen diluent, while the oxidizer stream
was air. Counterflow flame ignition simulations were performed using the OPPDIF solver in
CHEMKIN-PRO [71]. A temperature profile was first established with cold mixtures at the
oxidizer and fuel inlets, and then the temperature of the oxidizer stream was gradually raised
until ignition. The composition of the fuel and the oxidizer streams and the temperature
of the fuel stream, T1, were maintained constant while carrying out this procedure [93,94].
The calculations were carried out with thermal diffusion, mixture-averaged transport and
convergence parameters of GRAD = 0.25 and CURVATURE = 0.25. Overall, the model
captured the trend in the experiment, with a maximum 10 K difference observed in the
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Figure 7.20: JSR species concentration profiles (points) and simulations using updated model (straight
lines) and original model [1] (dashed lines) for 0.1% iso-octane at φ = 0.5. Experiments are from [32].

ignition temperatures, as shown in Fig. 24.

Pyrolysis in shock tube

The updated model was also tested against shock tube pyrolysis experiments from Malewicki
et al. [12]. Generally, pyrolysis mechanisms consist of unimolecular decomposition of fuel,
β-scission, isomerization of alky radicals reactions and abstraction by CH3. The first 3
reaction classes were not updated in this study even though these classes have been recently
studied. Wang et al. [95] calculated the rate coefficients of radical isomerization reactions
at the CBS-QB3 level of theory. Their calculated values are similar to those used in the
original model [35] with a maximum difference in rate constants of 13% at 1200 K. The
rates are compared in Fig. S13 in the Supplementary Material. Meanwhile, the kinetics
of unimolecular decomposition of iso-octane has been computationally studied by Ning et
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Figure 7.21: JSR species concentration profiles (points) and simulations using updated model (straight
lines) and original model [1] (dashed lines) for 0.1% iso-octane at φ = 0.3. Experiments are from [32].

al. [44]. Their calculated rate constants are much higher than those of Tsang et al. [96]
that are used in the original mechanism. Both sets of values have been tested against the
experimental pyrolysis concentration profile of iso-octane measured by Malewicki et al. [12].

Malewicki et al. [12] conducted pyrolysis experiments for diluted iso-octane mixtures (137
ppm and 149 ppm) in argon at 25 atm and 50 atm, and at different reaction times over the
temperature range of 900–1700 K in a high pressure shock tube. They measured the concen-
trations of stable species using gas chromatography. Figure 7.25 compares the experimental
concentration profile of iso-octane to those simulated using unimolecular decomposition rate
constants from Tsang et al. [96] and from Ning et al. [44]. The figure clearly shows that
the Tsang et al.s [96] values are needed in order for the model to match the experimental
profile. Therefore, Tsang et al.s values were retained in the updated mechanism.

Figure 7.26 shows the concentration profiles of the major measured species at 25 and
50 atm. The model matches the experimental concentration profiles of all detected species,
except for those of acetylene (C2H2) and methane (CH4), which are over-predicted and
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Figure 7.22: iso-Octane/air premixed laminar flame speeds at 1 atm and (a) 298 K and (b) 355 K.
Experimental data (symbols) are given for open squares [21], closed triangles [24], crosses [25], open triangles
[26], open circles [28], and closed squares [29]. Solid lines represent simulations using the updated model.

Figure 7.23: iso-Octane/air premixed laminar flame speeds at 10 atm initial pressure and different initial
temperatures. Experiments (symbols) are from [23]. Solid lines represent simulations using the updated
model. See digital paper for color version of this figure.

under-predicted, respectively.
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Figure 7.24: iso-Octane/air counterflow diffusion flame ignition temperature. Experiments (symbols) are
from [92]. Solid lines represent simulations using the updated model.

Figure 7.25: Experimental [12] (symbols) and simulated (lines) concentration profiles of iso-octane pyrolysis
at 25 atm (grey) and 50 atm (black). Solid and dashed line represents simulations using unimolecular
decomposition rates from [93] and [44], respectively.

7.4.3 Sensitivity analysis

In order to elucidate the reactions responsible for iso-octane ignition under different con-
ditions, brute force sensitivity analyses were carried out using CHEMKIN-PRO [71] for
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Figure 7.26: Experimental [12] (symbols) and simulated (lines) concentration profiles of iso-octane pyrolysis
at 25 atm (grey) and 50 atm (black). Solid and dashed line represents simulations using unimolecular
decomposition rates from [93] and [44], respectively.
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stoichiometric iso-octane/air mixtures at 20 atm and at 650 K, 750 K and 850 K.
First, ȮH and HȮ2 radicals sensitivity analyses were performed at each condition to

identify reactions that should be considered for brute force sensitivity analysis. The sensi-
tivity coefficient of every reaction, at each temperature condition, was then calculated using
the following equation:

σ = log(τ2/τ0.5)/log(2/0.5) (7.5)

where τ2 and τ0.5 are the ignition delay times computed with rate constant multiplied and
divided by a factor of two, respectively. A positive sensitivity coefficient (σ) indicates that
the specified reaction increases the simulated ignition delay time, and thus, decreases reac-
tivity, and vice versa. Plots of ȮH and HȮ2 radicals sensitivity analyses are available as
Supplementary Material, Figs. S14–S19. The figures demonstrates that, both analyses show
the same important reactions.

Figure 7.27 shows the results of the brute force sensitivity analyses at 650, 750 and 850
K. At all the considered temperatures, the ignition delay time is most sensitive to rates of H-
atom abstraction by ȮH radicals. However, abstractions from primary (AĊ8H17 and DĊ8H17)
and secondary (BĊ8H17) sites increase reactivity, whereas abstractions from the tertiary site
(CĊ8H17) decreases reactivity due to the lack of low-temperature chain-branching paths from
this site and the production of relatively unreactive olefins, as will be discussed in the next
section. The sensitivity analysis also shows that the rate of H-atom abstraction from the
secondary site by HȮ2 radicals is more important than ȮH radicals only at 850 K, where
the high activation barrier of H-atom abstraction by HȮ2 radicals is overcome.

The isomerization of AC8H17Ȯ2 to AĊ8H16OOH− C has negative effect on sensitivity
because these reactions compete with the formation of AĊ8H16OOH− B with which addition
to O2 is very promoting (Fig. 7.27). Also the formation of H2O2 molecules from HO2 radical
self-reaction exhibits a positive sensitivity, as this is a chain termination step where HO2

radicals form two stable species.
The formation of cyclic ethers from hydroperoxy alkyl radicals (Q̇OOH) exhibits a pos-

itive sensitivity coefficient at all temperatures while its competing pathway; addition to O2

(second O2 addition) shows a negative sensitivity coefficient. The effect of both classes is
more significant at 750 K (NTC region). Moreover, the rates of production of hydroperoxy
cyclic ethers (e.g. D(OOH)ETRBD, Fig. 7.27) and 3rd addition to O2 (e.g. C8(OOH)BD-
DO2) showed a positive and negative sensitivity for the low temperature case (650 K), re-
spectively. The appearance of these rates in the sensitivity analysis manifests the importance
of these added pathways.

7.4.4 Rate of production analysis

A Rate of production (ROP) analysis for stoichiometric iso-octane/air mixture at 20 atm,
750 K, and 20% fuel conversion is presented in Fig. 7.28. The ROP demonstrates that the
major radical produced from iso-octane is AĊ8H17 due to the presence of nine equivalent
hydrogen atoms at this site. Also the figure shows that the predominant pathway for alkyl
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Figure 7.27: Brute force sensitivity analyses for ignition delay stoichiometric iso-octane/air mixture at 20
atm and different temperatures. (See Supplementary Material for species dictionary).

radicals at 750 K is addition to molecular oxygen. Once the alkylperoxy radical is formed,
it either undergoes concerted elimination to form an olefin + HȮ2 radical or it isomerizes
to hydroperoxy alkyl (Q̇OOH) radicals. For example, 98% of the formed tertiary peroxy
radical (CĊ8H17) follows the concerted elimination pathway, which agrees with the findings
of Snitsiriwat and Bozzelli [43], who argued that the main product of the tertiary iso-octyl
radical + O2 system is iso-octene + HȮ2. The concerted elimination chain termination
pathway of the tertiary peroxy radical is favored by the absence of 6-membered ring iso-
merization pathways. Hence the production of tertiary iso-octyl radicals inhibits reactivity.
On the other hand, DC8H17Ȯ2, a primary iso-octyl peroxy radical, produces two different
hydroperoxy alkyl radicals through 6-membered ring transition states, which are more fa-
vorable than concerted elimination due to the lower ring strain. The other primary iso-octyl
peroxy radical, AC8H17Ȯ2, does not undergo concerted elimination due to the absence of
beta hydrogens, and rather undergoes isomerization reactions involving six-membered ring
transition states that lead to low temperature chain-branching and promote reactivity.

None of the hydroperoxy alkyl radicals (Q̇OOH) shown in Fig. 7.28 are β-Q̇OOH radicals,
therefore, the primary consumption pathways are: formation of cyclic ethers and addition to
O2. In general, the pathway forming cyclic ethers shows a higher flux than addition to O2 due
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Figure 7.28: ROP analysis for stoichiometric iso-octane/air mixture at 20 atm, 750 K and 20% fuel
consumption corresponding to 788 K for the updated model in bold and 791 K for original model [1] in
italic.

to the low thermodynamic stability of the ȮOQOOH radicals. Once formed at the relatively
high temperature investigated, they favor back dissociation to O2 and Q̇OOH. ṘO2 isomer-
izations involving seven-membered ring transition states often lead to cyclic ether formation
rather than low-temperature chain branching because these isomerizations have lower rate
constants than those involving six-membered rings that lead to chain branching. This behav-
ior is evident for the seven-membered ring ṘO2 isomerization leading to AĊ8H16OOH− C
radicals (98% of these radicals form the cyclic ether (IC8ETERAC)).

Figure 7.28 also shows the ROP of different species from the original model [1], which
highlights the mechanistic difference between both models. Generally, the rate of consump-
tion of IC8H18 is lower using the original model when compared to the updated one, as
previously demonstrated by the JSR profiles (Figs. S8–S11). The original model shows a
higher flux going to CĊ8H17 compared to BĊ8H17, which contradicts the updated model.
The updated model has different branching ratios due to the implementation of updated
iso-octane + ȮH abstraction rates that account for NNN effects. Moreover, the original
model shows that addition to O2 is favored by the alkyl radicals except for CĊ8H17 where

204



Figure 7.29: Ignition delay simulation at 20 atm and φ = 1.0 presented to demonstrate the effect of
alternative isomerization pathways.

β-scission is more favored. This is attributed to the absence of consumption pathways for the
peroxy-hydroperoxy alkyls (ȮOQOOH) with a tertiary hydroperoxy group, which prevents
the initial tertiary radical from contributing towards radical chain branching.

7.4.5 Effect of alternative isomerization and 3rd O2 addition path-
ways on reactivity

Including the alternative isomerization pathway in the mechanism required the addition of
206 reactions and 100 new species to the model. Figure 7.29 demonstrates that the addition
of this pathway increased the reactivity of the mechanism at low temperature and NTC.
This agrees with the findings of Silke et al. [70] and Mohamed et al. [51] for n-heptane and
2-methylhexane models, respectively. These findings encourage more thorough investigation
of other low temperature oxidation pathways, which may be relevant to combustion kinetic
models.

Peroxy-hydroperoxy alkyls (ȮOQOOH) with a tertiary hydroperoxy group do not form
KHPs due to absence of α-hydrogen atoms. In the original mechanism, these species were
accumulated in the system, but in the current model they form alkyl-dihydroperoxides
(P(OOH)2).

To better understand the importance of the added pathways, ROP analyses were per-
formed for the three P(OOH)2 radicals with the highest concentrations at a pressure of 20
atm, equivalence ratio of 1, and temperatures of 650 K and 750 K, where 650 K shows
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Figure 7.30: Flux analysis for alkyl-dihyroperoxides with the OOH on the (a) B-D sites and (b) A-B sites
for stoichiometric iso-octane/air mixture at 20 atm at 20% fuel consumption. Values in italic and bold
represent ROP percentages at 650 K (Low temperature region) and 750 K (NTC region), respectively.

behavior in the low temperature region and 750 K in the middle of the NTC region. The
analyses were conducted at 20% of fuel consumption for each case and results are shown in
Fig. 7.30.

Figure 7.30 shows that the formation of alkyl-dihydroperoxides from ȮOQOOH radicals
may be more important than the formation of KHPs, depending on the size of the transition
state rings. Alternative isomerization pathways with 6-membered ring transition states are
the most favored due to lower ring strain energy compared to other isomerization reactions.
However, in cases where the migrating hydrogen atom is at a tertiary site, the 7-membered
ring transition state isomerization is more favorable than the 6-membered ring one that
migrates an H-atom from the primary site, based on the reaction rate rules assigned in
Section 7.2.3. For example, in Fig. 7.30(a), at 750 K, 51% of BC8H16OOH− AȮ2 forms
CC8H15(OOH)AB via a 7-membered ring transition state compared to 28% for the formation
of AC8H15(OOH)AB via a 6-membered ring transition state.

Figure 7.30 also shows that the reactivity of ȮOQOOH species at low and interme-
diate temperatures are very similar. However, temperature-dependent variations in ROP
are observed for P(OOH)2 species. The third O2 addition reactions are more favorable
at low temperatures. For example, 44% of AC8H15(OOH)BD (Fig. 7.30(a)) undergoes a
third O2 addition at 650 K compared to 13.3% at 750 K. Similarly, 24.6% and 59.4% of
DC8H15(OOH)BD (Fig. 7.30(a)) and AC8H15(OOH)AB (Fig. 7.30(b)) species undergo a
third O2 addition at 650 K compared to 4.55% and 13.1% at 750 K, respectively. It is no-
table that for the added alternative isomerization pathways both hydroperoxy cyclic ether
(HPCE) formation and third O2 addition followed by the formation of ketodihydroperoxides
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(KDHP) are chain branching pathways.
Although HȮ2 radical elimination reactions from P(OOH)2 species have been added to

the model, they do not affect reactivity as shown in Fig. 7.30. For iso-octane, hydroperoxy
olefins may only be produced from P(OOH)2 species via 5-membered ring transition states
that are energetically un-favored.

Figure 7.30 also shows that the H-transfer from the hydroperoxy group attached to a
primary site to the peroxy group attached to a secondary site via H-exchange pathway is
more favorable than the opposite direction.

7.5 Conclusions

This paper presents a comprehensive chemical kinetic model for iso-octane, an important
gasoline primary reference fuel surrogate. The iso-octane thermochemistry and mecha-
nism were thoroughly updated using newly evaluated group values, reaction pathways, and
rate rules. An alternative pathway for the isomerization of peroxy-alkyl hydroperoxides
(ȮOQOOH) was included in the updated model along with third O2 addition reactions. The
new model was compared against new rapid compression machine and high pressure shock
tube experiments. The new experiments covered a range of temperatures and pressures that
were not previously available in literature. Additional comparisons were presented against
ignition delay, laminar flame speed, counterflow diffusion flame ignition, and speciation mea-
surements available in the literature. The present model is compared against experimental
data acquired across a temperature range of 630–1800 K, pressure range of 10–50 atm, and
equivalence ratio range of 0.25–2.

The present model shows improved agreement at lower equivalence ratios when com-
pared to other mechanisms available in literature. Thus, the present model is appropriate
for simulating engine combustions modes operating at lean conditions, such as various low
temperature combustion engines.

A sensitivity analysis showed that the model is highly sensitive to H-atom abstraction
from fuel molecules by ȮH radical. A flux analysis showed that the main pathway available
for tertiary iso-octyl peroxy radical is concerted elimination, and this decreases the reactivity.
The importance of the additional reaction pathways was also investigated. The addition of
alternative isomerization increases the model reactivity, as all subsequent reaction pathways
result in chain branching. The third O2 addition reaction pathway was shown to be more
important at lower temperatures. These findings on the significance of new reaction path-
ways highlight the need for theoretical and experimental investigations of low temperature
oxidation mechanisms. Indeed, the kinetic model presented here only represents the cur-
rent state of knowledge on alkane auto-oxidation, and reaction pathways that are currently
unexplored are not included in the model.

The rigorous and comprehensive kinetic model for iso-octane developed herein indicates
that more fundamental research is needed to improve predictive capabilities. The thermo-
chemistry of low temperature species derived from highly branched alkanes (e.g., iso-octane)
need to be determined using computational chemistry at a high level of theory. This will
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facilitate the extrapolation of group values and correction parameters to account for var-
ious intra-molecular interactions (e.g., gauche and 1,5-interactions). Rate rules for highly
branched alkanes also need to be determined using rigorous computational methods. Specif-
ically, the rates for cyclic ether formation, alternative isomerization reactions, and third
addition to O2 reactions require attention. Finally, kinetic model optimization with un-
certainty quantification [97] can be used to improve the iso-octane model’s predictions of
combustion across a broad range of conditions.
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Cyclopentane combustion. Part II.
Ignition delay measurements and
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Abstract

This study reports cyclopentane ignition delay measurements over a wide range of condi-
tions. The measurements were obtained using two shock tubes and a rapid compression
machine, and were used to test a detailed low- and high-temperature mechanism of cy-
clopentane oxidation that was presented in part I of this study (Al Rashidi et al., 2017).
The ignition delay times of cyclopentane/air mixtures were measured over the temperature
range of 650–1350 K at pressures of 20 and 40 atm and equivalence ratios of 0.5, 1.0 and 2.0.
The ignition delay times simulated using the detailed chemical kinetic model of cyclopentane
oxidation show very good agreement with the experimental measurements, as well as with
the cyclopentane ignition and flame speed data available in the literature. The agreement
is significantly improved compared to previous models developed and investigated at higher
temperatures. Reaction path and sensitivity analyses were performed to provide insights
into the ignition-controlling chemistry at low, intermediate and high temperatures. The re-
sults obtained in this study confirm that cycloalkanes are less reactive than their non-cyclic
counterparts. Moreover, cyclopentane, a high octane number and high octane sensitivity
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fuel, exhibits minimal low-temperature chemistry and is considerably less reactive than cy-
clohexane. This study presents the first experimental low-temperature ignition delay data of
cyclopentane, a potential fuel-blending component of particular interest due to its desirable
antiknock characteristics.

8.1 Introduction

Recent developments in climate change policies [1] and fuel economy projections [2] portend
major shifts in energy production and consumption trends. In an unprecedented occurrence,
195 countries signed the Paris Agreement whereby they pledged to reduce greenhouse gas
(GHG) emissions and limit the increase in global average temperature to well below 2 C above
pre-industrial levels by the year 2020 [1]. At the same time, the global demand for energy is
expected to increase as the world’s population and Gross Domestic Product (GDP) increase,
particularly in China and India [2]. In order for the projected increase in energy demand to
be met within the constraints of legally binding climate change agreements, the fuel industry
has to evolve. The latest Energy Outlook report published by British Petroleum (BP) shows
that, even though conventional fossil fuels are projected to meet two-thirds of the increase
in energy demand out to 2035, renewables and unconventional fossil fuels will grow faster
[2]. Shale-derived fuels are among the emerging new sources of energy that are expected to
grow quickly in the near future due to technological advancements [2]. These, among others,
are the fuels of the future, and they are primarily composed of alkanes and cycloalkanes,
followed by aromatics and bicyclic hydrocarbons [3]. The combustion chemistry of alkane
fuel components is relatively well researched; however, that of cycloalkanes is not, despite the
proven importance of cycloalkane functionality in the oxidation of real fuels [4]. In general,
investigating fuel chemistry ultimately allows for the control of fuel efficiency and emission
via targeted fuel and engine design.

The most prominent cyclic backbone in practical fuels is cyclohexane [3]. Accordingly,
studies on cycloalkane combustion are mostly concerned with cyclohexane and methylcyclo-
hexane, which are regarded as representatives of the naphthenic fraction in conventional fuels
[5–10]. These studies show that cyclohexane and its derivatives are less reactive than their
non-cyclic counterparts due to the conformational inhibition of ROO/QOOH isomerization
pathways, which promotes the formation of non-reactive olefins [11,12]. They also empha-
size the importance of these species in soot formation mechanisms [13]. Since cycloalkane
chemistry and kinetics are strongly influenced by the ring size [12], and because other cycles
are also prominent in practical fuels, it is important to investigate components other than
cyclohexane.

In this study, we investigate the low- and high-temperature reactivity and ignition proper-
ties of cyclopentane, a high-octane, knock-resistant cycloalkane, commonly found in gasoline
and a suitable blending component [14]. Previous experimental studies of cyclopentane igni-
tion delay are generally limited to high-temperature conditions. Daley et al. [15] measured
the ignition delay of cyclopentane in a shock tube (ST) under engine-relevant conditions for
lean and stoichiometric fuel/air mixtures, at pressures of 13 and 45 atm, and at temperatures
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between 847 and 1379 K [15]. Tian et al. [16] and Sirjean et al. [17] also provided ST ignition
delay measurements of cyclopentane within the temperature range of 1100–1800 K and at
pressures of up to 8.4 bar, for fuel-lean, stoichiometric and fuel-rich conditions [16,17]. The
fuel/oxidant mixtures were diluted in argon at fuel concentrations of 0.5 and 1.0% [16,17].
The measured data were used to validate high-temperature cyclopentane oxidation mecha-
nisms developed based on the JetSurF2.0 mechanism [16] or using the EXGAS software [17].
Davis and Law [18] measured premixed laminar flames speeds for cyclopentane/air mixtures
at a range of equivalence ratios. They found that cyclopentane/air mixtures exhibited similar
laminar flame speeds as n-pentane, n-hexane, and cyclohexane.

Herein, we present ignition delay experiments that span a wider range of conditions than
in previous studies and are also relevant to internal combustion engines. High-temperature
experiments were conducted at the high-pressure shock tube (HPST) facilities at King Ab-
dullah University of Science and Technology (KAUST) and the National University of Ire-
land, Galway (NUIG), whereas the rapid compression machine (RCM) at NUIG was used
to carry out measurements at low to intermediate temperatures. The new data span tem-
peratures between 650 and 1350 K, pressures of 20 and 40 atm, and use fuel/air mixtures
at equivalence ratios of 0.5, 1.0 and 2.0. A detailed kinetic oxidation model comprising low-
and high-temperature reaction classes is tested against the ignition and flame speed data
available in the literature, as well as the new data. Details of the kinetic model development
may be found in Part 1 of this study, entitled Mechanism development and computational
kinetics. The model was also tested against speciation data measured in a jet-stirred reactor,
as detailed in [19].

8.2 Experimental Methods

8.2.1 KAUST high-pressure shock tube (HPST)

High temperature ignition delay measurements (1000–1300 K) were performed using the
HPST facility at KAUST at pressures of 20 and 40 atm. The HPST has been reported
previously in literature [20]; hence, only brief overview will be given here. The driven
section of the shock tube is 6.6 m long while the driver section length can be varied to a
maximum length of 6.6 m. The shock tube has an inner diameter of 10 cm and the inner
surface is electro-polished to reduce boundary layer effects. The driver and driven sections
are separated by pre-scored aluminum diaphragms in a double-diaphragm mid-section. The
double diaphragm mid-section allows better control of diaphragm burst pressures p4 and
hence an excellent control of reflected shock temperatures T5 and pressures p5. The driven
section is connected to a turbopump that can be used to achieve a vacuum pressure as low
as 10−5 Torr. The test mixture consisting of cyclopentane (purchased from Sigma Aldrich
with a purity of 99%), oxygen, nitrogen and/or helium (purchased from AH gases at 99.999%
purity) was prepared manometrically by using a magnetically-stirred mixing vessel. For each
set of measurements, the mixtures were allowed to mix for at least one hour before starting
the experiments.
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In order to measure the shock velocity, six piezoelectric pressure transducers are located
axially along the last 3.2 m of the driven section of the shock tube. Post reflected shock
conditions (T5 and p5) were calculated by using shock jump relations and known thermo-
dynamic properties of test mixtures. A Kistler 603B1 pressure transducer located at 1 cm
from the endwall was used to measure the sidewall pressure. Sidewall OH* emission was
measured through a sapphire window at 1 cm from the endwall by using a photodetector
and a narrow band-pass optical filter. A schematic of the experimental setup is shown in
Fig. 8.1. Ignition delay time (IDT) is defined as the time between the arrival of the reflected
shock wave at the sidewall optical location and the onset of ignition. Both sidewall pres-
sure and OH* emission determinations are shown in Fig. 8.2 and agree within 5% of each
other. The post-reflected pressure gradient (dp5/dt) is nearly 3%/ms for the test conditions
presented in this work, and this is accounted for in the simulations using a volume time
history [21]. The uncertainty on the HPST experimental measurements is approximately
± 20%. Uncertainties in the reflected shock temperature and pressure are < 1% and are
mainly due to errors in measuring incident shock velocity and thermodynamic parameters.
Uncertainty in the mixture (fuel/air) composition is estimated to be less than 5% and results
from the error in the measured partial pressures during mixture preparation. The pressures
were measured using MKS Baratron Capacitance Manometers which have a manufacture
specified uncertainty of 0.12% of the reading.

8.2.2 NUIG high-pressure shock tube (HPST)

High-temperature ignition delay times (1000–1300 K) were measured for stoichiometric mix-
tures of cyclopentane in a 21 O2: 79 N2 bath gas behind reflected shocks within the NUI,
Galway high-pressure shock tube at pressures of 13, 20, 40 and 50 atm. The fuel was supplied
by Sigma Aldrich in high purity (> 99.0%), while oxygen (99.5%) and nitrogen (99.95%)
were supplied by BOC Ireland. The common theory and design of shock tubes as chemical
reactors has been generally well-documented in Ref. [22] and the NUIG HPST has been
described in detail in Refs. [23,24], thus only a brief description of the apparatus is presented
here.

The 63.5 mm bore shock tube is comprised of a 3 m long driver section and 5.73 m long
driven section, which are separated by a 3 cm long double diaphragm housing. Shocks are
generated with helium. The driven gas, which contains the fuel mixture, is heated via the
reflected shock and subsequent measurements are performed at the endwall of the driven
section. The pressure history of the gas at the endwall is recorded by a dynamic pressure
transducer that is mounted in the endwall of the driven section, from which the ignition delay
time of the mixture is subsequently measured. Ignition delay times are defined as the time
difference between the arrival of the reflected shock at the endwall and the Von Neumann
spike due to ignition. The thermodynamic state of the test gas behind the reflected shock
wave is evaluated from the ideal normal shock equations, which require the measurement
of the shock velocity at the endwall. This measurement is performed by monitoring the
incident shock arrival time at six pressure transducers staggered along the axis of the driven
section and interpolating the velocity of the shock along the tube, and shock attenuation is
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Figure 8.1: Schematic of the KAUST high-pressure shock tube (HPST) used for ignition delay time
measurements.
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Figure 8.2: Representative pressure and OH-emission traces in the KAUST HPST obtained with a reacting
mixture.

accounted for by extrapolating the collective velocity measurements to the endwall. Ignition
delay measurements within the device are generally reproducible to within ±15%, and gas
temperatures behind the reflected shock are conservatively estimated to be uncertain within
±10 K.

8.2.3 Rapid compression machine

Low- to intermediate-temperature ignition delay times (675–1000 K) for fuel-lean, stoichio-
metric, and fuel-rich (φ = 0.5, 1.0, and 2.0, respectively) mixtures of cyclopentane in a 21%
O2: 79% diluent bath gas were measured within the NUI, Galway rapid compression ma-
chine at compressed pressures of 20 and 40 atm. The fuel was supplied by Sigma Aldrich in
high purity (> 99.0%), while oxygen (99.5%) and nitrogen (99.95%) were supplied by BOC
Ireland. The details concerning the design, operating principles, and limitations of the appa-
ratus have been well-documented in Refs. [25–27], while a description of the current reaction
chamber geometry, ignition delay time collection methodology, data acquisition hardware,
and data post-processing techniques are available in Ref. [24].

Briefly, the experimental platform utilizes opposed pistons to rapidly compress a test gas,
and furthermore maintain the elevated compressed gas thermodynamic state for the duration
of chemical interest. The test gas pressure history, monitored during each experiment, serves
as the sole diagnostic during and after the compression process. Ignition delay times are de-
fined at each condition as the time difference between the local maximum in pressure that
occurs near the end of volumetric compression and the maximum rate of pressure rise due
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Table 8.1: Summary of experimental conditions employed in cyclopentane ignition studies available in the
literature as well as in this study.

Ref. Technique p (atm) φ T (K) % fuel Dil.
[15] ST 13, 45 0.25, 0.5, 1.0 847–1379 0.7, 1.4, 2.7 air
[17] ST 8.4 0.5, 1.0, 2.0 1230–1840 0.5 Ar
[16] ST 1.1, 10 0.58, 1.0, 2.0 1150–1850 1.0 Ar
[30] ST 1.0 0.58, 1.0, 2.0 1330–2000 1.0 Ar
[31] ST 8.3 0.5, 1.0, 1.5 1311–1773 0.5, 1.0 air
NUIG ST 13, 20, 40, 50 1.0 930–1280 2.7 air
NUIG RCM 20, 40 0.5, 1.0, 2.0 675–934 1.4, 2.7, 5.4 air
KAUST ST 20, 40 0.5, 1.0, 2.0 922–1316 1.4, 2.7, 5.4 air

to ignition, which provides a sufficiently sensitive diagnostic for the high-fuel and oxidizer
concentrations studied here so that further ignition indicators offered by spectral techniques
are not necessary. The widely used adiabatic core model was employed to evaluate the com-
pressed gas temperatures from pressure histories. Furthermore, the adiabatic core model
was also used to transiently prescribe the energy supplied to or lost from the test gases due
to volumetric compression and heat losses, respectively, in order to adequately compare ex-
perimental data sets with mechanism simulations. These transport processes were isolated
from chemical ones by compressing an analogous non-reactive gas for each experimental
condition, and quantified by deriving the specific volume history of the adiabatic core gas
from the measured pressure history of the non-reactive experiment that was then used as
an inputted boundary condition for a simulated variable volume 0-D reactor. Ignition delay
measurements within the RCM are generally reproducible to within ±10%, and gas temper-
atures at the compressed condition are conservatively estimated to be uncertain within ±10
K.

8.3 Results and Discussion

The experimental ignition delay measured in this study were used along with data available
in the literature to test the cyclopentane mechanism developed in [28]. Table 8.1 summa-
rizes the experimental data sets used for evaluating the present model. The pressure and
temperature conditions of the individual experiments conducted in this study are provided
in Tables S1–S3 in the Supplementary material. Shock tube experiments at NUIG were
conducted at the same conditions as those employed at KAUST (φ = 1 and p = 20, 40
atm) and those used in [15] (fuel/air mixtures at φ = 1 and p = 13, 50 atm) to assess the
facility-to-facility variation in the experiments. We used the homogeneous batch reactor
model of the CHEMKIN PRO software package [29] to simulate both RCM and shock tube
experiments. Flame speed experiments available in the literature were simulated using the
PREMIX module [29].
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Figure 8.3: Comparison of low-temperature IDT profiles measured experimentally to those simulated using
the original [28] and tuned mechanisms at φ = 1.0 and p = 20 atm.

8.3.1 Mechanism Tuning

The original mechanism developed in part I of this study gave good agreement between
experimental and simulated high-temperature ignition delay time (IDT) data measured using
a shock tube. However, discrepancies were observed between the two sets of data for RCM-
measured low-temperature IDT. Figure 8.3 shows that, for conditions of φ = 1.0, p = 20
atm, and at low temperatures (< 850 K), simulated ignition is up to four times slower
than experimental ignition. To ameliorate the agreement between the two sets of data, the
energy terms in the modified Arrhenius expressions of reactions that have high temperature-
sensitivity coefficients at these conditions were varied within an interval of 2 kcal, the
uncertainty range of energies calculated in part I [28]. The best agreement, for all investigated
conditions, was obtained upon reducing the activation energies of alkyl + O2→ olefin + HO2,
ROO → QOOH (peroxy/alkylhydroperoxide isomerization) and OOQOOH → KHP + OH
(formation of ketohydroperoxide) reaction classes by 1.00, 0.60 and 1.50 kcal, respectively.
The obtained simulation IDT curve is shown in Fig. 8.3.

8.3.2 RCM data and comparison to the model

Figures 8.4 and 8.5 compare the RCM-measured ignition delay of cyclopentane with the
simulations that were run using effective volume histories to account for the heat loss re-
sulting from facility effects. The measurements span equivalence ratios of 0.5, 1.0 and 2.0,
pressures of 20 and 40 atm, and temperatures between 680 and 950 K. Generally, the model
agrees well with the experimental data and captures the trend of ignition delay dependence
on temperature, equivalence ratio, and pressure. The temperature-dependent profiles of cy-
clopentane ignition delay at different equivalence ratios for pressures of 20 (Fig. 8.4a) and 40
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Figure 8.4: RCM-measured ignition delay profiles for cyclopentane/air mixtures at equivalence ratios of
0.5, 1.0 and 2.0 for 20 atm (a) and 40 atm (b) (dashed, solid and dotted lines represent model simulations
at φ = 0.5, 1.0 and 2.0, respectively).

atm (Fig. 8.4b) show that reactivity increases with increasing equivalence ratio, particularly
in the negative temperature coefficient (NTC) regime extending from 730 to 840 K. The
dependency on equivalence ratio becomes less important with increasing temperatures and
decreasing ignition delay times, as shown in Fig. 8.4, due to the competition between chain
branching and chain propagation, as explained in Section 8.3.3. The pressure-dependence
of the ignition delay data is shown in Fig. 8.5 for pressures of 20 and 40 atm at equiva-
lence ratios of 0.5, Fig. 8.5(a), 1.0, Fig. 8.5(b) and 2.0, Fig. 8.5(c). The model captures
the pressure-dependence trend well and confirms that reactivity increases with increasing
pressure, especially in the NTC region. In fact, for a temperature of 770 K at φ = 1 and 2,
ignition at 40 atm is more than ten times faster than that at 20 atm. This is consistent with
what has been observed for non-cyclic hydrocarbons [32,33] and oxygenated species [34],
and is due to higher concentrations of reactive species and faster reaction rates at higher
pressures.

Although the model is in good agreement with the experimental data, it slightly under-
predicts ignition delay by up to a factor of 1.5 below 720 K for φ = 0.5 and φ = 1.0, and
over-predicts it by up to a factor of three above 830 K. Meanwhile, at intermediate tem-
peratures (720 < T < 830 K), the agreement between experiment and simulation is within
20% for stoichiometric conditions. For fuel-lean and fuel-rich conditions in the NTC tem-
perature range, the model slightly over-predicts and under-predicts reactivity, respectively.
The observed differences between experiments and simulation are due to uncertainties in
experimental data, particularly at the higher temperatures characterized by short ignition
delay times (i.e., below 10 ms), as well as the uncertainties in reaction kinetics. More in-
depth analysis of quantities of interest is needed in order to determine the exact source of
discrepancy and the culprit reactions.
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Figure 8.5: RCM-measured ignition delay profiles for cyclopentane/air mixtures at pressures of 20 and 40
atm for φ = 0.5 (a), 1.0 (b) and 2.0 (c) (solid and dashed lines represent model simulations at p = 20 and
40 atm, respectively).
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Figure 8.6: ST-measured ignition delay profiles for cyclopentane/air mixtures at φ = 0.5, 1.0 and 2.0 for
20 atm (a) and 40 atm (b) (dashed, solid and dotted lines represent model simulations at φ = 0.5, 1.0 and
2.0, respectively).

8.3.3 Shock tube data and comparison to the model

The ST ignition delay data measurements carried out at the HPST facility at KAUST are
presented in Figs. 8.6 and 8.7 along with the simulation results that were obtained using the
pressure profiles corresponding to a post-reflected pressure gradient (dp5/dt) of 3%/ms. Just
as in the case of the RCM experiments, ST experiments were conducted at pressures of 20
and 40 atm, and equivalence ratios of 0.5, 1.0 and 2.0 in air. The investigated temperature
range extends from 920 to 1320 K. Figure 8.6 highlights the dependence of ignition delay on
equivalence ratio, whereas Fig. 8.7 highlights the pressure-dependence.

Figure 8.6 shows that the model captures the weak dependence of ignition delay data
on equivalence ratio very well. It is also capable of predicting the convergence of reactivity
profiles at temperatures greater near 1300 K at a pressure 20 bar. The convergence is not
clearly observed at 40 bar since the temperature range at this condition does not exceed 1200
K. However, the general trend indicates convergence of reactivity at temperatures higher
than 1300 K. For temperatures between 920 and 1300 K, both experiments and simulations
exhibit increasing reactivity with increasing fuel richness, similar to RCM data. However,
despite the lack of data at T > 1300 K, we may conclude from the general profiles that at
temperatures higher than those investigated in this study, the trend will be reversed with
the lean mixtures being most reactive. According to Bugler et al. [32] and Wang et al. [35],
the crossover is caused by the domination of H + O2 = O + OH chain branching pathway
at higher temperatures. This pathway competes with the chain propagation pathway of
RH + H = R + H2 for H-atoms. Therefore, at high temperatures, the reactivity of fuel-
rich mixtures having high concentrations of RH is less than that of fuel-lean mixtures [35].
The model also captures the pressure-dependence trend (Fig. 8.7) wherein shorter ignition
delay times are observed at higher pressures due to faster rates of non-sequential elementary
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Figure 8.7: ST-measured ignition delay profiles for cyclopentane/air mixtures at pressures of 20 and 40
atm for φ = 0.5 (a), 1 (b) and 2 (c) (solid and dashed lines represent model simulations at p = 20 and 40
atm, respectively).
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reactions.
In order to control for possible and unwanted facility effects in ST data measured at

KAUST, high-temperature ignition experiments were also conducted using the HPST at
NUI Galway at pressures of 20 and 40 atm, and an equivalence ratio of 1. Figure 8.7b
compares the data from KAUST and NUIG, and shows that the two sets agree very well and
are within uncertainty limits at 20 atm (less than 20% difference). At 40 atm, the values
still agree well within the uncertainty limits, however, the differences are up to 34% due
to greater uncertainties in measuring very short (<100 s) ignition delay times. The model
over-predicts both sets of ignition delay values; however, it agrees more with the data from
NUIG at high pressures and temperatures.

For all investigated conditions, the average difference between model simulations and
experimental data is ∼35%. Better agreement is observed at lower temperatures and longer
ignition delay times than at higher temperatures and shorter ignition delay times. However,
the model under-predicts reactivity over the entire investigated temperature range. This in-
dicates that the high-temperature chemistry of the model is likely to be slightly slower than
it should be at the investigated conditions. As discussed in [19], cyclopentane reactivity is
influenced to a great extent by the chemistry of allyl radicals that are produced in high con-
centrations at elevated temperatures via C–C scission reaction of cyclopentyl radical. These
resonantly stabilized radicals can either react with HO2 radicals to produce OH radicals in
chain branching reactions, or recombine to give 1,5-hexadiene in chain termination reactions.
The branching ratio between these two pathways has a strong influence on reactivity. In our
model, we use pressure-dependent rate coefficients calculated by Goldsmith et al. [36] using
QCISD(T)/cc-pVQZ and RRKM master equation methods for allyl + HO2 reactions, and
the experimentally determined, pressure-dependent rate coefficients of Lynch et at. [37] for
the allyl recombination reaction.

8.3.4 Modeling of literature data

The available studies on cyclopentane IDT are mostly limited to low-pressure and dilute
conditions, and all of them were performed at temperatures higher than 900 K. The most
recent paper on this subject was published by Tian et al. [16] who measured the ignition delay
times of cyclopentane (CPT) in a shock tube, at pressures of 1.1 and 10 atm, equivalence
ratios of 0.577, 1.0 and 2.0, and temperatures between 1150 and 1850 K. Fuel/oxidant
mixtures of 1% cyclopentane in Argon were used. They also developed a high-temperature
oxidation mechanism of cyclopentane that was validated against their experimental data as
well as data from Orme et al. measured at the same conditions (φ = 0.577/1/2, p = 1 atm and
1% CPT/O2/Ar) [30]. Their mechanism was compared to that of Sirjean et al. [17], which
is the only other mechanism of cyclopentane oxidation available in the literature. Figure 8.8
presents the experimental data of [16] and [30] along with simulations using models from
[16] and [17], as well as our own model.

Figure 8.8a and b show that experimental data of [16] and [30] agree well within the
experimental uncertainty at p = 1.1 atm and φ = 0.577 and 1.0. All three models predict
the data and the reactivity trend well. However, our model over-predicts reactivity at lean
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Figure 8.8: Cyclopentane ignition delay measurements by Tian et al. [16] (solid symbols) and Orme et al.
[30] (empty symbols) (dashed, dotted and solid lines represent simulations using models from [17,16] and
this study, respectively).
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conditions by up to a factor of 2, which is larger than the experimental uncertainty range.
At rich conditions (Fig. 8.8d), all models are well within Tian et al.s 10 atm experimental
uncertainty (±15%). Although our model slightly over-predicts the ignition delay times
measured by [16] at φ = 2 and p = 1.1 atm (up to 35%), it agrees more with data from [30],
at the same conditions, than the other two models (Fig. 8.8c). Note that Orme et al. [30]
measure an ignition delay time that is more than two times longer than that measured by
Tian et al. [16] at 1580 K, φ = 2.0 and p = 1.1 atm. As mentioned earlier, Sirjean et al.
[17] provide the only high-temperature cyclopentane oxidation mechanism in the literature
besides [16]. Their mechanism was developed with the help of a kinetic model generation
software called EXGAS [17]. For the reactions specific to cyclopentane, they estimated rate
constants using rate constants from the literature and performed ab-intio calculations for
the beta scission of cyclopentyl radicals using the CBS-QB3 method. In addition, Sirjean
et al. [17] measured the ignition delay times of 0.5% cyclopentane/O2/Ar mixtures over the
temperature range of 1230–1840 K, at equivalence ratios of 0.5, 1.0 and 2.0, and a pressure
of 8.4 bar, using a shock tube. We simulated these experiments using our cyclopentane
mechanism and the mechanism obtained using EXGAS [17]. The results are summarized in
Fig. 8.9. Both models concur with the experimental data equivalence ratio effect quite well.
However, our model provides better prediction at stoichiometric conditions.

The only available measurements of cyclopentane ignition delay in air are those reported
by Daley et al. [15]. These measurements were carried out in a shock tube, at temperatures
ranging between 847 and 1379 K, pressures of 13 and 45 atm, and equivalence ratios of 0.25,
0.5 and 1.0. We tested our mechanism against Daley et al.s data under all investigated
conditions. The models of [16] and [17] were also used to simulate these experiments for the
purpose of comparison at engine-relevant conditions. The results are presented in Fig. 8.10.
All three models under-predict reactivity at φ = 0.5 and φ = 1.0 for temperatures lower
than 1200 K. However, our model is much better at simulating ignition at the investigated
conditions than the models of [16] and [17] which are up to 40 times slower than the exper-
iments, as shown in Fig. 8.10. Meanwhile, the disagreement between our modeled ignition
delay values and the experimental values is less than 40%. At φ = 0.25, our mechanism
agrees very well experimental data, with an average of about 10% difference.

In light of the observed disparities, we repeated the experiments reported by Daley et al.
[15] for φ = 1.0 at the same conditions using the shock tube facility at NUIG. Figure 8.11
shows that the two sets of data agree within their respective uncertainties (15% and 20% for
Daley et al. and NUIG data, respectively), and that our mechanism slightly under-predicts
reactivity at temperatures lower than 1200 K.

In addition to the cyclopentane ignition delay data available in the literature, we tested
our model against data reported for the corresponding olefin, cyclopentene. Yahyaoui et
al. [31] report ignition delay times of 0.5 and 1.0% cyclopentene/O2/Ar mixtures measured
behind reflected shock waves at a pressure of 840 kPa, argon dilution of 92–97%, and equiv-
alence ratios of 0.5, 1.0 and 1.5. The agreement between our model and this data is very
good, as shown in Fig. 8.12, particularly at 0.5% fuel concentration. At rich conditions, the
model slightly over-predicts the experimental data, but the difference is within our estimated
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Figure 8.9: Cyclopentane ignition delay measurements by [17] at φ = 0.5 (a), 1.0 (b) and 2.0 (c), and p =
8.4 bar (dashed and solid lines represent simulations using Sirjean et al.’s and our model, respectively).
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Figure 8.10: Cyclopentane ignition delay measurements by [15] at 13 (black) and 45 atm (grey), and p =
8.4 bar (dashed, dotted and solid lines represent simulations using [16,17] and our model, respectively).
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Figure 8.11: Comparison of cyclopentane ignition delay times measured in a shock tube by [15] (empty
symbols) and this study (solid symbols) at 13 and 45/50 bar. Curves are simulations with present model.

experimental uncertainty (±50%) based on similar shock tube studies (no experimental un-
certainties reported by authors). At 1% fuel concentration and temperatures lower than
1400 K, the model over-predicts cyclopentene reactivity by up to a factor of three.

Our model was also tested against flame speed data measured by Davis and Law [18] at
atmospheric temperature and pressure over an equivalence ratio range of 0.7–1.7. However, to
minimize computational time and cost, the mechanism was reduced and the low-temperature
oxidation chemistry of cyclopentane was excluded for flame speed simulations. The model
was reduced using the method of direct relation graph (DRG) with expert knowledge (DRG-
X) [38]. This approach assumes that some species are weakly coupled to others, such that
they do not contribute significantly to the combustion process and can be removed from
the mechanism without hampering the chemical fidelity. However, unlike the original DRG
method [39,40] that is restricted by a uniform error tolerance for all the species, the DRG-X
allows for different reduction errors for heat release rate and species of interest. Therefore,
this method results in a smaller skeletal mechanism with similar chemical fidelity compared
to the original DRG method. In this work, the error tolerance was set at 0.01 for heat release,
0.1 for H and OH radicals, 0.3 for cyclopentane and 0.4 (the default value) for other species.
The reduced mechanism consists of 173 species. Analogies to molecules of similar structure
were made to determine polarizability and dipole moment transport properties of species
in the cyclopentane sub-mechanism. Lennard-Jones collision parameters were calculated
using the critical pressure, critical temperature and acentric factor according to the method
proposed by Tee et al. [41].

Figure 8.13 shows that the reduced model predicts cyclopentane flame speeds well, par-
ticularly at lean conditions. For stoichiometric and rich conditions the model under-predicts
flame speed by up to 43% at φ = 1.7. Under the investigated conditions, maximum speed is
observed at φ = 1.1, where the deviation between model and experiment is only 4%.
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Figure 8.12: Cyclopentene ignition delay measurements by [31] at φ = 0.5, 1.0 and 2.0 and p = 840 kPa
for 0.5% (a) and 1% (b) fuel/oxidant mixtures (dashed, solid and dotted lines represent model simulations
at φ = 0.5, 1.0 and 2.0, respectively).

In summary, our model shows very good agreement (< 50% deviation) with all the
available literature data for cyclopentane and cyclopentene. It even shows much better
agreement with the experimental data measured in air than the other two high-temperature
cyclopentane oxidation models [16,17]. In addition to ignition delay and flame speed data,
the model was tested against species concentration profiles measured at a pressure of 10 atm,
temperatures between 740 and 1250 K, and equivalence ratios between 0.5 and 3.0, using a
jet-stirred reactor [19]. The results show good agreement (< 20% difference between model
and experiments for most species), as discussed in [19].

8.4 Reaction path and sensitivity analyses

In order to elucidate the reaction pathways that drive cyclopentane reactivity, sensitivity and
rate of production (ROP) analyses were performed for stoichiometric fuel/air mixtures at low
(700 K), intermediate (770 K) and high (1100 K) initial temperatures, for an initial pressure
of 20 atm. The analyses were conducted at times corresponding to 20% fuel conversion, at
temperatures of 750 K, 810 K and 1110 K for the low-, intermediate-, and high-temperature
conditions, respectively.

8.4.1 Reaction path analyses

The dominant high and low-temperature reactivity pathways are highlighted in Figs. 8.14
and 8.15, respectively. Both figures show ROP values calculated for scenarios with various
initial temperatures.

In the high-temperature regime, independently of the initial temperature, the chain of
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Figure 8.13: Experimental [18] and simulated flame speed data of cyclopentane at atmospheric temperature
and pressure.

oxidation reactions starts with H-atom abstraction from the fuel forming cyclopentyl radical
(CYC5H9). For 700 and 770 K, abstraction by OH radicals is dominant: 80% and 67%,
respectively, with only a minor contribution from H radicals that are not abundant at low
temperatures: 2% and 3%, respectively. At 1100 K, abstraction by OH radicals is still the
major path (58%), but abstraction by H becomes more important (23%). Depending on
the initial temperature, the cyclopentyl radical produced may undergo C–C and C–H β-
scission or O2-addition reactions. The scission pathways are relatively important at 1100
K with contributions of 13% and 17% for the C–C and C–H scission reactions, leading to
1-penten-5-yl radical (C5H91–5) and cyclopentene (CYC5H8) + H, respectively. In addition
to the C–H scission pathway, CYC5H8 is produced from CYC5H9 via the formally direct
pathway of CYC5H9 + O2 = CYC5H8 + HO2. This pathway is particularly important at
high (1100 K) and intermediate temperatures within the NTC regime (770 K), with relative
contributions of 55% and 38%, respectively. C5H91-5 dissociates into ethylene (C2H4) and
the resonantly stabilized allyl radical (C3H5-A) almost completely at high temperatures. At
low and intermediate temperatures, this pathway is much less important, with contributions
of 2% and 33%, respectively. The dominant reaction pathway for C5H91-5 at these conditions
is O2-addition. Meanwhile, cyclopentene undergoes H-atom abstraction, mainly from the two
CH2 groups at the allylic positions and less at the other CH2 group, to produce CYC5H71-3
and CYC5H71-4 radicals with relative rates of production of 58% and 23%, respectively,
when the initial temperature is 1100 K. The C–C scission pathway of CYC5H71-4 involves
the breaking of a strong bond, and the formation of an unstable vinylic radical; thus, it was
neglected and excluded from the mechanism. Consequently, CYC5H71-4 only undergoes C–
H scission to produce cyclopentadiene (C5H6), a stable conjugated cyclic olefin. On the other
hand, CYC5H71-3 preferably undergoes C–C scission: 64% compared to 24% for C–H scission
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Figure 8.14: Rates of consumption of species written in percentage of total production format at p = 20
atm, φ = 1.0 and initial temperatures of 1100 K (plain), 770 K (bold) and 700 K (italic) with emphasis on
high-temperature oxidation pathways. The dominant high-temperature pathway is highlighted in red.

Figure 8.15: Rate of production analyses performed at p = 20 atm, φ = 1.0 and initial temperatures of
770 K (bold) and 700 K (italic) with emphasis on low-temperature oxidation pathways.
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and formation of C5H6 at 1100 K. The C–C scission pathway leads to the resonantly stabilized
C*CC*CCJ radical that adds O2 to produce C*CCJC*O and formaldehyde (CH2O).

The dominant high-temperature reaction pathway is, therefore, the formation of cy-
clopentene via C–H scission and O2-addition to the cyclopentyl radical, followed by H-atom
abstraction to produce the allylic cyclopentenyl radical (CYC5H71-3), the C–C scission of
the latter leading to C*CC*CCJ, and finally O2-addition and elimination of CH2O. This
pathway is highlighted in red in Fig. 8.14.

Figure 8.15 depicts reaction pathways that are important at intermediate and low tem-
peratures. At these conditions, cyclopentyl radicals mainly form the alkylperoxy radical
(CPTO2J) with relative ROPs of 76% and 57% at 700 and 770 K, respectively (shown in
Fig. 8.14). The dominant consumption pathway of CPTO2J is the concerted elimination of
HO2 radicals, leading to cyclopentene (CYC5H8) (54% and 70% at 700 K and 770 K, respec-
tively). The chain branching alkylperoxy/hydroperoxalkyl isomerization pathways leading
to CPT1Q2J is unimportant, with an ROP of 1% at 700 K. Isormerization to CPT1Q3J
is relatively important, with a contribution of 34% to the CPTO2J consumption at 700 K.
CPT1Q2J is mainly converted to the cyclic ether CPTYO12 and an OH radical, whereas,
CPT1Q3J mainly undergoes addition to O2 (98% and 91% at 700 K and 770 K, respectively).
The product of the addition to O2 (CPTQ3QJ) is converted to the corresponding ketohy-
droperoxide CPT1*O3Q since the alternative isomerization pathways, which were found to
be unimportant, were not included in the mechanism. The ketohydroperoxide then decom-
poses via O–O bond fission to give two sets of products.

8.4.2 Sensitivity Analysis

In order to investigate the effect of parametric uncertainties in the mechanism, we carried
out sensitivity analysis at p = 20 atm, φ = 1.0 and initial temperatures of 700, 770 and 1100
K. First, we selected the most important reactions using local sensitivity analysis by ranking
the |dlnT/dki| temperature sensitivity coefficients at a time just before ignition. Because
these local sensitivity coefficients cannot account for the strong nonlinearity in the chem-
ical mechanisms [42,43], we also calculated brute force (BF) sensitivity coefficients given
by log(τ+

i /τ
−
i )/log(2.0/0.5), where τ+

i and τ−i are the ignition delay times calculated using
rate constants ki multiplied and divided by a factor of two, respectively [44,45]. A posi-
tive sensitivity coefficient means that a faster rate constant results in longer IDT, i.e., the
system is less reactive. Figure 8.16 shows the results of the analysis, displaying reactions
with sensitivity coefficients greater than ±0.1 only. At 700 and 770 K similar sensitivity
trends are observed, with the most important reactivity-promoting reactions (negative co-
efficients) being the formation of ketohydroperoxide from CPTQ3QJ, H-atom abstraction
from cyclopentane by HO2 radicals, and CPTO2J/CPT1Q3J isomerization. The reaction
path analyses discussed in Section 8.4.1 show that that these reactions are not dominant,
even at low temperatures. However, they are involved in low-temperature chain branching,
particularly the formation of ketohydroperoxide and the CPTO2J/CPT1Q3J isomerization.
Therefore, ignition, temperature, and reactivity are highly sensitive to the rate coefficients
of these reactions at 700 K and 770 K initial temperatures. The chain terminating concerted
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Figure 8.16: Sensitivity analyses performed at p = 20 atm, φ = 1.0 and initial temperatures of 1100, 770
and 700 K. The temperature at which the sensitivity coefficients are calculated are 860, 960, and 1200 K.

HO2 elimination pathway of CPTO2J is the most important reactivity suppressing reaction
at these temperatures, followed by the recombination of HO2 radicals to form H2O2 + O2,
and the decomposition of ketohyderoperoxide CPT1*O3Q to give CH2CO, C2H4, CHO and
OH. Alternatively, CPT1*O3Q may give CH2CHO, C2H4, CO and OH in a pathway that
favors reactivity. It should be noted that these reactions are written as single steps in the
mechanism, and that the rate coefficients used are those of the rate limiting O–O scission
elementary reaction with an equal branching ratio assumed to each path. Other reactions
with relatively high sensitivity coefficients (i.e., suppressing reactivity) at 700 and 770 K
include the formally direct pathway of CYC5H9 + O2 = CYC5H8 + HO2. The dissociation
of H2O2 to two OH radicals and H-abstraction by OH are also highly sensitive reactions that
promote reactivity.

At 1100 K initial temperature, the low-temperature chain branching pathways of alkylper-
oxy and hydroperoxyalkyl radicals as well as ketohydroperoxides become unimportant, ex-
cept for the formally direct pathway of CYC5H9 + O2 = CYC5H8 + HO2 which promotes
reactivity at 1100 K. Meanwhile, the high-temperature cyclopentyl C–C scission pathway
exhibits high positive sensitivity at 1100 K: this pathway disfavors reactivity due to the
ultimate production of unreactive allyl radical and ethylene. Since high concentrations of
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allyl radicals (C3H5-A) are produced at 1100 K, as discussed in Section 8.4.1, reactivity
becomes sensitive to the rate coefficients of allyl + HO2 reactions, particularly the reactivity
promoting C3H5-A + HO2 = C3H5O + OH reaction that converts non-reactive allyl and
HO2 radicals to reactive C3H5O and OH radicals. H-atom abstraction reactions by H atoms
and HO2 radicals also show high sensitivity coefficients at 1100 K. H-atom abstraction by
HO2 radicals promotes reactivity due to the formation of H2O2 that breaks into two OH
radicals; however, abstraction by H atoms reduces reactivity since this reaction competes
with the chain branching H + O2 = O + OH pathway for H atoms.

8.5 Effect of cyclic structure and size on reactivity

The results obtained in this study concur with the available literature regarding the reduced
reactivity of cycloalkane fuels compared to the non-cyclic counterparts. Figure 8.17a shows
experimental ignition delay data of cyclopentane, cyclohexane, n-pentane, and n-hexane
obtained from this study, Silke et al. [46], Bugler et al. [32] and Zhang et al. [24], and Fig.
8.17b shows simulation results obtained using our model and those from [46,32] and [24],
respectively. For initial temperatures between 650 and 950 K, cyclopentane and cyclohexane
are less reactive than their non-cyclic counterparts with a difference of almost two and
one orders of magnitude, respectively, between both the experimental or simulated IDTs
at 800 K. Yang et al. [12] show that in the case of cyclohexane this trend is attributed
to the conformational inhibition of the 1,5 H-atom migration chain branching pathway of
the alkylperoxy radical at low temperatures. The same was observed in this study, as
well as the accompanying computational study, for cyclopentane [28]. The reaction path
analysis discussed in Section 8.4.1 shows that even at temperatures as low as 700 K, the
contributions of the 5- and 6-membered ring H-atom migration reactions to the consumption
of alkylperoxy radicals is minimal (35%). The suppression of these pathways is due to the
high energy barriers involved in forming the strained bicyclic transition states (refer to
Part I of this study for further details). Consequently, concerted elimination leading to
unreactive olefins and HO2 radicals is favored, and overall, the low-temperature reactivity of
cyclopentane is reduced. Cyclopentane is less reactive than cyclohexane in the temperature
range of 650–870 K, with differences in ignition delay times of up to 20 times. Despite
conformational inhibition, low-temperature cyclohexane oxidation mainly occurs via chain
branching ROO/QOOH isomerization pathways [5], unlike cyclopentane, where ignition is
driven by the dissociation of cyclopentenyl radicals. Moreover, for cyclopentane, the NTC
region that marks the transition from low to high temperature oxidation chemistry is shifted
to lower temperatures compared to n-pentane, n-hexane and cyclohexane, as a result of
reduced low-temperature reactivity. Furthermore the NTC inflection region is flatter (near
zero slope) for cyclopentane than for the other fuels shown in Fig. 8.17. Based on the works of
Kalghatgi [47,48] and Mehl [49,50], this is indicative of high octane sensitivity fuel with high
antiknock potential. Cyclopentane is characterized by a research octane number (RON) of
103 and a motor octane number (MON) of 85 [51] which gives a sensitivity S = RON−MON
of 18. Therefore, cyclopentane is a promising gasoline blending candidate with great potential
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Figure 8.17: Comparison of experimental and simulated IDT profiles of cyclopentane (this study), cyclo-
hexane [46], n-pentane [32] and n-hexane [24].

for increasing the antiknock quality, especially under boosted engine conditions.

8.6 Conclusions

The ignition delay times of lean, stoichiometric and rich cyclopentane/air mixtures were
measured at pressures of 20 and 40 atm over a wide range of initial temperatures (650–1350
K) and fuel-to-air ratios (0.5–2.0) using two shock tubes and a rapid compression machine.
This experimental data along with literature data were used as targets for the validation of
a detailed mechanism, which was described in the first part of this study [28]. A pressure-
dependence trend of higher reactivity at higher pressures was observed for experimental and
simulated data at all investigated equivalence ratios. This trend is expected, and is consistent
with the occurrence of higher reaction rate constants (for sequential elementary reactions)
and collision rates at higher pressures, for a given temperature. For initial temperatures up
to 1200 K, reactivity is also directly proportional to equivalence ratio, with fuel-rich mixtures
being more reactive than stoichiometric and fuel lean mixtures. This trend is inverted at
higher temperatures due to competition between chain propagation, H-atom abstraction,
and chain branching H + O2 = OH + O reactions for H atoms.

The simulated ignition delay profiles are within ± 50% of the experimental data, which
is twice as much as the uncertainties of experiments. Our chemical model is the first one
that captures the pressure-, temperature-, and φ-dependent reactivity under engine-relevant
conditions adequately, largely because we included a newly developed detailed description of
the ROO/QOOH chemistry and cyclopentyl radical decomposition pathways. Reaction path
and sensitivity analyses show that at low-, intermediate- and high- temperature conditions
cyclopentane is mainly converted to cyclopentene, thus, emphasizing the importance of cy-
clopentene chemistry in dictating cyclopentane reactivity. The ROP analysis also shows that,
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even at initial temperatures as low as 700 K, low-temperature chain-branching contributes
little to cyclopentane oxidation. This is probably due to the inhibition of the ROO/QOOH
isomerization pathways that occur via highly strained bicyclic transition states, as discussed
in Part I. Instead, ROO mostly undergoes chain terminating concerted elimination of HO2

leading to high concentrations of cyclopentene.

Finally, we found that cyclopentane is less reactive than n-pentane and cyclohexane
consistent with the high octane rating and high sensitivity of cyclopentane compared to the
other two fuel molecules. These properties are evident in the suppressed low-temperature
chemistry and minimal NTC behavior of cyclopentane, which renders it a desirable fuel
blending candidate of high engine knock-resistance potential.

The results presented in this study provide the first set of experimental ignition data
for cyclopentane at low-temperatures, as well as the first analysis of the low-temperature
chemistry and reactivity of this compound.
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Abstract

This study investigates the autoignition behavior of two gasoline surrogates doped with an
alkyl nitrate cetane enhancer, 2-ethyl-hexyl nitrate (2EHN) to better understand dopant in-
teractions with the fuels, including influences of accelerating kinetic pathways and enhanced
exothermicity. A primary reference fuel (PRF) blend of n-heptane/iso-octane, and a toluene
reference fuel (TRF) blend of n-heptane/iso-octane/toluene are used where the aromatic
fraction of the latter is set to 20% (liquid volume), while the content of n-heptane is ad-
justed so that the overall reactivity of the undoped fuels is similar, e.g., Anti-Knock Index
(AKI) of ∼91, Cetane Number (CN) ∼25. Doping levels of 0.1, 1.0 and 3.0% (liquid volume
basis) are used where tests are conducted within a rapid compression machine (RCM) at a
compressed pressure of 21 bar, covering temperatures from 675 to 1025 K with stoichiometric
fueloxygen ratios at O2 = 11.4%.

At the experimental conditions, it is found that the doping effectiveness of 2EHN is
fairly similar between the two fuels, though 2EHN is more effective in the aromatic blend
at the lowest temperatures, while it is slightly more effective in the non-aromatic blend
at intermediate temperatures. Kinetic modeling of the experiments indicates that although
some of the reactivity trends can be captured using a detailed model, the extents of predicted
Cetane Number enhancement by 2EHN are too large, while differences in fuel interactions for
the two fuels result in excessive stimulation of the non-aromatic blend. Sensitivity analysis
using the kinetic model indicates that the CH2O and CH3O2 chemistry are very sensitive
to the dopant at all conditions. The rate of 2EHN decomposition is only important at low
temperatures where its decomposition rate is slow due to the high activation energy of the
reaction. At higher temperatures, dopant-derived 3-heptyl radicals are predicted to play an
important role stimulating ignition. Finally, nitrogen chemistry is important through the
NO – NO2 loop where this can generate substantial amounts of ȮH. However, at the highest
doping levels the formation of methyl and ethyl nitrite, and nitric acid significantly competes
with this so that less ȮH is generated and this constrains the reactivity enhancement of
2EHN.

9.1 Introduction

Alkyl nitrates are identified as effective fuel additives which can be used in very small quan-
tities (e.g., 1–1000 ppm) to improve the ignition quality of low grade fuels. Ignition quality is
often designated using Cetane Number (CN) where high values, e.g., CN > 60, indicate very
reactive fuels, such as those with significant amounts of linear paraffins, while low values,
e.g., CN < 30, indicate less reactive fuels, such as ones with high iso-paraffinic or aromatic
content. Low fuel reactivity can lead to problems in diesel combustion concerning power
output, engine deposits, high emissions, rough operation, and cold starting. Fuel reactivity
has also been identified as an important parameter influencing the performance and control-
lability of advanced combustion schemes, such as homogeneous charge compression ignition
(HCCI) [1] and reactivity controlled compression ignition (RCCI) [2]. It has been suggested
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that fuel additives could be one way to dynamically control fuel reactivity during engine
operation in order to cover a wide range of combustion modes.

Alkyl nitrates, and other cetane enhancers such as peroxides, e.g., di-tert-butyl peroxide
(DTBP), are highly reactive compounds containing weak intramolecular bonds which lead to
rapid decomposition at modest temperatures. This means that in practical combustors they
break down early in the combustion process. Decomposition yields active chemical species;
in the case of alkyl nitrates, alkyl radicals, aldehydes and nitrogen dioxide are formed. These
products interact with the fuel and other gases, e.g., O2, to accelerate the ignition process.
The early reactions often have some exothermicity and thus can provide a thermal stimulant
to supplement the accelerating kinetic pathways. Alkyl nitrates are advantageous due to
their low cost and chemical stability outside of the combustion chamber. Peroxides, for
instance, can react with the fuel during storage resulting in increased rates of gum, varnish
and sediment formation during engine operation.

Alkyl nitrates and peroxides have been investigated in fundamental experiments, as well
as combustion engines, while a number of detailed theoretical and modeling studies have also
been undertaken [3–17]. Single-shot spray chambers have been used [3], as have RCMs [4–6],
shock tubes [7,8] and flow reactors [9]. Engine studies have utilized conventional and low
temperature combustion (LTC) direct injection schemes [10–12], as well as HCCI [13] and
RCCI [14,15]. Chemical kinetic models have been developed to predict the decomposition
behavior of 2EHN and DTBP [5,16,17], and the sensitizing effects they have on some fuels
of interest, e.g., n-heptane [8].

Currently however, there is still a lack of fundamental understanding regarding a number
of issues related to fuel additives, including:

1. How do additives interact with fuel components (e.g., paraffins, branched alkanes,
aromatics, olefins, etc.) across a range of engine operating conditions?

2. What are the influences of exothermicity and accelerating kinetic pathways?

3. Can interactions and influences be reliably predicted, along with impacts to pollutant
formation?

4. Are there optimal additives that can be used across a range of operating modes, in-
cluding LTC?

The objective of this study is to provide insight into these questions. Experiments and
modeling are conducted where tests are performed using an RCM. Two different gasoline
surrogates are used in order to discern the influence of aromatic content on the effectiveness
of 2EHN, while the overall level of reactivity is similar. Gasoline surrogates are employed
here as opposed to diesel ones due to the relevance of gasoline to some LTC modes [12]
as well as single-fuel RCCI [14,15] where cetane enhancers are of interest, while a relevant
range of doping levels is explored. Chemical kinetic models are developed and simulations
conducted of the RCM experiments. Sensitivity and rate-of-production (ROP) analyses are
also performed to facilitate an understanding of the mechanistic interactions.
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The rest of this paper is organized as follows. First, the experimental facilities and tech-
niques are described, after which the kinetic model and simulation framework are discussed.
The results are then presented, followed by a summary and conclusions of the current work.

9.2 Experimental

Argonnes twin, opposed-piston RCM is used for this study. Its capabilities are detailed
elsewhere [18], however a brief description is provided here. The reaction chamber (RC)
has a 50.8 mm bore with a clearance height at maximum compression of 26.5 mm. Creviced
pistons are employed to minimize fluid dynamic effects during compression and improve post-
compression charge homogeneity. The crevice volume fraction is ∼14% of the RC volume.
Hydraulic pistons are used to actuate compression and lock the pistons at TDC. Compression
times are typically less than 20 ms. For this work, the geometric compression ratio (CR) is
maintained at 14.3:1, while the effective compression ratio, which accounts for heat loss, is
?10.2:1.

Pressure histories are measured using a Kistler 601A transducer mounted flush in the
RC side wall. The transducer output is conditioned by a Kistler SCP-Slim amplifier (Model
2852A12) with the data captured at 20 kHz. To minimize thermal shock effects, the di-
aphragm is coated with a 0.75 mm thick layer of Momentive TSE399 RTV silicon. Minimal
loss in sensitivity and thus determination of the compressed conditions and ignition delay
times (τ) are verified by comparing pressure rise rates during compression with data acquired
using the uncoated transducer.

In the current study, high purity (99.99%) nitrogen, argon, and oxygen are used which
were supplied by Airgas. The liquid fuels include: iso-octane (99.8%, SigmaAldrich), n-
heptane (99+%, Acros Organics), toluene (99.8%, SigmaAldrich), and 2-ethyl-hexyl nitrate
(97%, SigmaAldrich). The undoped TRF blend has an aromatic content of 20% (by liquid
volume) with the n-paraffinic content adjusted to 12.8% achieve AKI near 91 (CN ∼ 25).
All mixtures use stoichiometric fueloxygen conditions, with the oxygen mole fraction set to
11.4%. The diluent for these tests is either pure nitrogen, or a blend of 0.25/0.75 nitrogen/ar-
gon. Significant dilution is used here to account for the substantial cetane enhancement of
the doped fuels where very short ignition delay times result. 2EHN doping levels are 0.0,
0.1, 1.0 and 3.0% liquid volume basis. The highest temperatures are not covered in these
tests for the 3.0% doping level due to the fuels excessive reactivity.

Liquid blends of PRF91 and TRF91 surrogates + 2EHN are prepared gravimetrically,
with a relative error in doping level of ±1%. To prepare the test mixtures, the liquid fuels
are injected directly into an external 5.6 L, stainless steel mixing vessel, while the gases
are manometrically delivered. An Omega PX419-100A5V transducer is used to measure the
partial pressures, with relative errors in the resulting equivalence ratio (φ) and % O2 of ±3%.
The mixing vessel is heated to 35 C (±5 C) to promote fuel vaporization and the complete
mixture is allowed a 120 min period to diffusively homogenize before use. For the highest
doping levels the tank is heated to 50 C to ensure complete vaporization of the additive. Test
gases are metered through a heated supply line into the evacuated RC until the prescribed
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initial pressure (P0) is reached, where an Omega PX01C1-050AI transducer (±0.17 kPa) is
used. The RC temperature is varied using a resistive heating element wrapped around the
exterior of the chamber and cylinders, and controlled by a Yokogawa UP350E PID controller.
A 30 min period is used with each temperature change to ensure thermal equilibration. After
introduction into the RC, the test gas is allowed to heat and homogenize for at least 7 min
to minimize pre-test thermal stratification and decrease variability in the experiments. This
is found to be especially important for the highly doped mixtures where spurious preignition
heat release is observed during tests using shorter wait times. To improve data fidelity, the
RC is frequently disassembled and cleaned. The interior walls are washed with acetone, and
the reassembled RCM is placed under low vacuum, and heated to 120 C for 1 h to remove
any remaining contaminants. The mixing vessel is purged with inert gas, heated to 65 C
and placed under low vacuum for 1 h to evacuate the volume.

The compressed temperatures are achieved by varying the initial temperature (T0), from
25 to 100 C, as well as the diluent composition. p0 is adjusted slightly to achieve 21 bar
(±0.3 bar) compressed pressures (pc). Two tests are conducted at each condition to ensure
repeatability, with typical ignition delay time variations near ±12 ms. The compressed
temperatures (Tc) are calculated using the adiabatic core model, along with the measured
pressure histories. The specific heat ratios are determined via cp fits in the CHEMKIN
database. Before calculating the temperatures, the pressure records are smoothed using a
SavitzkyGolay algorithm that employs a third order polynomial with a window of 20 data
points.

For this study, comparisons are made using Tc of the undoped fuel mixtures, since many
of the doped mixtures experience heat release during the piston compression process, as
discussed in Section 4???. Ignition delay times, τ , are defined as the time from the end of
compression to the point of rapid pressure rise associated with the main heat release. In the
case of two stage ignition, 1st stage ignition is defined as the time from end of compression
to the first distinguishable pressure rise, i.e., a peak in dP/dt. The end of compression is
defined by the peak in pressure for a non-reactive, undoped mixture, i.e., with O2 replaced
by N2, where the reactive tests are time-shifted in order to correspond with the non-reactive
pressure trace, such that the reactive and non-reactive pressures are assumed to be equal at a
CR of 4:1. This procedure is undertaken to reduce measurement uncertainties for conditions
where substantial heat release occurs during compression, and results in some variability,
e.g., ±0.25 ms, in the measured delay times, but ensures consistency between all of the tests.
Ignition delay times shorter than 1 ms are discarded. Compiled ignition times are provided
in the Supplementary Material.

9.3 Modeling

Two kinetic models are used here which consist of a base fuel mechanism, a sub-mechanism
for the additive, and a sub-mechanism for the nitrogen chemistry. The fuel mechanism is
the Lawrence Livermore National Laboratory (LLNL) detailed gasoline surrogate model,
which includes decomposition and interaction pathways for four fuel components including
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n-heptane, iso-octane, toluene and pentene [19–21]. The sub-mechanism for the additive,
2EHN, is based on the work of Bornemann et al. [17]. In this 2EHN decomposes in two
steps. First, the interior O–N bond is cleaved to release NO2; after this the ethyl-hexyloxy
radical β-scissions into Ċ7H15 − 3 and CH2O.

Two sub-mechanisms for nitrogen chemistry are explored here, one which is a skeletal
compilation and includes basic pathways for the formation and consumption of NO, N2O and
NO2, H-atom abstractions from the surrogate fuel by NO2, and HONO decomposition [8].
A comprehensive, detailed mechanism is also assembled that includes pathways described in
GRIMech 3.0 [22], Dagaut and co-workers [23–26], Glarborg and co-workers [27,28], Faravelli
and co-workers [29], Battin-Leclerc and co-workers [30], and Naik and co-workers [31]. In par-
ticular, reactions are included to describe interactions with nitrous and nitric acid (HONO,
HONO2), hydrogen cyanide (HCN) and others, along with various fuel-specific interactions.
NOx reactions with fuel-derived molecules (RH) are summarized as follows:

1. RH + NO = R + HNO

2. RH + NO2 = R + HONO

3. R + NO = olefin + HNO

4. R + NO = RNO

5. R + NO2 = RNO2

6. RO2 + NO = RO + NO2

7. RO2 + NO = RONO2

8. RO + NO = R’O + HNO

9. RO + NO2 = RONO2

10. RNO + radical = olefin + NO + radical

11. RNO2 + radical = olefin + NO2 + radical

12. RONO2 = R’O + HONO

13. RONO2 + OH = RO + HONO2

Many of these have not been considered in previous combustion models. New rate constants
are based on analogous small molecule reactions, while new thermochemistry is computed
using the THERM software [32]. Uncertainties associated these additional species are not
considered significant since the model exhibits little sensitivity in τ to the detailed fuel-
specific interactions at the conditions explored here. More details of the extended NOx

mechanism can be found in [18].
Simulations of the RCM experiments are conducted using CHEMKIN II where the adi-

abatic core hypothesis is employed. As per convention, empirical expressions that account
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for heat loss in the opposed-piston RCM are utilized where these are derived based on ex-
periments using non-reactive mixtures [33]. An adiabatic, single-zone is utilized with time-
varying volume where the calculations are initialized before the piston compression process
starts and conducted to just after the point of main heat release, i.e., ignition. Effects of
reactivity during compression are thus taken into account, where this is especially impor-
tant for the doped mixtures, as discussed in Section 4. Small integration errors associated
with the empirical piston trajectories are taken into account by slightly modifying the ve-
locity profiles (±0.3%) and p0 (±2%) to achieve compressed conditions consistent with the
experiments (differences less than 1% in Tc and pc).

While this simulation approach has been successfully used in the past to model single-
stage fuels in RCM experiments [33], it does not properly account for physicalchemical
couplings that occur in RCMs due to reaction chamber crevice interactions during multi-
stage ignition events [34]. Unfortunately, a more physically realistic expression for the ANL
RCM was not available for this study. This is a slight limitation of the current model where
some uncertainties are introduced (∼1025% in τ). For a detailed discussion of the aspects
of this the reader is referred to Ref. [34].

A brute force, or local sensitivity analysis is also conducted at two representative tem-
peratures, Tc = 684 K and 836 K, with the other conditions, e.g., pc, φ, consistent with the
experiments. Only the LLNL + detailed NOx mechanism is considered here. For simplicity,
these calculations assume an adiabatic, constant volume reactor. The forward and reverse
A-factors for each of the ith reactions are perturbed individually by a factor of 2 so that
sensitivity coefficients can be calculated via

Si =
k

τ
≈ ln(τ2/τ1)

ln(k2/k1)
(9.1)

where the subscripts “1” and “2” indicate perturbations about the base mechanism. While
this approach does not capture interactions between reactions, or uncertainties in individual
rate constants as a global sensitivity analysis would [35], it is straightforward to undertake
and provides a fair indication of important reactions leading to fuel decomposition and
ignition.

9.4 Results

The experimental and modeling results are presented as follows. First, the data and simula-
tions of the experiments are discussed, with this followed by a review of the sensitivity and
ROP analyses.

9.4.1 Experimental conditions

Figure 9.1 illustrates measured and computed ignition delay times for the two undoped
gasoline surrogates, PRF91 and TRF91, covering temperatures from Tc = 675 to 1025 K.
Also included in this figure for reference are ANL data for iso-octaneair mixtures (PRF100)
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Figure 9.1: Ignition delay times as function of temperature for three undoped fuels.

conducted at pc = 20 bar, φ = 1.0 and 21% O2; these are the RCM Workshop conditions [36]
and are presented here to demonstrate the reliability of the current dataset. The data for
the PRF91 and TRF91 mixtures can be seen to have measured ignition times that are much
longer than the PRF100 mixture, where this is due to the high level of dilution used in the
current experiments. Also visible in this figure is that while the LLNL mechanism reasonably
predicts the first and second stage ignition times for the PRF100 cases, the predictions are
generally too fast for the undoped PRF91 and TRF91 mixtures. However, it should be
noted that the differences in negative temperature coefficient (NTC) behavior between the
two fuels that are seen in the experiments, e.g., the crossover point near 750 K and the slopes
in the NTC region (where the TRF91 mixture is seen to be flatter which corresponds to its
octane sensitivity), are adequately predicted by the detailed mechanism. The predictions for
the PRF91 mixture are slightly better than for the TRF91 mixture.

Figure 9.2 presents representative pressure traces at a low temperature condition, Tc =
710 K, for the two fuels covering all of the doping conditions. It should be discussed that
some of the reactive data are shifted to match the non-reactive traces at a CR of 4:1 as noted
earlier. Simulation results using the two mechanisms are included. Here, it can be seen that
at these conditions, the experiments do not indicate that the dopant substantially alters the
extents of heat release, or pressure/temperature rise during the first stage of ignition, even for
the highest doping level, though the timings of the first stage are shifted considerably relative
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to the undoped mixtures. The modeling results indicate somewhat similar trends, but the τ
shifts due to the 2EHN are noticeably different. Somewhat comparable behavior is observed
between the predictions using the detailed and the skeletal NOx models, but primarily at
the lowest doping condition. As the doping fraction increases however, the influence of the
detailed nitrogen chemistry becomes apparent. This is evident for both surrogate mixtures.
This feature is consistent across most of the temperature range, as will be discussed. Also
noticeable in Fig. 9.2 is that there appears to be more first stage heat release/temperature
rise in the simulations than in the measurements. Some of this discrepancy can be attributed
to the simulation approach used here [34], but it is unclear how much. Additionally visible
upon close inspection, though perhaps not with the resolution provided here, is that there
is substantial reactivity during the compression stroke for the simulations, where this is also
seen in some of the doped experiments.

Figures 9.3 and 9.4 summarize the experimental measurements for the PRF91 and TRF91
blends where the effectiveness ratio, defined as Reff = τdoped/τundoped, is plotted as a function
of the inverse temperature. Here the plots utilize Tc based on the undoped mixtures. Reff

provides an indication of how influential 2EHN is in accelerating the reactivity of the mixture.
A number of features are evident in these figures. First, the PRF91 and TRF91 mixtures
exhibit very similar behavior, for the experiments and both of the models. There appears
to be a peak in Reff near 740 K where the 2EHN has minimal influence. This is near the
transition from low temperature to NTC chemistry for these fuels. On the lower temperature
side of this peak there is not much difference in Reff between the three different doping levels.
However, at higher temperatures the effectiveness is a very non-linear function of doping
level. This non-linear behavior corresponds to observations made in operating engines [10–
15]. Further, it can be seen that Reff is much lower around 830 K, where this indicates that
2EHN is very effective. There are noticeable discrepancies between the experimental and
modeling results. Not only do the models over-predict the reactivity of the undoped fuels,
but the enhancement due to 2EHN is excessive. It should be noted however, that the general
curvature of the model trends seems to be similar to the experimental measurements, e.g.,
the peak in Reff near 740 K with lower values at higher and lower temperatures. Finally, it
is seen that the detailed nitrogen chemistry is predicted to be important only at the higher
doping levels. This feature is discussed more in Section 4.2

Figure 9.5 illustrates the influence of fuel-specific interactions by plotting the ratio of
Reff for TRF91 to Reff for PRF91 fuel. Here, values greater 1.0 indicate that 2EHN is more
effective in the non-aromatic fuel, while values less than 1.0 indicate that 2EHN is more
effective in the aromatic fuel. It can be seen that across most of the temperature range, the
experiments indicate that the relative effectiveness is close to 1.0, i.e., ±15%, though at low
temperatures and high doping levels 2EHN is more effective in the TRF91 mixture. At high
temperatures, T > 900 K, 2EHN is more effective in the TRF91 mixture, but only at the
lowest doping level. The two models on the other hand, indicate that 2EHN is markedly
more effective in the non-aromatic mixture covering most of the NTC regime.
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Figure 9.2: Representative experimental and simulated pressures as functions of time for Tc = 710 K.
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Figure 9.3: Effectiveness ratio as function of temperature for PRF91 mixes.

9.4.2 Sensitivity analysis

A summary of the sensitivity analysis is reviewed here while the individual Sis are provided
in the Supplementary Material. The top 20 reactions for all of the conditions investigated
are listed there, with these designated at times during the simulation where the temperature
is computed to rise by ∆T = 25, 100 and 800 K relative to the initial condition. These give
an indication of which reactions are sensitive during the early, intermediate and later stages
of the ignition process. Note that at T = 684 K, the nominal temperature rise from the first
stage ignition for the undoped mixtures is approximately ∆T = 150 K; at T = 836 K there
is no defined first stage ignition for the undoped mixtures.

Simulation results using the unperturbed LLNL mechanism at the nominal conditions
are discussed first. Figure 6 illustrates computed mole fractions for CH2O, QOOH, and OH
as functions of instantaneous temperature for the two temperatures considered. For this
analysis all of the QOOH species are included, though the largest fractions are hydroperoxy
octyl and hydroperoxy heptyl radicals. Only two PRF91 and two TRF91 mixtures are
presented, one which is undoped and the other which is doped at 3.0%. Note that the
PRF91 results are shifted vertically for better visibility, where the start of the calculation is
indicated by a horizontal hatched bar (with the data record truncated below 10−3 ppm). Here
it is easily seen that the concentrations of these important intermediates are significantly
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Figure 9.4: Effectiveness ratio as function of temperature for TRF91 mixes.

stimulated by the presence of 2EHN, where this particularly occurs during the early stage
of the ignition process, i.e., before the temperature rise of ∆T = 25 K is realized. Further
during the ignition process, it can be seen that the species trajectories for the undoped and
doped mixtures tend to converge. This behavior seems to indicate that it is primarily the
lower temperature chemistry that is perturbed by the fuel additive.

The sensitivity analysis for undoped PRF91 at T = 684 K indicates typical sensitivities
to RH + OH 
 R + H2O and RO2 
 QOOH at the early time, additionally to O2QOOH

 KETO + OH at the intermediate time, and H2O2, CH2O, HCO and CH3O2 relevant
reactions at the later time. At T = 836 K, RH + HO2 
 R + H2O2 becomes important at
all times, as do reactions involving H2O2. CH2O and CH3O2 chemistry are somewhat less
important. As the fuel is doped at T = 684 K, 2EHN decomposition becomes important,
but only during the early stage. Reactions involving the C7H15 − 3 radical, e.g., R + O2


 RO2 and RO2 
 QOOH, etc., also become important, but again only at the early time.
On the other hand, reactions involving CH2O and CH3O2 become very important at all
times. Only for 3.0% 2EHN, NO2 + OH 
 HONO2 becomes significant, but also just at
the early time. At T = 836 K, the doped mixture indicates increasing sensitivity to again,
the C7H15 − 3 related reactions, but at this condition these are important throughout the
ignition period. There is little sensitivity to the 2EHN decomposition since it is quite rapid at
this temperature. However, CH2O and CH3O2 reactions are again sensitized by the addition
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Figure 9.5: Relative doping effectiveness as function of temperature.

of 2EHN. At T = 836 K, CH3NO2 
 CH3 + NO2 is the only nitrogen-relevant reaction that
is sensitive, where this influence seems to be only at early times.

The analysis for undoped TRF91 at T = 684 K shows nearly identical results to undoped
PRF91, except with the addition of toluene-specific reactions. At T = 836 K, the results
are very similar to undoped PRF91, however the isomerization of 3-heptyl-peroxy radicals
to hydroperoxy 3-heptyl radical (QOOH) is found to be influential at all times. As the fuel
is doped at T = 684 K, the sensitive reactions are again very similar to the doped PRF91
blends. This finding corresponds to the trends seen in Fig. 9.5 where the predicted ratios of
Reff ’s are close to 1.0. At T = 836 K some differences between the fuels become apparent
in the model. The aromatic fuel is more sensitive to the dopant-derived 3-heptyl radical
reactions, and these sensitivities are consistent across all times during the ignition process.
CH2O chemistry is slightly less important for the doped TRF91 at this higher temperature.
Finally, NO + HO2 
 NO2 + OH is the only NOx relevant reaction observed to be important,
but just at the highest doping level.

9.4.3 Rate of production analysis

A summary of the ROP analysis is reviewed here while the individual results are provided in
the Supplementary Material. This analysis is undertaken in order to understand differences
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Figure 9.6: Mole fractions of CH2O, QOOH and OH as functions of temperature for undoped (lines) and
3.0% doped (lines + symbols) mixtures at two constant volume conditions, Ti = 684 K (solid) and Ti = 836
K (dashed).

between predictions using the detailed and skeletal NOx mechanisms, therefore the fate of
NO2 is considered. Simulations are conducted at T = 684 K for the two fuel blends at a
doping level of 3% with results analyzed at ∆T = 25 K, in a manner similar to the sensitivity
analysis.

The ROP results indicate that for the skeletal mechanism, the primary pathways for
production and consumption are NO + HO2 = NO2 + OH and NO2 + H = NO + OH, re-
spectively, where this ‘NO – NO2 loop’ can generate substantial amounts of OH. The detailed
mechanism however, exhibits more complex interactions where methyl and ethyl nitrite, and
nitric acid formation consume NO2, while R + NO2 
 RO + NO and RO2 + NO 
 RO
+ NO2 are substantial consumers and producers of NO2, respectively. These additional re-
actions significantly compete with the NO – NO2 loop so that less OH is generated in the
detailed mechanism, and this constrains the reactivity enhancement at the highest doping
level.
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9.5 Conclusions

Experiments and modeling are conducted to investigate the autoignition behavior of two
gasoline surrogates doped with 2EHN to better understand dopant interactions with non-
aromatic and aromatic fuels, including accelerating kinetic pathways and enhanced exother-
micity. RCM experiments are conducted at φ = 1, pc = 21 bar, O2 = 11.4% and Tc =
650–1025 K with doping levels of 0.0, 0.1, 1.0 and 3.0%. The results indicate that the dop-
ing effectiveness of 2EHN is fairly similar between the two simple surrogates studied here,
where minor influences are observed at the lowest temperatures, while at higher tempera-
tures, i.e., in the NTC regime, the influence is large and very non-linear with doping level.
2EHN seems to be is slightly more effective in the aromatic blend at the lower temperatures,
but somewhat more effective in the non-aromatic blend at intermediate temperatures. Very
little change is observed in the exothermicity of ignition, e.g., the extents of heat release
during the first stage of ignition, however more investigation of this is warranted, especially
since CH3O2 has been identified as influential towards intermediate temperature heat re-
lease (ITHR) in HCCI engines. Investigations using other aromatics, including polycyclic
structures would be informative.

Kinetic modeling indicates that although some of the reactivity trends can be captured
using a detailed model, the extents of predicted cetane enhancement are too large, while the
differences in fuel interactions between the two fuels lead to excessive stimulation of the non-
aromatic blend. The model indicates that the CH2O and CH3O2 chemistry are very sensitive
to the dopant at all conditions, while 2EHN decomposition only seems to be sensitive at low
temperatures where its decomposition rate is slower due to the high activation energy of
the reaction (∼40 kcal/mol). At higher temperatures, dopant-derived 3-heptyl radicals are
predicted to play an important role stimulating ignition, and nitrogen chemistry becomes
important only at the highest doping levels, primarily through the formation of methyl nitrite
and nitric acid. The formation of methyl and ethyl nitrite, as well as nitric acid are predicted
to compete with the ‘NO NO2 loop’ where this reduces the production of OH, and thereby
constrains the effectiveness of 2EHN.

This study helps to improve the fundamental understanding of alkyl nitrate additives at
engine-relevant conditions, where this can lead to more sophisticated models which may give
better agreement with experimental measurements and be useful in engine simulations.
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Abstract

The present work is a part of a larger experimental campaign which examines the behaviour
of various fuels on a swirl stabilized flame burner configuration. Overall, detailed speciation
measurements and temperature measurements were combined with optical measurements.
The work presented here concerns the part of the experimental campaign which deals with
the optical characteristics of the examined flames. The work adds to the growing database of
experimental measurements assessing engine-relevant reaction environments which shift from
traditional ones in order to meet pollutant emission regulations and efficiency standards.
Here, the oxidation of several commonly used fuel and fuel surrogates that are subjected
to the addition of a bio-derived fuel additive (dimethyl ether) and emulated exhaust gas
recirculation (EGR) is studied in a laboratory-scale swirl stabilized burner. The natural
flame chemiluminescence has been exploited to selectively measure line of sight CH* and OH*
profiles for combinations of these fuels and reaction environments. As a result, the geometry
and intensity of the reaction and oxidation zones have been parametrically evaluated for
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a sizable number of initial conditions. From an analysis of the collected data, a chemical
uniqueness in methane and propane flames has been found along with a change in flame
topology as a function reactant temperature and dilution with inert gases, while the flames
were virtually unaffected by all other variations in reaction conditions. This insensitivity
provides confidence in the use of tailored in-cylinder fluid dynamic/chemical interactions to
extend engine operating conditions to otherwise difficult regimes.

10.1 Introduction

The Paris Agreement has set ambitious targets for the worldwide reduction of toxic and
greenhouse chemical emissions into the atmosphere [1]. Consecutively, engine manufacturers
are facing legislative constrains which are expected to tighten the already stringent pollutant
limits for future engines. In recent years, these perpetually expanding regulations, along with
concerns over fossil fuels scarcity, have led to a large aggregate of research concerning the
extrapolation of conventional combustion strategies that have been used in engines and com-
bustors to more clean, efficient, and fuel flexible regimes [2]. This research has led to several
techniques which have been largely adapted nowadays by commercially available internal
combustion engines (ICEs), such as, exhaust gas recirculation [3], down-size and boost [2],
and bio-derived fuel additives [4]. Other, more long-term solutions have also been suggested,
which promise even more significant improvements in engine efficiency and fuel flexibility
and emission performance [5]. These advanced engine regimes [6–8] typically employ a more
chemical kinetically controlled combustion strategy at lower temperature and leaner con-
ditions than conventional ICEs. Unfortunately, combustion control throughout the engine
operating map and low reaction propagation stabilities at these fuel lean operating regimes
may occur [5]. Efforts to reassure the effectiveness of the aforementioned techniques as well
as to mitigate challenges with longer term solutions has spawned a plethora of research try-
ing to understanding the tightly coupled fluid dynamic and fuel chemistry interactions [8–9].
Several studies have focused on studying these interactions directly in engines [10,11], but
conventional diagnostics used in apparatuses with no optical or physical in-situ in cylinder
access have been proved challenging [12,13], and although in some cases, the arduous task of
mounting ample diagnostics to laboratory engine rigs has proved successful [14], the ability
to extrapolate these results to other combustion platforms is a straight forward process. On
the other hand, the use of comprehensive laser-based diagnostics does not unravel entirely all
difficulties since the compromise for achieving the optical access is the difficulty to achieve
otherwise trivial in-cylinder conditions to such as compression ratios and the accompanied
heat losses [15]. As a result, researchers try to combine a variety of analytical and opti-
cal methodologies in similar or based on previous results on similar test rigs to acquire the
maximum synergy and describe to the best possible degree a given engine behavior [16].
To generalize experimental findings, fuel oxidation experiments can be conducted in well-
characterized, laboratory-scale reactors as a function of physical state parameters [17,18].
Typically, data regarding the reacting flow is then utilized as validation targets for funda-
mental fluid dynamic and chemical models, which collectively act as simulation tools for the
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more complex cases. Unfortunately, these transport models for typical in-cylinder environ-
ments quickly become heavily restrained by the available computational capabilities. While
a large body of work has focused on measurements tied to specific combustors as well as the
development of fundamental physics models, there is a limited amount of informatic data
[e.g. 19, 20] for the generic reactive in-cylinder flow environments. On the other hand, swirl
burners have been commonly used in a variety of combustion applications, ranging from
utility boilers and gas turbines to coal combustors. These also represent convenient labora-
tory scale test beds, for the direct application of a range of experimental techniques in the
study of the combined effects of flame stabilization, mixture dilution, inlet conditions and
emission performance for the development of a wide variety of technical combustion systems
[21–23]. More specifically, in recent experimental work [24], stereoscopic particle induced
velocimetry (SPIV), together with planar induced fluorescence of OH radicals, and chemilu-
minescence have been used in order to depict flow fields and to capture reaction zones and
flame stabilization regions. The effect of dilution with CO2 and H2O in methane and DME
flames on NO formation has, also, been examined along with mathematical modeling [25],
and correlations of the chemical effect of dilution on emissions have been discussed on the
basis of the local chemistry and its interaction with the inlet conditions. The effects of CO2

addition have been studied in [26] through chemical analysis of the participating radicals
and reactions, over a range of flame conditions.

This study presents the first in a campaign by the current author list to examine the
behaviour of various fuels on the given setup under conditions frequently met in practi-
cal applications. Overall, detailed speciation measurements and temperature measurements
were combined with optical measurements and the work presented here concerns the part
of the experimental campaign which deals with the optical characteristics of the examined
flames. The study on the one hand adds to the database of immediately useful fuel oxidation
data for a generic commercial combustor and on the other hand serves as a means of evaluat-
ing operating parameters such as dilution, preheating and fuel interchange in engine related
conditions. More specifically, the study is facilitated by flame chemistry measurements of
a wide variety of fuels that are used as fuels or fuel surrogates in automotive, marine and
aviation transportation engines along with bio-derived fuel dopants and added diluent gases
that represent the exhaust gas recirculation cycles of an operating engine. Furthermore,
the burner has been configured to generate a swirling flow at the nozzle exit to emulate
a swirl flame-stabilization technique that has been proposed for engines running in a lean
operation mode [27]. While the current laboratory burner does not exactly reproduce the
reactive in-cylinder environment of an ICE, it offers effortless optical access and control,
and therefore a straightforward coupling of standard analytical chemistry instruments to the
rig in order to probe the chemical characteristics of the reacting flow. Nonetheless, there
are significant differences in flame formation, confinement, hence pressure conditions which
need to be seriously taken into account when comparing the findings of the present work
with engine studies. In the current study, the line of sight natural luminosity of the flame
has been measured simultaneously for selective OH* and CH* chemiluminescence emission
bands, which can be considered good markers to monitor heat release oscillations and heat
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release rates as mentioned in [28–29]. However, effects of the turbulence intensity, strain rate,
flame front curvature, mixture composition, temperature and pressure and fuel type need
to be included to obtain quantitative heat release rate correlations [28–35]. The obtained
images are then deconvolved into constructs that define the geometry of the reactive and
oxidative flame zones, where changes to the flame structure are then correlated to changes in
the operating conditions. These data may potentially be used to understand the effect that
unconventional utilized fuel blends and varying operation parameters could have on flame
characteristics.

10.2 Experimental methodology

10.2.1 Swirl burner configuration

The NTUA swirl burner platform has been previously described [36], however a more con-
temporary description of the current arrangement of the rig is provided here. A schematic
of the burner fluid handling and control system is shown in Fig. 10.1, and should be ref-
erenced in regard to the discussion presented in this sub-section. The burner exit jet (21
mm inner diameter and 27 mm outer diameter) receives a steady flow of fuel and air in
a separated coaxial arrangement, which is allowed to mix 12 mm upstream of the burner
exit nozzle [37]. The burner used in this study differs from conventional research burners
that are used to isolate chemical kinetic processes in flames (for example [38–40]) in that a
specially designed air stream geometry is used directly upstream of the burner exit nozzle
that creates a swirling flow downstream of the burner exit nozzle. This swirling flow acts
as a reaction zone containment mechanism for the flame and provides flame stabilization at
chemically unreactive conditions, and has been used as a technique in commercial burners
[41] and engines [42] to extend operating conditions to low pollutant forming regimes. The
NTUA swirl burner splits the air stream into three geometrically fixed sub-streams directly
upstream of the exit nozzle and redirects a portion of the flow into two opposed ports that
are tangent to the circumference of the exit nozzle, which provides angular flow momentum
that subsequently creates a swirling motion at the burner surface. In the current burner
setup, the air stream is composed of air along with any gaseous or vaporized diluents of
interest. For the current study, dried shop air is regulated into the burner air stream using
a Bronkhorst (model number F-203AV-1M0) mass flow controller (MFC). Any additional
gaseous diluents (N2 and CO2) are supplied and mixed into the air stream within a man-
ifold far upstream of the burner from research grade pressurized cylinders, where supply
volumetric flow rates are also controlled using Bronkhorst MFCs. The air stream passes
through, and may be heated by, an electric honeycomb heater that is situated between the
MFCs and burner exit nozzle. The energy supplied to the pre-heating unit is controlled
via a proportional-integral-derivative (PID) feedback loop, where the feedback signal from
an S-type thermocouple that is mounted in the burner exit nozzle is compared to a desired
surface temperature. For heated experiments, water may also be added to the air stream.
This is achieved in the current setup by supplying liquid water from a peristaltic pump to
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Figure 10.1: An illustration of the air, fuel and diluent plumbing and control system of the NTUA swirl
burner.

an inner, coaxial heat exchanger/vaporizer tube within, and exiting into, the hot air stream
carrier pipework. The mass flow rate of water into the air stream is adjusted by varying
the voltage supplied to the peristatic pump, where voltage to average-mass-flow calibration
curves are generated for the device by offline liquid mass collection measurements over 5 min.
Both liquid and vapor phase fuels can be supplied to the burner by utilizing two independent
feed systems. Vapor phase fuels are directly supplied to the fuel supply from pressurized
cylinders, where the volumetric flow rate of these flows is regulated using a Bronkhorst MFC
(model F-202AV-M20l). However, the flow rate of dimethyl ether (DME) in particular is
regulated into the flame using a rotometer with the calibration criteria suggest by Ref. [43]
due to the corrosive nature of the fuel which causes damage to MFC components. Liquid
phase fuels may be supplied through a pneumatically driven pump, where the liquid fuel
supply mass flow rate is throttled using a needle valve. In this method, the mass flow rate
of liquid is correlated to needle valve choke in an offline calibration, where the average mass
flow of the fuel over 5 min. is determined by collecting and weighing the mass from the feed
device. Downstream of the flow control needle valve, the fuel is vaporized in an electrically
heated, stainless steel tube before arriving at the burner surface. The heater surrounding
the vaporizer tube is supplied with a variable voltage in order to transfer a sufficient power
to the liquid fuel to fully vaporize the liquid, which is verified offline.
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10.2.2 Flame chemiluminescence measurements

The fuel oxidation process in flames provides sufficient energy to the reacting gas to cause a
transition in the molecular vibrational modes and some low-lying electronic configurations for
combustion intermediates that subsequently lead to a collective broadband photon emission
of the excited state species as it quenches to ground state. This natural, chemical reaction
induced chemiluminescence in flames can be taken advantage of as a means to probe the
physical/chemical properties of the reacting gases, which is the case in this study. More
specifically, this study is interested in tracking changes to the oxidation and heat release
front geometries in swirl flames, when exposed to reaction environments that modern engines
experience to achieve compliancy with pollutant formation and efficiency regulations. In the
present study, simultaneous images of both OH* and CH* were collected by employing a
double image (I) projection optical system for the spectral separation of flame emitted light
(A), developed and constructed in the Laboratory of Applied Thermodynamics. The optical
configuration consists of two spectral filters, a system of mirrors and an optical lens (Fig.
10.2). First, light from the flame was transmitted through two, narrow band-pass LaVision
filters centered at 307 nm (B1) and 433 nm (B2) respectively, both with a full width at
half maximum of 10 nm, onto a system of mirrors. Subsequently, a fully reflective first
surface mirror (reflectance of 85%) (C) was employed to reflect the incoming light onto a
second fully reflective first surface mirror (D), which redirects the light into the IRO unit
(G) and the CCD (H) camera via an achromatic triplet lens (f/4, 193–1000 nm) (E). The
spatial distribution of the emitting species was recorded by the CCD camera for the variety
of studied conditions (i.e. introduction of DME, EGR, different levels of preheating etc.).
Image processing was performed using the Davis 8.0 software (LaVision). Averages were
extracted from five hundred instantaneous images, which were recorded at a frequency of 14
Hz. The signal to noise ratio was greater than 8:1 and the exposure time was 2.1 ms. The
highest CCD resolution was at 1626 x 1236 pixels and the spatial resolution of the captured
images was at 9.75 x 8.25 pixels/mm. As the experimental measurements were effectively
a 2D image of projected line of sight measurements from a cylindrically symmetric process,
an Abel transform, as suggested in [44], was applied to extract two-dimensional information
from these images [45,46]. Chemiluminescence is very helpful in providing some of the
characteristics of the flame topology. The monitored species are considered useful indicators
of flame behaviour i.e. OH* defines the oxidation zone, while CH* defines the flame front and
the heat release zone. Similar methodologies have been applied in the past [47]. Nonetheless,
the overall chemiluminescence spectrum at a specified location of the flame was not available
at the course of this work, as a high sensitivity light spectrometer [48] was required. For
the same reason, no information for the quantification of CO2* emission could be extracted.
Nevertheless, for electronically excited carbon dioxide it is known that it is proportional to
the product of concentrations of CO and O, as well as its chemical kinetics are not completely
defined [49].
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Figure 10.2: An illustration of the technique used to selectively measure the chemically induced chemilu-
minescence of the flame.

10.2.3 Experimental matrix

This study investigates the chemiluminescence of swirl flames produced with a number of
vapor and liquid phase transportation relevant fuels; methane, propane, hexane, heptane,
2,2,4-trimethylpentane (iso-octane), and decane. Here, methane and propane are used as
chemical surrogates for natural gas, liquified natural gas and liquified petroleum gas. The
primary reference fuels heptane and iso-octane are used here to represent diesel and gasoline
fuels, respectively. Further, hexane is used as jet fuel representative, while decane is used as
a generic proxy of heavier components in liquid transportation fuels.

Spectrally filtered images are collected for flames of each neat fuel as well as for flames
where 10% of the neat fuel stream mass is replaced by DME, in an attempt to investigate
the effect of doping fossil fuels with bio-derived additives. In this vein, the effect of DME
addition to methane and propane flames was further investigated by replacing the neat fuel
with 20, 30, and 50% DME.

For all of the cases presented here, the mass flow rate of fuel to each flame has been
constrained to result in a 5 kW steady state heat release (ṁf = HHV/5 kW). Detailed
information about the flow rates used can be obtained from Table ??. Once the mass
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Table 10.1: The detailed composition of the reactant mixtures in jet-stirred reactor experiments.

Fuel 10% DME add. 10% Dil. add. Fuel Flow Air Flow Dil. Flow Tot. Flow Dev.
[L/min] [L/min] [L/min] [L/min] [%]

methane 8.36 80.5 0.00 88.86 3
× 8.36 80.5 9.88 98.74 14

× 7.83 79.3 0.00 87.13 1
× × 7.83 79.3 9.68 96.81 12

propane 3.22 79.0 0.00 82.22 –5
× 79.0 80.5 9.14 91.36 5

× 3.33 78.6 0.00 81.93 –5
× × 3.33 78.6 9.10 91.03 5

n-heptane 0.0095 78.9 0.00 78.91 –9
× 0.0095 78.9 8.77 87.68 1

× 0.1749 78.7 0.00 78.87 –9
× × 0.1749 78.7 8.76 91.03 1

n-decane 0.0093 79.5 0.00 79.51 –8
× 0.0093 79.5 8.83 88.34 1

× 0.1287 79.4 0.00 79.53 –8
× × 0.1287 79.4 8.84 88.37 2

flow rate of fuel has been determined, the mass flow rate of air to the burner was varied
to produce a globally stoichiometric fuel-to-oxidizer ratio, and additionally methane flames
were also generated at a globally lean condition (φ = 0.5) to investigate the effects of lean
operation.

The influence of initial reactant temperature on flame structure has been isolated in this
study by varying the level of preheating of the air stream to arrive at two burner surface
temperatures for each case. For initially vapor phase fuels (methane and propane), flames
with the burner surface at room temperature (approximately 25 C) and 300 C were carried
out. Unfortunately, experiments with the initially liquid fuels (hexane, heptane, iso-octane,
and decane) could not be performed at room temperature (nor at a pre-heat temperature of
105 C in the case of decane) due to the tendency of these vaporized fuels to condense when
mixed with the cooler air stream before arriving at the reaction front. Therefore, for these
fuels a burner surface temperature of 105 C and 300 C was selected in order to avoid over
saturation of the vaporized fuels upstream of the flame.

The effect of mixture dilution on each fuel was assessed by adding N2, CO2, and H2O to
the air stream. More specifically, two diluent compositions were chosen, which are referred to
in the remainder of this manuscript as “dry dilution” and “wet dilution”. The composition
of these mixtures has been chosen in order to resemble the composition of an typical EGR
utilized in engines [29]. Dry dilution refers to a 90/10 mixture of N2/CO2 (by volume) which
is added to the air stream at a volumetric flow rate that is 10% of the combined fuel and air
flow rate (V̇d = 0.1(V̇f + V̇a)). Cases with wet dilution contain the dry dilution diluent feed
into the air stream as well as the addition of vaporized water into the air stream at a liquid
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Figure 10.3: An example raw spectrally filtered image for CH* and OH* profiles, along with the Abel
transform of the raw image. Arbitrary units. The example case is a neat iso-octane flame with a burner
surface temperature of 105 C.

volumetric flow rate that is 0.05% of the combined fuel and air flow rate (V̇w,i = 0.05(V̇f+V̇a)).
Dilution was investigated for each neat and doped fuel, where dry dilution was applied at
the lower pre-heating echelon and wet dilution to the higher level of pre-heating due to the
inadequate vaporization of water in the air stream at lower temperatures.

10.3 Experimental Results

Both the CH* and OH* profiles for a total of 59 swirl flames were imaged following the
experimental methodology and matrix detailed above. For all of these conditions, a steady-
state conical flame was stabilised at the edge of the bluff body face through recirculation of
the combustion products onto the incoming fresh mixture layer. The process was assisted
by the induced swirl motion.

For the sake of brevity the raw images of these flames are not presented in this text,
however an example image is shown in Fig. 10.3 while the complete data set is available in
the Supplemental Material. The subsequent methods to post-process and decompose the raw
flame images into comparable metrics in order to achieve an adequate comparison of flame
luminosities and geometries throughout the wide range of conditions that were considered is
presented in the remainder of this section.

The raw flame images suffer from an integrated mapping of photon emission profiles

272



Figure 10.4: The definition of spatial flame parameters used to compare flame geometries.

around the entire three-dimensional flame projected onto the two-dimensional CCD surface,
which is demonstrated in Fig. 10.3. An Abel transform of the example case is also presented
in Fig. 10.3, where a more well-defined reaction front can be observed compared to the raw
image. All flame images in this study have undergone Abel transformations, and all of the
results in this study (in regard to both flame luminosity and geometry) have been drawn
from these processed images. It should be noted here, that a slight asymmetry about the
burner exit nozzle axis was observed in many of the flames, which marginally compromises
the validity of transformed results. The asymmetry was systematic for all flames investigated
and was only minor compared to the magnitude of the parameters assessed i.e. D1, D2, and
H. This asymmetry is a result of mixing but could not be correlated with any of the changes
in conditions.

Experimental information regarding the geometry of each flame has been further com-
pressed in terms of the three conical parameters defined in Fig. 10.4, which fully defines
the simplified geometry of the flame. These three parameters, however, offer themselves as
simple and easily traceable metrics that can be readily used to compare the large data set at
hand. The diameters, D1 and D2, are measured from flame images as double the horizontal
distance between the burner exit nozzle centerline and the outer edge of the reaction front.
The outer edge is detected as the last observable pixel while horizontally moving away from
the burner centerline, where observable pixels are considered to have a higher intensity value
than the background noise. The diameters D1 and D2 are further constrained vertically as
crossing through the first and last observable pixel along the entire horizontal axis while
moving vertically from the burner surface in the bulk flow direction. The flame height, H, is
taken to be the vertical distance between D1 and D2. These simplified metrics, as standalone
measurements, offer little potential use beyond the scope of this study, and should be treated
as rough metrics to assess comparative trends between the flames presented here.

Much in the same vein as the above discussion of geometrical parameters, simplified

273



Figure 10.5: The definition of spatial flame parameters used to compare flame geometries.

Figure 10.6: (a) CH* and (b) OH* luminescence intensity statistics for varied neat iso-octane reaction
environments.

metrics for flame intensities have been extracted from the large, line of sight images in order
to compare the relative amount of CH* and OH* produced within each flame, across the
range of considered conditions. However, choosing appropriate simplified metrics for flame
intensities was not as trivial of a process as the selection of geometrical parameters. In order
to choose appropriate intensity metrics, a statistical analysis was performed on the line of
sight images for a small subset of the investigated flames. This analysis is summarized in
Figs. 10.5 and 10.6, which show the fraction of pixels within an image which have a given
intensity, without considering spatial position, for stoichiometric flames of varied neat fuels
as well as for iso-octane flames under all varying initial conditions, respectively. The pixel
fraction disregards any pixels with an intensity lower than the background intensity along
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with any reflections from the burner surface. A typical distribution of pixel intensities for
CH* and OH* quickly becomes apparent from the inspection of these figures, where the
pixel fraction at a given intensity rapidly decays at similar rates with increasing intensity
for each flame until each case exits this clustered curve at the maximum intensity. Due to
the nature of this correlative behavior between investigated flames, we recognize both the
maximum pixel intensity and area integrated pixel intensity as sufficient metrics to compare
image intensity distributions between the investigated cases in the current study.

10.4 Discussion

A comparison of flame CH* and OH* intensities and geometries is presented here, in terms
of the metrics described above, which is shown in Figs. 10.7, 10.8 and 10.9. Figure 7 de-
picts the integrated and maximum CH* and OH* signals in each flame image, where the
data for each fuel and burner surface temperature are lumped together for each simulated
engine operating condition. On the other hand, the geometrical parameters that were de-
rived from the CH* and OH* profiles for each flame are illustrated in Figs. 10.8 and 10.9,
respectively, where data sets have been grouped in a manner that is consistent with the
measured intensity parameters. A pronounced trend appears in Fig. 10.7 across all of the
varied reaction environments for both the CH* and OH* emission intensities, where these
intensities increase with molecular size for methane through hexane then remains constant
with any further increase in molecular size. Moreover, only a small change in feed volumetric
flow rates (±10%) was necessary to achieve a constant flame power and stoichiometry, where
changes in the flame fluid dynamics should be considered small enough allowing for a direct
comparison of all flames.

Due to these consistencies when comparing flames of different fuels, a degree of unique-
ness in flame chemical kinetics is hypothesized to exist for methane and propane, while a loss
of chemical individuality is thought to occur for the larger molecular structures. The data
presented in Figs. 10.8 and 10.9 suggest that this difference in chemical kinetics between
swirl flames of varied fuels is not directly contained in the preferred oxidation pathways due
to a nearly constant geometry throughout comparisons of these test cases, albeit within the
error of the simplified metrics that were used. Rather, a difference in the chemical kinetic
pathways leading to the production of the excited CH* and OH* molecules in methane and
propane swirl flames compared to the other fuels tested is suspected to be responsible for the
lower intensity signals for these fuels. For instance, CH* is mainly produced from the oxi-
dation of intermediate acetylene produced during the combustion process [50]. For methane
in particular, acetylene is mainly produced from the decomposition of ethane, which is in
turn produced from the unfavored recombination of methyl radicals. On the other hand,
larger molecules have a more direct decomposition route to acetylene. In short, it is difficult
to discern whether a bulk effect is induced on swirl flames using smaller alkanes than larger
ones, due to potentially artificial changes in chemiluminescence signals caused by differing
preferential pathways between fuels to the chemical markers used in this study. Unfortu-
nately, the current data set is unequipped to qualify this hypothesis, and an opportunity for

275



Figure 10.7: Measured maximum and integrated CH* and OH* chemiluminescence intensities for swirl
flames subjected to various reaction environments. Closed symbols correspond to lower initial reactant tem-
peratures, while open symbols correspond to higher initial reactant temperatures. Black squares, methane;
red circles, propane; blue upward pointing triangles, hexane; green diamonds, heptane; purple downward
pointing triangles, iso-octane; orange pentagons, decane.
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Figure 10.8: Measured conical geometric parameters of swirl flame CH* profiles subjected to various
reaction environments. Closed symbols correspond to lower initial reactant temperatures, while open symbols
correspond to higher initial reactant temperatures. Black squares, methane; red circles, propane; blue upward
pointing triangles, hexane; green diamonds, heptane; purple downward pointing triangles, iso-octane; orange
pentagons, decane.
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Figure 10.9: Measured conical geometric parameters of swirl flame OH* profiles subjected to various
reaction environments. Closed symbols correspond to lower initial reactant temperatures, while open symbols
correspond to higher initial reactant temperatures. Black squares, methane; red circles, propane; blue upward
pointing triangles, hexane; green diamonds, heptane; purple downward pointing triangles, iso-octane; orange
pentagons, decane.
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future work is noted.

A clear trend is also observed in both flame intensity and geometry as function of initial
reactant temperatures. In most cases, the flame height is slightly reduced for preheated
conditions, which implies a slight increase in kinetic reactivity for the preheated flames. For
non-dilute flames, an increase in both the CH* and OH* maximum and integrated intensities
are observed for preheated conditions. This increase in emission intensities is thought to be
due to the combination of two physical effects. Although CH* and OH* may be born from
chemical activation, the increased initial temperature of the reactants raises the electronic
partition function of CH and OH molecules in the flame as the electronically excited state
becomes more available to these molecules. In this way, a higher population of excited state
molecules are contained in the preheated flames causing a larger amount of photons to be
released during their quenching back to equilibrium. In addition, the intensities within the
spectrally filtered images may be skewed due to the broadband photon emission from excited
CO2 molecules, which tend to become more optically active within specific spectral regions
based on varying flame conditions [51]. In general, the addition of DME as a fuel additive has
a promoting effect on the reactivity of the doped mixture as compared to the neat fuel [52].
In transient reaction environments where a fresh charge of reactants is oxidized (for example
the ignition process), the added DME to the reactants quickly decomposes to produce a
large pool of methyl radicals, and thus greatly accelerates the fuel conversion process. A
reactivity promoting effect for DME doped conditions has not been observed for the swirl
flames investigated in this study, where flame geometries and intensities for the DME doped
cases are virtually identical to the neat cases. We hypothesize that the reactivity promoting
effects of DME were not observed within the swirl flames presented here as a result of the
swirl/turbulence induced at the burner exit, for this particular burner, which efficiently
creates a standing, well-mixed radical pool that reactants are added to. This point is an
interesting one, and highlights the effectiveness of swirl induction at the burner exit nozzle
as a substitute for chemically induced reactivity promotion and flame stabilization.

Generically, changes in both flame geometry and intensity are observed when flames
are diluted. The addition of diluents to the air stream causes a systematic reduction in
the diameter of the conical reaction zone throughout the vertical axis of the flame. This
trend is most likely due to an enhanced swirl-induced confinement of the flame as a result
of the added mass flow through the burner. A drastic reduction in the intensity of both
maximum and integrated CH* and OH* signals is observed for diluted cases compared to
non-dilute cases. This result is most likely caused by a change in two physical conditions of
the reacting zone upon the addition of diluents. Firstly, the added thermal mass of diluent
gases that do not participate in chemical reactions causes a drop in temperature throughout
the reaction zone compared to undiluted cases, which in turn lowers equilibrium access of the
electronically excited states to the present CH and OH molecules. Secondly, the added CO2

and H2O in the diluent stream act as highly effective collisional partners that can quickly
deactivate the excited state species, perhaps upstream of the burner surface that is out of
view of the CCD. For diluted cases, no difference is observed in the intensities of flames at
varied initial temperatures. It should be noted that the cases displayed in Figs. 10.7, 10.8
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and 10.9 consider a dry dilution for the lower initial temperature flames, while a wet dilution
was used for the higher temperature flames.

Considering all of the data presented here from a broad point of view, only small changes
were detected in both flame geometries and intensities as a function of fuel changes, DME
addition, and flame dilution. This seemingly trivial point should not be overlooked under
the perspective that these reaction environment variations correlate to, and demonstrate
fuel flexibility and mixture dilution stability for swirling, reactive flows. More universally,
this finding also highlights the utility of tailored fluid dynamic environments to reduce the
sensitivity of fuel chemistry on efficient fuel conversion at kinetically difficult conditions.

10.5 Conclusions

In order to assess the effect of bio-fuel addition and mixture dilution in a variety of fuels, in
terms of flame shape and luminosity, a series of experimental swirl flame chemiluminescence
measurements were conducted. The fuels investigated included hydrocarbons usually utilized
as fuel surrogates for marine and automotive engines, in an attempt to provide information
that could be useful for engine studies. More specifically, CH* and OH* chemiluminescence
profiles were obtained for all fuels with and without the use of pre-heating, DME addition
as a bio derived fuel, diluent addition as an emulated exhaust gas recirculation (EGR) and
all these synergistically. These line of sight images were transformed into simplified metrics
for flame geometries and intensities, which facilitated a comparison of these properties for
the otherwise large experimental matrix. A comparison of these geometrical and chemilumi-
nescent parameters highlighted a chemical uniqueness in methane and propane flames along
with a change in flame topology as a function reactant temperature and diluent addition,
while the flames were virtually unaffected by all other variations in reaction conditions. This
insensitivity provides confidence in the use of tailored in-cylinder fluid dynamic/chemical
interactions to extend engine operating conditions to otherwise difficult regimes, while the
detailed chemical analysis of more sensitive conditions provides an opportunity for further
study.
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Abstract

The significance of pyrolysis reactions in the early stages of diesel combustion has received
little attention in the literature, which warrants a mechanistic investigation of the controlling
chemistry along with its potential impacts on the overall combustion process in engines.
Experiments were performed in a constant volume vessel to probe these pyrolytic reactions,
where diesel fuel sprays were injected into air at varied pressures and temperatures chosen
to represent an engine operating at various loads. The pressure inside the vessel was found
to decrease immediately following the start of injection before increasing as the exothermic
heat release occurs. The initial pressure decrease has been conventionally attributed to an
evaporative cooling effect of the diesel spray, but the objective of this paper is to test the
hypothesis that endothermic pyrolysis reactions can make a significant contribution to the
observed pressure decrease.

The addition of 1% of the cetane booster, 2-ethylhexylnitrate (2-EHN), to the fuel was
found to shorten the measured ignition delay time, as expected. However the presence
of 2-EHN can also increase the magnitude of the initial pressure decrease compared to
conventional diesel fuel. Detailed chemical kinetic modeling shows that the effects observed
in the constant volume vessel can plausibly be attributed to pyrolysis reactions, and that
the addition of 2-EHN to the base fuel enhances their influence. The modelling results also
imply that the influence of these pyrolysis reactions increases with increasing temperature,
pressure, the alkyl chain length of the base fuel, and the amount of any radical initiator in
the fuel.
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Figure 11.1: Pressure-Time records and injection-nozzle needle-lift trace with identification of the various
points of interest. Adapted and redrawn based on Fig. 2 of [14].

11.1 Introduction

Solid, liquid, and gaseous fuels are known to pyrolyse, altering their molecular structure
without significant oxidation, even though oxygen-containing species may be present. Such
pyrolysis reactions are generally endothermic as a result of the energy required to break
chemical bonds, resulting in their rate constants and hence rates being highly temperature
dependent. The pyrolysis and rich oxidative combustion of fuels have been widely investi-
gated in shock tubes [1,2], jet-stirred reactors [3–5] and flow reactors [6,7]. MacDonald et al.
[1] report that test gas mixture temperatures in a shock tube can be lower than the initial
temperatures immediately behind the reflected shock because of endothermic reaction. How-
ever the implications of endothermicity for practical combustion systems have been largely
confined to the study of aviation fuels, where it has been suggested that endothermicity can
help scramjet cooling [8] and thermal protection in general [9].

Constant-volume combustion vessels have been employed to study the physical and chem-
ical properties associated with liquid fuel combustion under conditions relevant to spark and
compression ignition engines. When a liquid fuel is injected into such a vessel under condi-
tions relevant to diesel fuels and engines, there is typically an initial decrease in the measured
gas pressure owing to fuel vaporisation, followed by an increase in pressure due to the oc-
currence of exothermic chemical reactions which lead to autoignition, Fig. 11.1. The overall
ignition delay time is usually defined as the period between the start of injection, to the point
at which the pressure has recovered to its original value, and this is the protocol adopted in
the measurement of derived cetane number using the Ignition Quality Tester device [10].
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Various attempts have been made to separate the physical and chemical processes which
control the overall ignition behaviour into a physical delay which represents the fuel evap-
oration and fuel-oxidiser mixing processes, and a chemical delay which accounts for the
gas-phase chemical reactions which ultimately lead to combustion. Experiments are often
repeated in an atmosphere of nitrogen, so that the exothermic oxidation reactions cannot
take place and the divergence of the nitrogen pressure trace from the combusting pressure
trace is used as the demarcation between the end of the physical delay and the start of the
chemical delay [11,12].

Other studies [13–16] have defined the post-injection time step at which pressure reaches
a minimum as being the point where the measured pressure signal transitions from being
purely evaporation/mixing controlled to being purely chemically controlled. Although, the
example in Fig. 11.1 shows the minimum in the pressure trace occurring at approximately
the same point as the divergence of the nitrogen and air curves, more recent work for n-
heptane has shown that the pressure minimum can occur considerably later than the point
at which the nitrogen and air curves diverge [17].

Usually the initial pressure decrease is attributed only to the evaporation of the fuel
[15,16] but Zheng et al. [17] acknowledge the additional possibility of endothermic reactions,
in experiments in both air and nitrogen. It is already clear from the previous discussion that
any attempted demarcation between physical and chemical ignition delay times is somewhat
arbitrary but the existence of chemical reactions during the so-called physical delay may un-
dermine the interpretation of such experimental data unless differences arising from variation
in chemical structure are accounted for.

The objective of this work is to understand the influence of the addition of 2-EHN and
its associated reactions on the combustion of diesel fuels and their components. Results are
presented for 9 different conditions in a constant-volume vessel with varying bulk-gas pressure
and temperature in which a standard diesel fuel is compared against a diesel fuel containing
1% of the cetane booster 2-ethylhexylnitrate (2-EHN). In all instances the addition of 2-EHN
to the base-fuel leads to shorter total ignition delay times being measured, but in some cases
a greater initial pressure decrease is observed during the so-called physical-delay stage. A
greater pressure decrease due to enhanced fuel vaporisation is argued to be implausible due to
the 2-EHN concentrations in the base-fuel, and so the phenomenon can only be interpreted in
terms of endothermic pyrolysis reactions, which are explored using detailed chemical kinetic
models from the literature.

11.2 Experimental setup and results in a constant vol-

ume combustion chamber

The Combustion Research Unit (CRU) in Shell Global Solutions is a constant-volume vessel,
manufactured by Fueltech that can mimic combustion conditions in modern diesel engines
[18,19]. A schematic diagram of the CRU is shown in Fig. 11.2. The unit is supplied with
a common rail injection system of type Bosch CRIP2 (Part No: 0445110157) and a 7 hole
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Table 11.1: Operating parameters of the CRU.

Parameter CRU Mark II
Initial chamber pressure 2–75 bar
Initial chamber wall temperature 350–590 ◦C
Fuel pressure 200–1600 bar
Main injection pulse width 0.3–1.5 ms
Pilot injection pulse width 0–1.4 ms
Pilot-main separation 0.1–3.0 ms
% Auxiliary gas 0–100%

Table 11.2: Experimental Conditions studied in CRU. Main injection only.

Condition Twall/
◦C pchamb/bar pfuel/bar Inj. Period/µs

1 590 30 900 900
2 590 50 900 900
3 590 75 900 900
4 560 30 900 900
5 560 50 900 900
6 560 75 900 900
7 530 30 900 900
8 530 50 900 900
9 530 75 900 900

nozzle. Fuel is injected into the pressurized heated chamber where it mixes with hot air and
ignites.

The combustion process is monitored with a pressure sensor inside the chamber whilst
a needle lift sensor inside the injector monitors the injection event. The chamber pressure,
temperature, fuel pressure, gas composition and injector pulse width can all be varied by
the operator. Before the fuel is injected, the chamber is filled with high-pressure air (or
another gas) from an external air cylinder and heated to a pre-set temperature via two
electric heaters. Some technical parameters of the CRU are listed in Table 11.1.

The needle lift sensor and the two dynamic pressure sensors in the combustion chamber
and fuel line all sample at a rate of 50 kHz (intervals of 0.02 ms), giving outputs including
needle lift, chamber pressure and fuel pressure. The needle lift enables the measurement of
the start of injection (SOI) and the end of injection (EOI). The fuels used were a standard
EN590 diesel and the EN590 diesel with 1% by mass of 2-EHN added. The CRU was
operated at the conditions listed in Table 11.2, and the diesel fuel properties are provided
in ESI. The global equivalence ratio (φ) is very lean, around φ = 0.075 for the 30 bar cases
and leaner still for the higher pressure cases.

Fig. 11.3 shows that addition of 1% 2-EHN shortens the ignition delay of the diesel for
all of the conditions investigated. Increasing both the pressure and temperature also leads
to a decrease in ignition delay for diesel fuels with and without 2-EHN – this is again fully
expected and in line with previous findings on diesel primary reference fuels in the CRU
[18,19].

In addition to the expected trends in ignition delay time, Fig. 11.3 also shows a diver-
gence of the measured pressure during the pressure decrease phase, and in particular one
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Figure 11.2: Schematic diagram of the Combustion Research Unit. (Reproduced with permission from
Fueltech).
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Figure 11.3: Pressure traces for the nine injection conditions in. The solid line is for EN590 diesel and the
dashed line is for EN590 diesel with 1% mass 2-EHN.

can observe that the pressure decrease occurs faster for the fuels containing 2-EHN as the
temperature and pressure of the initial gas mixture is increased. Different rates of vapori-
sation cannot be ruled out as an explanation for the trends observed in this work, but the
latent heat of vaporisation of 2-EHN [20] is very similar to that of a hydrocarbon of similar
carbon number, and it is present in the fuel in relatively small quantities. Higgins et al. [21]
used a constant volume vessel with optical access to study ignition, evaporation and mixing
effects upon the addition of 2-EHN to diesel fuels. They found that the addition of 4000
ppm of 2-EHN to a ternary n-hexadecane/decalin/1-methylnaphtalene diesel surrogate had
a limited influence on physical processes such as atomisation, fuel vaporisation, and turbu-
lent mixing, but it did lead to shorter ignition delay times, as found herein. Endothermic
pyrolysis reactions therefore seem a plausible explanation for the experimental observations
given that past studies imply no pronounced physical effect of 2-EHN addition to diesel fuels.
It cannot be stated a priori that endothermic reactions involving both 2-EHN and the base
diesel, or 2-EHN alone, are the cause of the observed effect but this will be explored later
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below.

11.3 Chemical Kinetic Modeling

Given the complex turbulence/chemistry interactions (spray formation and break-up, evap-
oration, mixing, ignition and flame chemistry) which are occurring simultaneously in our
experiment, any attempt to model the results on a truly comparative basis would require
a correspondingly complex computational approach. Here, the focus is on gas-phase chem-
ical kinetic aspects of the experiment, and whilst the conditions of temperature, pressure,
and fuel composition are imprecisely known in our experiment due to spatial inhomogeneity
within the reactor, idealised chemical kinetic modeling can still be used to elucidate aspects
of the fuels combustion chemistry which may influence our experimental results. In order
to study these effects and to interpret and inform the experimental observations at a more
fundamental level, 0-D homogeneous batch reactor simulations have been carried out, under
representative conditions of temperature (T ), pressure (p), fuel mole fraction (χf ), and fuel
composition (n-C7H16/n-C16H34/2-EHN/O2/N2).

In order to account for different hydrocarbon species which may preferentially evaporate
during the course of our experiment, both n-heptane (n-C7H16) and n-hexadecane (n-C16H34)
have been used as separate chemical surrogates for diesel, as is commonplace. Both the n-
C7H16 and n-C16H34 kinetic models are sourced from the POLIMI library [22,23]. A 2-EHN
kinetic model has been added to these models to account for the influence of 2-EHN on
the chemical kinetics and thermodynamics which control the fuel oxidation, with kinetic and
thermodynamic parameters adopted from the work of Andrae [24]. Sub-mechanisms for NOx

and low molecular weight alkyl nitrate species are pre-existing in the POLIMI databases.
Whilst the global fuel-air equivalence ratio is extremely lean, the chemical reactions

which occur in the early stages of the experiment, and which coincide with the apparent
endothermic effect observed experimentally, are likely to occur (a) at the interfaces between
the liquid fuel-spray and the super-critical oxidiser mixture, (b) before complete mixing has
occurred, and (c) before the main heat-release/ignition event is observed. At this fuel-air
boundary, the mole fraction of fuel in the gas-phase is likely to be infinitely rich, becoming
increasingly fuel-lean as fuel components selectively evaporate and diffuse into the bulk gas.
Therefore, for a comprehensive understanding of the chemical aspects of the experiment,
simulations have been carried out for fuel mole fractions ranging from near-infinitely-lean
(as is the global equivalence ratio experimentally) to near-infinitely-rich (as would be found
at a liquid-air interface) limits. Evaporation is also quite dependent on the vapour pressure
of individual fuel components, and simulations will ultimately be presented for pressures
ranging from 1 to 75 bar.

Figure 11.4 compares the performance of the n-C7H16 kinetic model used to the ultra-
rich measurements of n-C7H16 oxidation in a jet-stirred reactor (JSR) [5]. Whilst the kinetic
model tends to over-predict the rate of oxidation at temperatures above 850 K, it can cap-
ture the qualitative trends observed in the distribution of pyrolysis and oxidation products.
Figures S1–S3 of the ESI shows a comparison of the performance of several detailed kinetic
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Figure 11.4: Comparison of the predictions of the reduced n-C7H16 kinetic model of Ranzi et al. [22] with
jet-stirred reactor measurements of ultra-rich n-C7H16/O2/He oxidation of Hakka et al. [5] at 1.06 bar, φ =
3 in helium bath gas. Top: Residence time = 1 s, mole fraction of fuel 1 × 10−3. Bottom: Residence time
= 2 s, mole fraction of fuel = 5× 10−3.

models with experimental JSR data measured under fuel-rich conditions [5], illustrating that
the reduced n-C7H16 kinetic model of Ranzi et al. [22] shows a quite favourable performance
versus the more detailed kinetic models of Hakka et al. [5] and Zhang et al. [25], but at
a fraction of the computational cost. Based on the validation presented above, it is likely
that the kinetic model of Ranzi et al. [22] will under-predict the extent of endothermic py-
rolysis reactions, but ultimately, a computationally tractable, consistently developed kinetic
scheme which can predict the trends in pyrolysis/oxidation product distributions for fuels of
substantially different molecular weight is required. The predictions of the above data give
confidence in the POLIMI library for understanding the gas-phase chemical aspects of the
experiment.

With the exception of the JSR data above, all simulations were carried out assuming a
constant-pressure/constant-temperature reactor where heat release due to chemical reaction
is not allowed to affect the thermodynamic state of the mixture. This approach was taken
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so that a steady state condition could be reached with respect to the extent of chemical
reaction for a given initial T/p, and so that any exothermicity, endothermicity, and char-
acteristic timescales could be understood from an idealised chemical kinetics perspective.
For each simulation, volumetric heat-release rates (J ·m−3 · s−1) due to gas-phase chemical
reaction were computed at every time-step, and integrated with respect to the specific vol-
ume (m3 · kg−1) of the reactor and time (s), allowing for the energy change per mass of
mixture (J · kg−1) to be computed as a function of time. In all cases, a negative integrated
heat-release rate, or enthalpy of reaction henceforth, indicates a region of exothermicity and
vice-versa for regions where a positive reaction enthalpy is observed.

Computations were carried out for fuel-air mixtures where the molar ratio of N2:O2 was
fixed at 3.76:1 and fuel mole fractions, χF , were varied from 0.01 to 0.99. The equivalence
ratio as a function of fuel fraction is therefore given by φ(χf ) = n(4.76χF )/(1−χF ) where n
is the number of moles of O2 required to stoichiometrically combust 1 mole of fuel. Values
of n and φ(χF ) are tabulated for each mixture in ESI, and the Figures presented in the main
text are also presented as a function of equivalence ratio therein. The total simulation time
was fixed at 10 ms, although as will be shown, the majority of exothermic and endothermic
chemical reaction tended to occur on millisecond/sub-millisecond timescales, with 2-EHN
existing on sub-microsecond timescales. All simulations were carried out with the Cantera
package [26].

Figure 11.5 shows the evolution of the heat-release rate with time for a typical gas-phase
combustion experiment, stoichiometric (φ = 1) fuel-air mixtures, for both n-C7H16 and n-
C16H34 fuels. The results show that the longer chain alkane, n-C16H34, reacts on a shorter
timescale and with a more pronounced maximum heat release rate than its shorter-chain
counterpart, n-C7H16. With the addition of 2-EHN to these pure alkanes, one can initially
observe a three-fold effect(a) there is an initial region of endothermicity, which is not observed
for the pure fuels, (b) there is a subsequent acceleration of the heat-release stage, due to
generation of a radical pool which initiates low-temperature chain-branching, and (c) there
is a slight perturbation to the magnitude of the peak heat-release rate from addition of this
cetane booster to the mixture. Addition of even small quantities of 2-EHN to short- and
long-chain alkane fuel components clearly results in perturbations to the time-dependent
behaviour of the system. Whilst this analysis shows some interesting behaviours, which are
in-line with the experimental observations, a more detailed modeling analysis shows more
complex dependencies.

Figure 11.6 shows net enthalpy changes after 10 ms of chemical reaction, for n-C7H16 and
n-C16H34 fuel-air mixtures with and without 1% mole fraction of 2-EHN present, and at the
extremes of bulk-gas temperatures and pressures studied in the CRU. All energy changes are
normalised by total mass of the mixture, and differences in computed enthalpy changes for the
four fuels tested under these two conditions are due to differences in the underlying chemical
kinetics and thermodynamics of the individual systems, and not due to differences in the
initial gas density or temperature. For all cases, there is a pronounced peak in exothermicity
for fuel mole fractions less than 0.1, with fuel-conversion becoming net-endothermic above a
critical ratio of fuel:O2. Therefore, as one increases the fuel fraction there are regions where
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Figure 11.5: Gas-chemistry heat release rates (J·m−3 ·s−1) for stoichiometric fuel-air mixtures of n-heptane
and n-hexadecane, with and without 1% 2-ethylhexylnitrate additive, at T/K = 863 and p/bar = 75. Inset:
heat release rates vs. time for the first 10 µs of chemical reaction, units for x and y axes are the same as
main figure.

the oxidation of the hydrocarbon transitions from being complete to partial, and from net-
exothermic to net-endothermic. Viewed from the perspective of our CRU experiments, for
highly rich mixtures chemical reaction will tend to be net-endothermic when concentrations
of O2 are low with respect to the fuel concentration, with reaction transitioning to becoming
net-exothermic and igniting, as one increases the ratio of O2:fuel, which would occur with
increased levels of mixing.

There are several other trends of relevance to our experiments. In terms of the magnitude
of the maximum heat release, there is little difference between n-C7H16 and n-C16H34 other
than the mole fraction for which peak heat release is obtained. However, with increasing
gas-phase fuel mole fraction, it is clear that one can expect longer-chain components to
undergo the transition from net-exothermic to net-endothermic combustion at a lower fuel
mole-fraction than shorter-chain components. Irrespective of fuel structure, the magnitude
of both exothermicity and endothermicity is increased as one increases the pressure from 30
bar to 75 bar, and the temperature from 803 K to 863 K. This trend is clearly visible in the
experiment, where the magnitude of the pressure decrease measured experimentally increases
with increasing pressure and temperature. For both pressures/temperatures presented in
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Figure 11.6: Reaction enthalpies as a function of fuel mole fraction at the lowest (left) and highest (right)
experimental conditions of temperature and pressure. A positive reaction enthalpy indicates net-endothermic
reaction, and vice-versa for a negative reaction enthalpy.

Fig. 11.6, the addition of 2-EHN to the base fuel has a limited effect on the global energy
change when reaction is net-exothermic, although Fig. 11.5 clearly shows that the addition
of 2-EHN accelerates the onset of this behavior in line with the acceleration in ignition delay
time measured experimentally.

However, the influence of 2-EHN is more pronounced at high fuel mole fractions, where its
addition can reduce the extent of endothermicity under some conditions, but at the extremes
of fuel-richness, as are likely in the early stages of our CRU experiments, the addition of
2-EHN increases and accelerates endothermicity relative to the base fuel.

Figure 11.7 in turn delineates the influence of increasing gas-phase 2-EHN mole fraction
for n-C7H16 and n-C16H34 fuel-oxidiser mixtures at 863 K and 75 bar, for a simulation time
of 10 ms. Increasing the 2-EHN content of each mixture tends to have a net-exothermic effect
on the thermodynamics of the system, with the exception of highly fuel-rich conditions where
there is insufficient oxygen present in the mixture for significant oxidative low-temperature
chain-branching reactions to occur. Whilst the net effect of 2-EHN addition for a given
fuel/T/p/χF condition is effectively linear with increasing 2-EHN content, this is not the
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Figure 11.7: Influence of increasing gas-phase 2-EHN mole fraction on the reaction enthalpy for a 10 ms
simulation of n-C7H16 and n-C16H34 fuel-oxidiser mixtures at 863 K and 75 bar.

case in terms of the underlying time-dependent behaviour, as illustrated in Figs. 11.8 and
11.9. Figure 11.8 provides a detailed time-dependent analysis of the perturbative influence
of 2-EHN on the combustion of n-C16H34/O2/N2 mixtures. Four representative cases are
presented for varying total fuel mole fraction, χF = 0.02, which corresponds to the condition
of maximum exothermicity, χF = 0.99 where the mixture is near-infinitely rich and initial
pyrolytic reaction of the base-fuel and 2-EHN will be most pronounced, and two intermediate
conditions, χF = 0.4 and χF = 0.8, where the effects of increasing 2-EHN fraction on the
thermodynamics of the system shows complex dependencies on time.

The exothermic χF = 0.02 case clearly illustrates the cetane-boosting qualities of 2-EHN
relative to the base-fuel via a marked acceleration in the onset of chemical heat-release.
Contrary to that, the χF = 0.99 results are compelling, illustrating that in the absence of
O2, endothermic pyrolysis of a base fuel will occur, but the extent and rate at which this
happens is significantly increased with increasing 2-EHN content, a trend which is central
to our experimental observations. The χF = 0.4 case shows that the addition of 2-EHN to
a base fuel will generally result in a linear acceleration in the primary heat-release stage,
but without enough O2 for complete oxidation to occur a net-endothermic effect will be
observed. Interestingly in this case the time for transition from a net-exothermic to a net-
endothermic set of reaction products is delayed with increasing 2-EHN content. The χF =
0.8 case shows that 2-EHN will accelerate the onset of endothermic pyrolysis reactions for
systems which may initially be exothermic, and this acceleration in endothermic pyrolysis
reaction is magnified by increasing 2-EHN content.

Figure 11.9 illustrates multiple dependencies which are likely to influence the experimen-
tal results, including variations expected to arise from (a) the chemical structure of any
evaporated fuel components (n-C7H16/n-C16H34/2-EHN), (b) the ratio of these fuel compo-
nents to O2:N2 at a given total pressure, and (c), total vapour-phase gas pressure (1, 10 and
75 bar). For each fuel and pressure condition studied, we show that there are regimes where
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Figure 11.8: Time-dependent reaction enthalpy for mixtures with varying C16H34:2-EHN ratios and
fuel:oxidiser ratios at T/K = 863 and p/bar = 75.

the system is initially endothermic, where it transitions from endothermic to exothermic, and
where it transitions from exothermic back to endothermic once any O2 has been consumed.
2-EHN is shown to greatly accelerate both the initial and secondary endothermic pyrolysis
stage, and under highly-rich conditions, it is clear that 2-EHN will induce and accelerate
endothermic pyrolysis reaction relative to an alkane base-fuel which is typical of those found
in diesel.

In order to understand the specific chemical species and reactions that lead to the ob-
served endothermic effect, species mole fraction profiles and reaction path analyses have
been analysed and are shown in detail in Figs. S4S11 of ESI. The results are summarised in
Fig. 11.10, where the intermediates which make major contributions to endothermicity are
shown for the χF = 0.99 case from Fig. 11.8, with and without 1% 2-EHN in the mixture.

The results show that endothermic reactions occur for n-C16H34 in the absence of 2-
EHN, largely due to the formation of stable unsaturated long-chain alkene species such as
1-C10H20 (1-decene), and short-chain unsaturated species such as C2H4 and C3H6. The latter
species are formed from multiple chemical pathways and are typical indicators of pyrolysis
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Figure 11.9: Contours showing characteristic timescales for the transition from exothermic to endothermic
reaction, and vice-versa, for n-C7H16/2-EHN/O2/N2 (left) and n-C16H34/2-EHN/O2/N2 (right) mixtures,
at total pressures of 75 bar (top), 10 bar (middle) and 1 bar (bottom), and at a temperature of T/K = 863.
Dashed lines correspond to the time at which the system transitions from being endothermic to exothermic
(the onset of oxidation), solid lines correspond to time at which the system transitions from being exothermic
to endothermic (the onset of endothermic pyrolysis). The colour scheme for various fuel mixtures is the same
as in Figs. 11.7 and 11.8.
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Figure 11.10: Pressure-Time records and injection-nozzle needle-lift trace with identification of the various
points of interest. Adapted and redrawn based on Fig. 2 of [14].

reactions for hydrocarbon fuels [5]. When 2-EHN is added to the fuel the initial period of
endothermicity that is observed for n-C16H34 is increased by orders of magnitude as a result
of a series of chemical reaction.

The chain reaction is initiated by prompt unimolecular decomposition of 2-EHN forming
heptyl radicals, CH2O and NO2. The subsequent endothermic β-scission of the alkyl radical
leads to further endothermicity via the formation of C2H4 and C3H6, whose contributions
to endothermicity are found to be as significant as, and concomitant with, the contribution
from heptyl radicals and NO2. The β-scission of the heptyl radicals formed from 2-EHN leads
to the formation of unstable radical species (H-atom, CH3, C2H5) which react with the fuel
forming 1-C10H20 as the primary stable intermediate. The endothermic formation of 1-C10H20

is again observed in parallel with heptyl radicals, NO2, C2H4 and C3H6 in Fig. 11.10, and in
Figs. S4S11 of ESI. The addition of 2-EHN to the fuel therefore enhances endothermicity not
solely as a result of its prompt dissociation and the subsequent decomposition of the heptyl
radicals to small unsaturated species, but it also initiates and propagates an endothermic
chain reactions that is inherent to the base fuel. Simulations have therefore been carried out
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to analyse the influence of fuel structure on endothermicity.
The analysis presented in Fig. 11.8 was repeated for cases where the alkane component

of the fuel was separately replaced with toluene, trimethylbenzene and n-propylbenzene.
These fuels have high octane numbers and low cetane numbers relative to n-C7H16 and n-
C16H34, and are therefore more typical of gasoline fuel components. However, their chemical
structure differs substantially from the diesel surrogates we use in that their aromatic moiety
leads to weaker CH bonds which may lead to a faster chain initiation step, but the lack of
a substantial alkyl side chain is likely to lead to an overall reduced oxidation and pyrolysis
rate. The results are presented in S12S15 of ESI and they illustrate that no significant
endothermicity is observed for these components with or without 2-EHN added to the fuel.
The extent of endothermicity appears to be proportional to the length of the alkyl chain
with the time of onset and the magnitude of endothermicity following the trend: n-C16H34
> n-C7H16 >>> n-propylbenzene > trimethylbenzene ≈ toluene.

This supports a mechanism whereby 2-EHN is not solely responsible for endothermicity,
rather, it is initiating an endothermic chain reaction which is intrinsic to fuel components
with a sufficiently long alkyl chain. Whilst the modelling results presented herein are ide-
alised, they are among the first to examine these chemical kinetic effects in detail, and further
studies on the extent and mechanism of endothermic reaction for different fuel components
and fuel additives are warranted based on our findings. In particular experimental stud-
ies of diesel surrogate mixtures with and without radical initiators, combined with detailed
chemical kinetic modelling analyses, would provide further insight into this phenomenon.

11.4 Conclusions

The implications of the endothermicity of pyrolytic reaction for practical combustion systems
have been largely confined to the study of aviation fuels; however this work has provided
evidence that such reactions can influence the measured pressure in a Combustion Research
Unit designed to emulate diesel combustion. When diesel fuel is injected into a constant
volume vessel, the pressure initially decreases before the exothermic heat release causes the
pressure to increase. The initial pressure decrease is conventionally attributed to evaporation
but endothermicity is shown to be enhanced upon addition of 2-EHN to the mixture.

Kinetic modeling results highlight that there are critical regions of mole-fraction space
where the partial-oxidation of hydrocarbon mixtures leads to an endothermic set of reac-
tion products. In the CRU, where initial chemical reaction is likely to happen at the rich
interface between liquid fuel and oxidiser, one should consider that endothermic pyrolysis
can contribute to the pressure-drop observed in apparatus such as the CRU. The subsequent
addition of 2-EHN to the chemical surrogates considered herein shows some interesting and
complex behaviours as one varies the chemical structure of a base fuel, and the ratios of
base fuel:2-EHN:air within a gas-phase mixture. In line with our experiments, modeling re-
sults highlight conditions where 2-EHN clearly accelerates the onset of ignition, but despite
this there are conditions where its addition leads to significantly enhanced and accelerated
endothermicity in comparison to pure hydrocarbon components. Modeling analysis shows
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that this effect is the result of a radical chain reaction that is initiated by 2-EHN, and the
endothermic effect is also dependent on the structure of the base fuel, and aromatic compo-
nents with short alkyl side chains show less propensity to contribute to endothermicity than
the long-chain alkyl components we have studied.

With respect to the demarcation of the end of a physical delay period and the start of
the chemical delay period for liquid fuel sprays, it appears that one should consider not
just the influence of liquid fuel evaporation, but also the influence of endothermic reactions,
particularly in instances where the fuel structure is varied and radical initiators are present.
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Abstract

Initial fuel concentration measurements are essential within laboratory reactors as conditions
are continuously extended to emulate real-world combustor environments; the 3.39 µm He-Ne
laser is the quintessential tool for these measurements. This absorption technique relies on
laser resonance with the strongly infrared (IR) active C–H stretch vibrations of hydrocarbons
and other homologous species, where these vibrational modes are typically contained in the
3.2–3.6 µm spectral region. The current study presents the first in a series of ongoing
efforts to systematically assess the validity of this method as a general diagnostic for a
comprehensive set of current and future fuels and combustion intermediates. Attention
is focused here on comparisons of the sensitivity of this technique between normal and
branched alkanes, where an understanding of these differences provides a cornerstone for
the characterization of more diverse substituted species. Comparisons of these differences is
facilitated by test cell absorption coefficient measurements, where a computational quantum
mechanical treatment of target molecules is employed to expose the underlying vibrational
modes that contribute to this bulk absorption feature. An analysis of simulation results
indicates that high-strength absorption bands are centered near the laser line for normal
alkanes, however branched alkanes rely on the overlapping of higher and lower frequency
centered bands to build up absorption peaks at the laser line. The previously untapped
model also possesses the capability to quantitatively predict absorption coefficients for fuels
at an arbitrary IR laser line, providing the molecule exhibits small rotational constants and
contains a large number of atoms. While this aspect of the model is demonstrated for alkanes
at 3.39 µm here, further utility of the model could be explored by exploiting another active
molecular vibration class in a different IR spectral region.

12.1 Introduction

As both combustion experimentalists and chemical kinetic modelers strive to produce more
realistic, engine-like fuel oxidation mechanisms and empirical validation targets, idealized
gas-phase laboratory reactors (shock tubes, rapid compression machines, combustion bombs,
etc.) are faced with new challenges. For instance, laboratory reactor conditions are routinely
extended to higher initial pressures and the use of lower vapor pressure fuels, which decreases
confidence that test mixtures can be successfully transported from external mixing tanks to
the reactor without fuel condensation occurring — barring further measured qualification.
Also, experimental investigations of more exotic nitrogenous and oxygenated fuels and im-
portant combustion intermediates may be prone to diffusion of these species into metallic
reaction chamber surfaces as well as into seal packs, for example see ref. [1]. Both initial fuel
concentration reduction by these mechanisms along with the presence of residual solvents
used to clean the reactor that have condensed onto or absorbed into reaction chamber com-
ponents are especially problematic, because these accumulated compounds may be released
into the vapor phase when the initial temperature of the reactor is increased in subsequently
contaminated experimental runs. Left unexplored, these adverse, fuel concentration alter-
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ing phenomena may contribute to an unfortunately most often uncharacterized decrease in
accuracy for reported experimental initial test mixture compositions. The characterization
of uncertainties in initial test mixture compositions renders the measurement of initial fuel
concentrations essential during laboratory kinetics tests. The absorption of 3.39 µm He-Ne
laser light by fuel species results in an inexpensive and generally applicable diagnostic to
perform in-situ initial reactor fuel concentration measurements. This technique exploits the
mid-infrared (IR) activity of generic molecular C–H stretch vibrations which produce ab-
sorption bands near 3.39 µm (typically between 3.2–3.6 µm), and thus maintains validity
as a common diagnostic for a wide variety of currently used and potentially future fuels in
which these vibrational modes are almost universally present. The current study lays the
foundation as the first in a series of ongoing, systematic efforts to provide insight into these
effects and comprehensively assess the use of 3.39 µm He-Ne laser light absorption by fuels
as a comprehensive tool to the experimental combustion kineticist to perform initial fuel
concentration measurements.

A number of previous studies have demonstrated this diagnostic by investigating the
absorption of 3.39 µm He-Ne laser light for a limited set of hydrocarbons and substituted
species at various conditions. The first study that utilized this technique focused on char-
acterizing the collisional broadening effects on the rovibrational line nearest the laser center
for methane [2]. Collisional line broadening for methane was found to be substantial, even
at low pressures. A following study [3] expanded on these results by employing Zeeman
tuning of the laser [4] to show that the nearest absorption lines of methane and ethane are
narrow, however the absorption peaks are constant for larger species throughout the tun-
able range of ± 1 cm−1. Jaynes and Beam [5] were the first to characterize the absorption
coefficients of 15 real fuels and fuel relevant species by He-Ne laser absorption, where test
cell measurements were performed at room temperature in the absence of a collider gas.
Subsequent studies have characterized the collisional and Doppler line-broadening effects on
the 3.39 µm absorption coefficient for several of these as well as additional compounds in
shock tubes [6,7], a motored engine [8], an optical test cell [9] and heated optical test cells
[10–12]. These studies have shown that for sufficiently large molecules (in general containing
greater than three heavy atoms) the absorption coefficients dependence on test gas temper-
ature and collider pressure is negligible at typical initial reactor conditions, and weak at
even a greatly elevated thermodynamic state. Many of these studies have also hypothesized
that discrete rotational lines become ill-defined at the laser center due to the small rota-
tional constants of large molecules along with the overlapping bands from nearly degenerate
vibrational modes which become available for large molecules and result in an essentially
continuous and convoluted absorption feature throughout each band. While previous work
has developed line-broadening parameters, little work has been performed on developing a
predictive model for the absorption coefficients at 3.39 µm for an arbitrary species. Mével
et al. [11] developed group additivity rules for hydrocarbons along with oxygen and nitrogen
containing compounds which were correlated to the test cell measurements of 21 species.
However, in general, group additivity rules tend to result in significant errors when extrap-
olated beyond validation data sets, which is found to be the case in this study.
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The current study expands on the previous work in two ways. First, the 3.39 µm ab-
sorption coefficients for linear and previously unreported branched alkanes up to C7 and for
selected larger alkanes have been measured in an optical test cell to systematically investi-
gate molecular size and structure effects on C–H stretch spectra for alkanes. An investigation
of these effects in this study provides a stepping-stone for currently ongoing work on more
diverse compounds. Further detail into the effects of size and structure is provided by a pre-
viously unexploited a priori computational framework with the capability of quantitatively
predicting the absorption coefficients of target species, and thus assess the performance the
He-Ne diagnostic for species which test cell measurements are not available. In addition,
this model has sufficient physical resolution to probe the underlying quantum behavior of
target molecules in order to investigate the vibrational modes contributing to IR activity
of the molecule near the laser line, which allows a more fundamental insight to be gained
into the absorption trends of fuels beyond the correlation of test cell measurements. This
computational quantum mechanical (QM) treatment of target molecules relies on the atyp-
ical spectroscopic problem at hand, where most target species fail to exhibit a well-defined
absorption line near the laser center, but instead display a continuous absorption spectra
throughout the band.

The following sections describe the experimental platform and computational model de-
velopment in detail. This description is followed by validation results of the new test rig and
model. Thereafter, the underlying physics of alkane molecular size and structure on the 3.39
µm absorption line are discussed.

12.2 Experimental Methodology

An optically accessible test cell was constructed to measure the IR absorption coefficients
of various fuels at 3.39 µm, which closely follows the design methodology of Mével et al.
[11]. A 63.5 mm inner diameter stainless-steel cylindrical absorption test cell is used, which
represents a section of the NUIG high-pressure shock tube [13]. The cell contains plumbing
which is ported into the head of the cylinder to allow gases to be fed into and evacuated
from the test cell. The head of the cylinder is also fitted with a septum for the direct
injection of liquid fuels. The fuel pressure in the test cell is monitored by a static pressure
transducer (STS, ATM.1ST), and the cell temperature is monitored using six fine-wire (D =
2 mm) T-type thermocouples staggered along the outer circumference, the head and near the
instrumentation and gas handling ports of the test cell. Due to the difficulty in measuring
the mass of the small volumes of fuel that are typically injected into the test cell to achieve
concentrations relevant to practical combustors, test cell fuel concentrations are evaluated
from the ideal gas equation of state (c = p/RT ) utilizing the measured temperature and
pressure.

The test cell is fitted with two sapphire windows to allow the transmission of IR radiation
through the test gas. Linearly polarized (500:1), monochromatic light at 3.39 µm (2950 cm−1)
is generated by a 2 mW He-Ne laser (Laser2000, LHIP-0201-339) and directed through
the test cell. The light transmitted through the test cell is bandpass filtered (Laser2000,
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CW=3420 nm, FWHM=75 nm) to remove stray ambient light. The filtered light intensity is
then monitored by a Pb-Se photodiode (ThorLabs, PDA20H-EC) which is fed into a digital
oscilloscope sampling at 50 mHz with 12-bit resolution. Before entering the test cell, the
beam of light is restricted by a diaphragm iris and optical chopper rotating at 300 Hz to avoid
saturation of the photodiode. Using this arrangement a two-point transmitted light intensity
measurement yields the test gas absorption coefficient in accordance with the Beer-Lambert
law, which is given by Eq. (12.1).

A = log10 [I0/I] = εcl (12.1)

Here ε is the molar absorption coefficient, A is the absorbance of light, l is the optical path
length of the absorbing gas corresponding to the test cell diameter, I is the intensity of light
transmitted through the test cell where the subscript “0” refers to the evacuated condition
of the test cell. While an intensity measurement at the evacuated condition along with
a measurement at a specified concentration is sufficient to determine the fuel absorption
coefficient, in this study measurements are linearly regressed over a range of concentrations
in order to statistically suppress random uncertainties.

To account for incident laser power fluctuations during measurements a common mode
rejection strategy is implemented for the measurement of the transmitted intensity. In this
strategy the light intensity upstream of the test cell is monitored using a pellicle beam
splitter (ThorLabs, CM1-BP145B4) to send a portion of the beam to a reference photodiode
identical to the signal detector. The intensity transmitted through the test cell is normalized
to the reference detector intensity (I∗ = Is/Ir) in a modified absorbance calculation, given by
Eq. (12.2), in order to suppress artificial oscillations in the calculated absorption coefficient
due to laser power fluctuations.

A = log10

[
Ir
Is

Is,0
Ir,0

]
(12.2)

12.3 Computational Methodology

As previously mentioned, recent studies [11] have relied on molecular group additivity theory
tuned to experimental results in order to develop models capable of predicting fuel absorption
coefficients at 3.39 µm. As will be discussed shortly, group theory works well when used to
correlate experimental data between structurally similar groups of molecules, however this
methodology fails to capture inherently quantum behavioral trends between varied molecular
structures to provide truly predictive capabilities that can be extrapolated beyond validation
data sets. A more theoretically rigorous approach for the prediction of absorption coefficients
is presented here, where the goal is not to predict high quality photochemical parameters for
any specific transition within any single fuel. Rather, a general framework is proposed that
aims to adequately capture trends in absorption strength for the generic C–H stretch mode
for a broad range of fuels at a narrowly produced laser line.

In the current computational framework the absorption coefficient at a given IR wavenum-
ber (2950 cm−1 for this study) is approximated by a contribution from near lying IR active
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vibrational modes and is given by Eq. (12.3).

εν̄ =
N∑
i=0

φ(ν̄)iS(ν̄c)i =
N∑
i=0

φ(ν̄)i

∫ ∞
−∞

εν̄,i dν̄ (12.3)

In this formulation the absorption band corresponding to a vibrational mode, i, of the
molecule is decomposed into the integrated IR band strength, S, at the band centered wave-
length and a continuous bandshape function, φ. While the absorption bands are comprised
of discrete lines that correspond to rovibrational transitions of the molecule, the assumption
of continuous absorption bands becomes more valid with increasing molecular size as rota-
tional constants decrease and also with the increase in atom contained in the molecule which
causes the statistical spectral overlap of nearly degenerate vibrational modes near the laser
line. Fortunately, many species of interest as combustion fuels fit these criteria [4,6].

The integrated band intensity is assessed by assuming that molecular vibrations occur in
a harmonic potential. Under this assumption the integrated band intensity is proportional to
the magnitude of the dipole moment gradient along a vibrational coordinate that is induced
within the molecule due to transitions into an excited vibrational state, and is given by
Eq. (12.4) [14].

S(ν̄c)i =
Nπ

3c2

[(
∂µx
∂Qi

)2

+

(
∂µy
∂Qi

)2

+

(
∂µz
∂Qi

)2
]

(12.4)

Here N is the Avogadro constant, c is the speed of light, µj correspond to the Cartesian
components of the transitional dipole moment vector and Qi is the spatial normal vibrational
mode coordinate.

The transition dipole moment due to a vibrational mode is evaluated by invoking the
expectation value integral, defined by the quantum mechanics postulate Eq. (12.5).

~µ = 〈ψ1| µ̂ |ψ2〉 (12.5)

Molecular electronic wavefunctions are calculated using density functional theory (DFT)
which employs the Becke, three-parameter, Lee-Yang-Parr (B3LYP) functionals with the
computationally efficient 6-31G(d,p) basis set using a frequency scale factor of 0.962. This
level of theory is chosen in accordance with the recent benchmarking of several ab-initio and
DFT methods for the prediction of IR photochemistry [15], where compact basis sets are
shown to achieve adequate performance. The necessary molecular geometry optimization,
wavefunction calculation, normal mode potential energy surface gradient calculations and
dipole moment operations are performed using the Gaussian09 software package [16].

The band-shape function is assumed to be a normalized Lorentzian curve (Eq. (12.6))
centered at the wavenumber of vibration, ν̄c, where the shape of the absorption profile is
defined by the band full-width at half-maximum (FWHM) ∆ν̄.

φ(ν̄) =
1

2π

∆ν̄

(ν̄ − ν̄c)2 + ∆ν̄/4
(12.6)
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Figure 12.1: Validation of the computational and experimental work conducted in this study. (a) Com-
parison of measurements with literature data obtained from refs. [5–12]. (b) Comparison of the measured
and predicted absorption coefficients. Uncertainties in experimental absorption coefficients are estimated at
±5% by analogy to ref. [11].

To the best of our knowledge a physics-based model does not exist to determine the effective
continuous band shape parameter ∆ν̄ based on the discrete PQR branching structure for
an arbitrary rovibrational band. Therefore, as a first-cut approximation the value of ∆ν̄
is set to 40 cm−1 for each band in all of the simulated fuels to obtain agreement with the
experimental measurements. Developing a predictive model for ∆ν̄ presents an opportunity
for future refinement of the model.

12.4 Experimental and Computational Validation

A summary of the measured and simulated absorption coefficients are provided in Table
S1 within the Supplemental material. The raw experimental measurements and simulation
results are provided in Table S2, in addition regressed experimental data is displayed in Fig.
S1 within the Supplemental material. The validity of the test cell measurements that were
conducted is assessed by comparison with absorption coefficient measurements reported in
the literature; a comparison of these values is shown in Fig. 12.1a. This figure tracks the
deviation of the absorption coefficients reported in individual studies, ε, from the mean
of the literature values, 〈ε〉, using the percent difference variable, ε∗ = 1 − ε/ 〈ε〉, as a
function of alkane carbon number. The literature data has been measured for each fuel
with a variety of collision partners at various pressures, while current measurements are
performed in the absence of a collider gas. Test temperatures are close to 295 K for all
of the data presented. Good agreement (± 20%) is observed between all of the data sets
including measurements conducted in the current study for pentane through octane, this
provides confidence in the experimental measurements reported here. More scatter (± 50%)
is observed within the available absorption coefficient data for both smaller and larger species.
The small species display narrow absorption lines near the laser center line that are sensitive
to collisional broadening, the scatter in literature values is most likely due to differences in
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collision partners and pressures between studies. Larger species exhibit low vapor pressures
so that measurements made in unheated test cells produce insufficient fuel vapor pressures
making some past studies plagued by artificially lowered absorption coefficients due to low
gas-phase fuel concentrations within the test cell.

Validation of the QM computational approach is achieved by comparison of simulation
predictions with the newly measured absorption coefficients, which is illustrated in Fig. 12.1b.
Relative trends in both alkane size and structure are found to be well-captured by the com-
putational methodology, where absorption strength at the laser line becomes larger with in-
creasing molecular size and decreases with the extent of molecular branching. Fair agreement
is observed between experimental and simulated absorption coefficients, where absorption
coefficients are predicted to within ± 4 m2mol−1 of the measured values across the test set.
The absorption coefficients of normal alkanes are in general over-predicted by the model,
which will be further discussed in the following section. The fair agreement observed be-
tween the “first-cut” computational framework and test cell measurements presented here
is encouraging, and suggests that as this model matures, chemically accurate absorption
coefficients at 3.39 µm may eventually be achievable computationally. The additivity rules
developed by Mével et al. are also assessed against the new absorption coefficient measure-
ments. These rules were correlated to normal alkane test cell measurements and resolve
the effects of molecular size, however absorption coefficients for normal alkanes are slightly
over-predicted compared to the current measurements. This discrepancy highlights the fa-
cility effects intrinsic to group values derived from a single facility that can cause significant
error when used to predict measurements for even the same fuels in similar experimental
platforms. Additivity also fails to resolve the behavior of branched alkanes which are sig-
nificantly over-predicted due to the inadequacy of the current group values to capture the
effects of changes in transitional dipole moments between molecules containing an equivalent
number of absorbing groups.

12.5 Vibrational Contribution to IR Activity

Sufficient agreement between the QM modeling results and test cell measurements has been
achieved so that the model is probed to gain a fundamental understanding of the differences
in absorption coefficient contributing vibrational modes for different structures. Comparisons
between simulated C–H stretch spectra, shown in Fig. 12.2, are demonstrated for alkanes as
a function of normal alkane size for propane through decane (C3–C10) and as a function of
molecular structure for the isomers of hexane.

Figure 12.2a and 12.2b show the simulated absorption spectrum and IR activity of the
normal vibrational modes, respectively, for (C3–C10) normal alkanes in the region of 3.39
µm. Methane and ethane are excluded from the current analysis because these molecules
are too small to display general “alkane-like” behavior. Understanding the full physical
picture of the mechanics of molecular absorption at the laser line requires a simultaneous
inspection of both graphs, where differences in the normal modes unique to each molecules
convolve to yield the bulk absorption activity. It is interesting to note that many vibrational
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Figure 12.2: IR simulation results for (a), (c) absorption coefficients and (b), (d) integrated band intensities
comparing normal alkane size and the isomers of hexane, respectively.

modes of normal alkanes do not display absorption activity as these modes do not induce
a significant transitional dipole moment within the molecule. This suggests that Raman
or Rayleigh scattering techniques may provide an alternatively sensitive in-situ analytical
method for the concentration measurements of these species, however species selectivity
in non-conventional diluents may become problematic. The spectrum is broken into three
naturally occurring regions with regard to the current study; a region centered at the laser
wavenumber one band FWHM wide where vibrations in this spectral region contribute band
peaks to He-Ne absorption, along with both higher and lower wavenumber vibrations that
contribute to absorption at 2950 cm−1 by a convolution of lower activity band wings only.

The highest contributing vibrational modes to absorption at the laser line within each of
these regions are shown in Fig. 12.3 for n-hexane as a representative normal alkane. For each
of these vibrational modes the primary C–H bonds situated on the C–C bond plane exhibits
an insignificant vibrational motion. The highest IR active mode near the laser center is an
asymmetric C–H stretch where each carbon resonates out of phase with it’s nearest neighbor.
Higher energy vibrations typically involve normal modes anchored in the primary carbons.
The highest intensity mode in this region is similar to the highest contributing mode near the
laser line, however the primary hydrogen stretches switch phase in reference to the secondary
carbons and the displacement magnitude of the primary C–H stretches are greatly increased.
Lower energy contributions to absorption are primarily made by symmetric stretching modes.
The most intense contributing mode at lower wavenumbers is a symmetric C–H stretch that
is staggered out of phase along the alkyl chain, however primary C–H bonds and their
nearest neighbors stretch in phase. These important vibrational modes are present in all of
the studied normal alkanes larger than ethane, and as the alkyl chain size is increased the
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Figure 12.3: A comparison of most significant vibrational mode contributions to absorption activity at
3.39 µm for the least and most branched of the hexane isomers.

same modes mainly contribute to absorption at the laser line. Although more normal modes
become available with increasing molecular size, contribution to absorption from these new
modes is small for normal alkanes smaller than decane. Rather, the increase in molecular
absorption with increasing size is due mainly to the increasing degeneracy of these sensitive
vibrations as more absorbing bonds (secondary carbons) are added. This trend is not retained
for molecules larger than decane, where the molecule becomes sufficiently large to cause these
degenerate states to split and strong absorption features result from the overlapping of several
low-intensity, near-lying bands. One inadequacy of the current modeling assumptions should
be highlighted that is thought to be causing the systematic over-prediction of absorption
coefficients for normal alkanes. The current modeling framework assigns a Lorentzian shape
to each absorbing band, which does not resolve the band null gap. Since the strongest
absorption feature for normal alkanes is a band centered very near to the laser line, the
predicted absorption coefficient may be artificially inflated due to this unresolved physics in
the narrow region near the frequency of vibration.

The effects of alkane molecular structure on the IR absorption spectrum near the laser
line (shown in Fig. 12.2c and 12.2d) have been investigated by employing the five isomers
of hexane as a test bed, where the number of C–H bonds is conserved throughout this set
of species. The structural isomers of hexane present a natural test set for the current study
because they exhibit a variety of branching structures typical of alkanes that are found in
real fuels such as gasoline. In general, this study has found that molecules with an equivalent
number of C–H bonds will exhibit lower absorption coefficients when arranged in an increas-
ingly branched fashion. Absorption peaks near the laser line rely on an uninterrupted, long
secondary carbon chains, which was earlier demonstrated for n-hexane. These chains are
rarely available for molecules that exhibit branching beyond 2- or 3-methylalkanes, where
the near laser peaks that exist for these singly branched species are weak compared to their
straight chain counterparts. Further, double- and triple-branched species typically exhibit
a weak absorption band near the laser center. These highly branched species prominently
rely on the overlapping of off-peak peak bands to build up absorption features at the laser
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center. Beyond these generalizations, trends in the absorption spectra for branched alkanes
are found to be relatively complex warranting a treatment of these species on a case-by-
case basis. Branching effects are isolated by comparing the highest contributing vibrational
modes to absorbance at the laser center for n-hexane and it’s isomer 2,3-dimethylbutane
(shown in Fig. 12.3), where this highly branched species does not contain a secondary car-
bon chain, and thus, does not display a band peak near the laser. The highest contributing
vibrations for the highly-branched isomer rely on the convolution of low-frequency primary
carbon symmetric C–H stretch modes and high-frequency primary carbon antisymmetric
C–H stretch modes to display activity at the laser line. Fortunately, the convolution of these
bands provide a sufficiently intense absorption feature at the laser line so that the 3.39 µm
He-Ne laser is able to maintain it’s capability as a sensitive diagnostic for the concentration
measurement of even the most non-ideal of these isomers.

12.6 Conclusions

The work reported here represents the first in a series of currently underway efforts to assess
the sensitivity of this diagnostic to measure the concentrations of a comprehensive set of
current and future combustion fuels. Attention has been focused on the influence of alkane
molecular size and atomic arrangements on the strength of photon absorption at the laser
line, which provides the cornerstone for understanding substituted species. In the same vein
as previous works a He-Ne laser test cell was constructed with the capability to measure the
absorption coefficients of compounds. Measurements were performed for C1–C7 and selected
larger alkanes. However, in contrast to previous works molecular absorption coefficients have
not been correlated to the number of C–H bonds, but rather a more rigorous interpretation
of experiments has been provided by a computational QM treatment of target molecules.
This treatment allows for quantitative absorption coefficient predictions to a precision of ±4
m2mol−1 in reference to this study’s test set, which introduces an opportunity for future
refinement of the model. The computational model is also used to expose the underlying
molecular vibrational modes controlling light absorption near the laser center. Applying
this analysis to the current test set has shown that strong absorption features near the laser
center rely on the presence of an uninterrupted secondary carbon chain within the molecule,
explaining the strong sensitivity of normal alkanes to the He-Ne laser diagnostic. While
the strength of this important band is greatly inhibited by branched structures, fortunately
the overlap of other near lying bands produce sufficiently strong absorption features in iso-
alkanes at the laser line so that the absorption of He-Ne laser light confidently provides a
sensitive diagnostic. Further work is currently being conducted on more diverse substituted
species. Although the current technique may not be appropriate for these compounds, sim-
ulated spectra obtained from the computational framework reported here may guide the
selection of alternative diagnostics that are more suitable for these fuels.
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Chapter 13

An experimental and kinetic modeling
study of the oxidation of four hexane
isomers: developing reaction rate
rules for branched alkanes
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13.2 Abstract

iso-Alkanes are key components in gasoline, jet and diesel fuels. Their constintuency within
the fuel often provides considerable influence on the ignition behavior of these fuels. An
improved understanding of their ignition behavior and the development of chemical kinetic
models that can accurately simulate their ignition behavior is important for the development
of next-generation internal-combustion and gas-turbine engines. The current work aims to
provide further insight into the oxidation mechanisms of four branched isomers of hexane:
2-methylpentane, 3-methylpentane, 2,2-dimethylbutane and 2,3-dimethylbutane. Ignition
delay times for the four hexane isomers were measured in a high-pressure shock tube and
in a rapid compression machine at the stoichiometric condition in air at p = 15 bar over
the temperature range of 600–1300 K. Vaired reactivities have been observed for the hexane
isomers as a function of reactant molecular structure, which leads to variations in their
preferred oxidation pathways. Consistent reaction rate rules between the isomers, which
are derived mostly from recently reported high level computational chemistry, have been
applied to the current test bed of alkanes in order to develop a detailed chemical kinetic
model for the four isomers. This model has been validated against the newly reported
experimental data. The validation shows that the current model well-reproduces the ignition
delay times of all four isomers, as well as some important trends of their variation over the
entire temperature range. This indicates that the current reaction rate rules can correctly
reproduce the influence of the different molecular structures upon reactivity, which provides
a better knowledge of the relationship between fuel properties and molecular structure. The
proposed reaction rate rules will be implemented and tested in kinetic model development
for larger branched alkanes.

13.3 Introduction

The development of low-emission, high-efficiency engines that rely on more chemically driven
combustion strategies [1] requires reliable kinetic models to describe the fuel’s chemical and
physical properties, which stem from the molecule structure of the fuel. Therefore, it is
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interesting to systematically investigate a group of fuel isomers to reveal the influence of
isomeric structure on fuel reactivity. For example, the auto-ignition of the butane isomers
have been studied in a rapid compression machine (RCM) by Healy et al. [2,3], where iso-
butane was found to be slower to ignite than n-butane. Through the investigation of the
pentane isomers by Ribaucour et al. [4] and more recently by Bugler et al. [5], it can be
concluded that n-pentane is the most reactive of the three isomers, followed by iso-pentane,
while neopentane is the least reactive at temperatures in the range of 600–1000 K. Wang et
al. [6] studied the oxidation of the five hexane isomers in a jet-stirred reactor with both gas
chromatography and synchrotron vacuum ultraviolet photoionization mass spectrometry [7]
at low and intermediate temperatures and observed that the reactivity decreases with the
level of branching within the molecular structure. Similar conclusions were also reached by
Silke et al. [8] who measured ignition delay times (IDTs) for nine heptane isomers in a rapid
compression machine.

To develop reliable, detailed kinetic models that correctly reflect the correlation between
molecule structure and fuel reactivity, reaction rate rules have been developed as an ap-
proach that assigns reaction rates according to the reaction type and category/structure
of reactants [5,9,10]. In studies using this method, reaction rate rules for various reac-
tion types have been proposed, validated and manually optimized. In this paper, the rate
rules are developed that are self-consistent for C6 branched alkanes. This is a first step
toward developing self-consistent rate rules for even larger branched alkanes, for which ob-
taining experimental targets are challenging. Through experiments and kinetic modeling,
this work also aims to provide insight into the chemistry controlling the ignition behavior
of four branched hexane (C6) isomers: 2-methylpentane (2MP), 3-methylpentane (3MP),
2,2-dimethylbutane (22DMB) and 2,3-dimethylbutane (23DMB). IDTs were measured for
each isomer in a high-pressure shock tube (HPST) and in an RCM at φ, P = 15 bar, 21
: 79 O2 : Dil. over the temperature range of 600–1300 K. Different reactivities have been
observed for the hexane isomers, with different temperature dependencies. A detailed kinetic
model has been developed with consistent reaction rate rules based on previously reported
reaction rate rules for n-alkanes. The current model reproduces well the IDTs over the entire
temperature range studied here, including the first-stage ignition at low temperatures, which
enables further analysis to present how the molecular structures of the hexane isomers affect
their reactivities.

13.4 Experimental

13.4.1 Rapid compression machine

The RCM used here was used and described previously [11]. In brief, the machine has a
twin, opposed-piston configuration. Experiments are performed in duplicate. The machine
is equipped with an external heating system allowing it to operate at a variety of initial
temperatures for a fixed geometric compression ratio. The pressure history of the test gas
is measured by a Kistler 601A pressure transducer. The IDT is quantified as the time

321



between the first local maximum on the pressuretime history (end of compression) to the
global maximum in pressure rise rate, as has been described previously [11]. To quantify
the facility effects for simulations [12], all reactive conditions investigated are accompanied
by concurrent non-reactive experiments, where the oxygen mole fraction is replaced with
the nitrogen, which has a similar heat capacity to that of oxygen. The uncertainties in the
measurements are 15% for IDTs, and 2% for temperature.

13.4.2 High pressure shock tube

Similar to the RCM, the HPST has been described in detail previously [11]. In brief, it is
constructed of a 3.0 m driver section and a 5.73 m driven section. These are separated by
two pre-scored aluminum diaphragms. The scoring depth can be varied depending on the
target bursting pressure. There are six axially positioned PCB113B24 pressure transducers
mounted in the walls of the tube. The IDT is measured using a Kistler 603B pressure
transducer mounted in the endwall of the tube. The uncertainties in the measurements are
15% for IDTs and 2% for temperature. The tube is also equipped with an external heating
system which allows for its operation at different initial temperatures.

13.4.3 Consumables

All fuels were obtained from TCI UK and used without further purification. Nitrogen (>
99.96%), oxygen (> 99.5%), argon (> 99.5%) and carbon dioxide (> 99.5%) gases were
supplied by BOC Ireland. Mixtures were prepared manometrically and allowed to mix via
gaseous diffusion for at least 12 hours before performing experiments.

13.5 Kinetic modeling

The kinetic model developed here for the hexane isomers is based on the Westbrook et al.
[13] model for the heptane isomers, which was later updated by Sarathy et al. [14]. This
mechanism has been updated based on the growing improvements to alkane chemistry since
these original studies. In particular, the base C0–C4 chemistry has been adopted from the
more recent AramcoMech 2.0 [15] mechanism, which has been widely validated. In addition,
the sub-mechanisms for the pentane isomers were adopted from the recent work by Bugler
et al. [5]. The mechanism for the four hexane isomers has been built on top of the C5

mechanism by considering the usual reaction pathways for alkanes [5,9,10], including the
alternative pathways for isomerization of alkylperoxyhydroperoxides (Ȯ2QOOH).

Some high- and intermediate-temperature reactions for the hexane isomer sub-mechanism
have been updated from Ref. [14] in light of recent studies. The reaction rates for H-
atom abstraction by OH radicals have been adopted from the work of Sivaramakrishnan
et al. [16]. The reaction rates for H-atom abstraction by radicals have been updated by
considering analogous reactions in the recent Bugler et al. pentane isomer mechanism [5].
Although, a slight modification to these analogies was made to reactions that involve H-atom
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Table 13.1: Modifications to the Arrhenius parameters for the rate rules suggested by Ref. [20] for the
concerted elimination reaction class RȮ2 
 olefin + HȮ2. The markers p, s, and t are used to denote a
primary, secondary, and tertiary carbon site, respectively. Several varieties of RȮ2 are considered, where the
–OȮ column refers to the carbon position of the Ȯ2 group, while the –H column denotes the carbon position
of the internally abstracted hydrogen.

–OȮ –H A multiplied by: kcal/mol added to Ea

p s 1.5 +0.0

s p 1.5 +0.0

s s 1.5 +0.0

p t 2.0 -1.0

p t 2.0 +0.0

abstractions from secondary carbon atoms. For these reactions, the A-factor used by Bugler
et al. has been multiplied by 1.5 (within the reported uncertainty estimated by Ref. [14]) to
improve agreement between the new mechanism and newly reported data at intermediate
temperatures. Finally, the reaction rate constants for the decomposition of hexyl radicals
via β-scission were obtained from the Reaction Mechanism Generator (RMG) software [17].

The rate constants for low-temperature reactions were determined from rate rules for
normal and branched alkanes that were built following a series of high-level quantum chem-
istry calculations [18–21] for typical low-temperature reactions. In this method, reactions
are lumped into groups as a function of reaction type and reactant structure, then each reac-
tion in the group is assigned a common rate constant. We have recently published chemical
kinetic models for the oxidation of n-hexane and n-heptane [9,10] using this method, with
great success.

Details concerning the group criteria and rate constant values for the rate rules are
available in Ref. [10], and will not be described here. However, we have updated a few
reaction classes for the current work to reflect the newly reported data within our validation
targets. More specifically we have modified rate constants within the Ȯ2QOOH/RȮ2 

olefin + HȮ2 and Ṗ(OOH)2/Q̇OOH 
 cyclic ether + ȮH reaction classes, the details of
which are provided in Tables 13.1 and 13.2, respectively. Additionally, we have modified the
rate rules for the ketohydroperoxide decomposition reaction class, to account for chemical
structures present in the current study that were not formed in previous mechanisms. The
details of these modifications are discussed in the remainder of this section.

The olefin + HȮ2 reaction class can occur by the concerted elimination of HȮ2 from
both RȮ2 and Ȯ2QOOH radicals, which are formed after the first and second addition of
fuel radicals to molecular oxygen, respectively. These concerted elimination reactions serve
as important chain propagating steps that inhibit the overall rate of oxidation of the fuel.
The original rate rules for these reaction classes were derived based on the computational
chemistry of Villano et al. [20]. The rate constants for these reactions have been modified
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Table 13.2: Modifications to the Arrhenius parameters for the rate rules suggested by Ref. [20] for the
concerted elimination reaction class Q̇OOH 
 cyclic ether + ȮH. The markers p, s, and t are used to denote
a primary, secondary, and tertiary carbon site, respectively. Several varieties of Q̇OOH and cyclic ether are
considered. The Q̇OOH radical is defined here by the carbon position of the OOH group, and the carbon
radical site. The resulting cyclic ether is defined by ring size.

Ring Members –OOH Ċ A multiplied by: kcal/mol added to Ea

3 p s 1.5 +0.0

3 s p 1.5 +0.0

4 p t 0.0 +1.0

4 t p 0.0 +1.0

3 p t 2.0 +0.0

within the bounds of their reported uncertainty in order to achieve consistency within the
rate rules when the newly reported experimental data are considered in our kinetic target
database.

Cyclic ethers are allowed to form within the mechanism from the simultaneous closure
and ȮH elimination of Q̇OOH and Ṗ(OOH)2 radicals. Again, the rate rules for this class
of reactions have been determined from the computational chemistry studies of Villano et
al. [20]. More specifically, we have used their linear correlation for the rate of formation
of 3- and 4-membered cyclic ethers as a function of ∆Hrxn(T = 298K). We have found a
discrepancy in ∆Hrxn(T = 298K) for these species between the mechanism thermochemistry
database and calculations of Villano et al., where our values are lower on average by 2.2
kcal/mol. Therefore, we have adjusted the original correlation ∆Hrxn(T = 298K) parameter
by 2.2 kcal/mol, which results in a small adjustment to the activation energies for a few
reactions.

The rate rules for the reaction class which involves the formation and decomposition of
ketohydroperoxides have been previously derived from the work of Sharma et al. [19], and
are adopted here as well. The original rate rules have been extended to include molecular
structures that were not encountered in previous works, but have been encountered for the
hexane isomer mechanism. Specifically, the reaction rate for γ − Ȯ2QOOH radicals with a
secondary carbon-bearing hydroperoxyl group and a tertiary carbon-bearing peroxyl group
is taken from analogy to γ − Ȯ2QOOH radicals with secondary carbon atoms bearing both
hydroperoxyl and peroxyl groups. The analogy has been slightly altered where the original
A-factor has been multiplied by 1.5 and Ea reduced by 1 kcal/mol. In addition, the activation
energies for the decomposition of ketohydroperoxides has been reduced by 1.1 kcal/mol to
better incorporate the new data presented here.

The thermodynamic data for the C6 species has been estimated using THERM [22] based
on the group additivity method proposed by Benson [23] and updated group values [24].
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Figure 13.1: Experimental (symbols) and model predicted (lines) IDTs of the hexane isomers in air at φ
= 1, 15 bar, measured in an RCM (a) and in a HPST (b), respectively.

13.6 Results and discussion

13.6.1 Model validation

The symbols in Figs. 13.1(a) and 13.1(b) present the IDTs of the four hexane isomers (2MP,
3MP, 22DMB and 23DMB) in “air” at 15 bar, measured in both the RCM and the HPST,
respectively. Simulations were performed using Chemkin Pro [25]. While simulations of the
HPST data assumed constant volume conditions, the RCM simulations used a nonreactive
density profile to take facility effects, including heat losses and the compression phase, into
consideration [12]. The nonreactive volume histories measured in this work are available in
the Supplemental material.

Overall, the agreement between the experimental results and the simulations shown in
Fig. 13.1(a) is satisfactory, indicating that the different reactivities that result from the
molecular structures are generally predicted by the current model. Nevertheless, the model
can be improved as suggested by certain deviations from experiments, especially those at the
high temperature end in Fig. 13.1(a) and those at the low temperature end in Fig. 13.1(b).

All four hexane isomers show pronounced negative temperature coefficient (NTC) be-
havior. However, while that for 2MP and 3MP is similar, the IDTs of 22DMB are longer
than these by a factor of three in the NTC region, and those of 23DMB is a factor of 3
longer than those of 22DMB. These trends are consistent with the observations of Wang et
al. [6], and also correlate with their Research Octane Number (RON), in which 2MP ≈ 3MP
¡ 22DMB ¡ 23DMB in the order of resistance to auto-ignition. A similar trend is also seen
in the low temperature region in Fig. 13.1(a). However, here the experimental differences
between the IDTs of 2MP and 3MP are larger, with 2MP being more reactive. These trends
vary with temperature, leading to cross overs in the reactivity as shown in Fig. 13.1(a). At
around 880 K, a cross over in the reactivities of 22DMB and 23DMB is observed, where the
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Figure 13.2: Experimental (symbols) and model predicted (lines) first stage ignition delay times of the
hexane isomers in air at φ = 1, 15 bar, measured in an RCM (a) and in a HPST (b), respectively.

IDTs of 22DMB almost equal those of 23DMB and become longer than the latter at higher
temperatures. This crossover may correlate with the Motored Octane Number (MON) of
22DMB and 23DMB, which are virtually identical. MON is determined under higher engine
speed (900 rpm) and higher intake temperatures (149 ◦C) compared to that for RON tests
(engine speed at 600 rpm and intake temperature at 52 ◦C). Therefore, MON tests have
higher combustion temperatures. Accordingly, the region in the RCM data that correlates
with MON are expected to be at elevated temperatures. This crossover is well predicted by
the model, with a slight deviation of about 20 K in temperature.

No pronounced crossovers are observed between the reactivities of 2MP and 3MP from the
experimental data. Figure 13.1(a) shows that the reactivity of 2MP is only slightly higher
than 3MP at low temperature and NTC region, which has been well reproduced by the
model. However, the model predicts three crossover points between 2MP and 3MP; two at
lower temperatures which are not obvious and one at higher temperature near the crossover
between 22DMB and 23DMB. Interestingly, the RON and MON of 2MP and 3MP indicate
a slight crossover in their reactivities. More studies are required to determine whether this
is caused by the uncertainties in the experiment or in the model. At around 1000 K, the
reactivities of 2MP, 3MP, 22DMB and 23DMB become similar. This trend is confirmed by
the HPST results also at 15 bar as shown in Fig. 13.1(b). At higher temperatures, the IDTs
of all four isomers are similar.

The first stage IDTs have also been measured in the RCM for the four fuels in air at
stoichiometric condition, p = 15 bar, depicted as symbols in Fig. 13.2. The first stage
IDTs follow the same trend as indicated by the RCM results shown in Fig. 13.1(a) at low
temperatures, except that 3MP has longer IDTs than 2MP. The model reproduces well the
first IDTs and the trend, which are shown as solid lines in Fig. 13.2, indicating that the
current reaction rate rules describe well the low temperature chemical behavior of the four
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isomers.

13.6.2 Model analysis

Reaction pathway diagrams of 2MP, 3MP, 22DMB and 23DMB are shown in Fig. 13.3(a)–
(d) respectively, which are based on a rate of production (ROP) analysis (assuming constant
volume conditions) for the ignition of the fuels at 800 K and 1100 K, at 20% fuel consumed.
The percentage contributions for all of the reaction pathways are provided in red italic
numbers (T = 880 K) and black underlined numbers (T = 1100 K). In general, only the
pathways with a contribution of ¿10% are depicted.

Besides the consumption of Ȯ2QOOH via the formation of ketohydroperoxides (chain
branching) and the olefin + HȮ2 elimination (chain propagation), the alternative isomer-
ization pathway [5, 9, 10] has also been considered in the current model through which
Ȯ2QOOH radicals isomerize to di-hydroperoxyl alkyl radicals Ṗ(OOH)2. For the neatness of
the figure, the consumption pathways of Ȯ2QOOH have been lumped, with the formation of
ketohydroperoxides as branching and the sum of all other pathways as propagating. For all
Ȯ2QOOH radicals with the hydroperoxyl group on a tertiary carbon atom, there is no flux
leading to branching because no ketohydroperoxides can be formed.

In the NTC region (T = 750–900 K), low-temperature chain-branching processes that
promotes reactivity is still important for all four isomers. Fuel derived radicals are mainly
consumed by addition to O2, and the flux going through the addition of Q̇OOH to O2 is
considerable, although strong competition can be observed for HȮ2 elimination from RȮ2,
cyclic ether formation and β-scission of Q̇OOH radicals. On the other hand, the magnitude
of the competition from chain propagating pathways differs according to the fuel structure, as
indicated by the comparison between the four isomers. For example, the addition reactions
of Q̇OOH to O2 for 22DMB and 23DMB are more inhibited by cyclic ether formation from
and β-scission of Q̇OOH radicals, compared to those for 2MP and 3MP, which results in
less flux through the low-temperature chain branching process. In general, there is more
consumption of Ȯ2QOOH radicals via chain propagation rather than chain branching for
22DMB and 23DMB, particularly for the latter. These trends in the reaction flux of the four
fuels could be related to their different reactivities in the NTC regime observed in the RCM
experiments.

A comparison of the reaction pathways of the fuel can reveal the specific structures
that promote or inhibit the reactivity. The overall flux of each fuel radical leading to the
chain branching process could be estimated by the product of multiplying all contribution
percentages along the relevant pathways starting from the addition of fuel radical to O2, as
shown in Tables 13.3–13.6. This means the branching ratio in the production of different
fuel radicals could largely affect the predicted reactivity by the current model in the NTC
region, because only some of them efficiently lead to chain branching. For example, the
production of IC6-4 radical (see Fig. 13.3 for species structures) leads to chain branching
most efficiently, followed by the production of IC6-1 radical; while the production of IC6-2
and IC6-3 radicals contribute less to chain branching, or may even inhibit chain branching
since they compete with the production of IC6-4 radicals.
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Figure 13.3: Reaction pathway diagrams of (a) 2-methylpetane, (b) 3-methylpentane, (c) 2,2-
dimethlybutane and (d) 2,3-dimethylbutane based on the rate of production analysis at φ = 1, P = 15
bar, T = 800 K and 1100 K. Percentages of contribution are marked in red italic (800 K) and black under-
lined numbers (1100 K). 328



Table 13.3: The overall flux of each fuel radical leading to a chain branching process for the oxidation of
2-methylpentane based on a rate of production analysis at p = 15 bar, T = 800 K. Within the chemical
structure notation, a (C) represents a branched carbon bonded with the chained carbon preceding it, while
Ċ corresponds to a radical site.

Fuel Radical Name Flux %

ĊC(C)CCC IC6-1 5.03

CĊ(C)CCC IC6-2 0.00

CC(C)ĊCC IC6-3 1.77

CC(C)CĊC IC6-4 27.25

CC(C)CCĊ IC6-5 4.38

Table 13.4: Refer to Table 13.3 caption, and replace “2-methylpentane” with “3-methylpentane”.

Fuel Radical Name Flux %

ĊCC(C)CC I3C6-1 9.48

CĊC(C)CC I3C6-2 13.95

CCĊ(C)CC I3C6-3 0.00

CCC(Ċ)CC I3C6-4 8.60

In the reaction path diagram at 1100 K (Fig. 13.3), the low-temperature chemistry is no
longer important and the fuel radicals readily decompose via β-scission, forming a pool of
smaller species that is similar for all four isomers. This may be one of the reasons why all
four hexane isomers have similar IDTs at high temperatures as indicated by the shock tube
measurements, because the reactivity can be promoted by the high temperature oxidation
of this smaller species pool, which produce reactive radicals via the reaction Ḣ + O2 = Ö +
OH.

A brute-force sensitivity analysis of predicted IDTs was performed at T = 800 K and
1100 K, p = 15 bar, stoichiometric condition, assuming constant volume conditions. Fig. 13.4

Table 13.5: Refer to Table 13.3 caption, and replace “2-methylpentane” with “2,2-dimethylbutane”.

Fuel Radical Name Flux %

ĊC(C)(C)CC NEC6-1 9.02

CĊ(C)(C)ĊC NEC6-3 6.46

CC(C)(C)CĊ NEC6-4 0.08

329



Table 13.6: Refer to Table 13.3 caption, and replace “2-methylpentane” with “2,3-dimethylbutane”.

Fuel Radical Name Flux %

ĊC(C)C(C)C XC6-1 12.42

CĊ(C)C(Ċ)C XC6-3 0.00

Figure 13.4: Sensitivity analysis of the ignition of 2MP, 3MP, 22DMB and 23DMB at P = 15 bar,
stoichiometric fuel/air mixtures, (a)–(d) T = 800 K and (e)–(h) T = 1100 K, respectively.

(a)–(d) present the top 10 most sensitive reactions for the ignition of 2MP, 3MP, 22DMB
and 23DMB at T = 800 K. Reactions with positive sensitivity coefficients inhibit reactivity,
while those with negative coefficients promote reactivity. For all four isomers, the decompo-
sition of H2O2 and the concerted elimination reaction of HȮ2 radicals promote and inhibit
reactivity, respectively. All other reactions shown include relevant fuel chemistry. The hy-
drogen abstraction reactions that produce different fuel radicals are among the most sensitive
reactions, which is consistent with the reaction pathway analysis performed at the same con-
dition. Other reactions that promote reactivity are mainly from the reaction sequences that
most efficiently lead to chain branching, which are already identified in Tables 13.3–13.6 by
the fuel radicals that initiate the reaction sequence. Nevertheless, some competing reactions
appear in the sensitivity analysis results as inhibiting reactivity.

At 1100 K, the sensitivity analysis results shown in Fig. 13.4(e)–(h) indicate that the
most sensitive reactions are mainly from the high temperature chemistry of smaller species,
especially the consumption of methyl radicals which can be readily produced from the de-
composition of fuel radicals for all four isomers. This agrees with the experimental results
in that the IDTs are similar for all four fuels, in addition to the reaction pathway diagram
in which we observe that the fuels are mainly consumed through the decomposition of fuel
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radicals.

13.7 Conclusions

In this work IDTs for the four branched hexane isomers, 2-methylpentane, 3-methylpentane,
2,2-dimethylbutane and 2,3-dimethylbutane were measured in the HPST and in an RCM
at NUIG for stoichiometric fuel/air mixtures, p = 15 bar over the temperature range of
600–1300 K. Low- and intermediate-temperature fuel reactivity was found to correlate with
the fuel molecule structures, with 2-methylpentane and 3-methylpentane being relatively
more reactive, followed by 2,2-dimethylbutane, and with 2,3-dimethylbutane being the least
reactive. Similar trends were mostly observed in the first-stage ignition at low temperatures,
while the reactivity of all four isomers becomes approximately the same at high temperatures.
A detailed kinetic mechanism for the four isomers was developed using consistent reaction
rate rules. Model predictions show good agreement with both the first- and second-stage
ignition times measured in the experiments, as well as the trends in their reactivities over
the entire temperature range, suggesting that the reaction rate rules can describe the fuel
chemistry of the four branched alkanes under the conditions investigated. Reaction pathway
and sensitivity analyses revealed the reaction pathways that are critical in promoting (and
inhibiting) the reactivity of the hexane isomers, and highlights the correlation between the
fuel molecular structures and their reactivities. These conclusions provide insights into the
oxidation mechanisms of the four branched hexane isomers through both the experimental
and kinetic modeling results. The proposed reaction rate rules will be implemented and
tested in kinetic model development for larger branched alkanes. One example of this appli-
cation in the kinetic model development for iso-octane has been included in the Supplemental
material.
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14.2 Abstract

The present work is an experimental campaign who aims to provide valuable experimental
data for three binary toluene reference fuels (TRFs) with varying compositions. Measure-
ments have been performed using both a high-pressure shock tube and a rapid compression
machine, at two compressed pressures (10 and 30 bar) and at three equivalence ratios (0.5,
1.0 and 2.0). The purpose of the work is to address this kinetically ill-defined low tempera-
ture regime of toluene oxidation, both experimentally and with the assurance of a chemical
kinetic model. In particular, the performance of the recently published detailed toluene
oxidation mechanism has been assessed against newly acquired validation data. Therefore,
three different mixtures were measured with varying toluene content (50%, 75% and 90%
(mol.)). The study included measurements for a wide range of conditions.

14.3 Introduction

In order to address the complexity of commercial multicomponent fuels, both in labora-
tory combustion research, as well as related computational work, fuel surrogates are used.
Throughout the years transportation fuel surrogates consisted of the primary reference fuels
(PRF), e.g. n-heptane and iso-octane, due to their octane rating values. These surrogates
succeeded in matching the ignition characteristics of the actual fuels, but failed to match
the dependence of the ignition delay time (IDT) on the conditions prevailing (temperatures,
pressures, etc.) in real-life applications. This flaw is mainly attributed to the increased
Arrhenius behaviour of these fuels at intermediate temperatures compared to other alkanes
and needs to be tackled through a more complex surrogate fuel formulation. This can be
resolved by the addition of toluene, the simplest methylated aromatic species that consti-
tutes a representative of this chemical family, which is a major component of commercial
fuels [1]. However, the oxidation of toluene is still not well described, despite research efforts
to do so. The main uncertainties are observed in the low temperature regime at engine
relevant conditions. This is due to the lack IDT validation data, mainly attributed to the
low reactivity of the fuel. In order to accommodate the measuring capabilities of IDT in
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devices such as high-pressure shock tubes (HPST) and rapid compression machines (RCM)
in the framework of this study toluene was blended with n-heptane, increasing its reactivity.
n-Heptane was chosen as a radical initiator due to its high reactivity, its standing as a PRF
and due to the fact that its model has been recently validated. [2].

To the authors knowledge, only two previous studies measuring the IDT of toluene/n-
heptane mixtures exist. Hertzler et al. [3] focused on lean and stoichiometric mixtures of 28%
n-heptane/72% toluene (vol.) at various pressures, offering six datasets of experimental data
for further modelling. Moreover, a study of toluene/iso-octane and toluene/n-heptane (10/90
and 40/60 %vol.) mixtures were measured in a shock tube at 40 bar for two equivalence
ratios (φ = 0.5 and 1.0), showing that the leaner mixtures exhibited slower autoignition [4].
The authors concluded that the contribution of toluene on the kinetics of the main fuel is
only minor in such low concentrations.

The present work, extends the existing literature data to a wider range of conditions and
offers the opportunity to experimentally access the low temperature chemistry of toluene
at several conditions, within the framework of a TRF. These data may be used for further
modeling and revalidation of the existing toluene mechanism in the future. Three different
blends of toluene/n-heptane, namely 50/50, 25/75,10/90 by mole fraction, were measured
at lean, stoichiometric and rich conditions (φ = 0.5, 1.0 and 2.0) for compressed pressures of
10 and 30 bar, giving in total 18 datasets in the temperature regime between 650–1450 K.
All experiments were carried out in the HPST and RCM facilities at the National University
of Ireland Galway (NUIG).

14.4 Experimental setup

14.4.1 High pressure shock tube

Ignition delay times for higher temperatures i.e. the temperature range between 800–1400 K,
were measured in the NUIG HPST. The experimental setup has been described previously
[4], thus it will be only briefly described here. The tube consists of two separate sections; the
driven section, where the mixture sample is loaded and the driver section where He or He/N2

is introduced. These sections are 5.73 and 3 m long, respectively, and are separated by a
3 cm long double diaphragm (middle) section. The aluminium diaphragms are pre-scored
before each experiment. Their thickness was chosen to ensure a clean burst in an iterative
manner. After the mixture is introduced into the driven section, the driver and middle
sections are filled with the driven gas to roughly half of the driver gas pressure. Following
this, the middle section is isolated and the driver section is filled to the driver pressure.
The gas from the middle section is then evacuated and the pressure difference is sufficiently
high to burst the diaphragms. The high-pressure driver gas expands rapidly into the driven
section creating a shock wave that reflects off of the tube end-wall and compression heats the
mixture to the desired conditions. The achieved shock velocity is measured by interpolating
the shock arrival time at six PCB 113B24 pressure transducers along the driven section. A
603B Kistler pressure transducer is used to monitor the pressure of the gas at the endwall.
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The ignition delay time is defined as the time elapsed between the arrival of the shock wave
at the endwall and the ignition event. The mixture was prepared by controlling the partial
pressure of each constituent species in a stirred stainless steel mixing tank, which enhances
mixing. A heating system was installed on the mixing tank and the piping leading to the
HPST in order to ensure that the fuel would remain in the vapour phase. The Antoine
Poisson approximation was used in order to identify the quantity of fuel that could be added
to the mixing tank, without condensation occurring. The values for the parameters A, B
and C were taken from [5]. The entire experimental apparatus as well as the surrounding
periphery, such as manifolds, piping and mixing vessel were heated to 60 ◦C but not higher,
in order to avoid causing any damage to the equipment (pressure transducers etc.). The
mixture was made, ensuring that the partial pressures of each of the fuels would remain at
a value at least half of its vapour pressure.

14.4.2 Rapid compression machine

The rapid compression machine used in this study is one of the twin RCMs currently in
operation in the Combustion Chemistry Centre at NUIG. It is the RCM built by Shell
[6] and later re-commissioned at NUIG [6]. A detailed description can be found in these
publications, a short description follows here. Two opposite facing pistons are pushed forward
to volumetrically compress a fuel mixture. At the end of compression, which lasts about 16
ms, the pistons are locked forward and maintain a constant reactor volume, thus allowing a
constant volume reaction to take place. The motion of the pistons is controlled pneumatically,
while a chamber filled with hydraulic oil surrounding the connecting rod is used to release
and lock the pistons. The RCM has a 168 mm stroke and a 38.2 mm bore. The position of
the pistons is monitored with a Positek P100 linear inductive position sensor that is within
the hollow connecting rod. The pressure inside the reaction chamber is measured with a
Kistler 6045a mounted in the reaction chamber wall. A Kistler 5018 is used to amplify the
pressure trace, while a Sigma 90 oscilloscope by Nicolet Technologies sampling at 20 kHz
and 12-bit resolution is used for recording the traces. The pressure traces are filtered by a
hardware Buttersworth low-pass filter with a cut-off frequency of 3 kHz, after amplification.

The ignition delay time is defined as the time between end of compression and the max-
imum pressure rise due to chemical reactions. The temperatures at the end of compression
were adjusted by varying the initial temperature of the chamber. This was achieved by
the installation of an electrical heating system. The heating system has been optimized to
minimize stratification in the chamber. A more detailed description of the heating system
installation can be found in [8]. The maximum initial temperature was 105 ◦C in order to
avoid degradation of the seals inside the machine. Nitrogen was used as a sole diluent for the
low temperature measurements, while Argon was added in the mixtures in order to proceed
to the higher temperature regime and couple the RCM data with the ones obtained in the
HPST. Throughout the measurements the deviation from the desired compressed pressure
was maintained below 1%. The pistons used in this study are creviced leading to a sup-
pression of the roll-up vortices that otherwise for within the boundary layer gas, offering
higher homogeneity in the mixture. They are a modified version of the ones proposed in [9].
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Figure 14.1: HPST (closed symbols) and RCM (open symbols) measurements against simulation data for
all measured toluene/n-heptane ratios.

Heptane was supplied by TCI UK with a purity of 99%. Toluene was supplied by Sigma
Aldrich and at a purity of 99.9%. Neither fuel was subjected to any further purification
process. The fuels samples were blended by mass on a high precision scale. Nitrogen, argon
and oxygen were provided by BOC Ireland.

14.5 Chemical kinetic model

The kinetic scheme used in the present work is the NUI Galway detailed model which is
based on the AramcoMech1.3 [10]. The NUI Galway mechanism can very well describe
the chemistry of lower hydrocarbon species such as methane, ethane, ethylene, propene,
acetylene, formaldehyde, acetaldehyde, methanol, ethanol and dimethyl ether. It has been
validated extensively against experimental data from fundamental lab-scale configurations
(e.g. ST, RCM, JSRs etc.) A C5 sub-mechansim was recently added [11], revisiting the low
temperature chemistry of three pentane isomers. In a more recent work the hexane isomers
were studied and reassessed [12] and added. The oxidation of n-heptane has also been
updated and validated against experimental data from jet stirred reactors, rapid compression
machines and shock tubes [2].

The mechanism in its current state is taken from a work studying toluene/dimethyl
ether (DME) mixtures [13], and consists of 1313 species and 5604 reactions. The toluene
sub-mechanism is largely based on a previous LLNL [14] model. New reaction classes were
added and reactions were updated in the framework of [13]. Most changes included reactions
of the fuel with ȮH and O2. Benzyl radical recombination reactions were also re-estimated.
Simulations were carried out utilizing the Aurora module of CHEMKIN-PRO [15] with
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Figure 14.2: HPST (closed symbols) and RCM (open symbols) measurements against simulation data at
varying pressure for (a) 50/50 toluene/n-heptane mixtures (b) 75/25 toluene/n-heptane mixtures.

constant volume conditions. Heat loss effects due to the facility for the RCM simulations as
described in [16] are taken into consideration in simulations.

14.6 Results and Discussion

The current work attempts to address the kinetically ill-defined low temperature regime
of toluene oxidation, both experimentally and computationally with simulations carried out
with the chemical kinetic model of NUIG. In particular, the performance of the recently pub-
lished [13] detailed toluene oxidation mechanism has been assessed against newly acquired
validation data. No changes have been made to the mechanism, as this study constitutes
only a description of the experimental findings. In this section an overview of the experi-
mental and computational results is carried out. Figure 14.1 shows the effect of increasing
toluene concentration in the mixtures. As the toluene content increases the reactivity of
the mixtures drops leading to longer ignition delay times. Toluene also seems to have an
impact on the shape of the curve. The Arrhenius behaviour of n-heptane at intermediate
temperatures is less pronounced in the mixture containing 75/25 toluene/n-heptane mixture
compared to the 50/50 mixture.

A comparison between data at different pressures is seen in Figs. 14.2(a) and (b). As
expected, measurements at higher pressures yield shorter ignition delay times, due to higher
reactant concentrations at these conditions. A thorough examination of Figs. 14.2(a) and
(b) shows that the effect of pressure is stronger in the stoichiometric mixtures at high tem-
perature, therefore the distance between the two curves is initially higher, while the two
curves come closer at low temperatures. The opposite is observed for the lean mixtures
where the gap between the curves decreases as the temperature increases. For both lean and
stoichiometric mixtures the NTC behaviour is more pronounced at low pressures (10 bar).
The simulated results are in satisfying agreement at high temperatures (> 1000 K). At lower
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Figure 14.3: HPST (closed symbols) and RCM (open symbols) measurements against simulation data for
75/25 toluene/n-heptane mixtures with varying equivalence ratios.

temperatures, although the curve follows the shape of the measurements, the model seems
to be a slightly slower compared to experimental measurements.

Figure 14.3 depicts the comparative results between all equivalence ratios for 75% toluene/25%
n-heptane mixtures. The simulated results yield satisfying agreement with the experimental
data, posing small discrepancies in the rich case at low temperatures.

In Figs. 14.4(a) and (b) a comparison between simulations and experimental data for
HPST measurements is presented showing excellent agreement.

As the current study constitutes only an experimental campaign and no modeling changes
have been made, only a small description of the toluene oxidation will be provided. A
sensitivity analysis was carried out at the time at which 20% of the fuel was consumed.
Toluene oxidation will initiate with ȮH radicals abstracting hydrogen atoms from the fuel
either from the methyl or from the ring group. The first reaction is inhibiting reactivity since
it leads to the formation of the benzyl radical which is more stable than its isomer. The benzyl
radical can then react to form either C2H5O, C7H8O2, C6H5CH2O or recombine to form
C14H14. While the latter reaction paths are important throughout the whole temperature
regime the first one loses importance as temperature increases. C7H8O2 will decompose
yielding C6H5CH2O which after two consecutive hydrogen abstractions will form C6H5CO.
At low temperatures it will react with hydrogen or HO2 reforming back to C6H5CHO, while
at higher temperatures it will produce phenyl radical and carbon monoxide. Oxygen will
be added to the phenyl radical forming C6H5OO. After breakage of the O–O bond phenoxy
and oxygen radical will be formed, which in turn will abstract a hydrogen forming phenol.
Following, phenol will react to form further oxygenated species, such as the benzoquinone
etc. until it breaks down to C3 and C4 species. As already mentioned, the benzyl radical
can also recombine to form C14H14. This path contributes approximately 20% to the total
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Figure 14.4: HPST measurements against simulation data for 75/25 toluene/n-heptane mixtures.

decomposition route all temperatures. After being subjected to hydrogen abstraction and
oxygen addition reactions etc. (see Fig. 14.5) the species will end up forming C6H5CHO,
the decomposition of which has been described above. The inhibiting nature of the benzyl
radical recombination leading to bi-benzyl (C14H14) can be observed by the fact that after
many reaction steps it will end up yielding C6H5CHO which is the main decomposition path.

14.7 Conclusions

The purpose of this work is to provide extensive experimental ignition delay time data of
toluene/n-heptane mixtures, allowing for the future reassessment of the low temperature
oxidation of toluene but also to address the chemical effect of toluene on n-heptane ignition
characteristics. A comparison between the current mechanism and the measurements posed
satisfying results showing the paraffinic behaviour of n-heptane, with a pronounced NTC,
especially at higher pressures and highlighted regions were the model needs further devel-
opment. In general, it was observed that as toluene concentration increased in the mixture
composition the NTC was less pronounced and the ignition delay time increased, since ox-
idation of n-heptane was inhibited by toluene. This confirmed the findings of a previous
study [4], suggesting that higher concentration of toluene is needed in order to affect the
NTC of n-heptane. Interestingly, lean mixtures posed higher reactivity at temperatures in
the range 150–1400 K. In general, the need for further work of the toluene low temperature
chemistry is recognized.
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Figure 14.5: HPST measurements against simulation data for 75/25 toluene/n-heptane mixtures.
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Chapter 15

A comprehensive experimental study
of the effect of fuel interchange on
species profiles on a swirl stabilized
flame

Prepared for submission to Fuel.

15.1 Authors and Contributions

(1) Jose J. Rodriguez-Henriquez
Brandenburg University of Technology
Contribution: Experimental measurements and manuscript preparation.

(2) Colin Banyon
National University of Ireland, Galway
Contribution: Experimental measurements and manuscript preparation.

(3) Zisis Malliotakis
National Technical University of Athens
Contribution: Experimental measurements and manuscript preparation.

(4) Christos Keramiotis
National Technical University of Athens
Contribution: Experimental measurements and manuscript preparation.

(5) George Vourliotakis
National Technical University of Athens
Contribution: Manuscript review.

343



(6) Fabian Mauss
Brandenburg University of Technology
Contribution: Project Management and manuscript review.

(7) Henry J. Curran
National University of Ireland, Galway
Contribution: Project management and manuscript review.

(8) Maria Founti
National Technical University of Athens
Contribution: Project management and manuscript review.

15.2 Abstract

The swirl-stabilized flame configuration considered in the present work attempts to emulate
the reaction environment of commercial combustors while allowing the versatile use of a
variety of diagnostic techniques. The gaseous fuels studies investigate the recent trend of
maritime liquefied gas carriers to burn natural gas or liquefied petroleum gas as part of
their cargo, while the liquid-fueled cases act as a baseline to emulate automotive engines
combustion, where n-heptane and iso-octane have become the de facto surrogate compounds
for petroleum-derived ground transportation fuels. The work analyses the changes on the
concentration of stable combustion intermediate species formed throughout the profile of
stoichiometric flames produced, when the oxygenated DME fuel and non-reactive diluents,
are doped into the inlet fuel and air flows, respectively.

15.3 Introduction

The current research trend translates into the pursuit of the optimized complementarity be-
tween a more economical and an environmental friendly engine. In addition, as decentralized
power production is winning its place, there is an even increasing penetration of renewables
in the residential and industrial sectors, bringing about a variety of hybrids. As a result,
combustion-driven technologies ought to adapt to augmented operation capabilities at differ-
ent scales. These engine scales are in fact even greater, taking into account that automotive
and maritime transportation largely depend on fossil-fueled ICEs. However, maritime en-
gines, when approaching regulation-restricted areas consider their carrier to be their fuel of
choice, for example LNG or LPG carriers burn their boil-off gas, or burn a mixture with
conventional marine diesel in dual fuel approaches. Dual fuel approaches for LPG and diesel
were studied previously [1,2]. An equally broad spectrum of engines operates with liquefied
petroleum gas (LPG) [3], whereas hydrogen is less considered in large scale engines. Since a
standard LPG is not universally observed, its composition may change significantly between
countries. For example, in Austria the propane/butane ratio is 50/50 and in United King-
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dom it is virtually pure propane [4]. This difference in LPG concentrations could affect the
engine operability and therefore its design as previous studies pointed out [5].

For the study of liquid fuels, n-heptane and iso-octane are used as surrogates with a
matched octane rating of common distillate fuels. n-Heptane was studied in a swirl burner
previously in [6-8], but no speciation results were obtained. Swirl flames of iso-octane were
studied in [9] and flame speeds of both liquid fuels were studied in [10].

Apart from considering new fuel mixtures, engine research is shifting towards mild op-
erating conditions in order to avoid the soot and NOx formation valleys in phi-temperature
space. The latter possess additional challenges for optimized engine operation with respect
to fuel flexibility. Mild operating conditions are in principle achieved via enhanced premixing
and lower temperatures. Enhanced premixing is achieved via swirl squish and turbulence,
as well as by employing sophisticated injection schedules in engines. On the other hand,
lower temperatures are achieved by introducing inert streams; the most practical approach
to achieve this in engines is via Exhaust Gas Recirculation (EGR), or by injecting oxygenate
species in the fuel stream (DME). Therefore, a fundamental study of the interaction of the
potentially renewable fuel (DME) addition on the fuel stream is also of interest. Conse-
quently, the flame, in this study, is subjected to thermal, dilution and eventually chemical
effects which need to be systematically addressed and accounted for with respect to the
constituents and the initial conditions.

In the framework of the present study a swirl-stabilized burner configuration was uti-
lized. Swirling flows ensure effective fuel and air mixing and provide an aerodynamic flame
stabilization for controlling flame shape and size. The burner of choice presents enhanced
premixing, increased fuel interchange ability and it is operated on a controlled and confined
environment; features which facilitate the purpose of this work. The same configuration
has been utilized in a similar manner on a benchmark study on the effect of various dilu-
ent streams addition on methane-fueled stoichiometric flames [5,11] and studies on similar
configurations are reported by different authors [12-20].

The current work presents flame measurements on a laboratory-scale swirl stabilized
burner for methane (LNG), and commercial LPG and high purity propane (HPP), n-heptane
and iso-octane, under a constant nominal thermal load of 5 kW. Symmetry axis measure-
ments for all major combustion products and pollutants have been performed on a dry-basis
with a continuous gas analyser (GA). Detailed speciation measurements for the flame front
area have been acquired with a gas chromatographer (GC) equipped with a flame ionization
detector (FID).

The present work provides a benchmark for comparison and characterization of pollutant
concentrations with respect to systematic changes in the fuel and oxidizer stream. The results
are discussed towards exploiting the influence of commonly employed engine techniques in a
controlled environment.
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Figure 15.1: Unfiltered photographs of a methane flame at (a) Ti = 373 K, neat (b)Ti = 373 K, +10%
DME (c) Ti = 573 K, neat (d) Ti = 573 K, +10% DME.

15.4 Experimental Method

An in-house designed laboratory-scale swirl burner was utilized for this study. The installa-
tion and its configuration were previously described in detail [11], however a short description
is given here. The burner tip has an internal diameter of 21mm. The fuel is supplied from a
coaxial, smaller, inner pipe situated 12mm below the burner surface. The oxidizer and dilu-
ents (when applicable) are supplied from the external main pipe. The swirl flow is generated
by separating the oxidizer flow into three feeds, then tangentially introducing two of them
via two semi-circular tubes situated eccentrically to the main one.

The air stream flow rate was controlled using Bronkhorst mass flow controllers calibrated
for an inlet pressure of 5bar and with a total flow capacity of 800slpm. The high purity fuels,
methane, propane and dimethyl ether (DME), were supplied by Air Liquide in pressurized
cylinders. The n-heptane and iso-octane were supplied by Sigma Aldrich with a purity
higher than 99%. The methane and propane flow rates were controlled by a Bronkhorst
mass flow controller with a total flow capacity of 120slpm, whereas the CP was monitored
with a 3 bar propane-calibrated rotameter (3 to 30slpm). The DME flow was controlled with
an air calibrated rotameter following the criteria of Stoyanov and Beyazov [21] with a range
from 0.4 to 4 slpm. The CP and DME were not controlled with a mass flow controller since
impurities in the first one and high reactivity in the second one affected their operability and
finally damaged the equipment. Nitrogen and carbon dioxide were controlled by identical
mass flow controllers. The water was introduced in the system by an electronically controlled
peristaltic pump, through a copper loop, where the liquid water was fully vaporized. The
liquid fuels were supplied with an in-house designed and constructed pressurized pump and
controlled with a gravimetrically calibrated rotameter. The evaporation system was also
developed in the Laboratory of Heterogeneous Mixtures and Combustion System of the
National Technical University of Athens and a complete and reliable constant evaporation
and supply of fuel was achieved.
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Figure 15.2: Concentrations of the pollutants CO and NO for neat and DME doped methane, propane,
and commercial propane flames as a function of burner pre-heating and diluent addition.

On the analytical side, two main system are identified. The first one is a GA, and
its employed and major components are measured downstream the symmetry axis and the
second one where a GC is used to measure hydrocarbon concentrations lengthwise within
the flame front. A complete detail of the analytical systems used can be found elsewhere [5].

15.5 Results and Discussion

The visuals different of the flame colour and shape for the different fuels were investigated.
An example for the methane flame is showed in Figs. 15.1(a) to Figure (d), where the effect
of DME is shown for two preheating levels. In both cases, a 10% addition of DME in the
fuel stream shown a slightly brighter flame and the “cone-shape” created by the swirl flow
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Figure 15.3: Concentrations of the pollutants CO and NO for neat and DME doped n-heptane and iso-
octane flames as a function of burner pre-heating and diluent addition.

is slightly more opened. The flame with the preheating oxidizer stream at a temperature of
573K showed an even brighter flame with a taller flame shape.

The characterization analysis for the addition of DME in the fuel stream was evaluated
for methane and propane while the total thermal load was kept constant at 5 kW (Figs.
15.2(a) and (b)). The CO production increased between 25 and 75 mm from the burner
tip when the DME was added to the methane and propane flame. However, this increase
is not as prevalent when the oxidizer stream is preheated at 573K. In addition, the added
preheating decreases the CO concentration when DME is added to the methane flame.

The NO concentration showed the same response when the DME was added for both
fuels since this is lower for heights below 50 mm and greater afterwards. As observed in the
CO concentration, the nitrous monoxide concentration is not greatly affected by the DME
addition when the oxidizer stream is preheated. No difference was observed for the methane
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Figure 15.4: Acetylene concentrations for neat and DME doped methane and propane flames.

flame, and slightly lower NO concentration is observed for the propane one. The addition
of diluents like 10% CO2, N2 and a mixture of 10% CO2 in N2, for flames with commercial
propane, high purity propane and methane were evaluated (Figs. 15.2(c) and (d)). For both
cases, CO and NO concentration, the addition of diluents tends to decrease its production.
The lower concentration of CO is found for the methane flame with the addition of 10%
CO2 or 10% diluent-mixture and for the propane cases the 10% CO2 showed the greater
reduction. For the NO concentration, the addition of 10% CO2 is the one that shows the
greatest reduction.

The liquid fuels were also mixed with DME and the oxidizer stream was also mixed with
a flow of 10% CO2 in N2 for two preheating temperatures (373K and 573K). The NO and
CO concentration for n-heptane and iso-octane flames are plotted in Fig. 15.4.

The flames with n-heptane showed a greater CO concentration at 50 mm from the burner
tip. The addition of DME showed a larger production of CO further downstream, however
this increase is more prevalent for the n-heptane flame than for the iso-octane. The small
reduction for the n-heptane and DME flame when preheated at 573K is not observed in the
iso-octane and DME flame. As seen in previous studies of other fuels [5,11], the addition
of diluents for both flames produce a drastic reduction in CO concentrations at 25mm and
closer to the burner tip.

No considerable differences were observed when compared the n-heptane and iso-octane
flames in Figs. 15.4(b) and (d). The addition of preheating in the oxidizer stream is affecting
the production of NO in all the analysed range as well as it was observed in the CO mea-
surement. The addition of any diluent diminishes the NO concentration. The hydrocarbons
found in the flame front for the tested fuels are CH4, C2H2, C2H4, C2H6, C3H4, C3H6, C3H8,
i -C4H8, n-C4H8, i -C4H10, n-C4H10. The trends of the C2H2, an important soot precursor,
will be discussed below.
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Figure 15.5: Acetylene concentration for every condition considered in this study.

In Fig. 15.4 the C2H2 concentration for methane, methane + DME, propane and propane
+DME at two preheating levels are presented. For the methane flame, the production of
acetylene was reduced by nearly 80% when the oxidizer stream was preheated, and by more
than 70% when without preheating a flow of DME was added. The addition of preheating in
the oxidizer stream showed similar effects in the propane flame. The C2H2 is almost totally
consumed at 21mm from the burner for all the tested fuels and conditions.

Figure 15.5(a) shows the C2H2 concentration for a methane flame under different diluents
conditions. Two preheating temperatures were tested, no PH or 293K and 573 K. Although
the greatest acetylene reduction is found when the oxidizer stream in a methane flame is
preheated to 573K the DME addition is also showing a considerable reduction of C2H2

concentration. The addition of a diluent stream of 10% produce a similar effect for the
methane and methane + DME flames. Closer to the burner tip a decrease of acetylene
concentration is found for the methane flames and an increase for the methane + DME
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flames. For a sampling position of 21mm and above of the burner tip no acetylene was
found for the non-diluted cases, however when a diluent was added to the oxidizer stream a
concentration of about 0.02% of C2H2 can be found and it does not disappear until the last
sampling point.

The acetylene concentration profile for various conditions on a propane flame is presented
in Fig. 15.5(b). A similar trend can be found for the propane and propane + DME flame,
with a steady consumption up to 21 mm from the burner tip where no more C2H2 can were
found. The addition of diluents in the oxidizer stream produces an increase in acetelyne over
the tested range about 40%, however this increase is greater at 60% when pre-heating is also
applied. All the cases with diluent addition showed a greater concentration of acetylene for
positions higher than 21 mm when compared with the cases without any addition.

The C2H2 concentration profile at different conditions for n-heptane and iso-octane flames
are shown in Figs. 15.5(c) and (d), respectively. The acetylene concentration for the iso-
octane flames is much lower than for the n-heptane flame, since the former is a branched
compound. In general, tests with diluent addition showed a slightly greater concentration of
C2H2 when compared with the non-diluted flames. The n-heptane flame with DME addition
showed three times more C2H2 at the burner tip when a preheating of 373K was present in
the oxidizer stream.

15.6 Conclusions

Speciation results for symmetry axis and flame front measurement for a swirl stabilized
burner at two preheated temperatures and diluent addition for methane, propane, com-
mercial propane, n-heptane and iso-octane are presented. A reduction of the CO and NO
concentration was observed for all the analyzed fuels when a flow of 10% of diluent were
added to the oxidizer stream. The addition of preheating to this stream was found to have a
negative effect in the CO and NO concentration in all the range. The methane flame showed
the greater increase in CO concentration when a flow of 10% DME was added to the fuel
stream. The addition of diluents produces a slower consumption of acetylene, this effect
occurs specially at 21 mm from the burner tip and further downstream. The addition of
DME does not showed a notable effect in the C2H2 concentration.
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Chapter 16

General Conclusions

This chapter is divided into two sections: the first presents the conclusions, framed in terms
of the objectives of the wider combustion community, of the main studies reported in this
thesis, while the following section presents the conclusions drawn from the ancillary studies
reported here. The separation of the discussion of these two types of studies does not reflect
the importance of their outcomes, but instead their relevance to the goals of this thesis.

16.1 Main Outcomes

The main objective of this thesis has been the experimental collection of ignition delay
times within STs and RCMs for chemical compounds that typically constitute gasoline.
In summary, IDT experiments for hexane at p=15 bar, φ=1.0 and 2.0 are presented in
Chapter 4, along with a chemical kinetic model for the oxidation of this species. Ignition
delay time experiments for the remaining structural isomers of hexane (2-methylpentane,
3-methylpentane, 2,2-dimethylbutane, 2,3-dimethylbutane) for stoichiometric reactant mix-
tures compressed to 15 bar are reported in Chapter 13, along with corresponding chemical
kinetic oxidation models for each species. In addition, IDT experiments for φ=0.5, 1.0, and
2.0 mixtures of heptane compressed to 15, 20, and 38 bar have been reported in Chapter 5,
along with an updated kinetic oxidation mechanism for the PRF. An IDT experiment and
modeling study of the heptane isomer 2-methylhexane is reported in Chapter 6, where ST
and RCM data have been collected at φ=0.5 and 1.0, p=10, 15, and 20 bar. Experiments
for the remaining isomers of heptane (2-methylhexane, 3-methylhexane, 3-ethylpentane,
2,2-dimethylpentane, 2,3-dimethylpentane, 2,4-dimethylpentane, 3,3-dimethylpentane, and
2,2,3-trimethylbutane) have been reported in Chapter 3, at φ=0.5 and 1.0, p=10, 15, and 20
bar. Experiments for stoichiometric mixtures of the PRF 2,2,4-trimethylpentane compressed
to 15 and 20 bar have aided the refinement of a detailed oxidation mechanism for this species
in Chapter 7. Chapter 8 presents a chemical kinetic model for the oxidation of cyclopentane
along with IDT experiments measured at φ=0.5, 1.0, and 2.0, p=13, 20, 40, and 50 bar.
New experiments for toluene at φ=0.5, 1.0, and 2.0 at p=10 and 30 bar have been reported
in Chapter 14. Chapter 9 reports a new oxidation mechanism and RCM data on the cetane
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enhancer 2-ethyl-hexyl nitrate (2EHN), where experiments were performed for 0.1, 1.0, and
3.0% EHN doped RON 91 PRF mixtures compressed to 20 bar.

Oxidation mechanisms for each of the species mentioned above have been constructed,
using both the experimental ignition delay times detailed above along with both ST, RCM
and JSR experiments taken by collaborators. While good agreement has been reported
between the experimental data and their corresponding simulations, each mechanism has
been developed independently. Naturally, the simulation tools are most effective combined
into a single gasoline surrogate mechanism. Doing so presents an opportunity for future
work.

On one hand, the results of this thesis present a step forward within the combustion
community in regard to the available tools for kinetic simulations of the oxidation process
of real gasolines. The community has relied on the use of available surrogate models to
represent the complexity of real fuels, at the cost of accuracy within simulated chemical and
thermodynamic parameters. With the models developed as part of this thesis, virtually all
of the alkane components of gasoline can be directly simulated without the need for use of
“matched parameter” or “surrogate” approximate methods.

The classes of compounds investigated as part of this work extend beyond alkanes, and
consider a few examples of alkyl-benzenes, alkenes, and cyclic alkenes, which constitute large
fractions of real gasolines. Although the models developed within the studies presented here
are not sufficient to model the wide variety these species found in real fuels, they serve as
the cornerstone for future models where the important classes of reactions governing the
oxidation processes of these types of fuels are noted.

On the other hand, the detailed chemical models presented within this thesis are ex-
tremely computationally expensive, to the point that prohibits their use in all but the most
reduced-order, computationally lean system models. Future work is needed to improve the
computationally tractability of these models to make them computationally accessible to the
average user.

The collection of validation targets for these models has required and extension of lab-
oratory reactors past their historic constraints. For instance, the NUIG RCM has been
completely overhauled to modernize the operation and diagnostics of the machine. How-
ever, one especially cumbersome experimental challenge of working with “real fuel” relevant
compounds has been achieving sufficient vapor pressure in experiment.

In this vein, chapter 12 presents a study examining the effectiveness 3.39 µm laser light
as a general diagnostic for measuring fuel concentrations in combustion reactors. A compre-
hensive set of chemical compounds is experimentally assessed, and a novel computational
quantum chemistry process is explored in order to interpret experimental results.

Both this experimental and simulation technique have been demonstrated as suitable
tools for extending laboratory combustion experiments to the high pressure conditions of
current automobile combustion technology.
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16.2 Ancillary Outcomes

Chapter 10 reports an experimental investigation of fuel interchange and engine operat-
ing environment on swirl flame topology, where 2D natural OH* and CH* luminescence
imaging was preformed on 5 kW swirl flames of methane, propane, hexane, heptane, 2,2,4-
trimethylpentane, and decane under the influence of exhaust gas recirculation and dimethyl
ether addition.

These experiments have demonstrated the stability of swirl stabilized flames at these
conditions, regardless of fuel molecular structure, dopants, inert gas additions, and ini-
tial temperature. While this result is somewhat trivial, we have demonstrated that swirl
generation within flames remains an effective flame stabilization tactic at a wide range of
thermodynamic conditions where modern commercial reactors operate, but independent of
any single reactor environment. Chapter 15 presents a sister study to the one reported in
Chapter 10, where stable species have been measured for the conditions outlined above by
gas chromatography-flame ionizer detection/thermal conductivity detection. Although this
study is still in an early stage at the time of writing this thesis, the results largely support the
conclusions drawn above. In addition, the added analytical technique allows for the tracking
of pollutant precursors as a function of reaction environment, which has, however, not been
full fleshed out at the time of writing.

Chapter 11 presents simulations which probe the effect of endothermic chemistry on the
heat release profiles of diesel sprays, where metric were developed to determine the effect
of these influences. This study has shed light onto the interpretation of CRU experiments,
where early, post-injection decreases in pressure signals have often been attributed to evapo-
rative cooling of the liquid fuel. The simulation results presented in chapter 11, have added
to this discussion by demonstrating that the initial endothermicity of fuel decomposition can
also lead to a substantial drop in experimental pressure signals.

In final conclusion, a wide array of simulation tools and experimental data has been
added to the combustion community repository during the course of this PhD.
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Appendix A

RCM Adiabatic Core Temperature
Calculator (RCMACTC)

A.1 Input File Format

1 # The first line of this file is reserved for indexing by the code

2 ######################################################################

3 ## ##

4 ## This is the input for the species list and relative molar ##

5 ## fractions of the components. The name of the species should ##

6 ## start in the first space of the input file and be written ##

7 ## exactly as it is written in the THERM.DAT file accompanying ##

8 ## this input file. The molar proportion of the species is then ##

9 ## inputted on the same line as the species name seperated by a ##

10 ## tab. Note that this will be normalized to species mole ##

11 ## fraction automatoically by the code. This also means that ##

12 ## partial pressures or volumes are appropriate inputs. ##

13 ## The species list and molar proportions must be included between ##

14 ## the tags BEGIN_COMPOSITION and END_COMPOISTION ##

15 ## ##

16 ## EXAMPLE ##

17 ## ------- ##

18 ## ##

19 ## line no. 123456789|123456789| ##

20 ## NC7H16 1.000 ##

21 ## N2 1.000 ##

22 ## ##

23 ## This example represents a 50% / 50% molar fraction mixture ##

24 ## of n-heptane and nitrogen. Alternatively this mixture could ##

25 ## be input as: ##

26 ## ##

27 ## line no. 123456789|123456789| ##

28 ## NC7H16 0.500 ##

29 ## N2 0.500 ##

30 ## ##

31 ## NOTE: ##

32 ## ----- ##

33 ## These are acceptable values for molar proportions: ##

34 ## ##

35 ## 1) Coefficients obtained from a species balance used in the ##

36 ## global combustion equation used to determine stoichiometry ##

37 ## ##

38 ## a fuel + b O2 +c N2 => x CO2 + y H2O + z N2 ##

39 ## ##

40 ## where , ##

41 ## ##

42 ## line no. 123456789|123456789| ##

43 ## fuel a ##

44 ## O2 b ##

45 ## N2 c ##

46 ## ##

47 ## 2) Mixture scpecies mol fractions. ##

48 ## ##

49 ## line no. 123456789|123456789| ##

50 ## species_1 x_1 ##

51 ## species_2 x_2 ##

52 ## species_3 x_3 ##
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53 ## ##

54 ## 3) Partial pressures. ##

55 ## ##

56 ## line no. 123456789|123456789| ##

57 ## species_1 p_1 ##

58 ## species_2 p_2 ##

59 ## species_3 p_3 ##

60 ## ##

61 ## These are NOT acceptable values for molar proportions: ##

62 ## ##

63 ## 1) mass fractions ##

64 ## ##

65 ## 2) mass proportions ##

66 ## ##

67 ## 2) relative weights of components ##

68 ## ##

69 ######################################################################

70
71 # Note: version 1.0 of this code uses tab delimination between input text.

72
73 -----------------

74 |spec. |mole |

75 |name |prop. |

76 -----------------

77 BEGIN_COMPOSITION

78 NC7H16 0.000

79 O2 0.000

80 AR 1.000

81 N2 1.000

82 END_COMPOSITION

83
84 ---------------------------------

85 |test |Ti |pi |pc |

86 |[-] |[C] |[mbar] |[bar] |

87 ---------------------------------

88 BEGIN_CONDITIONS

89 001 30.0 500.0 9.97

90 002 45.0 502.1 10.01

91 003 60.0 503.6 9.91

92 004 70.0 504.3 10.06

93 END_CONDITIONS

Listing A.1: Example case input file for RCMACTC; file name “example.inp” (Note: Code will
automatically search for *.inp extension).

A.2 NASA Polynomial Input File Format

1 AR G 5/97AR 1 0 0 0G 200.000 6000.00 1000.00 1

2 2.50000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 2

3 -7.45375000E+02 4.37967491E+00 2.50000000E+00 0.00000000E+00 0.00000000E+00 3

4 0.00000000E+00 0.00000000E+00 -7.45375000E+02 4.37967491E+00 0.00000000E+00 4

5 CO2 L 7/88C 1O 2 0 0G 200.000 6000.00 1000.00 1

6 0.46365111E+01 0.27414569E -02 -0.99589759E-06 0.16038666E -09 -0.91619857E-14 2

7 -0.49024904E+05 -0.19348955E+01 0.23568130E+01 0.89841299E -02 -0.71220632E-05 3

8 0.24573008E -08 -0.14288548E -12 -0.48371971E+05 0.99009035E+01 -0.47328105E+05 4

9 N2 G 8/02N 2 0 0 0G 200.000 6000.00 1000.00 1

10 2.95257637E+00 1.39690040E -03 -4.92631603E-07 7.86010195E -11 -4.60755204E-15 2

11 -9.23948688E+02 5.87188762E+00 3.53100528E+00 -1.23660988E -04 -5.02999433E-07 3

12 2.43530612E -09 -1.40881235E -12 -1.04697628E+03 2.96747038E+00 0.00000000E+00 4

13 O2 RUS 89O 2 0 0 0G 200.000 6000.00 1000.00 1

14 3.66096065E+00 6.56365811E -04 -1.41149627E-07 2.05797935E -11 -1.29913436E-15 2

15 -1.21597718E+03 3.41536279E+00 3.78245636E+00 -2.99673416E-03 9.84730201E-06 3

16 -9.68129509E-09 3.24372837E -12 -1.06394356E+03 3.65767573E+00 0.00000000E+00 4

17 H2O L 5/89H 2 O 1 0 0G 200.000 6000.00 1000.00 1

18 0.26770389E+01 0.29731816E -02 -0.77376889E-06 0.94433514E -10 -0.42689991E-14 2

19 -0.29885894E+05 0.68825500E+01 0.41986352E+01 -0.20364017E-02 0.65203416E-05 3

20 -0.54879269E-08 0.17719680E -11 -0.30293726E+05 -0.84900901E+00 -0.29084817E+05 4

21 H2 TPIS78H 2 0 0 0G 200.000 6000.00 1000.00 1

22 2.93286575E+00 8.26608026E -04 -1.46402364E-07 1.54100414E -11 -6.88804800E-16 2

23 -8.13065581E+02 -1.02432865E+00 2.34433112E+00 7.98052075E -03 -1.94781510E-05 3

24 2.01572094E -08 -7.37611761E -12 -9.17935173E+02 6.83010238E-01 0.00000000E+00 4

Listing A.2: Example input file database for species specific heats “kcal/mol” in NASA polynomial format
for RCMACTC; file name “THERM.DAT” (Note: file name must remain “THERM.DAT”).

A.3 Input File Format
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1 #!/usr/bin/python

2 #######################################################################

3 ############################### Script ################################

4 #######################################################################

5 ## ##

6 ## RCMACTC ##

7 ## ##

8 ##...................................................................##

9 ## ##

10 ## Date: Author: Description: ##

11 ## -------- ------- ------------ ##

12 ## 02/27/15 Banyon Original Code ##

13 ## ##

14 ## Contact: colin.banyon@nuigalway.ie ##

15 ## ##

16 #######################################################################

17
18 import sys

19 import os

20 import numpy as np

21 import math as math

22 import csv

23 import re

24
25 #**********************************************************************

26 #****************************** OBJECT ********************************

27 #**********************************************************************

28 # *

29 # Object containing ANSI formatted ouput for screen printing. *

30 # *

31 #**********************************************************************

32 class bcolors:

33 HEADER = ’\033[95m’

34 OKBLUE = ’\033[94m’

35 OKGREEN = ’\033[92m’

36 WARNING = ’\033[93m’

37 FAIL = ’\033[91m’

38 ENDC = ’\033[0m’

39 BOLD = ’\033[1m’

40 UNDERLINE = ’\033[4m’

41
42 #**********************************************************************

43 #****************************** FUNCTION ******************************

44 #**********************************************************************

45 # *

46 # This function linearly interpolates an array containing a lookup *

47 # of values. In this specific instance an array of the specific *

48 # heat term: *

49 # *

50 # gamma_term_1 = 1. - 1./ gamma = R_u / c_p *

51 # *

52 # has been tabulated in an array as a function of temperature. *

53 # An array of these values and a corresponding array of temperatures *

54 # is passed to the function , along with a temperature of interest. *

55 # This routine finds the specific heat term at the temperaure of *

56 # interest by first finding the next nearest neighbors in the table *

57 # then linearly interpolating between the values. This approach *

58 # may be slightly less accurate than a direct root solve of the *

59 # specific heat polynomial , but is taken here for three main *

60 # reasons. *

61 # *

62 # 1) Enhanced stability. root solvers , especoially secant solvers *

63 # are often numerically unstable. The code can be much simpler *

64 # using a lookup table. *

65 # *

66 # 2) Speed. Root solvers can be computaionally expensive *

67 # especially in numerically difficult regimes such as oscillitory *

68 # domains for high -ordered polynomials , like those for specific *

69 # heat. *

70 # *

71 # 3) This approach is practically easier to impliment and debug. *

72 # *

73 # It should be noted here that this method of using a lookup table *

74 # combined with linear interpolation is well -suited for this *

75 # application because the gas is assumed to be a constant *

76 # composition throughout the simulation. If reactive or other *

77 # varying compoisiton simulations (e.g., phase change) are to be *

78 # conducted this method should be modified to the root solving *

79 # methodology , as creating varying composition look -up tables will *

80 # probably become extremely inefficient. *

81 # *

82 #**********************************************************************

83
84 def lin_interp(table_x , table_y , x):

85
86 n_x = len(table_x)

87
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88 n_y = len(table_y)

89
90 if n_x != n_y:

91 print "linear interpolation arrays for independant and dependant"

92 print "are no the same length"

93 sys.exit()

94
95
96 # for this subroutine to work properly the independant variable

97 # i.e. x needs to be sorted in the table_x array from minimum at

98 # at the first array element to a maximum at the last array element.

99 # if this is not the case then this simple code will not be able

100 # to check if the value I want is in the table.

101 x_min = table_x [0]

102
103 x_max = table_x[n_x -1]

104
105 if x < x_min:

106 print " x is too low. extend the lower bounds of the lookup table"

107 sys.exit()

108
109 if x > x_max:

110 print " x is too high. extend the upper bounds of the lookup table"

111 sys.exit()

112
113 # lookup

114
115 i_flag = 0

116
117 for i in xrange(0,n_x):

118
119 if x >= table_x[i] and x < table_x[i+1]:

120
121 i_x = i

122
123 i_flag = 1

124
125 break

126
127 if i_flag == 0:

128 print "didn’t find what i was looking for"

129 sys.exit()

130
131 prog_frac = (x - table_x[i_x]) / (table_x[i_x+1] - table_x[i_x])

132
133 y = table_y[i_x] + prog_frac * (table_y[i_x +1] - table_y[i_x])

134
135 return y

136
137
138 #**********************************************************************

139 #****************************** FUNCTION ******************************

140 #**********************************************************************

141 # *

142 #**********************************************************************

143
144 def comp_condition(T_i , P_i , P_c , rho_i):

145
146 global T_sp_ht_ary

147 global gamma_term

148
149 # Let’s start things out with a simple trapazoid rule integration.

150
151 n_int = 200

152
153 P_i_bar = P_i / 1000.

154
155 T_i_K = T_i + 273.15

156
157 press_step = (P_c - P_i_bar) / float(n_int - 1)

158
159 # this might be stupid and inefficient , but I am going to make an array for all

160 # of the temperatures and pressures. Maybe some use will come of this later in an

161 # output file or something

162
163 press = np.zeros(n_int)

164
165 temp = np.zeros(n_int)

166
167 rho = np.zeros(n_int)

168
169 rho [0] = rho_i

170
171 press [0] = P_i_bar

172
173 for i in xrange(1,n_int):

174
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175 press[i] = press[i-1] + press_step

176
177
178
179 temp [0] = T_i_K

180
181 gamma_term_T = np.zeros(n_int)

182
183 gamma_term_T [0] = lin_interp(T_sp_ht_ary , gamma_term , temp [0])

184
185
186 T_sec = np.zeros (3)

187
188 f_sec = np.zeros (2)

189
190 gamma_sec = np.zeros (2)

191
192 T_ln_sec = np.zeros (2)

193
194 tol_sec = 1.e-12

195
196 n_sec_max = 20

197
198 relax = 1.0

199
200
201 for j in xrange (0,(n_int -1)):

202
203
204 P_ln = math.log(press[j+1]/ press[j])

205
206 # integrating this turns out to be complete trash , use calculus to switch the operator

207 # do the same for temperature

208 # P_ln = 0.5 * (press[j+1] - press[j]) * (1. / press[j+1] + 1. / press[j])

209
210
211
212 #secant loop ... I probably didn’t need to do all of this.

213 # there are more efficient ways to write this secant solver. I don’t care. These simulations

214 # won’t be too expensive anyway.

215
216 T_sec [0] = temp[j] * (press[j+1] / press[j]) ** gamma_term_T[j]

217
218 T_guess = T_sec [0]

219
220 T_sec [1] = T_sec [0] * 1.01

221
222 gamma_sec [0] = lin_interp(T_sp_ht_ary , gamma_term , T_sec [0])

223
224 gamma_sec [1] = lin_interp(T_sp_ht_ary , gamma_term , T_sec [1])

225
226 # these cause a lot of numerical error , use calculus to switch dT to d lnT

227 # f_sec [0] = P_ln - 0.5 * (T_sec [0] - temp[j]) * (1. / gamma_sec [0] / T_sec [0] + 1./ gamma_term_T[j] / temp[j])

228
229 # f_sec [1] = P_ln - 0.5 *(T_sec [1] - temp[j]) * (1. / gamma_sec [1] / T_sec [1] + 1. / gamma_term_T[j] / temp[j])

230
231 T_ln_sec [0] = math.log(T_sec [0]/ temp[j])

232
233 T_ln_sec [1] = math.log(T_sec [1]/ temp[j])

234
235 f_sec [0] = P_ln - 0.5 * T_ln_sec [0] * (1. / gamma_sec [0] + 1./ gamma_term_T[j])

236
237 f_sec [1] = P_ln - 0.5 * T_ln_sec [1] * (1. / gamma_sec [1] + 1. / gamma_term_T[j])

238
239 T_sec [2] = T_sec [1] - f_sec [1] * relax * (T_sec [1] - T_sec [0]) / (f_sec [1] - f_sec [0])

240
241 n_sec = 0

242
243 while True:

244
245 # reindex

246
247 T_sec [0] = T_sec [1]

248
249 T_sec [1] = T_sec [2]

250
251 gamma_sec [0] = gamma_sec [1]

252
253 gamma_sec [1] = lin_interp(T_sp_ht_ary , gamma_term , T_sec [1])

254
255 f_sec [0] = f_sec [1]

256
257 # assess error of latest iterated temperature

258
259 # f_sec [1] = P_ln - 0.5 * (T_sec [1] - temp[j]) * (1. / gamma_sec [1] / T_sec [1] + 1. / gamma_term_T[j] / temp[j])

260
261 T_ln_sec [1] = math.log(T_sec [1]/ temp[j])
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262
263 f_sec [1] = P_ln - 0.5 * T_ln_sec [1] * (1. / gamma_sec [1] + 1. / gamma_term_T[j])

264
265 if abs(f_sec [1]) <= tol_sec:

266
267 temp[j+1] = T_sec [1]

268
269 gamma_term_T[j+1] = gamma_sec [1]

270
271 inv_gamma = 0.5 * (1. - gamma_term_T[j] + 1. - gamma_term_T[j+1])

272
273 rho[j+1] = rho[j] * (press[j+1] / press[j]) ** inv_gamma

274
275 break

276
277 T_sec [2] = T_sec [1] - f_sec [1] * relax * (T_sec [1] - T_sec [0]) / (f_sec [1] - f_sec [0])

278
279 if n_sec >= n_sec_max:

280
281 break

282
283 n_sec = n_sec + 1

284
285
286 T_c = temp[n_int -1]

287
288 P_c = press[n_int -1]

289
290 rho_c = rho[n_int -1]

291
292 return (T_c , rho_c)

293
294
295
296
297 #**********************************************************************

298 #******************************* MAIN *********************************

299 #**********************************************************************

300
301 #======================================================================

302 # print some stuff ...

303 #======================================================================

304 print " ***********************************************************************"

305 print " ***********************************************************************"

306 print " ** **"

307 print " ** ",bcolors.OKGREEN + "AC_CC_v1 .0" + bcolors.ENDC , " **"

308 print " ** **"

309 print " ** Adiabatic core compressed temperature finder. **"

310 print " ** **"

311 print " ** Developed at the Combustion Chemistry Centre , Galway , Ireland **"

312 print " ** contact: colin.banyon@nuigalway.ie **"

313 print " ** **"

314 print " ***********************************************************************"

315 print " ***********************************************************************"

316
317
318 #======================================================================

319 # Input file read -in , each line is saved as a string

320 #======================================================================

321 # the input file for this code has been constructed in "blocks" or

322 # "modules" and is designed this way to give maximum usabilty and

323 # to the code so that new modules can easily be implemented and old

324 # ones recycled. because of this , at start -up, it is a bit uncertain

325 # exactly what the code will be doing , but this will become more

326 # concrete after the input file has been evauluated to see what types

327 # of information have been given. This section does not worry about

328 # any of that , the entire input file is read -in to an array of strings

329 # so that we can start looking at what we have.

330
331 # open the input file

332 # i shpould add a few lines of code to have the program find the

333 # input file automatically , because this will become a pain in the ass

334 # to use. Also i should probably add some type of batch functionality.

335
336 input_file = ’example.inp’

337
338 print " Looking for the data input file ..."

339
340 f_inp = open(input_file ,’r’)

341
342 print " => Input file",input_file ,"found!"

343
344 # the length of the input file has not been determined yet , so the

345 # approach taken here is to allocate a dummy array for each line of

346 # input file , then append new data throughout the read.

347 input_lines = [’0’]

348
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349 N_inpt_lines = 1

350
351 # read -in input file as an array of strings , the return carraige is

352 # stripped from the strings , the input file is closed.

353
354 print " Reading input file ..."

355
356 for line in f_inp:

357
358 line_str = str(line)

359
360 line_str = line_str.replace(’\n’,’’)

361
362 input_lines.append(line_str)

363
364 N_inpt_lines = N_inpt_lines + 1

365
366 # close the input file

367 f_inp.close

368
369 print " => Read -in complete!"

370
371
372 #======================================================================

373 # Input the initial mixture composition

374 #======================================================================

375 # Little can be done in the code without first finding the composition

376 # of the compressed mixture. The composition is defined in the input

377 # file. The blocks are seperated in the input file usually using some

378 # type of BEGIN_XXXX and END_XXX tags. The tags used for the composition

379 # are BEGIN_COMPOSITION and END_COMPOSITION. This section tries to find

380 # composotion section , when it does it reads -in the species to be

381 # considered and thier realative molar proportions.

382
383 # line numbers for the begining and end of the composition block

384 i_comp_b = 0

385 i_comp_e = 0

386
387 print " Searching for the gas composition input block ..."

388
389 # search the input file for begining and ending tags

390 for i in xrange(1, N_inpt_lines):

391
392 # find the begining

393 if input_lines[i] == ’BEGIN_COMPOSITION ’:

394 i_comp_b = i

395
396 # find the ending

397 if input_lines[i] == ’END_COMPOSITION ’:

398 i_comp_e = i

399
400 # if the begining and ending have been found , then we are done here

401 if i_comp_b != 0 and i_comp_e != 0:

402 break

403
404 # ERROR MESSAGES:

405 # cannot find start of the block

406 if i_comp_b == 0:

407 print bcolors.FAIL + ’ ’ + bcolors.ENDC

408 print bcolors.FAIL + ’ FATAL ERROR: Could not find the begining of the composition ’ + bcolors.ENDC

409 print bcolors.FAIL + ’ block of the input file. Check that the tag is properly assigned ’ + bcolors.ENDC

410 print bcolors.FAIL + ’ in the input file. Use’ + bcolors.ENDC

411 print bcolors.FAIL + ’ ’ + bcolors.ENDC

412 print bcolors.OKBLUE + ’ BEGIN_COMPOSITION ’ + bcolors.ENDC

413 print bcolors.FAIL + ’ ’ + bcolors.ENDC

414 print bcolors.FAIL + ’ to indicate the start of the block.’ + bcolors.ENDC

415 print bcolors.FAIL + ’ Also ensure that there are no trailing spaces / characters before or after the statement.’ +

bcolors.ENDC

416 print bcolors.FAIL + ’ ’ + bcolors.ENDC

417 sys.exit()

418
419 # cannot find end of the block

420 if i_comp_e == 0:

421 print bcolors.FAIL + ’ ’ + bcolors.ENDC

422 print bcolors.FAIL + ’ => FATAL ERROR: Could not find the end of the composition ’ + bcolors.ENDC

423 print bcolors.FAIL + ’ block of the input file. Check that the tag is properly assigned ’ + bcolors.ENDC

424 print bcolors.FAIL + ’ in the input file. Use’ + bcolors.ENDC

425 print bcolors.FAIL + ’ ’ + bcolors.ENDC

426 print bcolors.OKBLUE + ’ END_COMPOSITION ’ + bcolors.ENDC

427 print bcolors.FAIL + ’ ’ + bcolors.ENDC

428 print bcolors.FAIL + ’ to indicate the end of the block.’ + bcolors.ENDC

429 print bcolors.FAIL + ’ Also ensure that there are no trailing spaces / characters before or after the statement.’ +

bcolors.ENDC

430 print bcolors.FAIL + ’ ’ + bcolors.ENDC

431 sys.exit()

432
433
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434 print " => Gas composition input block found!"

435
436
437 print " Building species list and determining gas composition ..."

438
439 # allocate memory for the species list , molar proportions and species mole fractions

440 N_sp = i_comp_e - i_comp_b - 1

441
442 species_list = [’dummy’] * N_sp

443
444 proportions = np.zeros(N_sp)

445
446 mole_fraction = np.zeros(N_sp)

447
448 i_count = 0

449
450
451 # populate the species list array , and proportions list from the input file.

452 # The code is currently setup to take in the species name and molar composition from the

453 # input file seperated by a tab.

454 for i in xrange (( i_comp_b + 1) ,(i_comp_e)):

455 dummy_string = input_lines[i]

456
457 comp_split = re.split(r’\t+’,dummy_string)

458
459 species_list[i_count] = comp_split [0]

460
461 proportions[i_count] = float(comp_split [1])

462
463 i_count = i_count + 1

464
465
466 # Normalize the species proportions into mole fractions.

467 mol_sum = 0.

468
469 for i in xrange(0,N_sp):

470 mol_sum = mol_sum + proportions[i]

471
472 for i in xrange(0,N_sp):

473 mole_fraction[i] = proportions[i] / mol_sum

474
475
476 print " => Species list and gas composition obtained!"

477
478 print ""

479 print " ----------------------------"

480 print " | Gas compsition summary |"

481 print " ----------------------------"

482 print " species: mol. proportion mol. fraction"

483 print " =============== =============== ============="

484
485 for i in xrange(0,N_sp):

486 print " "+species_list[i]. ljust (14)," {a:10.3f} {b:10.5f}".format(a=proportions[i], b=mole_fraction[i])

487 print ""

488
489
490
491
492 #======================================================================

493 # Input the species thermochemistry

494 #======================================================================

495 # Once the species have been inputted and memory allocated for them

496 # the thermo file is searched for the species and arrays are made that

497 # input the NASA style polynomials into variables. The thermo file

498 # contains the coefficients only. No additional space is to be put

499 # into the thermo file for comments , etc. This can be changed later.

500 # the coefficients are read in as follows.

501 #

502 # c_p[j]/R_u = cp[j][0] + cp[j][1] * T + cp[j][2] * T^2 + cp[j][3] * T^3 + cp[j][4] * T^4

503 #

504 # there is a high - and low - temperature fit , so this means that different sets of coefficients

505 # are used for below and above a cutoff temperature referred to here as the break temperature

506 # which is also specified in the therm.dat file

507
508 # open thermo file. This file must be in the directory that contains

509 # this file. Again , this is something that could be easily changed.

510 f_therm = open(’THERM.DAT’,’r’)

511
512 # read in the lines of the thermo file into an array of strings

513 therm_lines = [’0’]

514
515 for line in f_therm:

516
517 # convert the line to a string

518 line_str = str(line)

519
520 # strip the return carraiges from the string
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521 line_str = line_str.replace(’\r\n’,’’)

522
523 # add the line to the array

524 therm_lines.append(line_str)

525
526 # close the therm file

527 f_therm.close

528
529 # This must be changed if comments or tags are allowed into the therm file.

530 # As it stands the code determines the number of species include in the thermo

531 # database from the number of lines in the therm input file. This could be modified

532 # by using a start and end tag to specify where the species start and end.

533 # I will not do this right now , see previous block implementation for a template

534
535 # The number of lines in the therm.dat file

536 no_line_therm = len(therm_lines) - 1

537
538 # each species takes 4 of those lines

539 N_sp_therm = no_line_therm / 4

540
541
542 # Allocate an array element for each species that consists of 5 component for both

543 # the low -temperature and high -temperature specific heats. It is important that

544 # the memory is allocated in the way that is done here. I had some problems using

545 # other methods that would change all of the components for a given species to

546 # specified value , when only one element was to be changed. I am still

547 # not sure why this is the case.

548 cp_high = [[0 for i in xrange (5)] for i in xrange(N_sp)]

549
550 cp_low = [[0 for i in xrange (5)] for i in xrange(N_sp)]

551
552
553 # search the therm file for the species specified in the input file , then tag the lines

554 # where the data for each species starts.

555
556 # array of integers that saves the start of the polynomial coefficients for each species

557 sp_line_therm = np.zeros(N_sp)

558
559 # because the arrays in python start at 0...

560 i_line = 1

561
562 for i in xrange (1,( N_sp_therm +1)):

563
564 # reduce dimensionality

565 species_name = therm_lines[i_line]

566
567 # pull the first 10 spaces of the first line for the current species

568 # this corresponds to the species name

569 species_name = species_name [:10]

570
571 # strip the trailing characters from the read -in species name

572 species_name = species_name.rstrip ()

573
574
575 # check if the currently indexed species in the therm database matches any

576 # of the species that were specified by the input file.

577
578 # THE WAY THAT I HAVE SET UP THIS PART OF THE CODE , IF A SPECIES IS DEFINED

579 # TWICE IN THE THERM.DAT FILE , THE LAST INSTANCE FOR THAT SPECIES IS TAKEN.

580 # I SHOULD SET THIS UP TO THROW WARNINGS IF A SPECIES IS IN THE FILE TWICE.

581 # SO THAT WE ARE VERY EXPLICIT ABOUT WHAT IS BEING DONE.

582 for j in xrange(0,N_sp):

583
584 # if this species matches the name given in the input file EXACTLY then I have

585 # found the data for this species. So we will tag where the thermo data begins

586 # in the array. I have chose to not make the definition of names "fuzzy" or more

587 # leanient because some of the names for species in mechanism are part of names

588 # for other species. So i think this should be strict.

589 if species_name == species_list[j]:

590
591 sp_line_therm[j] = i_line

592
593 # The species should be mutually exclusive. So if I have found one , I can’t find

594 # another one. So break the loop.

595 break

596
597 # each species takes four lines of the therm.dat file

598 i_line = i_line + 4

599
600 # put in a warning if sp_line_therm[j]=0 which means that the species was not found in the

601 # therm file.

602
603
604 # populate specific heat matrices for each species

605 for j in xrange(0,N_sp):

606
607 # high temperature specific heat
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608 i_line_no = int(sp_line_therm[j])

609
610 # a string for the second line of the species which contains the high -temperature

611 # coefficients

612 cp_high_str = therm_lines[i_line_no +1]

613
614 # this splits the string into floating point numbers and saves the coefficients

615 # in the coefficient array for the species

616 for i in xrange (0,5):

617
618 # strip away 15 characters at a time from the string and save them into the

619 # array , each coefficient is 15 characters long.

620 # This line of code takes the next coefficient and converts it to a floating

621 # point , the other variable saves what is left of the string minus the value that

622 # was just taken. The loop does this for all five values and saves them into

623 # an array.

624 cp_bin , cp_high_str = float(cp_high_str [:15]) , cp_high_str [15:]

625
626 cp_high[j][i] = cp_bin

627
628
629 # The low -temperature fits are spread over the next two lines , those lines for

630 # the current species are saved here

631 cp_low_str_1 = therm_lines[i_line_no +2]

632 cp_low_str_2 = therm_lines[i_line_no +3]

633
634 # I don’t need the reference conditions or the heats of formation for the current

635 # use of this code , so these coefficients are put into the trash. If these are needed

636 # in the future the code here could be easily modified to save these.

637 # The same is done here for the low -termperature fits that was done for the high -temp

638 # fits , except the values are split over the two lines.

639 for i in xrange (0,2):

640
641 cp_bin , cp_low_str_1 = float(cp_low_str_1 [:15]) , cp_low_str_1 [15:]

642
643 for i in xrange (0,5):

644
645 if i <= 2:

646 cp_bin , cp_low_str_1 = float(cp_low_str_1 [:15]) , cp_low_str_1 [15:]

647
648 cp_low[j][i] = cp_bin

649
650 else:

651 cp_bin , cp_low_str_2 = float(cp_low_str_2 [:15]) , cp_low_str_2 [15:]

652
653 cp_low[j][i] = cp_bin

654
655
656 # This section pulls information from the therm file about the low - and high -tmperature

657 # range where the specific heat fit is valid , and also the break temperature seperating the

658 # low - and high -temp fit.

659
660 # allocate memory for the temperature limits and break point arrays

661 T_low = np.zeros(N_sp)

662
663 T_high = np.zeros(N_sp)

664
665 T_brk = np.zeros(N_sp)

666
667
668 # loop through the arrays and pull the values

669 for j in xrange(0,N_sp):

670
671 # find the start line in the therm database for the current species

672 i_line_no = int(sp_line_therm[j])

673
674 # pull the line for this species with the break point from the therm array

675 # and reduce the dimensionality

676 limits_string = therm_lines[i_line_no]

677
678 # throw out the first 45 characters of the first therm.dat line for the species

679 # this contains information about the species name , date of the fit , structure

680 # and any comments. This information is not needed at present , so it is stripped from the

681 # line. However , if this information is required in the future then this section

682 # of the code is to be modified to store this information.

683 limits_string = limits_string [45:]

684
685 # Convert the temperatures from the string to floating points.

686 # each temperature is allowed 10 characters.

687 T_low_red , limits_string = float(limits_string [:10]) , limits_string [10:]

688
689 T_high_red , limits_string = float(limits_string [:10]) , limits_string [10:]

690
691 T_brk_red , limits_string = float(limits_string [:10]) , limits_string [10:]

692
693 # store the values for this species in an array.

694 T_low[j] = T_low_red
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695
696 T_high[j] = T_high_red

697
698 T_brk[j] = T_brk_red

699
700
701 #======================================================================

702 # Input the experimental conditions

703 #======================================================================

704 # line numbers for the begining and end of the conditions block

705 i_cond_b = 0

706 i_cond_e = 0

707
708 # search the input file for begining and ending tags

709 for i in xrange(1, N_inpt_lines):

710
711 # find the begining

712 if input_lines[i] == ’BEGIN_CONDITIONS ’:

713 i_cond_b = i

714
715 # find the ending

716 if input_lines[i] == ’END_CONDITIONS ’:

717 i_cond_e = i

718
719 # if the begining and ending have been found , then we are done here

720 if i_cond_b != 0 and i_cond_e != 0:

721 break

722
723
724 # ERROR MESSAGES:

725 # cannot find start of the block

726 if i_cond_b == 0:

727 print bcolors.FAIL + ’ ’ + bcolors.ENDC

728 print bcolors.FAIL + ’ => FATAL ERROR: Could not find the begining of the conditions ’ + bcolors.ENDC

729 print bcolors.FAIL + ’ block of the input file. Check that the tag is properly assigned ’ + bcolors.ENDC

730 print bcolors.FAIL + ’ in the input file. Use’ + bcolors.ENDC

731 print bcolors.FAIL + ’ ’ + bcolors.ENDC

732 print bcolors.OKBLUE + ’ BEGIN_CONDITIONS ’ + bcolors.ENDC

733 print bcolors.FAIL + ’ ’ + bcolors.ENDC

734 print bcolors.FAIL + ’ to indicate the start of the block.’ + bcolors.ENDC

735 print bcolors.FAIL + ’ Also ensure that there are no trailing spaces / characters before or after the statement.’ +

bcolors.ENDC

736 print bcolors.FAIL + ’ ’ + bcolors.ENDC

737 sys.exit()

738
739 # cannot find end of the block

740 if i_cond_e == 0:

741 print bcolors.FAIL + ’ ’ + bcolors.ENDC

742 print bcolors.FAIL + ’ => FATAL ERROR: Could not find the end of the conditions ’ + bcolors.ENDC

743 print bcolors.FAIL + ’ block of the input file. Check that the tag is properly assigned ’ + bcolors.ENDC

744 print bcolors.FAIL + ’ in the input file. Use’ + bcolors.ENDC

745 print bcolors.FAIL + ’ ’ + bcolors.ENDC

746 print bcolors.OKBLUE + ’ END_CONDITIONS ’ + bcolors.ENDC

747 print bcolors.FAIL + ’ ’ + bcolors.ENDC

748 print bcolors.FAIL + ’ to indicate the end of the block.’ + bcolors.ENDC

749 print bcolors.FAIL + ’ Also ensure that there are no trailing spaces / characters before or after the statement.’ +

bcolors.ENDC

750 print bcolors.FAIL + ’ ’ + bcolors.ENDC

751 sys.exit()

752
753
754 # allocate memory for the conditions , I will have to modify this later so that more parameters

755 # can be included for each condition.

756 N_cond = i_cond_e - i_cond_b - 1

757
758 test_ary = np.zeros(N_cond)

759
760 T_i_ary = np.zeros(N_cond)

761
762 P_i_ary = np.zeros(N_cond)

763
764 P_c_ary = np.zeros(N_cond)

765
766
767 i_count = 0

768
769 for i in xrange (( i_cond_b + 1) ,(i_cond_e)):

770
771 dummy_string = input_lines[i]

772
773 cond_split = re.split(r’\t+’,dummy_string)

774
775 test_ary[i_count] = int(cond_split [0])

776
777 T_i_ary[i_count] = cond_split [1]

778
779 P_i_ary[i_count] = cond_split [2]
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780
781 P_c_ary[i_count] = cond_split [3]

782
783 i_count = i_count + 1

784
785
786 #======================================================================

787 # Build lookup table of gamma term

788 #======================================================================

789 # Since the composition of the gas is assumed not to change throughout

790 # the compression process , (i.e. the gas is non -reactive) a lookup table

791 # of temperature dependant specific heats is much more efficient than

792 # having to root solve the polynomial for temperature dependant

793 # specific heats.

794
795 # I should make these parameters adjustable in the input file , but for

796 # now I will just hard code things in.

797
798 T_sp_ht_l = 250. #K

799
800 T_sp_ht_h = 3000. #K

801
802 T_sp_ht_inc = 1.0 #K

803
804 # I am going to have a problem here if this turns out to not be an integer

805
806 N_sp_ht = int(( T_sp_ht_h - T_sp_ht_l) / T_sp_ht_inc) + 1

807
808 T_sp_ht_ary = np.zeros(N_sp_ht)

809
810 T_sp_ht_ary [0] = T_sp_ht_l

811
812 for i in xrange(1,N_sp_ht):

813
814 T_sp_ht_ary[i] = T_sp_ht_ary[i-1] + T_sp_ht_inc

815
816
817 #[species ][ temperature]

818
819 cp_R_sp = [[0 for i in xrange(N_sp_ht)] for i in xrange(N_sp)]

820
821 for j in xrange(0,N_sp):

822
823 for i in xrange(0,N_sp_ht):

824
825 if T_sp_ht_ary[i] <= T_brk[j]:

826
827 for k in xrange (0,5):

828
829 cp_R_sp[j][i] = cp_R_sp[j][i] + cp_low[j][k] * T_sp_ht_ary[i] ** float(k)

830
831 else:

832
833 for k in xrange (0,5):

834
835 cp_R_sp[j][i] = cp_R_sp[j][i] + cp_high[j][k] * T_sp_ht_ary[i] ** float(k)

836
837
838 # mixture average cp over Ru

839
840 # gamma_term = 1. - 1./ gamma = R / c_p = 1. / cp_R_mix

841
842 cp_R_mix = np.zeros(N_sp_ht)

843
844 gamma_term = np.zeros(N_sp_ht)

845
846 for i in xrange(0,N_sp_ht):

847
848 for j in xrange(0,N_sp):

849
850 cp_R_mix[i] = cp_R_mix[i] + cp_R_sp[j][i] * mole_fraction[j]

851
852 gamma_term[i] = 1. / cp_R_mix[i]

853
854
855
856
857 #======================================================================

858 # Find the compressed conditions for the conditions

859 #======================================================================

860
861 R_u = 8.3144621e-5 # m^3 * bar / K / mol

862
863 rho_i_ary = np.zeros(N_cond)

864
865 rho_c_ary = np.zeros(N_cond)

866
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867 T_c_ary = np.zeros(N_cond)

868
869 CR_eff_ary = np.zeros(N_cond)

870
871 for i in xrange(0,N_cond):

872
873 # find the initial density of the gas for each condition

874
875 rho_i_ary[i] = P_i_ary[i] / 1000. / R_u / (T_i_ary[i] + 273.15) # mol / m^3

876
877 T_c_ary[i], rho_c_ary[i] = comp_condition(T_i_ary[i], P_i_ary[i], P_c_ary[i], rho_i_ary[i])

878
879 CR_eff_ary[i] = rho_c_ary[i] / rho_i_ary[i]

880
881
882
883 #======================================================================

884 # Print compressed conditions to screen

885 #======================================================================

886
887 print ""

888 print ""

889 print " -------------------------------------------------"

890 print " | Compressed Conditions of the Adiabatic Core |"

891 print " -------------------------------------------------"

892 print bcolors.BOLD + " test T_i [C] p_i [mbar] p_c [bar] T_c [K] CR_eff [-] " + bcolors.ENDC

893 print " ====== ========= ============ =========== ========= ============"

894
895 for i in xrange(0,N_cond):

896 print " {a:03d} {b:9.2f} {c:10.1f} {d:10.2f} {e:11.2f} {h:9.2f}".format(a=int(test_ary[i]), b=T_i_ary[i], c=

P_i_ary[i], d=P_c_ary[i], e=T_c_ary[i], h=CR_eff_ary[i])

897
898 print ""

899 print ""

Listing A.3: Example case input file for RCMACTC; file name “example.inp” (Note: Code will
automatically search for *.inp extension).
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Appendix B

RCM Input File Generator

B.1 Input File Format

1 # The first line of this file is reserved for indexing by the code

2 ######################################################################

3 ## ##

4 ## This is the input for the species list and relative molar ##

5 ## fractions of the components. The name of the species should ##

6 ## start in the first space of the input file and be written ##

7 ## exactly as it is written in the THERM.DAT file accompanying ##

8 ## this input file. The molar proportion of the species is then ##

9 ## inputted on the same line as the species name seperated by a ##

10 ## tab. Note that this will be normalized to species mole ##

11 ## fraction automatoically by the code. This also means that ##

12 ## partial pressures or volumes are appropriate inputs. ##

13 ## The species list and molar proportions must be included between ##

14 ## the tags BEGIN_COMPOSITION and END_COMPOISTION ##

15 ## ##

16 ## EXAMPLE ##

17 ## ------- ##

18 ## ##

19 ## line no. 123456789|123456789| ##

20 ## NC7H16 1.000 ##

21 ## N2 1.000 ##

22 ## ##

23 ## This example represents a 50% / 50% molar fraction mixture ##

24 ## of n-heptane and nitrogen. Alternatively this mixture could ##

25 ## be input as: ##

26 ## ##

27 ## line no. 123456789|123456789| ##

28 ## NC7H16 0.500 ##

29 ## N2 0.500 ##

30 ## ##

31 ## NOTE: ##

32 ## ----- ##

33 ## These are acceptable values for molar proportions: ##

34 ## ##

35 ## 1) Coefficients obtained from a species balance used in the ##

36 ## global combustion equation used to determine stoichiometry ##

37 ## ##

38 ## a fuel + b O2 +c N2 => x CO2 + y H2O + z N2 ##

39 ## ##

40 ## where , ##

41 ## ##

42 ## line no. 123456789|123456789| ##

43 ## fuel a ##

44 ## O2 b ##

45 ## N2 c ##

46 ## ##

47 ## 2) Mixture scpecies mol fractions. ##

48 ## ##

49 ## line no. 123456789|123456789| ##

50 ## species_1 x_1 ##

51 ## species_2 x_2 ##

52 ## species_3 x_3 ##

53 ## ##

54 ## 3) Partial pressures. ##

55 ## ##

56 ## line no. 123456789|123456789| ##
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57 ## species_1 p_1 ##

58 ## species_2 p_2 ##

59 ## species_3 p_3 ##

60 ## ##

61 ## These are NOT acceptable values for molar proportions: ##

62 ## ##

63 ## 1) mass fractions ##

64 ## ##

65 ## 2) mass proportions ##

66 ## ##

67 ## 2) relative weights of components ##

68 ## ##

69 ######################################################################

70
71 # Note: version 1.0 of this code uses tab delimination between input text.

72
73 -----------------

74 |spec. |mole |

75 |name |prop. |

76 -----------------

77 BEGIN_COMPOSITION

78 NC7H16 37.47

79 O2 412.13

80 N2 1550.40

81 END_COMPOSITION

82
83 # Input the initial conditions of the RCM experiments

84 # to be processed

85 # This is iniital test case of the data using the rcm data for n-heptane

86 # that was published in the comb_flame paper

87 ---------------------------------

88 |test |Ti |pi |pc |

89 |[-] |[C] |[mbar] |[bar] |

90 ---------------------------------

91 BEGIN_CONDITIONS

92 006 30.0 476.0

93 012 30.0 704.1

94 022 30.0 935.0

95 028 45.0 480.5

96 034 45.0 713.0

97 039 45.0 941.5

98 052 60.0 946.0

99 061 60.0 717.0

100 069 75.0 488.0

101 END_CONDITIONS

102
103 # input block for the parameters of the specific

104 # heat lookup table

105 # this currently has no functionality

106 -----------------

107 |keyword|value |

108 |[-] |[K,C] |

109 -----------------

110 BEGIN_GAMMA_TABLE

111 T_LOW 250.0 K

112 T_HIGH 3000.0 K

113 DELTA_T 1.0 K

114 END_GAMMA_TABLE

115
116 # input block for the name of the traces that come

117 # from the oscilloscope

118 -----------------

119 |keyword|value |

120 |[-] |[-] |

121 -----------------

122 BEGIN_SCOPE_FILES

123 KISTLER Kister Pressure_01h.TXT

124 x_FREE none

125 x_FIX none

126 PCB none

127 END_SCOPE_FILES

128
129 # input block for secant solver during temperature

130 # integration

131 -----------------

132 |keyword|value |

133 |[-] |[-] |

134 -----------------

135 BEGIN_SECANT_SOLVE

136 TOL 1.e-12

137 IT_MAX 20

138 GUESS 1.01

139 RELAX 1.00

140 END_SECANT_SOLVE

141
142 # input block for secant solver during temperature

143 # integration
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144 -----------------

145 |keyword|value |

146 |[-] |[-] |

147 -----------------

148 BEGIN_SPLIT_MERGE

149 EPS_1 1.e-5

150 EPS_2 1.e-5

151 END_SPLIT_MERGE

Listing B.1: Example case input file for RCMACTC; file name “example.inp” (Note: Code will
automatically search for *.inp extension).

B.2 NASA Polynomial Input File Format

1 AR G 5/97AR 1 0 0 0G 200.000 6000.00 1000.00 1

2 2.50000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 2

3 -7.45375000E+02 4.37967491E+00 2.50000000E+00 0.00000000E+00 0.00000000E+00 3

4 0.00000000E+00 0.00000000E+00 -7.45375000E+02 4.37967491E+00 0.00000000E+00 4

5 CO2 L 7/88C 1O 2 0 0G 200.000 6000.00 1000.00 1

6 0.46365111E+01 0.27414569E -02 -0.99589759E-06 0.16038666E -09 -0.91619857E-14 2

7 -0.49024904E+05 -0.19348955E+01 0.23568130E+01 0.89841299E -02 -0.71220632E-05 3

8 0.24573008E -08 -0.14288548E -12 -0.48371971E+05 0.99009035E+01 -0.47328105E+05 4

9 N2 G 8/02N 2 0 0 0G 200.000 6000.00 1000.00 1

10 2.95257637E+00 1.39690040E -03 -4.92631603E-07 7.86010195E -11 -4.60755204E-15 2

11 -9.23948688E+02 5.87188762E+00 3.53100528E+00 -1.23660988E -04 -5.02999433E-07 3

12 2.43530612E -09 -1.40881235E -12 -1.04697628E+03 2.96747038E+00 0.00000000E+00 4

13 O2 RUS 89O 2 0 0 0G 200.000 6000.00 1000.00 1

14 3.66096065E+00 6.56365811E -04 -1.41149627E-07 2.05797935E -11 -1.29913436E-15 2

15 -1.21597718E+03 3.41536279E+00 3.78245636E+00 -2.99673416E-03 9.84730201E-06 3

16 -9.68129509E-09 3.24372837E -12 -1.06394356E+03 3.65767573E+00 0.00000000E+00 4

17 H2O L 5/89H 2 O 1 0 0G 200.000 6000.00 1000.00 1

18 0.26770389E+01 0.29731816E -02 -0.77376889E-06 0.94433514E -10 -0.42689991E-14 2

19 -0.29885894E+05 0.68825500E+01 0.41986352E+01 -0.20364017E-02 0.65203416E-05 3

20 -0.54879269E-08 0.17719680E -11 -0.30293726E+05 -0.84900901E+00 -0.29084817E+05 4

21 H2 TPIS78H 2 0 0 0G 200.000 6000.00 1000.00 1

22 2.93286575E+00 8.26608026E -04 -1.46402364E-07 1.54100414E -11 -6.88804800E-16 2

23 -8.13065581E+02 -1.02432865E+00 2.34433112E+00 7.98052075E -03 -1.94781510E-05 3

24 2.01572094E -08 -7.37611761E -12 -9.17935173E+02 6.83010238E-01 0.00000000E+00 4

Listing B.2: Example input file database for species specific heats “kcal/mol” in NASA polynomial format
for RCMACTC; file name “THERM.DAT” (Note: file name must remain “THERM.DAT”).

B.3 Input File Format

1 #!/usr/bin/python

2 #######################################################################

3 ############################### Script ################################

4 #######################################################################

5 ## ##

6 ## Script for producing volume profiles and chemikin input files. ##

7 ## ##

8 ##...................................................................##

9 ## ##

10 ## Date: Author: Description: ##

11 ## -------- ------- ------------ ##

12 ## 10/25/16 Banyon Original Code ##

13 ## ##

14 ## Contact: colin.banyon@nuigalway.ie ##

15 ## ##

16 #######################################################################

17
18 import sys

19 import os

20 import numpy as np

21 import math as math

22 import csv

23 import re

24
25 from rdp import rdp

26
27 #**********************************************************************

28 #****************************** OBJECT ********************************

29 #**********************************************************************

30 # *

31 # Object containing ANSI formatted ouput for screen printing. *

32 # *

33 #**********************************************************************

34 class bcolors:
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35 HEADER = ’\033[95m’

36 OKBLUE = ’\033[94m’

37 OKGREEN = ’\033[92m’

38 WARNING = ’\033[93m’

39 FAIL = ’\033[91m’

40 ENDC = ’\033[0m’

41 BOLD = ’\033[1m’

42 UNDERLINE = ’\033[4m’

43
44 #**********************************************************************

45 #****************************** OBJECT ********************************

46 #**********************************************************************

47 # *

48 # Create an object that stores all of the necessary formating tags *

49 # to input the conditions of the experiments from the standard *

50 # naming scheme. *

51 # *

52 #**********************************************************************

53 class tag:

54 """ Some documentation for the class """

55
56 # a tag for seperating keywords in the file names

57 sep = "_"

58
59 # dir is reserved by the system , so I added a d

60 # taken from the system os to preserve portability

61 ddir = os.path.sep

62
63 # a tag to link condition numbers in the file name

64 # with conditions in the input file.

65 cond = "cond_"

66
67 # non -reactive tag , this code will only consider data files

68 # that are non -reactive. Future iterations may relax this

69 # contrain to enhance the functionality of the codes.

70 NR = "_NR"

71
72 # input file extenion

73 inp = ".p2v_inp"

74
75
76 #**********************************************************************

77 #****************************** FUNCTION ******************************

78 #**********************************************************************

79 # *

80 # Fourth order central differencing scheme for evaluation of first *

81 # derivatives. Note that this formulation requires a constant *

82 # grid spacing. This routine could easily be modified to handle *

83 # variable order Taylor series expansions. *

84 # Coefficients have been taken from: *

85 # *

86 # B. Fornberg , "Generation of finite difference formulas on *

87 # arbitrarily spaced grids", Mathematics of Computation (1988) *

88 # Vol. 51, No. 184, pages 699 -706. *

89 # *

90 #**********************************************************************

91 def first_der(dt, n, func):

92
93 # Expansion coefficients for a fourth central difference series

94 c = np.zeros (5)

95
96 c[-2] = 1/12

97 c[-1] = -2/3

98 c[0] = 0

99 c[1] = 2/3

100 c[2] = -1/12

101
102
103 # Setup a derivative array. Note that the derivative is not

104 # calculated for boundary condition points where future or

105 # historical information is insufficient to achieve fourth order

106 # accuracy. Perhaps Ghost nodes could be used , but this range of

107 # the data is uninteresting anyway so I am just truncating it.

108 f_prime = np.zeros(n)

109
110 f_prime [0] = 0.

111 f_prime [1] = 0.

112 f_prime[n-1] = 0.

113 f_prime[n-2] = 0.

114
115 # Calculate the first derivative

116 for i in xrange (2,(n-2)):

117 f_prime[i] = 0.

118
119 for k in xrange (-2,2):

120 f_prime[i] = f_prime[i] + c[k] * func[k+i]

121
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122 f_prime[i] = f_prime[i] / dt

123
124 # return first dervative as an array of size the number of data

125 # points

126 return f_prime

127
128
129 #**********************************************************************

130 #****************************** FUNCTION ******************************

131 #**********************************************************************

132 # *

133 # Fourth order central differencing scheme for evaluation of second *

134 # derivatives. Note that this formulation requires a constant *

135 # grid spacing. This routine could easily be modified to handle *

136 # variable order Taylor series expansions. *

137 # Coefficients have been taken from: *

138 # *

139 # B. Fornberg , "Generation of finite difference formulas on *

140 # arbitrarily spaced grids", Mathematics of Computation (1988) *

141 # Vol. 51, No. 184, pages 699 -706. *

142 # *

143 #**********************************************************************

144 def sec_der(dt , n, func):

145
146 # Expansion coefficients for a fourth central difference series

147 c = np.zeros (5)

148
149 c[-2] = -1/12

150 c[-1] = 4/3

151 c[0] = -5/2

152 c[1] = 4/3

153 c[2] = -1/12

154
155 # Setup a derivative array. Note that the derivative is not

156 # calculated for boundary condition points where future or

157 # historical information is insufficient to achieve fourth order

158 # accuracy. Perhaps Ghost nodes could be used , but this range of

159 # the data is uninteresting anyway so I am just truncating it.

160 f_dprime = np.zeros(n)

161
162 f_dprime [0] = 0.

163 f_dprime [1] = 0.

164 f_dprime[n-1] = 0.

165 f_dprime[n-2] = 0.

166
167 # Calculate the first derivative

168 for i in xrange (2,(n-2)):

169 f_dprime[i] = 0.

170
171 for k in xrange (-2,2):

172 f_dprime[i] = f_dprime[i] + c[k] * func[k+i]

173
174 f_dprime[i] = f_dprime[i] / (dt * dt)

175
176 # return second dervative as an array of size the number of data

177 # points

178 return f_dprime

179
180
181 #**********************************************************************

182 #****************************** FUNCTION ******************************

183 #**********************************************************************

184 # *

185 # This function linearly interpolates an array containing a lookup *

186 # of values. In this specific instance an array of the specific *

187 # heat term: *

188 # *

189 # gamma_term_1 = 1. - 1./ gamma = R_u / c_p *

190 # *

191 # has been tabulated in an array as a function of temperature. *

192 # An array of these values and a corresponding array of temperatures *

193 # is passed to the function , along with a temperature of interest. *

194 # This routine finds the specific heat term at the temperaure of *

195 # interest by first finding the next nearest neighbors in the table *

196 # then linearly interpolating between the values. This approach *

197 # may be slightly less accurate than a direct root solve of the *

198 # specific heat polynomial , but is taken here for three main *

199 # reasons. *

200 # *

201 # 1) Enhanced stability. root solvers , especoially secant solvers *

202 # are often numerically unstable. The code can be much simpler *

203 # using a lookup table. *

204 # *

205 # 2) Speed. Root solvers can be computaionally expensive *

206 # especially in numerically difficult regimes such as oscillitory *

207 # domains for high -ordered polynomials , like those for specific *

208 # heat. *
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209 # *

210 # 3) This approach is practically easier to impliment and debug. *

211 # *

212 # It should be noted here that this method of using a lookup table *

213 # combined with linear interpolation is well -suited for this *

214 # application because the gas is assumed to be a constant *

215 # composition throughout the simulation. If reactive or other *

216 # varying compoisiton simulations (e.g., phase change) are to be *

217 # conducted this method should be modified to the root solving *

218 # methodology , as creating varying composition look -up tables will *

219 # probably become extremely inefficient. *

220 # *

221 #**********************************************************************

222
223 def lin_interp(table_x , table_y , x):

224
225 n_x = len(table_x)

226
227 n_y = len(table_y)

228
229 if n_x != n_y:

230 print bcolors.FAIL + ’ ’ + bcolors.ENDC

231 print bcolors.FAIL + ’ FATAL ERROR: In lin_interp subroutine.’ + bcolors.ENDC

232 print bcolors.fail + ’ The dependant and independant variable arrays are of’ + bcolors.endc

233 print bcolors.FAIL + ’ differing dimensions. Please investigate.’ + bcolors.ENDC

234 print bcolors.FAIL + ’ ’ + bcolors.ENDC

235 sys.exit()

236
237
238 # for this subroutine to work properly the independant variable

239 # i.e. x needs to be sorted in the table_x array from minimum at

240 # at the first array element to a maximum at the last array element.

241 # if this is not the case then this simple code will not be able

242 # to check if the value I want is in the table.

243 x_min = table_x [0]

244
245 x_max = table_x[n_x -1]

246
247 if x < x_min:

248 print bcolors.FAIL + ’ ’ + bcolors.ENDC

249 print bcolors.FAIL + ’ FATAL ERROR: In lin_interp subroutine.’ + bcolors.ENDC

250 print bcolors.fail + ’ the requested temperature is below the minumum limits of the’ + bcolors.endc

251 print bcolors.FAIL + ’ thermochemistry look -up table.’ + bcolors.ENDC

252 print bcolors.fail + ’ Please extend the lower temperature bound of the look -up table.’ + bcolors.endc

253 print bcolors.FAIL + ’ ’ + bcolors.ENDC

254 sys.exit()

255
256 if x > x_max:

257 print bcolors.FAIL + ’ ’ + bcolors.ENDC

258 print bcolors.FAIL + ’ FATAL ERROR: In lin_interp subroutine.’ + bcolors.ENDC

259 print bcolors.FAIL + ’ The requested temperature is above the maximum limits of the’ + bcolors.ENDC

260 print bcolors.FAIL + ’ thermochemistry look -up table.’ + bcolors.ENDC

261 print bcolors.fail + ’ Please extend the upper temperature bound of the look -up table.’ + bcolors.endc

262 print bcolors.FAIL + ’ ’ + bcolors.ENDC

263 sys.exit()

264
265 # Loop through the table until two temperature points are found that bound the

266 # the current point of interest. In this case a temperature is put in, this

267 # loop finds its two nearest neighbors , then breaks once it is found.

268 i_flag = 0

269
270 for i in xrange(0,n_x):

271
272 if x >= table_x[i] and x < table_x[i+1]:

273
274 i_x = i

275
276 i_flag = 1

277
278 break

279
280 # throw an error if the routine cannot find two nearest neighbors

281 # I can’t hink of a situation at present that would cause this to happen.

282 # perhaps some non -monotonic behaviour when the the array of independant

283 # variables are generated.

284 if i_flag == 0:

285 print bcolors.FAIL + ’ ’ + bcolors.ENDC

286 print bcolors.FAIL + ’ FATAL ERROR: In lin_interp subroutine.’ + bcolors.ENDC

287 print bcolors.FAIL + ’ The requested temperature is not bound by two dicrete table points.’ + bcolors.ENDC

288 print bcolors.FAIL + ’ Please investigate further , check the independant variable array generation.’ + bcolors.

ENDC

289 print bcolors.FAIL + ’ ’ + bcolors.ENDC

290 sys.exit()

291
292 # we need to make sure that the difference in the independant variable bounds

293 # is not zero to calculate the progress varibale. Because of this

294 # We will iplement a warning for very small grid spacing.
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295 if (table_x[i_x+1] - table_x[i_x]) < 1e-9:

296 print bcolors.WARNING + ’ ’ + bcolors.ENDC

297 print bcolors.WARNING + ’ WARNING: In lin_interp subroutine.’ + bcolors.ENDC

298 print bcolors.WARNING + ’ The independant grid spacing is very small , and can lead to numerical ’ + bcolors.endc

299 print bcolors.WARNING + ’ instability.’ + bcolors.ENDC

300 print bcolors.WARNING + ’ Please increase grid spacing.’ + bcolors.endc

301 print bcolors.WARNING + ’ ’ + bcolors.ENDC

302
303
304 # progress variable for the requested independant variable is calculated

305 # based on nearest neighbour grid spacing

306 prog_frac = (x - table_x[i_x]) / (table_x[i_x+1] - table_x[i_x])

307
308 # return interpolated dependant variable , for the requested

309 y = table_y[i_x] + prog_frac * (table_y[i_x +1] - table_y[i_x])

310
311 return y

312
313
314 #**********************************************************************

315 #****************************** FUNCTION ******************************

316 #**********************************************************************

317 # *

318 # Routine to transorm experimental RCM traces into other *

319 # thermodynamic state variables using the adiabatic core formulation #

320 # See the notes of colin banyon for more details. *

321 # *

322 # Briefly , the conservation of energy of the adiabatic core gases *

323 # can be reduced to the expression: *

324 # *

325 # S gamma / (1 - gamma) 1 / T dt = S 1 / p dp *

326 # *

327 # So the idea here is to numerically integrate the RHS of this *

328 # equation based on the experimental pressure trace at each point *

329 # doing so I have enough information to back out the temperature of *

330 # the gas at each pressure point , and further the specific volume *

331 # which is useful to supply as a compression rate for simulated *

332 # reactors for the experiment. Once I have temperature at each *

333 # point I also know gamma , and can then evaluate: *

334 # *

335 # S 1 / gamma 1 / v dv = S 1 / p dp *

336 # *

337 # at each experimental point.

338 # *

339 #**********************************************************************

340
341 def trace_p2v(T_i , p_ary):

342
343 # these should really get passed in, but for now this will do.

344 # both of these are just passed to the lin_interp routine anyway

345 # and both contain a lookup table of gamma values

346 global T_sp_ht_ary

347 global gamma_term_1

348
349 # Right now this routine is going to be a point for point conversion

350 # of pressure to temperature and specific volume. This is a modified

351 # version of the subroutine that is used to find the compressed gas

352 # conditions in a different script.

353
354
355 # obviously the initial temperature of the experiment is assumed to be

356 # passed in in units of [C]

357 T_i_K = T_i + 273.15 # [K]

358
359 # this might be stupid and inefficient , but I am going to make an array for all

360 # of the temperatures and pressures. Maybe some use will come of this later in an

361 # output file or something

362 # Indeed it has! I don’t need the pressure array , however is it has been

363 # passed into the routine.

364 n_points = len(p_ary)

365
366 temp = np.zeros(n_points)

367
368 rho = np.zeros(n_points)

369
370 sp_vol = np.zeros(n_points)

371
372 gamma_term_T = np.zeros(n_points)

373
374 # set the initial condiitons of the arrays

375 temp [0] = T_i_K

376
377 # calculate the initial density and specific volume here.

378 R_u = 8.3144621e-5 # m^3 * bar / K / mol

379
380 rho [0] = press [0] / R_u / T_i_K # mol / m^3

381
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382 sp_vol [0] = 1. / rho[0] # m^3 / mol

383
384 # initialize specific heat ratio

385 gamma_term_T [0] = lin_interp(T_sp_ht_ary , gamma_term_1 , temp [0])

386
387 # A secant routine is used to pin down the temperature and

388 # gamma functions in an iterative fashion.

389 # This routine is initialized here.

390 # It would be nice to find a more stable approach to a solution ,

391 # but I suppose if I can’t this ABSOLUTELY need to go in a subroutine

392 # before this code gets released.

393 T_sec = np.zeros (3)

394
395 f_sec = np.zeros (2)

396
397 gamma_sec = np.zeros (2)

398
399 T_ln_sec = np.zeros (2)

400
401 tol_sec = 1.e-12

402
403 n_sec_max = 20

404
405 relax = 1.0

406
407 # loop through each point in the pressure trace

408 # and find all of the thermodynamic state variables at each point

409 # from the pressure data using the adiabatic core hypothesis.

410 for j in xrange (0,( n_points - 1)):

411
412 # integrating this numerically turns out to be complete trash , use the

413 # analytically derived integrated result on the RHS of the euqation

414 # i.e. the pressure terms , which are easily dealt with by seperation of

415 # of variables.

416 #

417 # S 1 / p dp = 0.5 (p_2 - p_1) * (1 / p_1 + 1 / p_2)

418 #

419 # is unstable , and to be honest not very elegant. so I have switched

420 # to the analytic solution for one pressure point in the trace to the

421 # next , i.e.

422 #

423 # S 1 / p dp = ln[p_2 / p_1]

424 #

425 # P_ln = 0.5 * (press[j+1] - press[j]) * (1. / press[j+1] + 1. / press[j])

426 P_ln = math.log(press[j+1]/ press[j])

427
428 # Now i know that that the LHS of the COE must equal this constrained value ,

429 # I can use this to back out the temperature of the next point.

430 # this is somewhat difficult because gamma is T dependant , so I need to vary

431 # both at once.

432 # This is achieved here using a secant solver.

433 # there are more efficient ways to write this secant solver. I don’t care. These simulations

434 # won’t be too expensive anyway.

435 #

436 # My inital guess at the temperature of the next point is the analytic solution to the

437 # COE if gamma is constant , and evaluated at the previous point.

438 #

439 # WHAT IS GAMMA_TERM_T ?!?!?!?! it appears to be uninitialized.

440 #

441 T_sec [0] = temp[j] * (press[j+1] / press[j]) ** gamma_term_T[j]

442
443 T_guess = T_sec [0]

444
445 T_sec [1] = T_sec [0] * 1.01

446
447 gamma_sec [0] = lin_interp(T_sp_ht_ary , gamma_term_1 , T_sec [0])

448
449 gamma_sec [1] = lin_interp(T_sp_ht_ary , gamma_term_1 , T_sec [1])

450
451 # f_sec [0] = P_ln - 0.5 * (T_sec [0] - temp[j]) * (1. / gamma_sec [0] / T_sec [0] + 1./ gamma_term_T[j] / temp[j])

452 # f_sec [1] = P_ln - 0.5 *(T_sec [1] - temp[j]) * (1. / gamma_sec [1] / T_sec [1] + 1. / gamma_term_T[j] / temp[j])

453 # these cause a lot of numerical error , use calculus to switch dT to d lnT , i.e. using

454 # the calculus operator switch:

455 #

456 # d/dT[ln[T]] = 1 / T => d[ln[T]] = dT / T

457 #

458 # This leads to a much more stable solution , where counting in temperature differentials is not so good

459 # i.e., iterating on:

460 #

461 # f = ln[p_2 / p_1] - 0.5 * (T_2 - T_1) * (alpha_1 / T_1 + alpha_2 / T_2)

462 #

463 # where alpha = gamma / (gamma - 1)

464 #

465 # is incredibly unstable , and will not work if sparse experimental data is being processed

466 # The numerics of the operator switch seems to resolve this problem , numerically this

467 # asessed as:

468 #
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469 # f = ln[p_2 / p_1] - 0.5 * ln[T_2 / T_1] * (alpha_1 + alpha_2)

470 #

471 # Iterate until f goes to zero. this seems to be very , very stable.

472
473 # find the first secant solver iteration

474 T_ln_sec [0] = math.log(T_sec [0]/ temp[j])

475
476 T_ln_sec [1] = math.log(T_sec [1]/ temp[j])

477
478 f_sec [0] = P_ln - 0.5 * T_ln_sec [0] * (1. / gamma_sec [0] + 1. / gamma_term_T[j])

479
480 f_sec [1] = P_ln - 0.5 * T_ln_sec [1] * (1. / gamma_sec [1] + 1. / gamma_term_T[j])

481
482 T_sec [2] = T_sec [1] - f_sec [1] * relax * (T_sec [1] - T_sec [0]) / (f_sec [1] - f_sec [0])

483
484 n_sec = 0

485
486 # start the secant iterations

487 while True:

488
489 # reindex secant parameters for the next iteration

490 T_sec [0] = T_sec [1]

491
492 T_sec [1] = T_sec [2]

493
494 gamma_sec [0] = gamma_sec [1]

495
496 gamma_sec [1] = lin_interp(T_sp_ht_ary , gamma_term_1 , T_sec [1])

497
498 f_sec [0] = f_sec [1]

499
500 # again this formulation is junk

501 # f_sec [1] = P_ln - 0.5 * (T_sec [1] - temp[j]) * (1. / gamma_sec [1] / T_sec [1] + 1. / gamma_term_T[j] / temp[j])

502
503 T_ln_sec [1] = math.log(T_sec [1]/ temp[j])

504
505 f_sec [1] = P_ln - 0.5 * T_ln_sec [1] * (1. / gamma_sec [1] + 1. / gamma_term_T[j])

506
507 # if my current guess for temperature satisfies the consevervation

508 # of energy in the adiabatic core , then take the value , calculate

509 # the other state variables and move on.

510 if abs(f_sec [1]) <= tol_sec:

511
512 temp[j+1] = T_sec [1]

513
514 gamma_term_T[j+1] = gamma_sec [1]

515
516 # calculate this on the fly so that I don’t have to get bogged

517 # looking through the lookup table

518 inv_gamma = 0.5 * (1. - gamma_term_T[j] + 1. - gamma_term_T[j+1])

519
520 rho[j+1] = rho[j] * (press[j+1] / press[j]) ** inv_gamma

521
522 sp_vol[j+1] = 1. / rho[j+1]

523
524 break

525
526 # If the current gues doesn’t satisfy energy to within the specified tolerance

527 # then keep the loop going.

528 T_sec [2] = T_sec [1] - f_sec [1] * relax * (T_sec [1] - T_sec [0]) / (f_sec [1] - f_sec [0])

529
530 # if I have reached the iteration limit then stop then stop the code.

531 # is should change this later to just skip the current pressure trace ,

532 # change the relaxtion parameter , and a number of other things.

533 if n_sec >= n_sec_max:

534 print bcolors.WARNING + ’ ’ + bcolors.ENDC

535 print bcolors.WARNING + ’ WARNING: In volume conversion subroutine.’ + bcolors.ENDC

536 print bcolors.WARNING + ’ The number of secant iterations has exceded the set maximum number.’ + bcolors.endc

537 print bcolors.WARNING + ’ Please increase grid spacing.’ + bcolors.endc

538 print bcolors.WARNING + ’ ’ + bcolors.ENDC

539 sys.exit()

540
541 # index iteration number for this point

542 n_sec = n_sec + 1

543
544 return (temp , sp_vol)

545
546
547 #**********************************************************************

548 #****************************** FUNCTION ******************************

549 #**********************************************************************

550 # *

551 # Sorts the arrays X and Y, so that X is sorted in increaseing *

552 # and the components of Y are sorted according to this as well. *

553 # *

554 #**********************************************************************

555
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556 def sort_xy(X, Y):

557 # passed variables:

558 #

559 # X = independant variable experimental data

560 # type = length n array of floating points

561 #

562 # Y = dpendant variable experimental data

563 # type = length n array of floating points

564
565 x_sorted = [x for (x,y) in sorted(zip(X,Y))]

566
567 y_sorted = [y for (x,y) in sorted(zip(X,Y))]

568
569 return (x_sorted , y_sorted)

570
571 #**********************************************************************

572 #****************************** FUNCTION ******************************

573 #**********************************************************************

574 # *

575 # Finds the perpendicular distance between an experimental point and *

576 # a line.

577 # *

578 #**********************************************************************

579
580 def lin_perp_dist(X, Y, m, b, i_0 , i_e):

581 # passed variables:

582 #

583 # X = independant variable experimental data

584 # type = length n array of floating points

585 #

586 # Y = dpendant variable experimental data

587 # type = length n array of floating points

588 #

589 # m = line slope

590 # type = floating point scalar

591 #

592 # b = line offset

593 # type = floating point scalar

594 #

595 # i_s = lower array index of search

596 # type = scalar integer

597 #

598 # i_e = upper array index of search

599 # type = scalar integer

600
601 # initialize distance parameters and index

602 d_trial = 0.

603 d_max = 0.

604 index = -1

605
606 if i_0 != i_e:

607 print bcolors.FAIL + ’ ’ + bcolors.ENDC

608 print bcolors.FAIL + ’ FATAL ERROR: In lin_perp_dist subroutine.’ + bcolors.ENDC

609 print bcolors.fail + ’ The search window contains only a single point.’ + bcolors.endc

610 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

611 print bcolors.FAIL + ’ ’ + bcolors.ENDC

612 sys.exit()

613
614 # loop through the points

615 for i in xrange(i_0 ,i_e):

616
617 # calculate distance between line and experimental

618 # point

619 d_trial = Y[i] - slope * X[i] + offset

620
621 if abs(d_trial) > abs(d_max):

622
623 d_max = d_trial

624
625 index = i

626
627 return(d_max , index)

628
629
630
631 #**********************************************************************

632 #****************************** FUNCTION ******************************

633 #**********************************************************************

634 # *

635 # Split and merge algorithm for point reduction *

636 # *

637 # U. Ramer , "An iterative procedure for the polygonal approximation *

638 # of plane curves", Computer Graphics and Image Processing (1972) *

639 # Vol. 1, pages 244 -256. *

640 # *

641 #**********************************************************************

642
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643 def split_merge(X, Y, eps):

644 # passed variables:

645 #

646 # X = independant variable

647 # type = length n array of floating points

648 #

649 # Y = dpendant variable

650 # type = length n array of floating points

651 #

652 # eps = tolerance for point reduction , which is the absolute

653 # allowable distance an experimental point can be from a

654 # fitted segment.

655 # type = floating point scalar

656
657 # ensure that the length of the independant and dependant variable

658 # are the same.

659 n_x = len(X)

660 n_y = len(Y)

661
662 if n_x != n_y:

663 print bcolors.FAIL + ’ ’ + bcolors.ENDC

664 print bcolors.FAIL + ’ FATAL ERROR: In split_merge subroutine.’ + bcolors.ENDC

665 print bcolors.fail + ’ The dependant and independant variable arrays are of’ + bcolors.endc

666 print bcolors.FAIL + ’ differing dimensions. Please investigate.’ + bcolors.ENDC

667 print bcolors.FAIL + ’ ’ + bcolors.ENDC

668 sys.exit()

669
670 # add the first and last point to the point keep arrays

671 x_keep = [X[0], X[n_x]]

672 y_keep = [Y[0], Y[n_y]]

673
674 # fit a line between the first and last points of the curve.

675 # calculate the slope

676 slope = (Y[n_y] - Y[0]) / (X[n_x] - X[0])

677 offset = Y[0] - slope * X[0]

678
679 # initialize ... i think that I’m going to have to find the

680 # first point to get things started then loop through the rest.

681
682 # the idea here is to, in a loop find if the current number of

683 # lines are sufficient. i.e. if go through every segment and

684 # i don’t find find a data point that is tolerance i am good.

685 # i will need to store the line parameters of each segment

686 # and the start and end points of each segment. So I will

687 # need to append these things to an array with variable size

688 # then remove all of this when i split an array.

689 #

690 # will this work , there must be a better way to deal with this ...

691
692
693
694
695
696
697 #**********************************************************************

698 #******************************* MAIN *********************************

699 #**********************************************************************

700
701 #======================================================================

702 # print some stuff ...

703 #======================================================================

704 print " ***********************************************************************"

705 print " ***********************************************************************"

706 print " ** **"

707 print " ** ",bcolors.HEADER + "AC_p2V_v1 .0" + bcolors.ENDC , " **"

708 print " ** **"

709 print " ** **"

710 print " ** Developed at the Combustion Chemistry Centre , Galway , Ireland **"

711 print " ** contact: colin.banyon@nuigalway.ie **"

712 print " ** **"

713 print " ***********************************************************************"

714 print " ***********************************************************************"

715
716
717 #======================================================================

718 # Input file read -in , each line is saved as a string

719 #======================================================================

720 # the input file for this code has been constructed in "blocks" or

721 # "modules" and is designed this way to give maximum usabilty and

722 # to the code so that new modules can easily be implemented and old

723 # ones recycled. because of this , at start -up, it is a bit uncertain

724 # exactly what the code will be doing , but this will become more

725 # concrete after the input file has been evauluated to see what types

726 # of information have been given. This section does not worry about

727 # any of that , the entire input file is read -in to an array of strings

728 # so that we can start looking at what we have.

729
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730 # this version will automatically look for input files with the

731 # *. p2vinp files. So this section of the code will look for a file

732 # with this extension. However , the code is only will only work

733 # if one input file exists in the directory. If multiple files

734 # with this extension are in the folder , then the script will

735 # through a fatal error and tell the user to sort it out.

736 # This could be altered latered to have a list come up with all

737 # of the usable input files , where the user picks one on the fly.

738
739 # Let the user know what we are up to.

740 print " Looking for the data input file ..."

741
742 # have the os tell me the dcurrent working directory.

743 # i.e. the path to this file.

744 full_path = os.path.realpath(__file__)

745
746 # but what I really want is the parent directory for this file

747 this_dir=os.path.dirname(full_path)

748
749 # Make a list of all of the files in this directory

750 # the [2] here keeps the os walk from falling down the rabbit

751 # hole of subdirectories. Only the FILES in THIS DIRECTORY

752 # are considered.

753 files_w_dir = next(os.walk(this_dir))[2]

754
755 # look for the input tag in the file list.

756 # first of all , i will need to figure out how many files i have.

757 n_files = len(files_w_dir)

758
759 # setup a counter for the number of input files found ,

760 # so that we can throw an error if more than one are found.

761 n_inpt = 0

762
763 # setup a list for input files

764 input_files = []

765
766 # loop through and add input files to the input file list

767 for i in xrange(0,n_files):

768
769 inpt_ind = files_w_dir[i].find(tag.inp)

770
771 # if i can’t find the tag move on

772 if inpt_ind == -1:

773
774 continue

775
776 # if i found a tag...

777 else:

778
779 # make sure that the tag is a file extension , and that someone

780 # hasn’t named a file by the tag by accident.

781 # so essentially just make sure that the tag is at the end of

782 # file name , and that it is indeed an extension.

783 if (len(files_w_dir[i])-len(tag.inp)) != inpt_ind:

784
785 continue

786
787 # otherwise add it to the list

788 else:

789
790 input_files.append(files_w_dir[i])

791
792 n_inpt = n_inpt + 1

793
794 # throw an error if I have found more than one input file

795 # otherwise we have the input file.

796 if n_inpt > 1:

797
798 print bcolors.FAIL + ’ ’ + bcolors.ENDC

799 print bcolors.FAIL + ’ FATAL ERROR: I have found more than one input file.’ + bcolors.ENDC

800 print bcolors.FAIL + ’ Input files are automatically found that contain the extension *’+ tag.inp + bcolors.ENDC

801 print bcolors.FAIL + ’ I have tagged the following files:’ + bcolors.ENDC

802 print bcolors.FAIL + ’ ’ + bcolors.ENDC

803
804 for i in xrange(0,n_inpt):

805 print bcolors.FAIL + ’ (’+ str(i+1) + ’) ’ + input_files[i] + bcolors.ENDC

806
807 print bcolors.FAIL + ’ ’ + bcolors.ENDC

808 print bcolors.FAIL + ’ Please tidy up the working directory , and retry.’ + bcolors.ENDC

809
810 sys.exit()

811
812 else:

813
814 input_file = input_files [0]

815
816
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817 print " => Input file",input_file ,"found!"

818
819
820 # READ THE INPUT FILE INTO MEMORY

821 # the length of the input file has not been determined yet , so the

822 # approach taken here is to allocate a dummy array for each line of

823 # input file , then append new data throughout the read.

824 input_lines = [’0’]

825
826 N_inpt_lines = 1

827
828 # read -in input file as an array of strings , the return carraige is

829 # stripped from the strings , the input file is closed.

830 # Several IO errors , etc. are accounted for.

831 print " Parsing input file ..."

832
833 try:

834
835 f_inp = open(input_file ,’r’)

836
837 for line in f_inp:

838
839 line_str = str(line)

840
841 line_str = line_str.replace(’\n’,’’)

842
843 input_lines.append(line_str)

844
845 N_inpt_lines = N_inpt_lines + 1

846
847 except IOError as e:

848
849 print bcolors.FAIL + ’ ’ + bcolors.ENDC

850 print bcolors.FAIL + ’ FATAL ERROR: Reading input file.’ + bcolors.ENDC

851 print bcolors.FAIL + " I/O error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

852 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

853 print bcolors.FAIL + ’ ’ + bcolors.ENDC

854 sys.exit()

855
856 except ValueError:

857
858 print bcolors.FAIL + ’ ’ + bcolors.ENDC

859 print bcolors.FAIL + ’ FATAL ERROR: Reading input file.’ + bcolors.ENDC

860 print bcolors.FAIL + ’ File text could not be converted to integers / floating points.’+ bcolors.ENDC

861 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

862 print bcolors.FAIL + ’ ’ + bcolors.ENDC

863 sys.exit()

864
865 else:

866
867 # close the input file

868 f_inp.close

869
870 print " => Parsing Successful!"

871
872
873 #======================================================================

874 # Input the initial mixture composition

875 #======================================================================

876 # Little can be done in the code without first finding the composition

877 # of the compressed mixture. The composition is defined in the input

878 # file. The blocks are seperated in the input file usually using some

879 # type of BEGIN_XXXX and END_XXX tags. The tags used for the composition

880 # are BEGIN_COMPOSITION and END_COMPOSITION. This section tries to find

881 # composotion section , when it does it reads -in the species to be

882 # considered and thier realative molar proportions.

883
884 # line numbers for the begining and end of the composition block

885 i_comp_b = 0

886
887 i_comp_e = 0

888
889 print " Searching for the gas composition input block ..."

890
891 # search the input file for begining and ending tags

892 for i in xrange(1, N_inpt_lines):

893
894 # find the begining

895 if input_lines[i] == ’BEGIN_COMPOSITION ’:

896 i_comp_b = i

897
898 # find the ending

899 if input_lines[i] == ’END_COMPOSITION ’:

900 i_comp_e = i

901
902 # if the begining and ending have been found , then we are done here

903 if i_comp_b != 0 and i_comp_e != 0:
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904 break

905
906 # ERROR MESSAGES:

907 # cannot find start of the block

908 if i_comp_b == 0:

909
910 print bcolors.FAIL + ’ ’ + bcolors.ENDC

911 print bcolors.FAIL + ’ FATAL ERROR: Could not find the begining of the composition ’ + bcolors.ENDC

912 print bcolors.FAIL + ’ block of the input file. Check that the tag is properly assigned ’ + bcolors.ENDC

913 print bcolors.FAIL + ’ in the input file. Use’ + bcolors.ENDC

914 print bcolors.FAIL + ’ ’ + bcolors.ENDC

915 print bcolors.OKBLUE + ’ BEGIN_COMPOSITION ’ + bcolors.ENDC

916 print bcolors.FAIL + ’ ’ + bcolors.ENDC

917 print bcolors.FAIL + ’ to indicate the start of the block.’ + bcolors.ENDC

918 print bcolors.FAIL + ’ Also ensure that there are no trailing spaces / characters before or after the statement.’ +

bcolors.ENDC

919 print bcolors.FAIL + ’ ’ + bcolors.ENDC

920 sys.exit()

921
922 # cannot find end of the block

923 elif i_comp_e == 0:

924
925 print bcolors.FAIL + ’ ’ + bcolors.ENDC

926 print bcolors.FAIL + ’ => FATAL ERROR: Could not find the end of the composition ’ + bcolors.ENDC

927 print bcolors.FAIL + ’ block of the input file. Check that the tag is properly assigned ’ + bcolors.ENDC

928 print bcolors.FAIL + ’ in the input file. Use’ + bcolors.ENDC

929 print bcolors.FAIL + ’ ’ + bcolors.ENDC

930 print bcolors.OKBLUE + ’ END_COMPOSITION ’ + bcolors.ENDC

931 print bcolors.FAIL + ’ ’ + bcolors.ENDC

932 print bcolors.FAIL + ’ to indicate the end of the block.’ + bcolors.ENDC

933 print bcolors.FAIL + ’ Also ensure that there are no trailing spaces / characters before or after the statement.’ +

bcolors.ENDC

934 print bcolors.FAIL + ’ ’ + bcolors.ENDC

935 sys.exit()

936
937 else:

938
939 print " => Gas composition input block found!"

940
941
942 print " Building species list and determining gas composition ..."

943
944 # allocate memory for the species list , molar proportions and species mole fractions

945 N_sp = i_comp_e - i_comp_b - 1

946
947 species_list = [’dummy’] * N_sp

948
949 proportions = np.zeros(N_sp)

950
951 mole_fraction = np.zeros(N_sp)

952
953 i_count = 0

954
955
956 # populate the species list array , and proportions list from the input file.

957 # The code is currently setup to take in the species name and molar composition from the

958 # input file seperated by a tab.

959 for i in xrange (( i_comp_b + 1) ,(i_comp_e)):

960 dummy_string = input_lines[i]

961
962 comp_split = re.split(r’\t+’,dummy_string)

963
964 species_list[i_count] = comp_split [0]

965
966 proportions[i_count] = float(comp_split [1])

967
968 # throw an error if one of the molar proportions is negative

969 if proportions[i_count] < 0.:

970 print bcolors.FAIL + ’ ’ + bcolors.ENDC

971 print bcolors.FAIL + ’ FATAL ERROR: Parsing gas composition.’ + bcolors.ENDC

972 print bcolors.FAIL + " A component molar proportion is less than zero." + bcolors.ENDC

973 print bcolors.FAIL + " Compound: " + species_list[i_count] + bcolors.ENDC

974 print bcolors.FAIL + " Please investigate that the species is declared properly in the input file." + bcolors.

ENDC

975 print bcolors.FAIL + ’ ’ + bcolors.ENDC

976 sys.exit()

977
978 i_count = i_count + 1

979
980 # PUT IN AN ERROR IF A SPECIES IS DEFINED TWICE

981
982 # Normalize the species proportions into mole fractions.

983 mol_sum = 0.

984
985 for i in xrange(0,N_sp):

986 mol_sum = mol_sum + proportions[i]

987
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988 for i in xrange(0,N_sp):

989 mole_fraction[i] = proportions[i] / mol_sum

990
991 # put in an error if mole fractions don’t sum to 1.

992
993
994 print " => Species list and gas composition obtained!"

995
996 print " ----------------------------"

997 print " | Gas compsition summary |"

998 print " ----------------------------"

999 print " species: mol. proportion mol. fraction"

1000 print " =============== =============== ============="

1001
1002 for i in xrange(0,N_sp):

1003 print " "+species_list[i].ljust (14)," {a:10.3f} {b:10.5f}".format(a=proportions[i], b=mole_fraction[i])

1004
1005
1006 #======================================================================

1007 # Input the experimental conditions

1008 #======================================================================

1009 # line numbers for the begining and end of the conditions block

1010 i_cond_b = 0

1011
1012 i_cond_e = 0

1013
1014 print " Searching for the experimental conditions input block ..."

1015
1016 # search the input file for begining and ending tags

1017 for i in xrange(1, N_inpt_lines):

1018
1019 # find the begining

1020 if input_lines[i] == ’BEGIN_CONDITIONS ’:

1021
1022 i_cond_b = i

1023
1024 # find the ending

1025 if input_lines[i] == ’END_CONDITIONS ’:

1026
1027 i_cond_e = i

1028
1029 # if the begining and ending have been found , then we are done here

1030 if i_cond_b != 0 and i_cond_e != 0:

1031
1032 break

1033
1034
1035 # ERROR MESSAGES:

1036 # cannot find start of the block

1037 if i_cond_b == 0:

1038 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1039 print bcolors.FAIL + ’ => FATAL ERROR: Could not find the begining of the conditions ’ + bcolors.ENDC

1040 print bcolors.FAIL + ’ block of the input file. Check that the tag is properly assigned ’ + bcolors.ENDC

1041 print bcolors.FAIL + ’ in the input file. Use’ + bcolors.ENDC

1042 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1043 print bcolors.OKBLUE + ’ BEGIN_CONDITIONS ’ + bcolors.ENDC

1044 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1045 print bcolors.FAIL + ’ to indicate the start of the block.’ + bcolors.ENDC

1046 print bcolors.FAIL + ’ Also ensure that there are no trailing spaces / characters before or after the statement.’ +

bcolors.ENDC

1047 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1048 sys.exit()

1049
1050 # cannot find end of the block

1051 elif i_cond_e == 0:

1052 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1053 print bcolors.FAIL + ’ => FATAL ERROR: Could not find the end of the conditions ’ + bcolors.ENDC

1054 print bcolors.FAIL + ’ block of the input file. Check that the tag is properly assigned ’ + bcolors.ENDC

1055 print bcolors.FAIL + ’ in the input file. Use’ + bcolors.ENDC

1056 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1057 print bcolors.OKBLUE + ’ END_CONDITIONS ’ + bcolors.ENDC

1058 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1059 print bcolors.FAIL + ’ to indicate the end of the block.’ + bcolors.ENDC

1060 print bcolors.FAIL + ’ Also ensure that there are no trailing spaces / characters before or after the statement.’ +

bcolors.ENDC

1061 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1062 sys.exit()

1063
1064 # put in an error if end is before the begining in the input file

1065
1066 else:

1067
1068 print " => Experimental conditions input block found!"

1069
1070 # determine the number of experimental conditions that were found

1071 N_cond = i_cond_e - i_cond_b - 1

1072
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1073 if N_cond == 0:

1074 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1075 print bcolors.FAIL + ’ FATAL ERROR: No experimental conditions were found in the input file.’ + bcolors.ENDC

1076 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1077 sys.exit()

1078
1079 elif N_cond < 0:

1080 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1081 print bcolors.FAIL + ’ FATAL ERROR: The end of the experimental condition block is declared before the begining of

the block.’ + bcolors.ENDC

1082 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1083 sys.exit()

1084
1085 else:

1086
1087 print " => I have found " + str(N_cond) + " experimental conditions."

1088
1089
1090 print " Building database of experiment initial conditions ..."

1091
1092 # allocate memory for the initial conditions from the input file.

1093 test_ary = [0] * N_cond

1094
1095 T_i_ary = np.zeros(N_cond)

1096
1097 P_i_ary = np.zeros(N_cond)

1098
1099
1100
1101 i_count = 0

1102
1103 # the array is built from the order of the input file , which

1104 # will NOT be the same as the order that the pressure traces are read in.

1105 # So we will need the test numbers to link the initial conditions back up to

1106 # the pressure traces.

1107 for i in xrange (( i_cond_b + 1) ,(i_cond_e)):

1108
1109 dummy_string = input_lines[i]

1110
1111 # try to split the conditions out of the input file line ...

1112 try:

1113
1114 cond_split = re.split(r’\t+’,dummy_string)

1115
1116 # but if you can’t then tell me about it, then quit.

1117 except ValueError:

1118
1119 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1120 print bcolors.FAIL + ’ FATAL ERROR: When determining initial cond. from input file.’ + bcolors.ENDC

1121 print bcolors.FAIL + ’ Tab delimited initial conditions could not be parsed at input file line’ + str(i) + ’.’ +

bcolors.ENDC

1122 print bcolors.FAIL + ’ Please ensure that conditions have been tab delimited , then retry.’ + bcolors.ENDC

1123 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1124 sys.exit()

1125
1126
1127 test_ary[i_count] = int(cond_split [0])

1128
1129 T_i_ary[i_count] = cond_split [1]

1130
1131 P_i_ary[i_count] = cond_split [2]

1132
1133 i_count = i_count + 1

1134
1135 print " => Initial condition database successfully created!"

1136 print " ----------------------------------------"

1137 print " | Initial condition database summary |"

1138 print " ----------------------------------------"

1139 print " test T_i [C] p_i [mbar]"

1140 print " ====== ========= ============"

1141
1142 for i in xrange(0,N_cond):

1143 print " {a:03d} {b:9.2f} {c:10.1f}".format(a=int(test_ary[i]), b=T_i_ary[i], c=P_i_ary[i])

1144
1145 #======================================================================

1146 # Read in the experimental pressure traces

1147 #======================================================================

1148 # Make a list of all of the files in this directory

1149 # the [1] here keeps the os walk from falling down the rabbit

1150 # hole of subdirectories. Only the directories in THIS DIRECTORY

1151 # are considered.

1152
1153 print " Looking for experimental pressure traces ..."

1154
1155 exp_dir = this_dir + tag.ddir + "exp_p_trace"

1156
1157
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1158 # put in an error if this fails

1159 traces_w_dir = next(os.walk(exp_dir))[1]

1160
1161 n_trace = len(traces_w_dir)

1162
1163 # ensure that the number of traces matches the number of conditions

1164 # in the input file ... or to be more detailed ensure that each condition

1165 # in the input file has a corresponding pressure trace.

1166
1167 # loop through all of the directories that i have found and only

1168 # consider the ones that have a non -reactive tag and condition number

1169 # this will get rid of the clutter that people leave in the directory.

1170
1171 # setup a list of directories to be removed

1172 remove_dir = []

1173
1174 # start the loop , tag the folders that need to be removed

1175 for i in xrange(0,n_trace):

1176
1177 NR_ind = traces_w_dir[i].find(tag.NR)

1178
1179 cond_ind = traces_w_dir[i].find(tag.cond)

1180
1181 if NR_ind == -1:

1182
1183 remove_dir.append(traces_w_dir[i])

1184
1185 continue

1186
1187
1188 if cond_ind == -1:

1189
1190 remove_dir.append(traces_w_dir[i])

1191
1192 continue

1193
1194 # remove all the garbage out of my directory list

1195 for i in xrange(0, len(remove_dir)):

1196
1197 traces_w_dir.remove(remove_dir[i])

1198
1199 # update the number of traces

1200 n_trace = len(traces_w_dir)

1201
1202 # tell the user what is happening.

1203 # throw an error if no directories were found.

1204 if n_trace == 0:

1205
1206 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1207 print bcolors.FAIL + ’ FATAL ERROR: No experimental pressure traces were found.’ + bcolors.ENDC

1208 print bcolors.FAIL + ’ Please add experimental pressure traces.’ + str(i) + ’.’ + bcolors.ENDC

1209 print bcolors.FAIL + ’ Please ensure that condition tags and NR tags are supplied in the file names.’ + bcolors.

ENDC

1210 print bcolors.FAIL + ’ Condition Tag: ’ + tag.cond + bcolors.ENDC

1211 print bcolors.FAIL + ’ NR Tag: ’ + tag.NR + bcolors.ENDC

1212 print bcolors.FAIL + ’ Seperator Tag: ’ + tag.sep + bcolors.ENDC

1213 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1214 sys.exit()

1215
1216 else:

1217
1218 print " => I have found " + str(n_trace) + " experimental pressure traces!"

1219
1220 for i in xrange(0,n_trace):

1221
1222 print " (" + str(i+1) + ") " + traces_w_dir[i]

1223
1224
1225 #======================================================================

1226 # Read in conditions from non -reactive pressure trace names

1227 # then cross check with the input file to make sure that

1228 # everything is kosher.

1229 #======================================================================

1230
1231 print " Checking for internal consistency between pressure traces and input file ..."

1232
1233 # allocate an array for pressure trace condition numbers

1234 cond_no_pt = [0] * n_trace

1235
1236 for i in xrange(0,n_trace):

1237
1238 # find the condition number

1239 # so this index is the start of the end of the tag.

1240 # meaning the number should be between this and the next seperator

1241 ind_cond_no_s = traces_w_dir[i].find(tag.cond) + len(tag.cond)

1242
1243 if ind_cond_no_s == -1:
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1244 print bcolors.FAIL + "\nFAILURE: I could not find the defined condition number tag for an experimental test case."

1245 print "This is either due to a typo , or non -conformance with the data structure heirarchy format."

1246 print "Please tidy up your directories and try again.\n" + bcolors.ENDC

1247 print "mixture condition tag:",tag.cond ,"\n"

1248 print "Failed experimental directory:",traces_w_dir[i],"\n"

1249
1250 sys.exit()

1251
1252 ind_cond_no_e = traces_w_dir[i].find(tag.sep ,ind_cond_no_s ,len(traces_w_dir[i]))

1253
1254 cond_no_pt[i] = int(traces_w_dir[i][ ind_cond_no_s:ind_cond_no_e ])

1255
1256
1257 # cross check conditions.

1258 # make sure that there are the same number of input file conditions as pressure traces

1259 j_tr_cond = 0

1260
1261 if n_trace != N_cond:

1262
1263 j_tr_cond = 1

1264
1265 # make sure that the condition numbers in the input file

1266 # correspond with the condition numbers in the pressure trace file names

1267 # and that everything is accounted for.

1268
1269 # find corresponding pressure traces for input file conditions

1270
1271 # flag if i cannot find the pressure trace flag_trace = 1

1272 # np.zeros assigns floating points

1273 #flag_trace = np.zeros(N_cond)

1274
1275 flag_trace = [None] * N_cond

1276
1277
1278 # loop check each condition in input file

1279 for i in xrange(0,N_cond):

1280
1281 # loop through each of the pressure traces

1282 for k in xrange(0,n_trace):

1283
1284 # check to see if the trace condition number mathes

1285 # a condition in the input file. If so, move on

1286 # to the next

1287 if test_ary[i] == cond_no_pt[k]:

1288
1289 flag_trace[i] = 0

1290
1291 break

1292
1293 else:

1294
1295 flag_trace[i] = 1

1296
1297 # now let’s do the same , but we will make sure that each of the

1298 # pressure traces has an condition outlined in the input file.

1299 flag_inp = np.zeros(n_trace)

1300
1301 for i in xrange(0,n_trace):

1302
1303 for k in xrange(0,N_cond):

1304
1305 if cond_no_pt[i] == test_ary[k]:

1306
1307 flag_inp[i] = 0

1308
1309 break

1310
1311 else:

1312
1313 flag_inp[i] =1

1314
1315
1316 # error if the number of experimental pressure traces

1317 # and input file conditions are different

1318
1319 if j_tr_cond == 1:

1320
1321 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1322 print bcolors.FAIL + ’ FATAL ERROR: The number of input file conditions and pressure traces differ ...’ + bcolors.

ENDC

1323
1324
1325 # throw out an error if there is a condition in the input file

1326 # that does not have a corresponding pressure trace.

1327 trip_trace_err = 0

1328 for i in xrange(0,N_cond):

1329
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1330 if flag_trace[i] == 1:

1331
1332 if trip_trace_err == 0:

1333
1334 trip_trace_err = 1

1335
1336 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1337 print bcolors.FAIL + ’ FATAL ERROR: Input file cases are missing corresponding experimental pressure traces

for:’ + bcolors.ENDC

1338
1339 print bcolors.FAIL + ’ => condition ’ + str(test_ary[i]) + bcolors.ENDC

1340 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1341
1342
1343 trip_inp_err = 0

1344 for i in xrange(0,n_trace):

1345
1346 if flag_inp[i] == 1:

1347
1348 if trip_inp_err == 0:

1349
1350 trip_inp_err = 1

1351
1352 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1353 print bcolors.FAIL + ’ FATAL ERROR: Experimental pressure traces are missing initial conditions for:’ +

bcolors.ENDC

1354
1355 print bcolors.FAIL + ’ => condition ’ + str(cond_no_pt[i]) + bcolors.ENDC

1356 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1357
1358
1359 # stop the program if any of these errors have occured!

1360 if j_tr_cond == 1:

1361
1362 sys.exit()

1363
1364 elif trip_trace_err == 1:

1365
1366 sys.exit()

1367
1368 elif trip_inp_err == 1:

1369
1370 sys.exit()

1371
1372 else:

1373
1374 print " => Internal consistency achieved!"

1375
1376
1377
1378 #======================================================================

1379 # Setup output file directories

1380 #======================================================================

1381
1382 print " Building output file directories ..."

1383 # setup output directories for postprocessed data

1384 # " chemkin input files

1385
1386 # setup some paths for the post process directory and CK file directory

1387 pp_dir = this_dir + tag.ddir + "post_proc"

1388 CK_dir = this_dir + tag.ddir + "CK_inp"

1389
1390
1391 # check if these directories exist , if not create them

1392 # post processed results directory

1393 if not os.path.exists(pp_dir):

1394
1395 try:

1396
1397 os.mkdir(pp_dir)

1398
1399 except IOError as e:

1400
1401 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1402 print bcolors.FAIL + ’ ERROR: Building post -processing output directory.’ + bcolors.ENDC

1403 print bcolors.FAIL + " I/O error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

1404 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

1405 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1406
1407 except OSError as e:

1408
1409 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1410 print bcolors.FAIL + ’ ERROR: Building post -processing output directory.’ + bcolors.ENDC

1411 print bcolors.FAIL + " OS error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

1412 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

1413 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1414
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1415 else:

1416
1417 print " => Post -processed output file directory has been created."

1418
1419 else:

1420
1421 print " => Post -processed output file directory already exists."

1422
1423 # Chemkin input file output directory results directory

1424 if not os.path.exists(CK_dir):

1425
1426 try:

1427
1428 os.makedirs(CK_dir)

1429
1430 except IOError as e:

1431
1432 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1433 print bcolors.FAIL + ’ ERROR: CHEMKIN input file output directory.’ + bcolors.ENDC

1434 print bcolors.FAIL + " I/O error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

1435 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

1436 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1437
1438 except OSError as e:

1439
1440 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1441 print bcolors.FAIL + ’ ERROR: CHEMKIN input file output directory.’ + bcolors.ENDC

1442 print bcolors.FAIL + " OS error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

1443 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

1444 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1445
1446 else:

1447
1448 print " => CHEMKIN input file directory has been created."

1449
1450 else:

1451
1452 print " => CHEMKIN input file directory already exists."

1453
1454 # OK we are good now , should put in a warning if the directories already

1455 # exists and that we will overwrite data in the folders.

1456
1457 #======================================================================

1458 # Input the species thermochemistry

1459 #======================================================================

1460 # Once the species have been inputted and memory allocated for them

1461 # the thermo file is searched for the species and arrays are made that

1462 # input the NASA style polynomials into variables. The thermo file

1463 # contains the coefficients only. No additional space is to be put

1464 # into the thermo file for comments , etc. This can be changed later.

1465 # the coefficients are read in as follows.

1466 #

1467 # c_p[j]/R_u = cp[j][0] + cp[j][1] * T + cp[j][2] * T^2 + cp[j][3] * T^3 + cp[j][4] * T^4

1468 #

1469 # there is a high - and low - temperature fit , so this means that different sets of coefficients

1470 # are used for below and above a cutoff temperature referred to here as the break temperature

1471 # which is also specified in the therm.dat file

1472
1473 # open thermo file. This file must be in the directory that contains

1474 # this file. Again , this is something that could be easily changed.

1475 # Note that the therm file has a fixed file name

1476
1477 print " Looking for thermochemistry database (THERM.DAT)..."

1478
1479 try:

1480
1481 f_therm = open(’THERM.DAT’,’r’)

1482
1483 except IOError as e:

1484
1485 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1486 print bcolors.FAIL + ’ ERROR: Looking for thermochemistry database.’ + bcolors.ENDC

1487 print bcolors.FAIL + " I/O error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

1488 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

1489 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1490 sys.exit()

1491
1492 except OSError as e:

1493
1494 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1495 print bcolors.FAIL + ’ ERROR: Looking for thermochemistry database.’ + bcolors.ENDC

1496 print bcolors.FAIL + " OS error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

1497 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

1498 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1499 sys.exit()

1500
1501 else:
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1502
1503 print " => THERM.DAT file found."

1504
1505
1506 print " Searching for reactant species within the thermochemistry database ..."

1507
1508 # read in the lines of the thermo file into an array of strings

1509 therm_lines = [’0’]

1510
1511 for line in f_therm:

1512
1513 # convert the line to a string

1514 line_str = str(line)

1515
1516 # strip the return carraiges from the string

1517 line_str = line_str.replace(’\r\n’,’’)

1518
1519 # add the line to the array

1520 therm_lines.append(line_str)

1521
1522 # close the therm file

1523 f_therm.close

1524
1525 # This must be changed if comments or tags are allowed into the therm file.

1526 # As it stands the code determines the number of species include in the thermo

1527 # database from the number of lines in the therm input file. This could be modified

1528 # by using a start and end tag to specify where the species start and end.

1529 # I will not do this right now , see previous block implementation for a template

1530
1531 # The number of lines in the therm.dat file

1532 no_line_therm = len(therm_lines) - 1

1533
1534 # each species takes 4 of those lines

1535 N_sp_therm = no_line_therm / 4

1536
1537 print " => The thermochemistry data base contains " + str(N_sp_therm) + " species."

1538
1539 # I SHOULD PUT IN AN ERROR , IF EVERY 4 LINES DOES NOT START WITH A STRING (SPECIES NAME)

1540
1541 # search the therm file for the species specified in the input file , then tag the lines

1542 # where the data for each species starts.

1543
1544 # a flag that trips once the first species is foun

1545 i_found_sp = 0

1546
1547 # keep track of the species that I have found , so that I can make an error for

1548 # species that are in the input file , but not in the database.

1549 i_found_sp_ary = [1] * N_sp

1550
1551 # array of integers that saves the start of the polynomial coefficients for each species

1552 sp_line_therm = [0] * N_sp

1553
1554 # a flag for duplicate species

1555 i_dup_therm = [0] * N_sp

1556
1557 # count up the species that I have found , let’s make sure I find them

1558 # all

1559 i_cnt_sp_therm = 0

1560
1561 # because the arrays in python start at 0...

1562 i_line = 1

1563
1564 for i in xrange (1,( N_sp_therm +1)):

1565
1566 # reduce dimensionality

1567 species_name = therm_lines[i_line]

1568
1569 # pull the first 10 spaces of the first line for the current species

1570 # this corresponds to the species name

1571 species_name = species_name [:10]

1572
1573 # strip the trailing characters from the read -in species name

1574 species_name = species_name.rstrip ()

1575
1576
1577 # check if the currently indexed species in the therm database matches any

1578 # of the species that were specified by the input file.

1579
1580 # The below statement is now obsolete in the p2v code.

1581 # A fatal error occurs if the species is defined twice in the THERM.DAT

1582 # file , due to ambiguity.

1583 # THE WAY THAT I HAVE SET UP THIS PART OF THE CODE , IF A SPECIES IS DEFINED

1584 # TWICE IN THE THERM.DAT FILE , THE LAST INSTANCE FOR THAT SPECIES IS TAKEN.

1585 # I SHOULD SET THIS UP TO THROW WARNINGS IF A SPECIES IS IN THE FILE TWICE.

1586 # SO THAT WE ARE VERY EXPLICIT ABOUT WHAT IS BEING DONE.

1587 for j in xrange(0,N_sp):

1588
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1589 # if this species matches the name given in the input file EXACTLY then I have

1590 # found the data for this species. So we will tag where the thermo data begins

1591 # in the array. I have chose to not make the definition of names "fuzzy" or more

1592 # leanient because some of the names for species in mechanism are part of names

1593 # for other species. So i think this should be strict.

1594 if species_name == species_list[j]:

1595
1596 # just let the user know what is going on

1597 if i_found_sp == 0:

1598
1599 i_found_sp = 1

1600
1601 print " => I have found the following species in the thermochemistry database:"

1602
1603 # if I have found a species that has already been found then make an error.

1604 if i_dup_therm[j] != 0:

1605
1606 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1607 print bcolors.FAIL + ’ FATAL ERROR: Looking for species in the thermochemistry database.’ + bcolors.ENDC

1608 print bcolors.FAIL + " Multiple definitions exist for " + species_list[j] + " in the THERM.DAT file." +

bcolors.ENDC

1609 print bcolors.FAIL + ’ Please tidy up the database.’ + bcolors.ENDC

1610 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1611 sys.exit()

1612
1613 # otherwise tag the line whe the species data starts in the database.

1614 else:

1615
1616 sp_line_therm[j] = i_line

1617
1618 i_dup_therm[j] = 1

1619
1620 i_cnt_sp_therm = i_cnt_sp_therm + 1

1621
1622 i_found_sp_ary[j] = 0

1623
1624 print " (" + str(i_cnt_sp_therm) + ") " + species_list[j]

1625 # The species should be mutually exclusive. So if I have found one , I can’t find

1626 # another one. So break the loop.

1627 # break

1628 # I have changed this while writing the p2v code to throw a fatal error if a species is found

1629 # twice , see above code.

1630
1631 # each species takes four lines of the therm.dat file

1632 i_line = i_line + 4

1633
1634 # put in a warning if sp_line_therm[j]=0 which means that the species was not found in the

1635 # therm file.

1636 # THIS WAS NOT DONE , IT WAS TRIED BUT ALWAYS REGARDS THE FIRST SPECIES IN THE THERM FILE

1637 # AS BEING A DPLICATE , EVEN IF IT IS NOT. I HAVE SINCE SWITCHED OVER TO THE FLAGGING

1638 # METHOD THAT IS CURRENTLY IN THE CODE.

1639
1640 # I need to make sure that I have found all of the species that I need.

1641 # which is nessesarily true if

1642
1643 if sum(i_found_sp_ary) == 0:

1644
1645 print " => All of the species declared in the input file have been found in the thermochemistry database!"

1646
1647 # Uh oh, there is a species that was declared that does not exist in the database.

1648 # tell the user , and crash the program

1649 else:

1650
1651 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1652 print bcolors.FAIL + ’ FATAL ERROR: Looking for species in the thermochemistry database.’ + bcolors.ENDC

1653 print bcolors.FAIL + " The following species have been defined in the input file ," + bcolors.ENDC

1654 print bcolors.FAIL + " but are not present in the thermochemistry database:" + bcolors.ENDC

1655 i_cnt_0 = 1

1656 for i in xrange(0,N_sp):

1657
1658 if i_found_sp_ary[i] == 1:

1659
1660 print bcolors.FAIL + " (" + str(i_cnt_0) + ") " + species_list[i] + bcolors.ENDC

1661
1662 i_cnt_0 = i_cnt_0 + 1

1663
1664 print bcolors.FAIL + ’ Please update the thermochistry database to include these compounds.’ + bcolors.ENDC

1665 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1666 sys.exit()

1667
1668 # I CAN"T THINK OF ANYTHING THAT COULD GO WRONG AT THIS POINT , WRT POPULATING

1669 # SPECIFIC HEAT FITS

1670
1671
1672 print " Populating specific heat arrays for each species ..."

1673
1674 # Allocate an array element for each species that consists of 5 component for both
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1675 # the low -temperature and high -temperature specific heats. It is important that

1676 # the memory is allocated in the way that is done here. I had some problems using

1677 # other methods that would change all of the components for a given species to

1678 # specified value , when only one element was to be changed. I am still

1679 # not sure why this is the case.

1680 cp_high = [[0 for i in xrange (5)] for i in xrange(N_sp)]

1681
1682 cp_low = [[0 for i in xrange (5)] for i in xrange(N_sp)]

1683
1684 # populate specific heat matrices for each species

1685 for j in xrange(0,N_sp):

1686
1687 # high temperature specific heat

1688 i_line_no = int(sp_line_therm[j])

1689
1690 # a string for the second line of the species which contains the high -temperature

1691 # coefficients

1692 cp_high_str = therm_lines[i_line_no +1]

1693
1694 # this splits the string into floating point numbers and saves the coefficients

1695 # in the coefficient array for the species

1696 for i in xrange (0,5):

1697
1698 # strip away 15 characters at a time from the string and save them into the

1699 # array , each coefficient is 15 characters long.

1700 # This line of code takes the next coefficient and converts it to a floating

1701 # point , the other variable saves what is left of the string minus the value that

1702 # was just taken. The loop does this for all five values and saves them into

1703 # an array.

1704 cp_bin , cp_high_str = float(cp_high_str [:15]) , cp_high_str [15:]

1705
1706 cp_high[j][i] = cp_bin

1707
1708
1709 # The low -temperature fits are spread over the next two lines , those lines for

1710 # the current species are saved here

1711 cp_low_str_1 = therm_lines[i_line_no +2]

1712 cp_low_str_2 = therm_lines[i_line_no +3]

1713
1714 # I don’t need the reference conditions or the heats of formation for the current

1715 # use of this code , so these coefficients are put into the trash. If these are needed

1716 # in the future the code here could be easily modified to save these.

1717 # The same is done here for the low -termperature fits that was done for the high -temp

1718 # fits , except the values are split over the two lines.

1719 for i in xrange (0,2):

1720
1721 cp_bin , cp_low_str_1 = float(cp_low_str_1 [:15]) , cp_low_str_1 [15:]

1722
1723 for i in xrange (0,5):

1724
1725 if i <= 2:

1726 cp_bin , cp_low_str_1 = float(cp_low_str_1 [:15]) , cp_low_str_1 [15:]

1727
1728 cp_low[j][i] = cp_bin

1729
1730 else:

1731 cp_bin , cp_low_str_2 = float(cp_low_str_2 [:15]) , cp_low_str_2 [15:]

1732
1733 cp_low[j][i] = cp_bin

1734
1735
1736 # This section pulls information from the therm file about the low - and high -tmperature

1737 # range where the specific heat fit is valid , and also the break temperature seperating the

1738 # low - and high -temp fit.

1739
1740 # allocate memory for the temperature limits and break point arrays

1741 T_low = np.zeros(N_sp)

1742
1743 T_high = np.zeros(N_sp)

1744
1745 T_brk = np.zeros(N_sp)

1746
1747
1748 # loop through the arrays and pull the values

1749 for j in xrange(0,N_sp):

1750
1751 # find the start line in the therm database for the current species

1752 i_line_no = int(sp_line_therm[j])

1753
1754 # pull the line for this species with the break point from the therm array

1755 # and reduce the dimensionality

1756 limits_string = therm_lines[i_line_no]

1757
1758 # throw out the first 45 characters of the first therm.dat line for the species

1759 # this contains information about the species name , date of the fit , structure

1760 # and any comments. This information is not needed at present , so it is stripped from the

1761 # line. However , if this information is required in the future then this section

395



1762 # of the code is to be modified to store this information.

1763 limits_string = limits_string [45:]

1764
1765 # Convert the temperatures from the string to floating points.

1766 # each temperature is allowed 10 characters.

1767 # it doesn’t like the arrays , ive had to reduce dimensionality.

1768 T_low_red , limits_string = float(limits_string [:10]) , limits_string [10:]

1769
1770 T_high_red , limits_string = float(limits_string [:10]) , limits_string [10:]

1771
1772 T_brk_red , limits_string = float(limits_string [:10]) , limits_string [10:]

1773
1774 # store the values for this species in an array.

1775 T_low[j] = T_low_red

1776
1777 T_high[j] = T_high_red

1778
1779 T_brk[j] = T_brk_red

1780
1781
1782 print " => Species specific heat parsing complete!"

1783
1784 #======================================================================

1785 # Build lookup table of gamma term

1786 #======================================================================

1787 # Since the composition of the gas is assumed not to change throughout

1788 # the compression process , (i.e. the gas is non -reactive) a lookup table

1789 # of temperature dependant specific heats is much more efficient than

1790 # having to root solve the polynomial for temperature dependant

1791 # specific heats.

1792
1793 print " Constructing mixture gamma lookup table ..."

1794
1795 # I should make these parameters adjustable in the input file , but for

1796 # now I will just hard code things in.

1797 # variable definition:

1798 # T_sp_ht_l = Lower temperature bounds of lookup table

1799 # T_sp_ht_h = Upper temperature bounds of lookup table

1800 # T_sp_ht_inc = Step size in temperature

1801
1802 T_sp_ht_l = 250. #K

1803
1804 T_sp_ht_h = 3000. #K

1805
1806 T_sp_ht_inc = 1.0 #K

1807
1808 # Calculate the number of grid points in the lookup table.

1809 # I am going to have a problem here if this turns out to not be an integer

1810 N_sp_ht = int(( T_sp_ht_h - T_sp_ht_l) / T_sp_ht_inc) + 1

1811
1812 # display the table build parameters.

1813 print " => Build parameters:"

1814 print " Lower Temperature Bound [K]: " + str(T_sp_ht_l)

1815 print " Upper Temperature Bound [K]: " + str(T_sp_ht_h)

1816 print " Temperature Step Size [K]: " + str(T_sp_ht_inc)

1817 print " Number of Grid Points [-]: " + str(N_sp_ht)

1818
1819 # Create and populate the temperature portion of the specific

1820 # heat table

1821 T_sp_ht_ary = np.zeros(N_sp_ht)

1822
1823 T_sp_ht_ary [0] = T_sp_ht_l

1824
1825 for i in xrange(1,N_sp_ht):

1826
1827 T_sp_ht_ary[i] = T_sp_ht_ary[i-1] + T_sp_ht_inc

1828
1829
1830 # populate the cp/R array of each neat species at each lookup temperature

1831 # The array must be generated in this fashion , other methods give

1832 # incorrect results where a single element cannot be changed.

1833 # [species ][ temperature]

1834 cp_R_sp = [[0 for i in xrange(N_sp_ht)] for i in xrange(N_sp)]

1835
1836 for j in xrange(0,N_sp):

1837
1838 for i in xrange(0,N_sp_ht):

1839
1840 # Account for polynomial split

1841 if T_sp_ht_ary[i] <= T_brk[j]:

1842
1843 # Evaluate the polynomial

1844 for k in xrange (0,5):

1845
1846 cp_R_sp[j][i] = cp_R_sp[j][i] + cp_low[j][k] * T_sp_ht_ary[i] ** float(k)

1847
1848 else:
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1849
1850 # Evaluate the polynomial

1851 for k in xrange (0,5):

1852
1853 cp_R_sp[j][i] = cp_R_sp[j][i] + cp_high[j][k] * T_sp_ht_ary[i] ** float(k)

1854
1855 # let’s put in an error if the specific heat term is very small (0)

1856 # or negative , of which both are non -physical and will cause

1857 # problems with subsequent calculations , not to mention also

1858 # being wrong.

1859 if cp_R_sp[j][i] <= 0.:

1860
1861 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1862 print bcolors.FAIL + ’ FATAL ERROR: Calculating component specific heat.’ + bcolors.ENDC

1863 print bcolors.FAIL + " The calculated mixture specific heat is less than zero." + bcolors.ENDC

1864 print bcolors.FAIL + " Species: " + species_list[j] + bcolors.ENDC

1865 print bcolors.FAIL + " c_p / R = " + str(cp_R_sp[j][i]) + bcolors.ENDC

1866 print bcolors.FAIL + " T [K] = " + str(T_sp_ht_ary[i]) + bcolors.ENDC

1867 print bcolors.FAIL + " Please investigate." + bcolors.ENDC

1868 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1869 sys.exit()

1870
1871
1872 # now we calculate the mixture average the specific heat

1873 # we also calculate several specific heat ratio terms that

1874 # commonly pop out of analytic adiabatic core solutions

1875 # and are used to "convert" thermodynamic state properties

1876 #

1877 # Note that the specific heat array cp_R_sp or cp_R_mix

1878 # is more accurately c_p / R

1879 #

1880 # These terms are all algebraic manipulations of the

1881 # following properties of IDEAL GASES

1882 #

1883 # (1) c_p - c_v = R

1884 #

1885 # (2) gamma = c_p / c_v

1886 #

1887 # and thus we calculate the following useful non -d groups

1888 #

1889 # (1) gamma_term_1 = [(gamma - 1.)/gamma] = [1. - 1./ gamma] = R / c_p = 1. / cp_R_mix

1890 #

1891 # (2) gamma_term_2 = [gamma /( gamma -1.)] = c_p / R = cp_R_mix

1892 #

1893 # (3) gamma_term_3 = gamma = 1. + R / c_p = 1. + 1. / cp_R_mix

1894 #

1895 # (4) gamma_term_4 = 1. / gamma = 1. - R / c_p = 1. - 1. / cp_R_mix

1896 #

1897 # Although I have calculated all of these values here , i think that

1898 # it is probably best , in terms of efficiency , to to perform

1899 # the lookup operation on one of these , then calculate

1900 # the rest of them on the fly.

1901
1902 # allocate arrays for the specific heat as well as the

1903 # specific heat ratio quantities

1904 cp_R_mix = np.zeros(N_sp_ht)

1905
1906 gamma_term_1 = np.zeros(N_sp_ht)

1907
1908 gamma_term_2 = np.zeros(N_sp_ht)

1909
1910 gamma_term_3 = np.zeros(N_sp_ht)

1911
1912 gamma_term_4 = np.zeros(N_sp_ht)

1913
1914 for i in xrange(0,N_sp_ht):

1915
1916 for j in xrange(0,N_sp):

1917
1918 cp_R_mix[i] = cp_R_mix[i] + cp_R_sp[j][i] * mole_fraction[j]

1919
1920 # let’s put in an error if the specific heat term is very small (0)

1921 # or negative , of which both are non -physical and will cause

1922 # problems with subsequent calculations , not to mention also

1923 # being wrong.

1924 if cp_R_mix[i] <= 0.:

1925
1926 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1927 print bcolors.FAIL + ’ FATAL ERROR: Calculating mixture specific heat.’ + bcolors.ENDC

1928 print bcolors.FAIL + " The calculated mixture specific heat is less than zero." + bcolors.ENDC

1929 print bcolors.FAIL + " c_p / R = " + str(cp_R_mix[i]) + bcolors.ENDC

1930 print bcolors.FAIL + " T [K] = " + str(T_sp_ht_ary[i]) + bcolors.ENDC

1931 print bcolors.FAIL + " Please investigate." + bcolors.ENDC

1932 print bcolors.FAIL + ’ ’ + bcolors.ENDC

1933 sys.exit()

1934
1935 gamma_term_1[i] = 1. / cp_R_mix[i]
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1936
1937 gamma_term_2[i] = cp_R_mix[i]

1938
1939 gamma_term_3[i] = 1. + 1. / cp_R_mix[i]

1940
1941 gamma_term_4[i] = 1. - 1. / cp_R_mix[i]

1942
1943
1944 print " => Gamma lookup table build was successfull!"

1945
1946
1947 #======================================================================

1948 # Start looping through experimental conditions to process

1949 # and build input files

1950 #======================================================================

1951 # the idea here is to read in one pressure trace at a time

1952 # and completely make the output files (CK and post processed files)

1953 # then dump all of the data from memory. I want to do it this way

1954 # because the experimental pressure traces can be quite large

1955 # on the order of 50 million points , and if there are a lot of pressure

1956 # traces to process i don’t want to dump the core on inadequete machines

1957
1958 print " Begin processing experimental conditions ..."

1959 print " "

1960
1961
1962 for j in xrange(0,n_trace):

1963 #======================================================================

1964 # Read in pressure histories

1965 #======================================================================

1966
1967 # start at the first condition in the input file , find the corrsponding

1968 # experimental pressure trace.

1969
1970 # index for the input condition j in the experimental pressure trace

1971 # array

1972 ind_pt = 0

1973
1974 # loop through each of the pressure traces

1975 for k in xrange(0,n_trace):

1976
1977 # check to see if the trace condition number mathes

1978 # a condition in the input file. If so, move on

1979 # to the next

1980 # note there are no warnings here , because

1981 if test_ary[j] == cond_no_pt[k]:

1982
1983 ind_pt = k

1984
1985 break

1986
1987 # Let’s open up the pressure trace now , and read in the data.

1988 # Find data files based on what I currently have the channels

1989 # named on the scope. This should be updated to do a keyword

1990 # search of the folders , so that the naming scheme does not need

1991 # to be very strict. e.g., look for the strings "free", "fixed"

1992 # "fix", "press", "pressure", "kistler", etc.

1993 # or at the least have this as an input in the input file.

1994 kist_scope = "Kister Pressure_01h.TXT"

1995
1996 # path to the pressure trace

1997 kistler_file = exp_dir + tag.ddir + traces_w_dir[ind_pt] + tag.ddir + kist_scope

1998
1999 # path to the post process file

2000 pp_file = pp_dir + tag.ddir + traces_w_dir[ind_pt] + ".out_p2v"

2001
2002 # path to the CHEMKIN input file

2003 CK_file = CK_dir + tag.ddir + traces_w_dir[ind_pt] + ".VPRO"

2004
2005
2006
2007 # start iterating through the files

2008 print " Post -processing cond No. " + str(test_ary[j]) + "..."

2009 print " ==================================================================="

2010
2011
2012
2013 #---------------------------------------------------------------------

2014 # Read in kistler pressure transducer signal

2015 # See above comments.

2016 #---------------------------------------------------------------------

2017 print " Searching for raw oscilloscope pressure time history measurement ..."

2018
2019 # check to make sure the kistler file exists , if not

2020 # kill the program

2021 if os.path.isfile(kistler_file):

2022
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2023 # if I find it let the user know ...

2024 print " => Kistler transducer data file found!"

2025 print " => path: " + kistler_file

2026 print " Attempting to open kistler data file ..."

2027
2028
2029
2030 # Let’s read it in.

2031 try:

2032
2033 f = open(kistler_file ,’r’)

2034
2035 except IOError as e:

2036 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2037 print bcolors.FAIL + ’ ERROR: Opening raw Kistler pressure data file.’ + bcolors.ENDC

2038 print bcolors.FAIL + " I/O error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

2039 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

2040 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2041 sys.exit()

2042
2043 except OSError as e:

2044 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2045 print bcolors.FAIL + ’ ERROR: Opening raw kistler pressure data file.’ + bcolors.ENDC

2046 print bcolors.FAIL + " OS error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

2047 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

2048 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2049 sys.exit()

2050
2051 else:

2052
2053 print " => Kistler transducer data file successfully opened!"

2054
2055 # parse in the data

2056 print " Parsing pressure time history ..."

2057
2058 # dump the trash at the begining of the scope file

2059 for i in xrange (1,6):

2060 dummy_header = f.readline ()

2061
2062 # read in the initial time of the data

2063 t_0 = float(f.readline ())

2064
2065 # next line is junk

2066 dummy_header = f.readline ()

2067
2068 # read -in the sampling time step from the scope

2069 dt = float(f.readline ())

2070
2071 # more garbage

2072 for i in xrange (1,4):

2073 dummy_header = f.readline ()

2074
2075 # grab the number of points collected

2076 n_data = int(f.readline ())

2077
2078 # more junk

2079 dummy_header = f.readline ()

2080
2081 # this is an index for the data line counter

2082 index = 0

2083
2084 # allocate memory for the data coming in

2085 press = np.zeros(n_data)

2086
2087 # read in the data

2088 for line in f:

2089 line = line.strip()

2090 press[index] = float(line)

2091 index = index + 1

2092
2093 # close the file

2094 f.close()

2095
2096 print " => Kistler transducer data successfully parsed!"

2097 print " => Data Parameters:"

2098
2099 print " History collected [ms]: " + str(dt * n_data * 1000.)

2100 print " Sampling Frequency [kHz]: " + str (1. / dt / 1000.)

2101 print " Number of points [kpts]: " + str(n_data / 1000)

2102
2103 else:

2104
2105 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2106 print bcolors.FAIL + ’ FATAL ERROR: Raw Kistler pressure trace is missing.’ + bcolors.ENDC

2107 print bcolors.FAIL + " Cannot find raw oscilloscope signal for the Kistler pressure measurement." + bcolors.ENDC

2108 print bcolors.FAIL + " Condition No. " + str(test_ary[j]) + bcolors.ENDC

2109 print bcolors.FAIL + " Expected trace name / path: " + kistler_file + bcolors.ENDC
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2110 print bcolors.FAIL + " Please investigate." + bcolors.ENDC

2111 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2112 sys.exit()

2113
2114
2115 #=====================================================================

2116 # Correct the pressure for drift and initial conditions

2117 #=====================================================================

2118
2119 #---------------------------------------------------------------------

2120 # Correct pressure trace for initial drift in signal , and scale

2121 # position traces to give a correct calibration curve.

2122 # Force:

2123 # p(t=0) = 0

2124 #---------------------------------------------------------------------

2125 print " Correcting pressure signal for initial dynamic drift and static pressure ..."

2126 print " => Using an average offset of the first 100 data points."

2127
2128 # Use an average of the first 100 points of the signal to determine

2129 # the initial offset value in pressure and position.

2130 P_i_off = 0.

2131
2132 for i in xrange (0,99):

2133 P_i_off=P_i_off + press[i]

2134
2135 P_i_off = P_i_off / 100.

2136
2137 print " Drift offset [mbar]: " + str(P_i_off * 1000.)

2138 print " Initial press. [mbar]: " + str(P_i_ary[j])

2139
2140 # Correct for the initial drift in the kistler

2141 for i in xrange(0,n_data):

2142 press[i] = press[i] - P_i_off + P_i_ary[j] / 1000.

2143
2144
2145 print " => Signal correction complete!"

2146
2147 #=====================================================================

2148 # Make an array for time

2149 #=====================================================================

2150 print " Building a time array for pressure data ..."

2151 time = np.zeros(n_data)

2152
2153 # for the purposes of this code it is adventagous to make time start

2154 # at 0.

2155 #time [0] = t_0

2156 time [0] = 0.

2157
2158 for i in xrange(1,n_data):

2159 time[i] = time[i-1] + dt

2160
2161 print " => Time array build complete!"

2162
2163
2164 #=====================================================================

2165 # Transform pressure trace to specific volume

2166 #=====================================================================

2167 # I will need to also calculate a temperature profile to get at

2168 # the gamma term as well. Because of this I will output the temp.

2169 # profile.

2170 print " Integrating pressure history to determine AC T and v..."

2171
2172 T_AC_ary , sp_v_AC_ary = trace_p2v(T_i_ary[j], press)

2173
2174 print " => Adiabatic core state variables calculated!"

2175
2176
2177 #=====================================================================

2178 # Reduce the number of points using a ramer -douglas -peucker

2179 # reduction scheme

2180 #=====================================================================

2181 # first we need to get rid of the noise at the begining of the

2182 # experimental trace. This always results from the transducer

2183 # when a static signal is recorded. Therefore there is always

2184 # a good bit of noise before compression. I’m not really

2185 # sure why that is the case , but it always is.

2186
2187 # note that the first point in the specifc volume array

2188 # is forced to the density that is calculated from the static pressure ,

2189 # temperature measuriment and therefore is NOT subject to this noise.

2190 # because of this I am forcing the initial noise in the trace to

2191 # this value , which will improve stability with the subsequent

2192 # kinetics simulations as the volume of the reactor will not be

2193 # oscillating.

2194
2195 # Practically , i’m going to take the first 100 points of the array

2196 # and find the peak to trough noise bound. There should be nothing
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2197 # of interest in these points , essentially they should read 0 when

2198 # measured by the dynamic transducer. If the signal is drifting

2199 # or compression occurs within the first 100 points this method

2200 # will not work and needs to be modified.

2201
2202 print " Correcting specific volume history for static transducer noise ..."

2203
2204 print " => Characterizing transducer static noise effects ..."

2205 # initialize the values to small and large values respectively

2206 v_peak = -1000.

2207
2208 v_trough = 1000.

2209
2210 peak_found = 0

2211
2212 trough_found = 0

2213
2214 # loop through the points and find the max and min

2215 # maybe i should change this to be a certian time

2216 # before the trigger.

2217 for k in xrange (0,99):

2218
2219 try_peak = sp_v_AC_ary[k]

2220
2221 try_trough = sp_v_AC_ary[k]

2222
2223 if try_peak > v_peak:

2224
2225 v_peak = try_peak

2226
2227 peak_found = 1

2228
2229 elif try_trough < v_trough:

2230
2231 v_trough = sp_v_AC_ary[k]

2232
2233 trough_found = 1

2234
2235 # display error if the peak and trough value have not changed

2236 # from thier initialization values

2237 if peak_found == 0:

2238 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2239 print bcolors.FAIL + ’ FATAL ERROR: Looking for noise peak in specific volume trace.’ + bcolors.ENDC

2240 print bcolors.FAIL + " No peak found , expand variable initialization values." + bcolors.ENDC

2241 print bcolors.FAIL + " Please investigate." + bcolors.ENDC

2242 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2243 sys.exit()

2244
2245 elif trough_found == 0:

2246 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2247 print bcolors.FAIL + ’ FATAL ERROR: Looking for noise trough in specific volume trace.’ + bcolors.ENDC

2248 print bcolors.FAIL + " No trough found , expand variable initialization values." + bcolors.ENDC

2249 print bcolors.FAIL + " Please investigate." + bcolors.ENDC

2250 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2251 sys.exit()

2252
2253 else:

2254
2255 print " Average noise amplitude [m^3/kg]: " + str (0.5 * (v_peak - v_trough))

2256
2257 print " => Searching for start of compression time ..."

2258
2259 print " Tagged by the first signal fluctuation 25% beyond average noise."

2260
2261 # maybe another warning should be here if the trough and peak values are the same?

2262
2263 # set the critera that data will start being considered when the signal has

2264 # dropped by 0.75 the amplitude of the noise in the first 100 points.

2265 # with this in mind the specific volume need to drop to this value to start using

2266 # the experimental data. The noise should already be centered araound the

2267 # initial value because of the inital values of the pressure signal have already

2268 # been corrected , so we are looking for something 25% below the initial

2269 # average noise amplitude.

2270 v_drop = sp_v_AC_ary [0] - 0.75 * (v_peak - v_trough)

2271
2272 # now loop through the volume trace and find the array index where we start

2273 # compressing.

2274 i_v_cor = 0

2275
2276 for k in xrange(0,n_data):

2277
2278 if sp_v_AC_ary[k] < v_drop:

2279
2280 i_v_cor = k

2281
2282 break

2283
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2284 # display an error if i never dip below this cuttoff value

2285 if i_v_cor == 0:

2286 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2287 print bcolors.FAIL + ’ FATAL ERROR: Correcting specific volume trace initial noise.’ + bcolors.ENDC

2288 print bcolors.FAIL + " Signal never drops below 0.75 the noise amplitude." + bcolors.ENDC

2289 print bcolors.FAIL + " Please investigate." + bcolors.ENDC

2290 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2291 sys.exit()

2292
2293 else:

2294
2295 print " Start of compression relative to begining of DAQ [ms]: " + str(time[i_v_cor ]*1000.)

2296
2297 # replace static measurement sensor noise with the initial value

2298 # and keep the rest of the data

2299 #

2300 # to reduce the simulation time of kinetics , I am going to further

2301 # truncate the data collected before compression.

2302 # If I do not do this essentially the first

2303 # 100 ms of simulations will be very , very uninteresting but remain

2304 # computaionally expensive. For now i’ll consider 100 data points

2305 # at the initial condition , before compression starts.

2306 # I could , however , see this method becoming non -general and causing

2307 # problems later. Maybe I should be using a time before compression

2308 # anyway I think this will work for the time being if only

2309 # NUIG data is being processed.

2310 print " => Correcting initial specific volume and truncating pre -compression data ..."

2311
2312 print " Pre -compression static noise corrected to v_0 [m^3/kg]: " + str(sp_v_AC_ary [0])

2313
2314 print " Points considered before the start of compression: " + "100"

2315
2316 n_cor = n_data - i_v_cor + 100

2317
2318 # initialize new shortened arrays

2319 sp_v_cor = np.zeros(n_cor)

2320
2321 time_cor = np.zeros(n_cor)

2322
2323 # populate shorterned , corrected arrays

2324 for k in xrange(0,n_cor):

2325
2326 if k < 99:

2327
2328 sp_v_cor[k] = sp_v_AC_ary [0]

2329
2330 else:

2331
2332 sp_v_cor[k] = sp_v_AC_ary[i_v_cor -100+k]

2333
2334 time_cor[k] = time[i_v_cor -100+k]

2335
2336 print " Corrected specific volume history truncated to " + str(n_cor) + " points."

2337
2338 print " => Specific volume history correction complete!"

2339
2340 #=====================================================================

2341 # Specific volume point reduction

2342 #=====================================================================

2343 # so unfortunately i’m haveing some problems with the point reduction algorithm

2344 # and simply the problem is this:

2345 # There is some noise in the pressure transducer measurement.

2346 # There is a lot of noise for static pressures , but when dp/dt picks

2347 # up during the experiment the noise is greatly reduced , and is fairly

2348 # constant in amplitude. When the specific volume is calculated from the

2349 # experimental pressure signal this noise is amplified at high specific

2350 # volumes and greatly reduced at lower specific volumes. This sensitivity

2351 # occurs because at the begining of compression the volume of the reactor

2352 # is quite large and the pressure is very low , so the reactor needs to

2353 # be compressed / expanded by large amounts to hit the oscillating pressure

2354 # of the noise. Later the reactor is at high pressure and small volume ,

2355 # so the pressure of the reactor is extremely sensitive to volume changes

2356 # therfore the noise gets greatly reduced because the reactor only

2357 # changes volume by extremely small amounts to compress and expand within

2358 # the noise.

2359 #

2360 # this casues problems with the rdp point reduction method , as the majority

2361 # of points get distributed in the early noise , where getting these BCs

2362 # are not that important because of the statement above. The points are

2363 # very sparse afer compression because the noise is suppressed.

2364 #

2365 # I am looking to get rid of this problem by carrying out an rdp on the

2366 # pre -compression and post -compression data seperately. A low -tolorence

2367 # will be used pre -compression so that I don’t pick up this oscillating

2368 # noise , which makes little consequence to the energy of the reactor

2369 # but cripples the simulation time. also there are not many points after

2370 # compression where small changes to valome effect the energy of the reactor
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2371 # greatly. So the tolerance is made much tighter in this region.

2372 print " Reducing reactor spcific volume BCs for CK input using a Ramer -Douglas -Puecker algorithm ..."

2373
2374 print " Splitting data into pre - and post -compression arrays ..."

2375
2376 # find the minumum volume of the reactor which should be the

2377 # compressed condition for non -reactives.

2378 v_min = 1000.

2379 i_comp = 0

2380
2381 for k in xrange(0,n_cor):

2382
2383 if sp_v_cor[k] < v_min:

2384
2385 v_min = sp_v_cor[k]

2386
2387 i_comp = k

2388
2389 # make some new specific volume arrays to store the pre and

2390 # post compression data

2391 # first size em up

2392 n_pre_comp = i_comp + 1

2393
2394 # plus 1 for the compressed condition :)

2395 # both arrays contain the compressed condition.

2396 # this is important because rdp always keeps the first

2397 # and the last point , so there will be continuity

2398 n_post_comp = n_cor - n_pre_comp + 1

2399
2400 # allocate memory

2401 sp_v_pre = np.zeros(n_pre_comp)

2402
2403 time_pre = np.zeros(n_pre_comp)

2404
2405 sp_v_post = np.zeros(n_post_comp)

2406
2407 time_post = np.zeros(n_post_comp)

2408
2409 # populate precomp arrays

2410 for k in xrange(0, n_pre_comp):

2411
2412 time_pre[k] = time_cor[k]

2413
2414 sp_v_pre[k] = sp_v_cor[k]

2415
2416 # and post comp arrays

2417 for k in xrange(0, n_post_comp):

2418
2419 time_post[k] = time_cor[i_comp + k]

2420
2421 sp_v_post[k] = sp_v_cor[i_comp + k]

2422
2423
2424 # i need more output here

2425 print " => Data split complete!"

2426
2427 # reduce precompression first

2428 # reduce volume trace number of points

2429 # zip together time and specific volume into a matrix

2430 vol_zzip_pre = zip(time_pre ,sp_v_pre)

2431
2432 # run through the algorithm.

2433 # I am using a canned module to do this from Fabian Hirschmann

2434 # because his algorithm is very computaionally lean , and

2435 # mine is not.

2436 # I stole it from the github repository.

2437 # REF: ‘GitHub Page <http :// github.com/fhirschmann/rdp >‘

2438
2439 # make eps in the input file , or do the automatic comparison

2440 # to experiments

2441 eps_1 = 2.5e-4

2442
2443 print " Pre -compression epsilon [-]: " + str(eps_1)

2444
2445 vol_red_zzip_pre = rdp(vol_zzip_pre , epsilon = eps_1)

2446
2447 # Unzip the array

2448 time_red_pre = [x for (x,y) in vol_red_zzip_pre]

2449 vol_red_pre = [y for (x,y) in vol_red_zzip_pre]

2450
2451 # now post compression

2452 vol_zzip_post = zip(time_post ,sp_v_post)

2453
2454 eps_2 = 7.5e-5

2455
2456 print " Post -compression epsilon [-]: " + str(eps_2)

2457
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2458 vol_red_zzip_post = rdp(vol_zzip_post , epsilon = eps_2)

2459
2460 time_red_post = [x for (x,y) in vol_red_zzip_post]

2461 vol_red_post = [y for (x,y) in vol_red_zzip_post]

2462
2463 # print out the number of points pre and post compression

2464
2465 print " Pre -compression v reduced from " +str(len(time_pre)) + " to " + str(len(time_red_pre)) + " points."

2466 print " Post -compression v reduced from " +str(len(time_post)) + " to " + str(len(time_red_post)) + " points."

2467
2468 # recombine the reduced arrays to get the full story

2469
2470 # delete the first array element of the post compression trace , as this is

2471 # also in the precompresion array. We wouldn ’t want to double count

2472 # anything.

2473
2474 t_slice = np.zeros(len(time_red_post) -1)

2475 v_slice = np.zeros(len(vol_red_post) -1)

2476
2477 t_slice = time_red_post [1:]

2478 v_slice = vol_red_post [1:]

2479
2480 # how many reduced points have I wound up with

2481 n_red = len(t_slice) + len(time_red_pre)

2482
2483 # add the two arrays together , the built in functions are giving

2484 # me some trouble here

2485 time_red = np.zeros(n_red)

2486 vol_red = np.zeros(n_red)

2487
2488 for k in xrange(0,n_red):

2489
2490 if k < len(time_red_pre):

2491
2492 time_red[k] = time_red_pre[k]

2493 vol_red[k] = vol_red_pre[k]

2494
2495 else:

2496
2497 time_red[k] = t_slice[k-len(time_red_pre)]

2498 vol_red[k] = v_slice[k-len(time_red_pre)]

2499
2500
2501 print " " +str(len(time)) + " experimental points have been converted to " + str(n_red) + " reactor boundary

conditions."

2502
2503 print " => Point reduction complete!"

2504
2505
2506 #=====================================================================

2507 # Write out AC state variables to post process file

2508 #=====================================================================

2509 print " Creating post -process data output file ..."

2510
2511 # create post process output file.

2512 try:

2513
2514 with open(pp_file ,’w’) as f:

2515
2516 print " => Post -process output file created: " + pp_file

2517
2518 print " Writing post -processed data to disk ..."

2519
2520 writer = csv.writer(f, delimiter = ’\t’)

2521
2522 # write header for output

2523 # quantity

2524 writer.writerow (["t_exp "]+["P_exp "]+["T_AC "]+["v_raw "]+["t_cor "]+["v_cor "]+

2525 ["t_red "]+["v_red "])

2526
2527 # units

2528 # writer.writerow (["[s] "]+["[ bar] "]+["[K] "]+["[m^3/mol] "]+ ["[s] "]+["[m^3/ mol] "]+

2529 # ["[s] "]+["[m^3/mol] "])

2530
2531 # reduced points will be shorter than the experimental array

2532 for k in xrange(0,n_data):

2533
2534 # write everything including reduced volume profile

2535 if k < n_red:

2536 writer.writerow (["{0:.9f}".format(time[k])]+["{0:.9f}".format(press[k])]+

2537 ["{0:.9f}".format(T_AC_ary[k])]+["{0:.9f}".format(sp_v_AC_ary[k])]+

2538 ["{0:.9f}".format(time_cor[k])]+["{0:.9f}".format(sp_v_cor[k])]+["{0:.9f}".format(time_red[k])]+

2539 ["{0:.9f}".format(vol_red[k])])

2540
2541 # corrected volume profile still being written

2542 elif k < n_cor:

2543 writer.writerow (["{0:.9f}".format(time[k])]+["{0:.9f}".format(press[k])]+
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2544 ["{0:.9f}".format(T_AC_ary[k])]+["{0:.9f}".format(sp_v_AC_ary[k])]+

2545 ["{0:.9f}".format(time_cor[k])]+["{0:.9f}".format(sp_v_cor[k])])

2546
2547 # reduced volume profile is written , continue writing data

2548 else:

2549 writer.writerow (["{0:.9f}".format(time[k])]+["{0:.9f}".format(press[k])]+

2550 ["{0:.9f}".format(T_AC_ary[k])]+["{0:.9f}".format(sp_v_AC_ary[k])])

2551
2552 print " => Write Successful!"

2553
2554 except IOError as e:

2555 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2556 print bcolors.FAIL + ’ ERROR: Opening post -process data file.’ + bcolors.ENDC

2557 print bcolors.FAIL + " I/O error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

2558 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

2559 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2560 sys.exit()

2561
2562 except OSError as e:

2563 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2564 print bcolors.FAIL + ’ ERROR: Opening post -process data file.’ + bcolors.ENDC

2565 print bcolors.FAIL + " OS error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

2566 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

2567 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2568 sys.exit()

2569
2570
2571 #=====================================================================

2572 # Create CK input file

2573 #=====================================================================

2574
2575 print " Creating CHEMKIN input file for the case ..."

2576
2577 # create post process output file.

2578 try:

2579
2580 with open(CK_file ,’w’) as f:

2581
2582 print " => CHEMKIN input file created: " + CK_file

2583
2584 print " Writing input file data to disk ..."

2585
2586 # space delimited

2587 # had to change the the escape character because this silly writer keeps

2588 # quoting everything when I use space delimited. it works not , but

2589 # puts two spaces in between words of a string. i don’t care.

2590 writer = csv.writer(f, delimiter = ’ ’, escapechar=’ ’, quoting=csv.QUOTE_NONE)

2591
2592 # write chemkin keywords

2593 # just so I know this is a CK file later

2594 writer.writerow ([’!CHEMKIN INPUT FILE’])

2595
2596 # transient simulation

2597 writer.writerow ([’TRAN’])

2598
2599 # solve the energy equation

2600 writer.writerow ([’ENRG’])

2601
2602 # initial temperature

2603 writer.writerow ([’TEMP’] + [’{0:.2f}’.format(T_i_ary[j] + 273)] + [’![K]’])

2604
2605 # initial pressure in atmospheres

2606 writer.writerow ([’PRES’] + [’{0:.6f}’.format(P_i_ary[j] / 1000. / 1.01325)] + [’![atm]’])

2607
2608 # set reactor heat loss to 0

2609 writer.writerow ([’QLOS’] + [’{0:.1f}’.format (0)])

2610
2611 # put initial reactant mol fractions in.

2612 for k in xrange(0,N_sp):

2613
2614 writer.writerow ([’REAC’] + [species_list[k]] + [’{0:.4e}’.format(mole_fraction[k])])

2615
2616 # Add in some reactant species for stability.

2617 writer.writerow ([’REAC’] + [’H20’] + [’{0:.4e}’.format (1.e-12)])

2618 writer.writerow ([’REAC’] + [’HE’] + [’{0:.4e}’.format (1.e-12)] )

2619
2620 # corect VPRO time to start at time 0

2621 time_VPRO = np.zeros(n_red)

2622
2623 for k in xrange(0,n_red):

2624
2625 time_VPRO[k] = time_red[k] - time_red [0]

2626
2627 # non -dimensionalize VPRO

2628 VPRO = np.zeros(n_red)

2629
2630 for k in xrange(0,n_red):
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2631
2632 VPRO[k] = vol_red[k] / vol_red [0]

2633
2634 # set simulation time

2635 writer.writerow ([’TIME’] + [’{0:.6f}’.format(time_VPRO[n_red -1])] + [’![s]’])

2636
2637 # set solver time step to 0.0005 s

2638 writer.writerow ([’DELT’] + [’{0:.2e}’.format (5.e-4)] + [’![s]’])

2639
2640 # write VPRO input points

2641 for k in xrange(0,n_red):

2642
2643 writer.writerow ([’VPRO’] + [’{0:.6e}’.format(time_VPRO[k])] + [’{0:.6e}’.format(VPRO[k])])

2644
2645 # end input file

2646 writer.writerow ([’END’])

2647
2648 print " => Write Successful!"

2649
2650
2651 except IOError as e:

2652 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2653 print bcolors.FAIL + ’ ERROR: Opening CHEMKIN input file.’ + bcolors.ENDC

2654 print bcolors.FAIL + " I/O error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

2655 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

2656 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2657 sys.exit()

2658
2659 except OSError as e:

2660 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2661 print bcolors.FAIL + ’ ERROR: Opening CHEMKIN input file.’ + bcolors.ENDC

2662 print bcolors.FAIL + " OS error ({0}): {1}".format(e.errno , e.strerror)+ bcolors.ENDC

2663 print bcolors.FAIL + ’ Please investigate.’ + bcolors.ENDC

2664 print bcolors.FAIL + ’ ’ + bcolors.ENDC

2665 sys.exit()

2666
2667 print " => Condition " + str(test_ary[j]) + " successfully post -processed! <="

2668
2669 print ’ ’

2670
2671 print ’ ’

2672 print ’Good -bye :)’

2673 print ’ ’

2674 sys.exit()

Listing B.3: Example case input file for RCMACTC; file name “example.inp” (Note: Code will
automatically search for *.inp extension).

B.4 Example CHEMKIN Input File

1 !CHEMKIN INPUT FILE

2 TRAN

3 ENRG

4 TEMP 303.00 ![K]

5 PRES 0.469775 ![atm]

6 QLOS 0.0

7 REAC NC7H16 1.8735e-02

8 REAC O2 2.0606e-01

9 REAC N2 7.7520e-01

10 REAC H20 1.0000e-12

11 REAC HE 1.0000e-12

12 TIME 0.402650 ![s]

13 DELT 5.00e-04 ![s]

14 VPRO 0.000000e+00 1.000000e+00

15 VPRO 4.900000e-03 1.000000e+00

16 VPRO 5.000000e-03 8.692761e-01

17 VPRO 5.150000e-03 9.424926e-01

18 VPRO 5.750000e-03 8.477110e-01

19 VPRO 5.950000e-03 9.165246e-01

20 VPRO 6.400000e-03 8.081067e-01

21 VPRO 6.500000e-03 8.477110e-01

22 VPRO 6.800000e-03 8.081067e-01

23 VPRO 6.850000e-03 8.273560e-01

24 VPRO 7.100000e-03 8.081067e-01

25 VPRO 7.250000e-03 8.273560e-01

26 VPRO 7.750000e-03 7.404831e-01

27 VPRO 7.800000e-03 8.081069e-01

28 VPRO 8.350000e-03 6.977475e-01

29 VPRO 8.400000e-03 7.561301e-01

30 VPRO 8.850000e-03 6.847441e-01

31 VPRO 8.950000e-03 7.113421e-01

32 VPRO 9.100000e-03 6.722916e-01

33 VPRO 9.150000e-03 6.977476e-01
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34 VPRO 9.300000e-03 6.489014e-01

35 VPRO 9.350000e-03 6.722916e-01

36 VPRO 9.650000e-03 6.378998e-01

37 VPRO 9.800000e-03 6.603551e-01

38 VPRO 1.015000e-02 5.979028e-01

39 VPRO 1.020000e-02 6.273239e-01

40 VPRO 1.025000e-02 5.979028e-01

41 VPRO 1.045000e-02 6.171476e-01

42 VPRO 1.070000e-02 5.632981e-01

43 VPRO 1.075000e-02 5.800000e-01

44 VPRO 1.115000e-02 5.330228e-01

45 VPRO 1.130000e-02 5.402331e-01

46 VPRO 1.140000e-02 5.260328e-01

47 VPRO 1.145000e-02 5.402331e-01

48 VPRO 1.245000e-02 4.512163e-01

49 VPRO 1.720000e-02 1.399160e-01

50 VPRO 1.790000e-02 1.081519e-01

51 VPRO 1.840000e-02 1.028923e-01

52 VPRO 1.910000e-02 1.079727e-01

53 VPRO 2.015000e-02 1.070864e-01

54 VPRO 2.215000e-02 1.111158e-01

55 VPRO 2.655000e-02 1.114994e-01

56 VPRO 2.980000e-02 1.144761e-01

57 VPRO 9.760000e-02 1.233867e-01

58 VPRO 9.865000e-02 1.219497e-01

59 VPRO 1.431000e-01 1.263804e-01

60 VPRO 4.026500e-01 1.380044e-01

61 END

Listing B.4: Example case input file for RCMACTC; file name “example.inp” (Note: Code will
automatically search for *.inp extension).
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