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ABSTRACT 

In the context of global warming and the increasing demands for the application of 

sustainable aviation fuels, this work aims to improve the fundamental understanding of 

kerosene-based fuels through both computational and experimental approaches. Regarding 

the modelling efforts, the chemical kinetics of mono-methyl alkanes is explored by using  

2-methylheptane as the representative. Apart from the core C0-C4 chemistry, reaction classes 

related to the chemistry at low and intermediate temperatures are examined and optimized. 

Also, new thermodynamic data related to the 2-methylheptane combustion is calculated. The 

simulated ignition delay time is validated against experimental results from the literature. 

Regarding the experimental work, the combustion characteristics of five mixtures are 

investigated in a flat-flame burner and measurements are conducted at three equivalence 

ratio conditions for each fuel. Kerosene and two proposed surrogates are the main targets, 

and the other two gas fuels are utilized as the reference for the quantitative studies. The 

technique of planar laser-induced fluorescence is employed to capture the profiles of OH and 

NO in the studied flames. The measured results of the liquid fuels are subsequently quantified 

to the actual mole fraction of the species and validated against the simulation of the  

burner-stabilized model in ANSYS Chemkin Pro. Also, coated fine wire type R Pt/Pt-Rh 

thermocouples and OH LIF thermometry are utilized to measure the temperature data of each 

flame condition.  
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CHAPTER 1 

INTRODUCTION 

 1.1 Background of aviation and global warming 

Due to globalization and the increase in personal activities, aviation plays a more and more 

important role in many aspects of modern society. From the market analysis of the 

International Air Transport Association (IATA) in December 2022 [1], the traffic of passenger 

air miles has begun to recover considerably after the impacts of the unprecedented  

COVID-19 in the past two years. Globally, the revenue passenger-kilometre (RPK) in 2022 is 

68.5% of the RPK in 2019, which was 41.7% in 2021. Figure 1.1 shows the forecast of global 

RPK before and after the pandemic from the  IATA outlook in June 2022[2]. If the current 

estimation is correct, the traffic by 2040 will still be around 6% lower than the pre-COVID-19 

forecast. Additionally, commercial airlines also indicate positive trends. The revenue is 727 

$ billion in 2022, which is only 13.2% less than the result in 2019, compared to the difference 

between 2021 and 2019 is 39.6%. The willingness of people to travel and the size of the 

aviation market are expected to keep growing shortly.  

 

Figure 1.1 Forecast of the global air passenger travel RPK, pre- and post-pandemic [2]. 

Before the discussions on aviation impact on the environment, global warming is first 

introduced. The surface temperature of the earth is determined by a balance between the 

incoming and reflected solar radiation, both directly and indirectly from the emission in 
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infrared radiation from the heated surfaces. The atmosphere can absorb some of this emitted 

infrared radiation from the surfaces, leading to additional warming referred to as the 

greenhouse effect, which is critical to life and daily activities. Some atmospheric components 

that enhance this greenhouse effect are referred to as greenhouse gas (GHG), for instance, 

carbon dioxide (CO2), water vapour (H2O), methane (CH4), etc. However, since the Industrial 

Revolution around the 1750s, due to human activities such as the combustion of fossil fuels, 

the concentration of these gases has greatly increased which results in the rise of the average 

surface temperature. This phenomenon is referred to as global warming. Carbon dioxide is 

the most prominent greenhouse gas, accounting for 74.4% of the total global GHG emissions 

from a report by Our World in Data in 2020 [3]. Methane is the second largest contributor, 

which is 17.3%, and the main sources come from livestock, rice cultivation, oxidation of 

biomass, etc. [3]. Additionally, nitrous oxide (N2O) and fluorinated gases (F-gases) also have 

an impact on GHG emissions. 

Aviation contributes greatly to climate change, partly due to the current fuels used in 

aviation are predominantly based on fossil fuels that are heavily responsible for the emission 

of CO2. In 2019, global aviation accounted for around 1.9% of the total world carbon dioxide 

emissions, which is 915 million tonnes. After the sharp plummet in 2020, the emissions from 

aviation increased back to around 700 million tonnes in 2021 and it is expected to keep 

growing, as the graph of International Energy Agent (IEA) shows in Figure 1.2 [4]. Concerns 

have long been raised over the environmental impacts of aircraft emissions and the 

sustainability of fossil fuels. Furthermore, the rise in the cost of oil, energy supply, and energy 

security are other driving forces to call for the development of alternative aviation fuels to 

meet the growth of energy requirements.  

To accommodate this challenge, many actions have been taken to reduce emissions, either 

through policy or technology. The Paris Agreement was formulated by the United Nations 

Framework Convention on Climate Change (UNFCCC) in 2015, and a total of 195 global parties 

aim to limit the temperature increase to be smaller than 2 ℃ above the preindustrial level [5]. 

IATA stated on October 4th, 2021, that the aviation industry passed a resolution to achieve 

net-zero carbon emissions by 2050, which is in alignment with the goal of the Paris Agreement. 

From their calculations, if the current projection stands, about 21.2 gigatons of aviation CO2 

are required to be mitigated to reach net zero between 2021 and 2050 [6]. Substantial efforts 
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have been made to explore alternative solutions to the conventional aviation industry, 

including alternative aviation fuels, new aircraft technologies, carbon captures, etc. In 

addition, regarding the long-lasting effects of the pandemic, Grewe et al. [7] recently 

evaluated the aviation emissions under several recovery scenarios from COVID-19 up to 2100 

and concluded that it is quite likely that the emissions from aviation will fail to achieve the 

target of the Paris Agreement. In conclusion, although certain milestones have been achieved 

and further established, it is a major challenge to meet the climate goal of net zero in 2050, 

and a tremendous amount of work needs to be done by industry, government, the finance 

sector, the research community, etc.  

 

Figure 1.2 Direct CO2 emissions from aviation: darker blue indicates international flights and lighter 
blue indicates domestic flights [4]. 

1.2 Conventional aviation fuels 

Aviation fuel is a type of petroleum-based fuel utilized in aircraft, which consists of a 

mixture of large numbers of hydrocarbons with a carbon chain length of C8-C16 [8], and the 

one designed for gas-turbine engines is known as jet fuel. In commercial flights, the most 

common fuels are kerosene-based, referred to as Jet A and Jet A-1, and their only major 

differences are the freezing point, which is 233 K and 226 K, respectively. Jet A is widely used 

in the U.S. and Jet A-1 is employed in the rest of the world. Another type of kerosene-based 

fuel is Jet B, which is much less common in commercial use. It has a lower freezing point than 

Jet A (213 K) and it has a quite light fuel composition, making it suitable mainly for the military 

or only in colder regions such as Canada and Alaska. In terms of military demand, JP-8 is 
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utilized in the United States, which is essentially Jet A-1 with three additional additives to 

prevent corrosion, static electricity, and system icing [9]. Also, some countries develop their 

jet fuels, for instance, Russia adopts TS-1 and RT fuels for commercial and military use, 

respectively. 

Some necessary specifications must be met for jet fuels before use in aircraft. The 

American Society for Testing and Material (ASTM) and the United Kingdom Ministry of 

Defence (DEF STAN) are two of the main organizations to issue these standards. ASTM D1655 

covers the standard specifications for jet fuels, and depending on the views of the 

investigators, general requirements may be classified differently. From a report on 

sustainable aviation fuels published by the U.S. Department of Energy [10], basic 

requirements for jet fuels generally include performance, operability, and other factors. 

Performance refers to the properties that can greatly encourage financial motivations to 

consume fuel, such as specific energy, energy density, thermal stability, and soot problems. 

Operability indicates the safe application of jet fuel under engine conditions, which relates to 

the physical properties that are highly related to oxidation and include volatility, freezing 

point, density, viscosity, hydrogen content, etc. Also, properties such as the trace composition 

are vital, as issues such as corrosion, pump wear, or electrical conductivity may be caused, 

hence subsequently affecting the functionality of both the fuel and engine. 

The detailed contents of jet fuels are complex and vary with different types. Recently, 

Edwards [11] compiled a list of references on jet fuels and three types of fuels are included: 

conventional, alternative, and test fuels. The properties and compositions of each category 

are discussed. From the results of the two-dimensional gas chromatography (GCxGC) 

measurements, the average Jet A fuel includes 20% of normal alkanes, 30% of branched 

alkanes, 25% of monocyclic alkanes, 7% bicyclic alkanes, and 19% of aromatics. Each 

hydrocarbon class has its distinctive characteristics. 

1.3 Sustainable aviation fuels (SAF) 

Interest in alternative aviation fuels has been increasing rapidly over the years for the 

reason of reducing carbon dioxide emissions. Along with many considerations, one of the 

most important factors is the ability of drop-in, meaning that the proposed new fuel can apply 

directly to the existing engines without altering the fuels and aircraft infrastructure. 

Sustainable aviation fuel (SAF), sometimes addressed as sustainable alternative fuel, is now a 
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commonly used term referring to the non-petroleum-based aviation fuels that meet the 

requirements of drop-in, which makes them more attractive compared to other non-drop-in 

fuels. From a recent report from the IATA [6], until April 2022 over 450000 commercial flights 

and 50 airlines are applying SAF, and the estimation milestone shows that to reach the goal 

of zero carbon in 2050, the contribution of SAF should account for about 65% of the 

alternative pathways as shown in Figure 1.3, and from the calculations, annually 449 billion 

litres of SAF fuels should be available.  

Detailed specifications have been established and developed, which can be found in ASTM 

7566. As of the publication from November 2022, there are currently seven types of annexes 

that have qualified for this standard. Each SAF candidate is required to be blended with 

conventional jet fuels up to a maximum 50% before being used. Some of the main challenges 

for larger SAF applications include the size of the global aviation market is already substantial 

and keeps growing, also the cost of SAF fuel production is usually higher than conventional 

fuels [10]. Research and advances in technology are strongly encouraged to help the 

development of SAF fuels for practical uses. 

 

Figure 1.3 Estimated contributions to achieve the net zero goal in 2050 [6]. 

1.3.1 Fischer-Tropsch fuels 

The concept of synthetic paraffinic kerosene (SPK) is first introduced. It is a synthetic 

hydrocarbon produced from renewable sources by using various technologies, and typical 

crude materials include syngas, lipids, sugars, and alcohol. The Fischer-Tropsch (F-T) fuel is a 

type of SPK and has been one of the most promising renewable jet fuels. The blend of F-T SPK 
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was the first candidate to be approved as a SAF fuel, and later a mixture of F-T SPK and 

aromatics fuel has also been approved. In addition, both annexes can reach 50% of blending.  

This work will solely focus on Fischer-Tropsch fuels. It can be produced from several 

feedstocks, for example, coal, natural gas, and biomass, although work regarding biomass has 

been relatively less studied. Initially, the feedstock is gasified to produce a mixture of carbon 

monoxide and hydrogen gas, commonly referred to as syngas. Then, through a set of reactions, 

the mixture of syngas will be converted into liquid hydrocarbons [9]. The Fischer-Tropsch 

process is often referred to as coal-to-liquid (CTL) or gas-to-liquid (GTL) depending on the 

initial source. The technology was initially developed in the 1920s in Germany, and some of 

the best well-known plants currently are Sasol IPK in South Africa, Shell GTL in Malaysia, and 

Syntroleum GTL in Tulsa. A general reaction description is shown as [12]: 

CO(g) + H2(g) → CnH2n+2mix(l) + H2O(g)                                 (R. 1.1) 

The F-T fuels primarily consist of paraffin, which are mixture of iso-alkane and normal 

alkane [13]. Due to the negligible trace of compounds of aromatics and sulphur, the F-T fuels 

burn much cleaner compared to kerosene and adapt rather well with the current engines. 

However, there are some issues when attempting to increase the involvement of F-T fuels in 

the liquid fuel industry. High production cost is the main concern, as the process requires 

advanced technology and significant infrastructure investment, which takes about 2-3 years 

to put into manufacturing and another several years to earn returns on the investment [14]. 

Also, the availability of reliable feedstock is relatively limited, and the use of coal as the 

feedstock may lead to considerable greenhouse emissions. Regarding the fuel property, one 

is that the density of the F-T fuels is relatively lower. From the ASTM D1655 [15], the lowest 

density requirement at 15 ℃ for the Jet A application is 775 kg ∙ m-3. Furthermore, the lack of 

aromatics would lead to the shrinkage of seals in normal operation. Thus, to prevent the fuel 

leakage, a minimum aromatics content in synthetic fuel mixtures is suggested to be 8% [8]. 

However, in the context of SAF fuels, these drawbacks can be overcome by blending. 

Additionally, a property comparison between conventional fuels and F-T fuels is shown in 

Table 1.1.  
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Table 1.1 Main characteristics of two conventional jet fuels and two synthetic F-T fuels, sources 
from: [9, 10, 16, 17]. 

Property Jet A JP-8 S-8 4734 Sasol IPK 

Flash point (℃) 47 48 49 44 

Freezing point (℃) -49 -49 -59 <-78 

Density @ 15 ℃ (kg ∙ m-3) 806 790 757 762 

Viscosity @ -20 ℃ (cSt) 5.2 4.2 4.6 3.6 

Lower calorific value (MJ ∙ kg-1) 42.8 43 44.1 44 

Derived cetane number 47.3 ± 0.67 51 60.4 ± 0.99 30.7 ± 0.32 

H/C molar ratio 1.957 2.017 2.152 2.119 

Average molecular weight  
(g ∙ mol-1) 

142 153 168 156 

1.4 Objectives and novelty 

The primary aim of this work is to investigate the fundamental combustion characteristics 

of kerosene-based hydrocarbons, and the means of both simulation and experiment are 

explored.  

From the modelling point of view, this work aims to construct and optimize a chemical 

kinetic mechanism that can be utilized to simulate the oxidation behaviours of a large  

mono-methyl alkane and ignition delay time from the literature is utilized for the model 

validation. The main novelty is that chemical mechanisms containing a variety of large 

hydrocarbons that are suitable to represent the properties of real jet fuels are rather scarce, 

and the available mechanisms oftentimes require further modifications to improve the model 

quality. Furthermore, either conventional jet fuels or Fischer-Tropsch fuels comprise a 

significant proportion of branched alkane, while this hydrocarbon class severely lacks 

investigations, hence the quality of the jet fuel model is in a way compromised. In general, 

these knowledge gaps all come down to the improvement of the fundamental understanding 

of chemical kinetics, particularly around low and intermediate temperatures.  

From the experimental point of view, this work aims to measure the OH and NO profiles 

of the premixed laminar flames of several targeted hydrocarbon fuels, and then quantify the 

collected signals to the actual mole fraction of the species and validated against the 

simulation. Also, the temperature data of each flame condition is measured. Regarding the 

originality of the experimental investigations, despite the great importance, the measured 
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temperature profile of a premixed laminar flame under atmospheric condition is quite scarce, 

particularly for large hydrocarbon mixtures. Also, quantifying the species concentration is a 

great challenge and few investigations have been performed. Therefore, certain degrees of 

errors are expected, and the precision is highly dependent on the quality of the calibration 

method.  

1.5 Structure of the thesis 

The thesis is organized in the following chapters: 

Chapter 1: Introduction 

This chapter provides the background of general global warming and the important role of 

the aviation industry. In recent years, an increasing interest has risen regarding the use of 

sustainable aviation fuels, and the significance to improve fundamental understanding of the 

oxidation of these large hydrocarbon fuels is addressed. In addition, the objectives and the 

novelty of this work are discussed. 

Chapter 2: Literature review 

This chapter first introduces the basic knowledge of chemical kinetics and then elaborates 

on the development of a detailed kinetic mechanism originating from the oxidation of 

hydrogen and carbon monoxide. Next, the simulation tool utilized in this work is presented 

with various model examples. Furthermore, the idea of the surrogate is explained and 

previous efforts of the proposed surrogates of the real fuels are reviewed. 

Chapter 3: Experimental setup 

This chapter describes the experimental setup and the concept of the measurements, 

primarily including the design of the kerosene burner, preparation work before the 

experiments, the technique of the planar-induced laser fluorescence, and the discussions of 

the two methods employed to measure temperature profiles.  

Chapter 4: Kinetic modelling development 

This chapter describes the development of a detailed mechanism for the larger alkane 

components. Two common approaches are explored extensively to optimize a kinetic package 

of a type of monomethyl alkane, and the updated simulations are compared with the 

experimental data from the literature. 
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Chapter 5: Experimental results and analysis 

This chapter provides a comprehensive analysis of the collected data for each mixture 

condition. Firstly, the temperature results from the employed two approaches are compared, 

and the uncertainty from either source is discussed. Secondly, the quantitative method is 

addressed in detail, then the measured OH and NO profiles are examined, and the most ideal 

results are subsequently converted and further validated against the model. In addition, 

several assumptions and suggestions are proposed regarding the potential cause of the 

challenge faced in the experiment. 

Chapter 6: Conclusions and future suggestions 

This chapter sums up the main activities and the findings of this work and provides several 

suggestions for future research in aviation combustion. 
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CHAPTER 2 

LITERATURE REVIEW 

Chemical kinetics is fundamental to the study of combustion, hence some of the basic 

concepts and knowledge are initially introduced. The development of a detailed kinetic 

mechanism is then discussed, commencing from the core chemistry of H2/CO and C1-C2 

hydrocarbons to larger and more complex hydrocarbons. Additionally, the chemistry of 

nitrogen is addressed along with the newly promising fuel ammonia and its blends. Next, a 

practical guide of the computational tool employed in this project, ANSYS Chemkin Pro, is 

presented, including the basic inputs, several modelling programmes related to different 

types of flame characteristics, and their respective example simulations. Finally, the 

investigations of the proposed surrogates of kerosene and Fischer-Tropsch fuels, together 

with individual components of branched alkanes and normal paraffin, are compiled and 

reviewed. 

2.1 Chemical kinetics 

The combustion process can be described by a series of elementary reactions, and each 

reaction is specified by an assigned rate constant obtained from either experiments or 

theories. Also, the thermodynamic parameters of each species are crucial to determine the 

reverse rate constant of each elementary reaction. 

2.1.1 Combustion introduction 

In general, combustion involves reactions between any combustible material and an 

oxidizer, commonly a fuel and oxygen, to form products. The relative composition of the  

fuel-oxidizer mixture largely affects the combustion process. This is defined by the 

equivalence ratio 𝜑, which is a function of the fuel-oxidizer ratio (F/O) as given by [18]:  

𝜑 =
(𝐹/𝑂)

(𝐹/𝑂)𝑠𝑡
                                                           (Eq. 2.1) 

Where (F/O)st represents the fuel-oxidizer ratio at the stoichiometric condition where the 

reactants are balanced, denoting that the oxidation between the fuel and oxidizer is complete 

with only carbon dioxide and water left as products. Consider the reaction of methane:  
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CH4 + 2O2 → CO2 + 2H2O                                             (R. 2.1) 

In the balanced reaction, two moles of oxygen are required to combust one mole of methane 

and (F/O)st in this case is equivalent to 0.5. When 0 <  𝜑  <  1, the condition is fuel-lean, 

meaning that the oxidizer is excess and when 1 <  𝜑  <  ∞ , the condition is fuel-rich which 

means the fuel is in excess. 

2.1.2 Temperature-dependent reaction 

The oxidation process occurs at a specific rate which is directly dependent on the 

concentrations of the reacting species, temperature, and pressure. An elementary reaction is 

the simplest type of reaction in which the conversion of the reactants to the products takes 

place in a single step. The understanding of the rate of reaction (RR) is an essential part of 

chemical kinetics and can further provide accurate predictions of the behaviour of the entire 

combustion process. Consider a general elementary reaction:  

𝑎𝐴 + 𝑏𝐵 → 𝑐𝐶 + 𝑑𝐷                                                  (R. 2.2) 

Where A and B represent the reacting species, C and D are the products, and a, b, c, d are the 

stoichiometric coefficients. The rate of reaction can be expressed as:  

RR =
𝑑𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑑𝑡
= 𝑘[A]𝑎[B]𝑏                                         (Eq. 2.2) 

Where k is referred to as the rate constant, which is usually a function of the temperature 

and in some cases is pressure-dependent; [A] and [B] are the concentration of reactants; a 

and b are reaction orders with respect to reactants A and B, and the sum of these exponents 

is known as the overall reaction order. The reaction rate expression also defines the rate of 

change with time of the individual chemical species, shown as follows: 

RR =
𝑑𝐶

𝑑𝑡
=
𝑑𝐷

𝑑𝑡
= −

𝑑𝐴

𝑑𝑡
= −

𝑑𝐵

𝑑𝑡
                                        (Eq. 2.3) 

A temperature-dependent rate constant can be expressed by using the Arrhenius equation:  

𝑘 = 𝐴 ∙ exp (−
𝐸a

𝑅uT
)                                                (Eq. 2.4) 

Where A is referred to as the pre-exponential factor, or “A-factor”, Ea represents the 

activation energy, and Ru is the universal gas constant. Alternatively, a modified Arrhenius 
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expression is commonly utilized to describe the combustion in higher temperature systems, 

which is displayed as [19]: 

𝑘 = 𝐴 ∙ (
T

T𝑟𝑒𝑓
)
𝑛

∙ exp (−
𝐸a

𝑅uT
)                                       (Eq. 2.5) 

Where (
T

T𝑟𝑒𝑓
)
𝑛

  is an optional term to account for the observed behaviour over large 

temperature ranges. It is a dimensionless quantity and the value of Tref is usually 1 K, so the 

term is oftentimes simplified as Tn.  

In some conditions, the rate parameter consists of two parts when there are two different 

channels leading to the products [20]: 

𝑘 = 𝐴1 ∙ T
𝑛1 ∙ exp (−

𝐸a1

𝑅uT
) + 𝐴2 ∙ T

𝑛2 ∙ exp (−
𝐸a2

𝑅uT
)                      (Eq. 2.6) 

The rate constants can be measured by a variety of laboratory techniques or calculated 

theoretically. The experiments are usually conducted in a narrow range of temperature and 

pressure, while the practical environment of combustion is much wider. The Arrhenius 

expression attained from experimental conditions is usually applied to the entire temperature 

range. Take methane oxidation for instance, a laminar flame can start from room temperature 

and reach up to 2000 K [20]. By using this approach, some rate constants may be fitted quite 

easily even at high temperatures while others can lead to large errors. For each chemical 

reaction, the expressions of rate constant, also the values of the A-factor, n, and Ea are varied 

from different investigators.  

2.1.3 Pressure-dependent reaction 

Importantly, a reaction solely dependent on one reactant concentration is referred to as a 

first-order reaction. Practically, most simple chemical reactions are initiated by the collisions 

of two species, hence they are categorized as second-order reactions [21]. As stated in Section 

2.1.2, the rate constant k can sometimes be dependent on the pressure, and the 

unimolecular/recombination reaction is one of these types. Unimolecular reactions occur 

when a single molecule reorganizes itself to create one or more products, which often appear 

to be a first-order reaction. It is crucial to define whether a combustion reaction is first or 

second-order, particularly when the decomposition of large species is involved [22]. Thus, a 

single rate constant expression under certain pressure and temperature conditions may not 
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be accurate. Lindemann et al. [23] suggested the use of separable models to characterize the 

entire process of the unimolecular reaction, and there are three regions in total: 

1) High pressure limit: the reaction rate is independent of the pressure and characterised 

by the high-pressure limiting rate constant 𝑘∞:  

𝑘∞ = 𝐴∞T
𝑛∞exp (−

𝐸∞

𝑅uT
)                                             (Eq. 2.7) 

2) Low pressure limit: the reaction rate is proportional to the pressure, with the  

low-pressure limiting rate constant 𝑘0: 

𝑘0 = 𝐴0T
𝑛0exp (−

𝐸0

𝑅uT
)                                               (Eq. 2.8) 

Noticeably, reactions defined solely in terms of the low-pressure limiting rate constant are 

written in the Chemkin kinetic mechanism as: 

CH3 + CH3 +M ⇌ C2H6 +M                                            (R. 2.3) 

3) Fall-off region: the transition from low pressure limit to high pressure limit.  

In this case, the reaction in the Chemkin kinetic mechanism is written as: 

CH3 + CH3 + (M) ⇌ C2H6 + (M)                                       (R. 2.3’) 

Where the bracket around the M signifies that both the low- and high-pressure behaviour 

is accounted for in the overall rate constant expression. At low pressure conditions, a  

third-body collision, denoted by M, is required to activate the reaction process [24]. Several 

approaches can be used to estimate the rate constant at this transition region. The first 

proposed model is from Lindemann [23], and other investigators, such as the Troe method 

[25], can describe the behaviours of the transition more accurately. The rate constant k at any 

given pressure condition can be expressed as [20]: 

𝑘 = 𝑘∞
𝑃𝑟

1+𝑃𝑟
𝐹                                                        (Eq. 2.9) 

Where 𝑃𝑟 is the reduced pressure, calculated as: 

𝑃𝑟 =
𝑘0[M]

𝑘∞
                                                          (Eq. 2.10) 
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Where [M] is the concentration of the mixture, and potentially includes the third body 

efficiencies. Additionally, the third body in some cases can be a specific species such as 

nitrogen, and then the concentration of [N2] replaces [M] in the formula [24]. 

In the empirical fitting approach, the function 𝐹 and other related constants are given as: 

log(𝐹) =
log(𝐹𝑐)

1+[
log(𝑃𝑟)+𝑐

𝑛−0.14(log(𝑃𝑟)+𝑐)
]
2                                            (Eq. 2.11) 

𝑐 = −0.4 − 0.67 log(𝐹𝑐)                                              (Eq. 2.12) 

𝑛 = 0.75 − 1.27 log(𝐹𝑐)                                              (Eq. 2.13) 

𝐹𝑐 = (1 − 𝑎) exp (−
T

T∗∗∗
) + 𝑎 exp (−

T

T∗∗
) + exp (−

T∗∗

T
)                  (Eq. 2.14) 

Therefore, the parameters of a, T, T***, and T** must be specified, although in ANSYS Chemkin 

Pro, the term T** is not always used. In the Lindemann case, F is simplified as unity and its 

limitation is apparent compared to the Troe method. An example of the two fall-off curves of 

reaction 2.3 at 1000 K is shown in Figure 2.1. 

The accurate representation of the fall-off region is of great significance to successfully 

simulate the combustion processes, especially in the high-pressure range, which is overall less 

well understood. More research is required both in the modelling and experiments, to 

accurately determine the rate constant of these pressure-dependent reactions.  

 

Figure 2.1 The pressure dependence of rate constant of CH3 + CH3 + M ⇌ C2H6 + M at 1000 K. 
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2.1.4 Reverse reaction 

All elementary chemical reactions are theoretically reversible [20], meaning that the 

reactants and products are constantly reacting and being formed with each other. Some 

reactions are practically irreversible, meaning that the products do not convert back to the 

reactants at any meaningful rate. Irreversible reactions are denoted by a one-way arrow (→) 

and a bidirectional arrow (⇌) is used to describe a reversible reaction. Consider reaction 2.2 

with directions: 

𝑎𝐴 + 𝑏𝐵 
𝑓
⇌
𝑟
𝑐𝐶 + 𝑑𝐷                                                     (R. 2.2) 

The forward reaction rate constant is defined as kf and the reversed rate constant is 

defined as kr, and their relationship can be expressed by the equilibrium constant Kc, usually 

expressed in concentration unit: 

𝐾c =
𝑘f

𝑘r
                                                            (Eq. 2.15) 

In the gas-phase environment, the equilibrium constant Kp in pressure unit is related to the 

standard Gibbs energy ∆𝐺T
∘  in the following equation [26]: 

∆𝐺T
∘ = −𝑅uT ln𝐾p                                                  (Eq. 2.16) 

And the change of free energy is defined as: 

∆𝐺T
∘ = ∆𝐻 − T ∙ ∆𝑆                                                (Eq. 2.17) 

Where ∆𝐻 is the enthalpy change and ∆𝑆 is the entropy change in the system at standard 

states.  

The relationship between Kp and Kc can be described as: 

𝐾p = 𝐾c ∙ (𝑅′T)
∆𝑛                                                 (Eq. 2.18) 

Where ∆n represents the differences in stoichiometric coefficients between the products and 

reactants. Take reaction 2.2 for instance, ∆n is equal to c + d – a – b. Importantly, Ru in the 

reaction 2.16 is the gas constant in the unit of J ∙ K-1 ∙ mol-1, while R’ is the gas constant in the 

species concentration unit (1.3626 × 10-22 cm3 ∙ atm ∙ molecule-1 ∙ K-1) [26]. Given the rate 

constant of the forward reaction rate is known, the rate constant of the reversed reaction can 
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subsequently be calculated by using equation 2.15-2.18. Thermodynamic properties of the 

reactants and products are of great importance to the precise prediction of the reversed 

reaction rate.  

2.2 Development of a kinetic mechanism 

A kinetic mechanism contains all the elementary reactions required to complete a 

combustion process, together with the thermodynamic and transport properties of all the 

species. Mechanisms can be used in numerical applications such as ANSYS Chemkin Pro [27], 

Cantera [28], Cosilab [29], etc. to predict a certain combustion characteristic, and the 

simulated results are further validated by a wide range of experimental sources. Shock tubes, 

rapid compression machines (RCM), jet-stirred reactors, etc, are all common practical tools 

utilized to perform laboratory measurements. In general, a quality model is dependent on the 

level of completeness of all the relevant reactions, and the accuracy of all the rate parameters.  

A long history can be traced back regarding the advances of kinetic models, from small 

species (e.g., H2, CH4) to larger and more complex components (e.g., jet fuels). GRI-Mech is 

one of the most comprehensive mechanisms that provides fundamental knowledge of 

methane combustion including the production of NO, and the current version GRI-Mech 3.0 

[30] is validated against a considerably large range of targets. Over the years, more detailed 

mechanisms of various molecules have been built by different research groups, such as 

AramcoMech [31], San Diego [32], JetSurf [33], ReSpecTh [34], etc. Each modelling group have 

their respective interests in fuels and species, while the core chemistry of C0-C4 is quite 

similar, although users commonly apply different rate constants to the same reaction. 

Additionally, models of large hydrocarbons are developed on the base of the C0-C4 

mechanism.  

Elementary reaction data of important small species has been reviewed in detail by many 

researchers [35–38], and the rate constants are constantly being studied through either 

measurements or theoretical calculations. Also, the NIST Chemical Kinetics Database [39] is 

an important source to check any up-to-date sources of basic kinetics. 
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2.2.1 H2 and CO oxidation 

In addition to being an important fuel, hydrogen and carbon monoxide are also the primary 

components of syngas. The combustion of H2 and CO is fundamental to the chemical kinetics 

of all hydrocarbon fuels, and these two systems are discussed separately.  

The oxidation of H2 requires around 30 elementary reactions to describe its process [40]. 

After the initiation process, the oxidation is mainly controlled by the competition between 

chain branching (R. 2.4) and chain propagating (R. 2.5) [40], which can be shown as: 

H + O2 ⇌ O+ OH                                                       (R. 2.4) 

H + O2 +M ⇌ HO2 +M                                                 (R. 2.5) 

The H2 system is closely connected to the explosion boundary, and the explosion limit in 

the space of temperature and pressure is shown in Figure 2.2, along with the relationship of 

the rate constants between reaction 2.4 and 2.5 at the second limit. In the range of  

0.01-0.05 atm, the chain branching rate is massively fast compared to reaction 2.5 and the 

explosion occurs [18]. When the pressure continues to go higher, reaction 2.5 starts to show 

more influence and HO2 is consequently dominating in the intermediate pressure regions. 

Liang and Law [41] explained that the nonlinear reaction HO2 + HO2 ⇌ H2O2 + O2 significantly 

reduces the impact of HO2, hence the produced H2O2 becomes the most important species at 

the third explosion limit. Furthermore, hydrogen peroxide will decompose, and this is given 

as: 

H2O2 +M ⇌ OH+ OH +M                                              (R. 2.6) 

Sufficient attempts to optimize the hydrogen mechanism can be found in the literature. 

Burke et al. [42] updated the kinetic model to improve the differences, particularly at high 

pressures and suggested the inclusion of the reaction H + HO2 ⇌ H2O + O, and later some of 

the reactions in Burke et al. [42] were updated by Hashemi et al. [43] based on their 

measurements of flow reactor. Keromnes et al. [44] provided an experimental and modelling 

study of H2 and syngas over a wide range of conditions, and H2 + HO2 ⇌ H + H2O2 and reaction 

2.6 are found to be crucial around the intermediate temperature and high-pressure regions. 

Also, several key reactions such as reaction 2.5 and 2.6 are adjusted. As commented by Curran 

[40], these studies [42–44] are examples of the manual optimization of the rate constants 
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through direct or indirect experimental investigations, and most research groups have 

developed either existing or new mechanisms in a similar by-hand manner. Depending on the 

individual species system, mathematical or non-mathematical approaches are developed 

among investigators, but it is preferable to optimize based on the measurements if applicable. 

 

Figure 2.2 Limit of the explosion of a stoichiometric H2/O2 mixture [18]: k1 is the rate constant of 
reaction 2.4 and k9 denotes the rate constant of reaction 2.5. 

It is possible to form carbon dioxide through the direct reaction between carbon monoxide 

and oxygen, although this flame is difficult to ignite due to a high activation energy of reaction 

2.7: 

CO + O2 ⇌ CO2 + O                                                     (R. 2.7) 

However, in the presence of even a tiny amount of hydrogen, OH can be formed through 

several channels, hence the dominant pathway to produce CO2 becomes [18]: 

CO + OH ⇌ CO2 + H                                                     (R. 2.8) 

This reaction produces an H atom, which strengthens the chain branching of H2 combustion 

and further enhances the CO combustion.  

At higher pressure, another route can also form carbon dioxide: 

CO + HO2 ⇌ CO2 + OH                                                  (R. 2.9) 

Syngas has been increasingly attracting interest in recent years, and some mechanisms 

containing both H2 and CO have been published and modified. In addition, with the 
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development of detailed hydrocarbon modelling, reaction 2.4 and reaction 2.8 are generally 

considered the most essential reactions in a combustion process [18]. 

2.2.2 Methane 

Methane is the simplest form of hydrocarbon. The initiation of oxidation begins with H 

abstraction and a methyl radical is then produced, and this can be achieved by a variety of 

small species such as oxygen. At high temperature conditions, the decomposition of methane 

is more involved in the CH3 formation route: 

CH4 + O2 ⇌ CH3 + HO2                                              (R. 2.10) 

CH4 +M ⇌ CH3 + H+M                                             (R. 2.11) 

The reaction 2.10 is quite slow and the produced methyl radical is more active. Its 

subsequent interactions with small species are faster and promotes propagation [19]. The 

reaction between CH3 and oxygen can go through two routes: 

CH3 + O2 ⇌ CH3O + O                                              (R. 2.12a) 

⇌ CH2O + OH                                           (R. 2.12b) 

The competition between reaction 2.12a and reaction 2.12b heavily influences the CH4 

ignition [18]. When the ignition is near, the reaction 2.12a becomes more important. The 

produced CH3O is quite active and can convert to formaldehyde (CH2O) primarily through its 

unimolecular reaction. Consequently, CH2O can create a highly active formyl radical HCO 

through the reactions with OH, H, etc., and HCO can be transformed into CO in the following 

reactions: 

HCO +M ⇌ H+ CO +M                                             (R. 2.13) 

HCO + O2 ⇌ CO + HO2                                              (R. 2.14) 

The final product CO2 is converted via CO through multiple channels as explained in Section 

2.2.1, and the other H2O is formed by the oxidized hydrogen atoms [18]. Through this 

simplified sequence of reactions (R. 2.10-R. 2.14), the combustion process of methane 

displays a rather hierarchical manner, which is worthy of note for the studies of larger 

hydrocarbons. Alternatively, methyl radicals can self-react to produce ethane (R. 2.3) or C2H5, 

and these species will go through the ignition themselves. 
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As Curran [40] commented, the combustion process of CH4 requires roughly 30 species and 

200 elementary reactions. Besides GRI-Mech 3.0, many kinetic mechanisms have been 

developed and tested against many sets of experimental data, and a compilation of the 

modelling progress over the past twenty years is available on the ReSpecTh website [34]. 

2.2.3 C2 hydrocarbons 

Important C2 hydrocarbons ethane, ethylene, and acetylene are discussed in this section. 

Both C2H4 and C2H2 are not only fuels but major intermediate species of the combustion of 

larger hydrocarbons. Similarly, it begins with the formation of ethyl radical by H abstraction 

from ethane, commonly H, O, or OH. C2H5 is quite unstable and can either react with the H 

atom and oxygen or decompose itself [18]: 

C2H5 +M ⇌ C2H4 + H +M                                            (R. 2.15) 

C2H5 + O2 ⇌ C2H4 + HO2                                           (R. 2.16a) 

Besides ethylene, the reaction between ethyl radicals and oxygen can also lead to the 

production of acetaldehyde, which is an important species in lower temperature combustion. 

Subsequently, through H abstraction, the CH3CO radical is formed and further decomposed 

to the methyl radical and carbon monoxide. 

The system of ethyl and oxygen is the base of ethane oxidation at low temperatures and 

contributes greatly to the general understanding of hydrocarbon combustion. Substantial 

efforts from both experimental and computational methods have been made to provide 

accurate representations of all the channels in this mechanism. One of the discussions focuses 

on the temperature and pressure dependence of the main channels and their correlated 

competition. Provided in the pressure-dependent forms, the reactions are as follows: 

C2H5 + O2 +M ⇌ C2H5O2 +M                                           (R. 2.17) 

C2H5 + O2 +M ⇌ C2H4 + HO2 +M                                   (R. 2.16b) 

C2H5O2 +M ⇌ C2H4 + HO2 +M                                        (R. 2.18) 

Wagner et al. [45] measured the overall rate constants of the system at multiple 

temperature conditions from 0.9 torr to 16 torr, also they developed models by using the 

RRKM theory to explain the experimental observations. Carstensen et al. [46] utilized ab initio 
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calculations to generate both the temperature and pressure dependent parameters of all the 

related reactions. Their results show that at atmospheric pressure, the rate constant 

expressions are provided as temperature dependent, and the pressure-dependent 

expressions are presented from 0.0001 atm to 100 atm with either oxygen or helium as the 

collider. More recently, Fernandes et al. [47] provided an experimental and kinetic modelling 

study of reaction 2.17. The experiments were performed at room temperature and between 

100 bar and 1000 bar, and the fall-off behaviours can be observed. In the detailed review of 

Baulch et al. [38], the authors summarized that at low temperature conditions (< ~575 K), 

the temperature and pressure dependency of the system is expected and reaction 2.17 is the 

dominating route. When the temperature goes higher (> 750 K), the pressure dependency 

becomes insignificant and the reaction 2.16a accounts for the main activities of the 

mechanism. Furthermore, the knowledge of the reverse channel of C2H5O2 is less known. 

Miller and Klippenstein [48] calculated a series of rate equations for reaction 2.16b-2.18, 

although both the authors and the review of Baulch et al. [38] considered the rate constant 

expressions for reaction 2.18 to be less reliable. In addition, to improve the understanding of 

the general ethyl and O2 system, experimental work at conditions of T >  1000 K is 

recommended. 

The combustion of ethylene and acetylene does not necessarily require H abstraction to 

start the process. The double bond of C2H4 is sensitive to the interactions of O and OH, and 

the reaction with the O atom is part of the chain-branching process that has multiple products. 

One example is shown below [18]: 

C2H4 + O ⇌ CH3 + HCO                                              (R. 2.19) 

In addition, the oxidation is considerably accelerated due to the produced active radicals. In 

the fuel rich cases or at high temperature conditions, the reactions of H abstraction become 

much more significant, leading to the formation of vinyl radicals (C2H3). Vinyl radical is also 

quite active, and one of the prominent reactions is its interaction with oxygen. A set of 

different products can be formed, and two examples are shown as follows: 

C2H3 + O2 ⇌ CH2O + HCO                                        (R. 2.20a) 

⇌ CH2CHO + O                                        (R. 2.20b) 
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From reaction 2.20b, the CH2CHO radicals play an important role in the combustion of 

ethylene. At high temperatures, it decomposes rapidly to smaller radicals and around low 

temperatures, its reaction with oxygen is competing with the unimolecular decomposition 

route [49]. 

Another important channel for the vinyl radicals is the production of acetylene: 

C2H3 +M ⇌ C2H2 + H +M                                          (R. 2.21) 

C2H3 + O2 ⇌ C2H2 + HO2                                           (R. 2.22) 

Reactions between acetylene and small radicals are quite complicated, and like ethylene, 

this system is integral to the core high temperature mechanisms for larger molecule 

modelling. Similar to ethylene, H abstraction is not always relevant in the oxidation of C2H2. 

In the initiation stage, reactions between C2H2 and O, OH, and oxygen are some of the major 

channels, and each class can also lead to multiple product routes. A few examples are 

displayed:  

C2H2 + O2 ⇌ HCCO + OH                                            (R. 2.23) 

C2H2 + OH ⇌ CH2CO + H                                           (R. 2.24a) 

⇌ C2H + H2O                                            (R. 2.24b) 

C2H2 + O ⇌ CH2 + CO                                              (R. 2.25a) 

⇌ HCCO + H                                             (R. 2.25b) 

C2H2 +M ⇌ C2H + H +M                                              (R. 2.26) 

C2H2 + H+M ⇌ C2H3 +M                                             (R. 2.27) 

Detailed studies have been discussed extensively regarding each reaction group and their 

respective branching ratio of each potential product route at various temperature conditions. 

Metcalfe et al. [49] provided a comprehensive modelling work of C1-C2 hydrocarbons 

together with oxygenated fuels. More recently, Slavinskaya et al. [50] investigated the 

oxidation and pyrolysis of acetylene, and their results indicate that reaction 2.24a, 2.25b, and 

2.27 are the prominent influences of the consumption of C2H2 at temperature conditions 

lower than 1300 K. At T > 1300 K, reaction 2.25b continues to be a major factor, along with 



23 

 

the reaction 2.24b, 2.25a, 2.26, and a few other routes. Despite the considerable 

development over the years, numerous problems remain to be addressed. For instance, 

simulations from several frequently-utilized mechanisms have proved to be quite deficient 

against one recent ignition dataset of C2H2/air mixtures at 10 bar, as commented by Curran 

[40]. It is suggested that the route of C2H2 + HO2 may be crucial because of the relatively high 

amounts of HO2 present in the high-pressure environments. 

Ketene is a significant intermediate species, and the ketenyl radicals HCCO can be directly 

formed from acetylene oxidation, and it also exists in ethylene combustion. As it is highly 

active, the HCCO can react with oxygen or H atoms, and some of the key reactions are 

identified as: 

HCCO + O2 ⇌ CO2 + CO + H                                      (R. 2.28a) 

HCCO + O2 ⇌ 2CO + OH                                          (R. 2.28b) 

HCCO + H ⇌ CH2 + CO                                             (R. 2.29) 

Furthermore, some of the intermediate products such as acetaldehyde (CH3CHO) and its 

subsequent radicals formed during the oxidation of C2 hydrocarbons are important species 

at lower temperature combustion, and kinetic modelling in terms of these sub-mechanisms 

has also been researched [49]. 

2.2.4 Autoignition and larger hydrocarbons 

Higher hydrocarbons are usually referred to the components heavier than n-butane. 

Besides the high temperature combustion, larger hydrocarbons also experience chemistry 

sequence at low and intermediate temperature regions, which are particularly related to the 

ignition in practice. For a combustion system, autoignition is defined as the spontaneous 

ignition of a fuel-oxidizer mixture when no external sources are applied, and a rapid ignition 

and complete reaction are ideal for the improvement of fuel efficiency [9]. 

Consider the simulated ignition delay time of n-pentane/air oxidation at 20 atm under 

three equivalence ratio conditions, as shown in Figure 2.3 [40]. Three discrete temperature 

regions can be observed. Take the stochiometric condition for instance, the regions are low 

(T < 750 K), intermediate (750-1000 K), and high temperature (T > 1000 K). Importantly, the 

boundary between each temperature region is distinctive and varies with the oxidation of 

different types of molecules and mixed fuels, and also the general conditions of the system. 
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During the transition between the low and intermediate regions, a negative temperate 

coefficient (NTC) regime is formed, in which the general rate of reaction decreases with the 

increase of the temperature [21]. This phenomenon strongly affects a series of important 

intermediate species formation and autoignition behaviour.  

 

Figure 2.3 Ignition delay time of n-pentane/air mixtures at 20 atm [40]. 

An example of the schematic pathways of a normal alkane is shown in Figure 2.4. The initial 

combustion step of a hydrocarbon mainly involves unimolecular decomposition and H 

abstraction. The targeted fuel is generally termed as RH and the subsequent fuel radical is 

denoted by the term R, where R will continue to react with oxygen which leads to further 

processes. The chemistry at low temperatures is quite complicated as the equilibrium of  

R + O2 ⇌ RO2 strongly favours the RO2 species, and thus addition of oxygen to alkyl radicals is 

dominating, and isomerization of alkyl peroxyl radicals (RO2) and hydroperoxyl alkyl peroxyl 

radicals (OOQOOH) is more favoured. The general chain branching can be described in the 

following sequence [40]: 

R
+O2
→  RO2→ QOOH

+O2
→  OOQOOH→ RO + 2OH                     (SEQ. 2.1) 

When the mixture heats up more and approaches the intermediate region, although 

decomposition routes of QOOH and OOQOOH become faster, the equilibrium of R + O2 ⇌ RO2 

shifts to the left and therefore reduces their influence. The impact of alternative 

decomposition routes through R and RO2 then becomes more significant, for example, the 
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concerted elimination (RO2 → olefin + HO2). There is also a build-up of HO2 which leads to the 

overall decrease of reactivity, as the formed radical HO2 is much less reactive than OH, hence 

explaining the emergence of the NTC region. The HO2 can react with the fuel leading to H2O2: 

RH + HO2 ⇌ R+ H2O2                                             (R. 2.30) 

This leads to an accumulation of H2O2, which can decompose to two OH radicals (R. 2.6), 

but at intermediate temperature this is relatively slow, and only becomes important at higher 

temperature. At high temperatures, the species are decomposed quickly, which eventually 

results in the termination of chain branching. Final products are produced, for instance, CO 

and stable small hydrocarbons [18, 21], and kinetic models of H2/CO and C1-C2 hydrocarbons 

discussed in previous sections are the essence of the combustion in this temperature region. 

Due to the complexity of the detailed chemical kinetics of hydrocarbon combustion and 

the number of intermediate species involved, accurate and comprehensive reaction 

mechanisms for many larger hydrocarbons remain to be a challenge. Among all the 

hydrocarbons, alkanes particularly straight chain, are the simplest and consequently the most 

studied types. Considerable works have been contributed by various research groups. For 

instance, the mechanism study of iso-octane and n-heptane from the Curran research group 

[51, 52] is an important source for many modelling investigators, and a total of 25 reaction 

classes were developed and individual rate rules at both high and low temperatures were 

estimated. Westbrook [53] provided a detailed discussion of the kinetic modelling of 

hydrocarbons under practical environments. More recently, Bugler et al. [54, 55] investigated 

the ignition of three pentane isomers in shock tubes and rapid compression machines. The 

kinetics was examined at low temperature chemistry together with the thermochemical 

properties, and the updated model includes 31 reaction classes. In addition, some recent 

modelling studies proposed an alternative isomerization route from OOQOOH →  P(OOH)2 

that is related to the chemistry of low temperatures [56, 57].  

For a targeted hydrocarbon, the determination of the detailed rate rules adopted for each 

reaction class at low temperature combustion is a great obstacle. Apart from larger normal 

alkanes, some types of molecules have been even less researched such as mono- and  

di- methyl branched alkanes with a carbon number of more than eight, and these species 

commonly lack direct measurements and theoretical calculations are also quite limited. Thus, 

rate constant results from butane and pentane isomers are oftentimes utilized as prototypes, 
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or if the mechanism of a larger fuel is available, that is close in carbon number to the 

interested hydrocarbon, it can also work as the reference. For instance, the iso-octane 

mechanism developed by Curran et al. [52] was built on their previous n-heptane modelling. 

Since the structures of these two fuels are quite different, certain rules of optimization must 

be implemented to improve the overall model quality. In conclusion, the basic understanding 

of the autoignition behaviours of alkanes is of great significance, particularly at low and 

intermediate temperature regimes, and it will further upgrade the model accuracy of other 

types of hydrocarbons.   

  

Figure 2.4 A schematic of low temperature chain branching of an alkane. 

2.2.5 NOx 

Nitrogen oxides (NOx) can be formed in the combustion process, which is one of the main 

environmental concerns derived from fossil fuel oxidation. It mainly consists of nitric oxide 

(NO) and small amounts of NO2 and N2O, and three channels are responsible for its production: 

thermal NO, prompt NO, and fuel NO. Noticeably, the route of fuel NO indicates the 

conversion of fuel to N atom through intermediate species such as HCN and ammonia, and 

eventually produces NOx [21]. As this usually occurs fuel with high contents of nitrogen, for 
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example the oxidation of coal, hence it is not relevant in the context of kerosene and 

surrogates and not discussed further.  

The thermal NO only becomes significant in the high temperature region which is 

commonly regarded as above 1800 K, and sufficient oxygen is required in the environment 

[18]. The initiation is described as: 

O + N2 ⇌ NO + N                                                    (R. 2.31) 

Subsequently, the produced N atom quickly reacts with oxygen and OH: 

N + O2 ⇌ NO + O                                                    (R. 2.32) 

N + OH ⇌ NO + H                                                    (R. 2.33) 

The accuracy of reaction 2.31 is essential and its reverse reaction rate has been measured 

over a wide range of conditions. Glarborg et al. [58] provided a detailed modelling study of 

nitrogen combustion, and the updated rate constant of the reverse of reaction 2.31 is 

obtained from a recent reactor experiment by Abian et al. [59]. 

Prompt NO is suggested to be the dominant route of turbulent hydrocarbon diffusion 

flames [60]. The interaction between nitrogen and hydrocarbon radicals commences the 

process: 

CH + N2 ⇌ NCN + H                                                 (R. 2.34) 

Other hydrocarbon radicals can also react with N2, while the innate high reaction barriers 

prevent radicals such as methyl or C2O from making impactful contributions to this NO system 

[58]. One of the more competitive routes is the reaction between C and N2, and NCN is also 

one of its products. NCN can eventually convert to NO after going through a series of steps, 

and its interaction with the H atom is advised to be the most important followed by the 

reaction with the O atom. The formation sequence can be generally outlined as: 

NCN
+H
→  HCN

+O
→ NCO

+H
→ NH

+H
→ N

+OH
→  NO                           (SEQ. 2.2) 

From the modelling point of view, the precise rate parameter of reaction 2.34 is crucial 

and has been studied both experimentally and theoretically, although the prediction of the 

CH concentration remains one of the main sources of uncertainty. Also, the discussions of the 

rate constants of NCN reactions are still ongoing, especially the interactions between NCN 
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and H atom. In addition, opinions of the NCN thermochemical properties are quite diverse. 

The difference in the recommended value of the NCN heat formation between authors is over 

3 kcal ∙ mol-1 [58]. 

The mechanism of the N2O channel is relatively well understood and is suggested to be 

more involved in the NO formation at high pressures and lean conditions, which is expressed 

as: 

N2 + O +M ⇌ N2O +M                                                  (R. 2.35) 

N2O + O ⇌ NO + NO                                                   (R. 2.36) 

N2O + H ⇌ NO + NH                                                   (R. 2.37) 

Alternatively, the reactions between N2O and the reactive radicals (H, O) can produce 

nitrogen that competes with the reaction 2.36-2.37. Apart from N2O, NNH is a minor channel 

suggested by some investigators. Klippenstein et al. [61] reviewed the previous work 

regarding the NNH mechanisms and evaluated the heat of formation of NNH. Furthermore, 

several systems such as reactions between NNH and the O atom were calculated using 

transition state theory. In the current knowledge, the scale of the impacts on the general NO 

production through NNH is quite unclear and experimental evidence to support modelling 

results is greatly insufficient. 

2.2.6 Ammonia/methane 

Ammonia (NH3) is a key species in the volatile fuel and nitrogen combustion, and in recent 

years it has been increasingly attracting the attention as a potential carbon-neutral fuel, either 

directly or as a hydrogen carrier. Firstly, the oxidation of pure ammonia is briefly introduced. 

H abstraction is the major channel to consume NH3, usually achieved by the reactive radicals 

(O, H, OH) that subsequently forms the NH2 radicals. NH2 can further produce NH radicals 

through the H abstraction, and two main consumption routes of NH are either reacting with 

NO or reacting with oxygen to further form NO: 

NH + O2 ⇌ NO + OH                                               (R. 2.38a) 

⇌ HNO + O                                               (R. 2.38b) 
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Alternatively, NH2 may react with even tiny amounts of NO, which have two product routes 

[58]: 

NO + NH2 ⇌ NNH + OH                                            (R. 2.39a) 

⇌ N2 + H2O                                              (R. 2.39b) 

The branching ratio of these two channels largely influences the entire system, as reaction 

2.39a indicates chain branching while the other route is terminating. Under fuel lean 

conditions, NO can be converted to NO2 which can further interact with the NH2 radicals. 

Other competitive channels of NH2 consumption include the reactions between the reactive 

radicals (H, O) and NH2, and one of the product channels is prominent for the formation of 

NO at high temperatures: 

O + NH2 ⇌ HNO + H                                                (R. 2.40) 

The main challenges of pure ammonia for the application of internal combustion engines 

are its low flammability and high ignition temperature [62], and the common solution is to 

blend ammonia with other fuels such as hydrogen, methane, gasoline, etc. From the report 

of Erdemir and Dincer [62], the power output of a generator engine was examined on eight 

types of fuel blends. Their results show the same general trend for all mixtures, that the 

decrease of the ammonia ratio helps to increase the power output. As this approach may 

enhance the oxidation process, the addition of the other fuel leads to a growth of CO2 and 

NOx emissions. Figure 2.5 shows an example of the NOx emissions for different types of fuel 

mixtures, with the ammonia ratio ranging from 0.2 to 0.8. In general, the decrease in the 

ammonia proportion leads to an increase in NO emissions. Take the blend of NH3/H2 for 

instance, the emission of NO with the least NH3 is about 3.5 times greater than the NO 

emission with the most NH3. In short, there are significant problems with the NH3 combustion 

in engine conditions, more investigations are required to tackle the issues. 
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Figure 2.5 NOx emissions of different types of ammonia blend [62]. 

In this project, the mixture of NH3 doped with methane is investigated experimentally, 

hence the chemical kinetics of this blend is discussed. New reaction pathways will be created 

by adding another hydrocarbon, and the mole ratio MR of ammonia/methane can also 

influence the concentration of the intermediate and major species. Both methane and 

especially methyl radicals can react with ammonia radicals. These mechanisms are relatively 

less known and uncertainties in the models are expected to some extent. An example of the 

reactions that have been discussed in the literature is the following [58, 63]: 

CH3 + NH2 +M ⇌ CH3NH2 +M                                         (R. 2.41) 

CH3 + NH ⇌ CH2NH + H                                               (R. 2.42) 

The chemistry of ammonia with other hydrocarbons is a relatively new research topic, 

nevertheless, a reasonable number of records of both experimental and modelling regarding 

NH3/CH4 can already be found in the literature in recent years. Partly due to the complexity 

of the mechanism, the ignition of the mixture particularly at elevated pressures remains to 

be better understood. Over a decade ago, Tian et al. [63] conducted an experimental and 

modelling study of five premixed flames of different NH3/CH4 mole ratios at 4 kPa and 

stoichiometric conditions. More recently, Okafor et al. [64] measured the laminar flame speed 

of NH3/CH4/air flames at atmospheric pressure and room temperature, and the mole 

percentage of ammonia varies from 0 to 0.3. Their results indicate that from the  

sub-mechanism of ammonia, reaction 2.39a, 2.40, and HNO + H ⇌  NO + H2 are the most 
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influential reactions on the concentration of the H atom and the OH radical in the mixture 

flames. More efforts regarding the ignition properties have been made. Shu et al. [65] 

measured the autoignition of the ammonia/methane mixtures with the use of RCM at 20 bar 

and 40 bar, and an example of the reaction pathway from their modelling work is displayed 

in Figure 2.6. 

 

Figure 2.6 Reaction pathway of a stoichiometric 80% NH3/20% CH4 mixture at 1000 K and 40 bar 
[65]. 

2.3 ANSYS Chemkin Pro 

Computational modelling is essential to characterise new fuels before practical application, 

and significant financial benefits are served if a combustion program including elementary 

chemistry is effectively developed [9]. The ANSYS Chemkin Pro [27] is a software used to solve 

complicated chemical kinetics. Created by Kee et al. [66] at the Sandia National Laboratories, 

the Chemkin Code can model a variety of idealised chemical systems. These include  

zero-dimensional closed homogeneous reactors used to predict ignition delay time or  

plug-flow reactor data, zero-dimensional homogeneous reactors with inflow and outflow 

used to predict jet-stirred reactor data, and one-dimensional models to simulate burning 

velocity or flame species profile data.  

Before the simulation of a given project, a fundamental input that is referred to as the 

reaction mechanism is required. The package usually consists of a kinetic mechanism file and 

a thermodynamic data file. In the one-dimensional flame simulation, additional transport 
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data is needed. The kinetic mechanism file describes all the species involved in oxidation and 

their related elementary reactions defined by the rate constants. The thermodynamic data 

file includes all the thermochemical properties of the species in the kinetic file. Transport data 

is used for the evaluation of the viscosities, thermal conductivities, diffusion coefficients, and 

thermal diffusion coefficients for the software [24]. For each model, the initial conditions are 

usually based on laboratory studies and the simulated results should later be validated against 

the experimental data. In this project, modelling of zero-dimensional closed homogeneous 

reactor systems and one-dimensional flame systems will be explored, and the example 

simulation shown in the following sections is based on the tutorial projects from Chemkin. 

2.3.1 Zero-dimensional closed homogeneous reactor 

As a vital characteristic of flame propagation, autoignition can be influenced by many 

factors and chemical kinetics plays a key part in it. There are several ways to interpret the 

ignition delay time both experimentally and computationally, and the results may be 

significantly different due to the source of the criteria. From the perspective of the model or 

the laboratory environment, it can be referred to as the time at which the maximum 

concentration of a specific species is reached, or the time at which the maximum rate of 

temperature increase takes place [21]. For many practical devices, it is defined as the time 

interval between the injection of mixtures and the start of the flame [67].  

The closed homogeneous reactor is a reasonable representation of the shock tube 

environment for the study of autoignition, and the necessary inputs for this model include 

the initial concentration of the fuels and oxidizers, temperature, and pressure. Also, Chemkin 

allows users to select definitions of the ignition delay time, and it can be determined by either 

the temperature profile or the concentration of a certain species.  

An example of propane autoignition at atmospheric pressure and 1200 K is shown in Figure 

2.7. The results of ignition delay time derived from either temperature or OH mole fraction 

are quite similar. Noticeably, the profile of the OH mole fraction has a small peak at the 

beginning of the ignition stage, and the second peak is the correct ignition delay time. In this 

project, the ignition is defined to be the time when the maximum OH mole fraction is reached.  
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Figure 2.7 An example of the simulated ignition delay time: the black line is the temperature profile, 
and the red line is the OH profile. 

2.3.2 Zero-dimensional homogeneous reactors with inflow and outflow 

This computational approach is based on the jet-stirred reactor (JSR) experiments, in which 

a steady flow of fuel and oxidizer is introduced into the thermally insulated reactor at high 

velocity through narrow nozzles [68]. These result in a mixing rate that can be considered 

infinitely fast, and the system can be defined by the chemical reactions. A schematic 

illustration of the system is shown in Figure 2.8, where �̇� is the mass flow rate through the 

reactor, Yk is the mass fraction of the kth species, 𝜏 is the residence time which relates to the 

mass flow rate and the reactor volume, and hk is the specific enthalpy of the kth species. In 

addition, the superscript (*) denotes the inlet conditions.  

 

Figure 2.8 Schematic illustration of a jet-stirred reactor [68]. 

The solution computes the steady-state concentration of each species and the 

temperature of the mixture. The species concentrations are important to identify and 
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quantify the major intermediate species and oxidation products, and the results can be 

utilized to assess the fuel reactivity and determine the potential pathways in the combustion 

process [9]. 

2.3.3 One-dimensional laminar flame 

This model is useful for both burner-stabilized flame simulations to model flame species 

profile data, or freely propagating adiabatic flames to model laminar flame speed (burning 

velocity) SL. SL is a fundamental parameter in the combustion of fuel-oxidizer mixtures and 

flammability limits and is particularly relevant to high temperature oxidation. It is defined as 

the velocity of the unburned gases moving through a plane combustion wave in the direction 

perpendicular to the wave surface [18]. Both experimental and modelling reviews suggest 

that many chemical and physical variables can cause impacts on the flame speed, and it is 

strongly determined by the temperature, pressure and mixture compositions [21]. Some key 

input data is required to define the model, including the mixture composition, inlet 

temperature and pressure, length of the computational domain, key intermediate species 

concentrations, etc. In the software, laminar flame speed is defined as the velocity at the 

starting point of the axial velocity profile, and an example of the propane/air mixtures is 

shown in Figure 2.9 (a). Additionally, Chemkin can solve multiple initial conditions regarding 

temperature, pressure, or equivalence ratio in a single project, by either setting up a 

parameter study or using the feature of continuations.  

The burner-stabilized flame is helpful to simulate species profiles as a function of the 

distance above the burner surface. Apart from the initial mixture concentrations and pressure, 

the inlet mass flow rate must be known. The outcome of this model is largely dependent on 

the temperature profile, and users can normally provide it as an additional model input 

through experimental measurements. It could be calculated from the energy conservation 

equations, but this is not recommended as it would be affected by the heat loss from the 

flame to the burner and surroundings which is usually unknown. Figure 2.10 displays both the 

initial temperature input and the predicted mole fraction of OH and O from the 

hydrogen/oxygen oxidation at 0.4 atm. Any unevenness displayed from the temperature will 

directly be reflected in the results, as can be observed around the region of 3.75-6.25 cm. An 

accurate and smooth temperature profile is crucial to analyse the key species after oxidation, 
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hence it is strongly recommended to apply the temperature input obtained from 

measurements unless the heat losses of the flame are regarded as negligible [24]. 

 

Figure 2.9 Combustion of propane/air at 1 atm and 300 K with the use of flame speed model: (a) 
Simulated flame speed at the stoichiometric condition; (b) Calculated laminar flame speed as a 

function of the equivalence ratio. 

 

Figure 2.10 Temperature and mole fraction OH and O profiles of H2/O2 combustion at 0.4 atm with 
the use of burner-stabilized model. 

The use of the one-dimensional laminar flame model can be prone to many problems, as 

both types of flames are significantly dependent on the initial conditions and solution 

procedures, and sometimes may even fail to converge to a meaningful solution. To produce 

a reasonable solution, users can choose to use less grid points by either reducing the number 

of grid points or increasing the values of curvature or gradient. Furthermore, the method of 

continuations is a convenient feature that uses the result calculated from the previous 
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solution as a starting point to calculate the result for the current condition, and several 

parameters can be specified depending on the desired outcome [24]. 

2.4 Proposed surrogates of real fuels 

Surrogate components are commonly formulated based on specific criteria of the targeted 

fuels, and the kinetic mechanisms of these selected components are subsequently developed 

and validated with experimental data in a wide range of conditions. Ideally, each major 

molecular class of real fuels should have at least one representative fuel. While only a handful 

of larger species have been studied extensively, the assembly of mechanisms with different 

reference compounds and the subsequent model validations are the main obstacle. In 

addition, the size of the surrogate mechanism often makes the computational process quite 

time-consuming. 

2.4.1 Formation of surrogate 

Either kerosene-based jet fuels or alternative fuels are a large mixture of hundreds of 

hydrocarbons, hence it is extremely difficult to conduct investigations without any 

simplifications. The widely prevalent solution is the use of a surrogate. It usually consists of 

several components that can replicate certain combustion characteristics of the targeted fuel. 

Commonly, fuel surrogates are designed to correspond to physical properties or possess the 

same chemical-class composition and average molar mass [69], although specific criteria vary 

among different researchers. From the modelling perspective, candidates with available 

detailed mechanisms are more favoured, and for experimental investigations, fuel cost is 

another major factor that may influence the selection of the components [70]. To formulate 

a surrogate blend for either kerosene or alternative jet fuels, certain properties are initially 

used as the targets and in many cases are shown as follows [17, 71]:  

1) Chemical composition. 

2) Molecular weight (MW): related to diffusive properties of jet fuels. 

3) H/C molar ratio: related to emulating adiabatic flame temperature. 

4) Cetane number (CN): related to ignition quality, with the use of cetane reference fuel. 

5) Threshold sooting index (TSI): related to the formation of soot.  

Different investigators use various techniques to determine the components and 

proportions of surrogate mixtures. Surrogate blend optimization (SBO) is one common 
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computational tool to optimize the fuel blend based on defined targets [16]. It utilizes global 

minimization based on a genetic algorithm, then a local optimization will be followed based 

on Powell’s conjugate direction method [24].  

2.4.2 Kerosene 

The use of surrogate or multiple surrogate components has been an extensively used 

method for jet fuel modelling, although how to determine the components and their 

proportion to accurately emulate the real fuel specifications remains a challenge. Researchers 

often associate the selected surrogates directly with certain properties of the targeted fuel as 

a starting point [72]. For kerosene modelling, many studies are based on the distribution of 

the chemical components [73], although some researchers argued that this approach may be 

impractical because the variations in aviation fuels are substantial. An example of the fraction 

differences of the aromatics content is illustrated in Figure 2.11, the percentages of aromatics 

in JP-8 can differ from 11.5% up to 23.5%, which in reality will cause different soot formation 

[13]. 

 

Figure 2.11 Aromatics volume of JP-8 [13]. 

Dagaut et al. [74, 75] built one of the first n-decane mechanisms and the model can 

generally reproduce the experimental data of n-decane and kerosene combustion from the 

JSR. Experiments by Doute et al. [76] with a flat-flame burner later found that the sole  

n-decane model fails to predict the aromatics concentration and hence a binary- or  

trinary-component surrogate is suggested to match more of the physical properties of the 

fuels. Several efforts have been made by adding an aromatic along with n-decane to form a 

surrogate model that can be evaluated against the premixed flame or counter flow flame 

experiments [77–79], and the measured results of species concentration show that 
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components, for instance, toluene, 1,2,4-trimethylbenzene, or propylbenzene can be 

regarded as an aromatic representative. Despite the efforts, more refined mechanisms were 

in demand to better capture the behaviour of the non-alkane part in kerosene. As the studies 

advanced, investigators began to include the class of cycloalkanes in the surrogate. Violi et al. 

[70] showed that the hydrocarbon class of Jet A contains about 20% of cycloalkanes and 

suggested including 10 mol% methylcyclohexane as a new reference surrogate for JP-8. 

Dagaut [80] optimised the cyclohexane and n-propylcyclohexane in a detailed kerosene 

mechanism, and the simulated species profiles produce a reasonable agreement with the 

experiments of kerosene conducted in JSR. Dooley et al. [17] outlined a detailed mechanism 

by incorporating three individual kinetic mechanisms and the surrogate includes 42.67 mol% 

n-decane, 33.02 mol% iso-octane, and 24.31 mol% toluene, which can be referred to as the 

1st generation. Model data is validated against the results from various laboratory tools 

through a range of temperatures, and an optimal model containing n-dodecane,  

1,3,5-trimethylbenzene, and n-propylcyclohexane,  referred to as the 2nd generation, was 

formed afterwards [71]. Malewicki et al. [81] revised the main species in the 2nd generation 

model and added a few sub-mechanisms to formulate an updated mechanism, and simulated 

results are validated against the experimental data of ignition delay time in a shock tube and 

the mole fraction profile in a flow reactor.  

In recent years, more reference species are selected to characterize more molecular 

classes in the fuels. Kim et al. [82] investigated the surrogates for Jet A, IPK, S-8, and the blend 

of fuels and some physical properties such as density, viscosity, distillation curves and specific 

heat have been added in the target characteristics since their importance has been recognized 

[83], and the results are validated against the ignition delay time in a shock tube. Kathrotia et 

al. [84] provided a semi-detailed mechanism to represent a variety of fuels, and their 

suggested components for Jet A-1 are composed of 41.1 mol% n-decane, 24.1 mol%  

2-methyldecane, 13.6 mol% n-propylcyclohexane, 18.4 mol% n-propylbenzene, and 2.7 mol% 

decalin. An improved representation of the main molecular classes is essential for the 

development of fuel surrogates, whilst this leads to a new challenge which is the model 

validation of individual components, especially for those less well-studied molecules with few 

experimental sources. From the modelling perspective, apart from the core chemistry of  

C0-C4, previously many mechanisms have usually contained only a few surrogate components 
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of their interested fuel, which largely limits the feasibility and makes further validations quite 

difficult. Investigators have made efforts to compile more detailed mechanisms including a 

group of larger species that is suitable for the simulation of multiple real fuels. Some surrogate 

studies [67, 82, 85] are examined by using the mechanisms from the Model Fuels Library, 

which is encrypted in the ANSYS software containing more than 65 fuel components [86]. Also, 

an experienced chemical kinetic lab, namely the CRECK Modelling Group, has been developing 

detailed and semi-detailed mechanisms of pyrolysis, and the oxidation of gases, liquids, and 

solids for many years. Kinetic packages regarding kerosene surrogates are also part of their 

research interests [87, 88].  

2.4.3 Fischer-Tropsch fuels 

Despite the significant compositional difference in fuels, the development of alternative 

fuels mechanism has been associated closely with the mechanisms of conventional jet fuels. 

Like kerosene, the chemical composition is a primary approach for developing a detailed 

alternative fuel mechanism. 

 S-8 is an F-T fuel derived from natural gas from Syntroleum, and it has been investigated 

extensively as an example of synthetic paraffinic kerosene. In the beginning, surrogates of  

F-T fuel were modelled using a mechanism designed explicitly for kerosene [89, 90]. 

Gokulakrishnan et al. [91] suggested a composition ranging from pure n-decane to a mixture 

of n-decane and iso-octane, to pure iso-octane. By comparing the experimental results of the 

ignition delay time, a mixture of approximately 20% n-decane and 80% iso-octane can capture 

the behaviour of S-8 fuels most reasonably. Also, it is observed that the proportion of  

iso-octane has little effect on the ignition delay time in the high temperature region. Naik et 

al. [16] formulated an assembled mechanism of 753 species and 4668 reactions for two 

surrogates containing iso-octane, n-decane, and n-dodecane, and the interested fuels are  

S-8 developed by Syntroleum and Shell GTL developed by Royal Dutch Shell plc. Modelling 

results of both single species and surrogate fuels are validated against published experimental 

data, which includes the ignition delay time behind a reflected shock, laminar flame speed, 

and the extinction strain rate from a counterflow flame system. Noticeably, this mechanism 

restricts the application to only above 1000 K because the engine condition mostly considers 

only the high temperature kinetics. Another mechanism under similar conditions has been 

proposed by NASA [92]. Dooley et al. [93] also investigated a simpler blend that consisted of 
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n-dodecane/iso-octane, with the kinetic mechanism being combined from previous 

investigations [17, 71, 94]. The formation of this surrogate is guided under specific criteria 

using the SBO method explained previously. The results are validated against the 

measurements of ignition delay time in stoichiometric mixtures at 20 atm behind a reflected 

shock, species concentration in a flow reactor, and extinction rate measured in a  

non-premixed flame. Noticeably, despite its dominant proportion in F-T fuels, mono- and  

di- branched alkanes are not employed in surrogate formation. This is majorly due to the 

concern of experimental cost and consequently the availability of the mechanism for relevant 

species. 

Relatively less research has been carried out in coal-derived and non-petroleum feedstock 

fuels, and iso paraffin kerosene (IPK) produced by Sasol is one of the fuels that has been 

studied. Dooley et al. [95] utilized an assembled mechanism for Jet A and several F-T fuels and 

a four-component mixture for IPK is proposed. Computational results are validated against 

the experimental data on ignition delay time at 20 atm [96] and laminar flame speed at the 

condition of 400 K and atmospheric pressure [97]. Ahmed et al. [98] formed a kinetic 

mechanism of 6228 reactions involving 2006 species for a mixture of  

n-decane/iso-octane/propylbenzene, and the model is validated against the oxidation species 

in a JSR over a range of equivalence ratio at 10 atm. From their results, the authors 

commented that iso-octane is too branched for the iso-paraffin that exists in synthetic fuels. 

Hence, the candidates for instance methyl-decane are favoured and other work from Edwards 

et al. [13] suggested the same conclusion. In addition, Huber et al. [99] created a  

five-component surrogate for synthetic paraffin obtained from biomass, and the results are 

validated against experimental data on the distillation curve, which is a parameter related to 

the soot formation. Noticeably, some studies include a trace of aromatics and cyclo-alkane to 

form the F-T surrogate such as the study of a gas-to-liquid fuel by Dagaut et al. [75]. More 

recently, Kim and Violi [100] formed an upgraded version of the IPK surrogate by introducing 

2,2,4,6,6-pentamethylheptane as a potential surrogate of the next generation fuels, to better 

represent the ignition quality over the usual iso-octane/iso-cetane.  

Importantly, the mechanisms regarding either jet fuels or alternative aviation fuels usually 

contain thousands of species and reactions, hence they require significant time for the 

computational resources to handle and often cause numerical difficulties in the solution 
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process. To overcome this problem, reduced and skeletal mechanisms are necessary for the 

development of the mechanism and some research groups, such as CRECK modelling, provide 

these simplified versions. In addition, optimized methods for the jet fuel mechanisms are 

proposed by some investigators [101, 102].  

2.4.4 Previous investigations on branched alkanes 

Studies performed on branched alkanes are comparatively limited, in contrast to the 

model of straight-chain alkanes that has been developed for decades. Early research records 

have shown that iso-butane has been studied in shock tubes [96, 103]. Westbrook et al. [104] 

developed a kinetic mechanism for all nine isomers of n-heptane, and their simulated results 

of the ignition delay time were subsequently validated by experimental results from a rapid 

compression machine. For larger lightly branched hydrocarbons, Sarathy et al. [105] provided 

a comprehensive kinetic modelling study for the combustion of 2-methylalkanes from C7 to 

C20, which also included the kinetics of linear alkanes from C8 to C16. It can moderately 

predict both alkane classes for the ignition delay time and laminar flame speed, while the 

disagreement between the modelling and experiments implied improvements were required. 

A few branched alkanes mechanisms were further built based on this effort of Sarathy et al. 

[105]. Wang et al. [106] conducted an experimental and modelling study of autoignition for 

3-methylheptane in both a shock tube and a rapid compression machine over a wide range 

of conditions. More recently, Wang et al. [57] discovered a third O2 reaction path for a mixture 

of 2-methylhexane/oxygen/argon in a jet-stirred reactor at 1 atm and temperature between 

530 K and 740 K.  

Researchers also have paid close attention to dimethyl-type alkanes. Sarathy et al. [107] 

studied the characteristics of 3-methylheptane (3-MHP) and 2,5-dimethylhexane (2,5-DMX) 

in a counterflow diffusion flame. Liu et al. [108] measured the ignition temperature of a  

non-premixed flame for several isomers of octane and decane under atmospheric conditions, 

and the interested fuels include 3-MHP, 2,5-DMX, and 2,7-dimethyloctane (2,7-DMO). Their 

results indicated that by comparing the ignition temperature of both C8 and C10 isomers, the 

reactivity of the fuel decreases when the degree of chain branching increases. Similar 

conclusions were drawn from Li et al. [109] by measuring the ignition delay time of three 

branched alkanes in a shock tube and Ji et al. [110] by measuring the laminar flame speed of 

several octane isomers in a counterflow environment. Regarding the ignition delay time of 
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different hydrocarbons, at the condition of 20 atm, Wang et al. [106] compared their results 

of 3-MHP with previous experimental data of 2-methylheptane [105, 111] and n-octane [105]. 

In higher temperatures, the differences in the ignition between isomers are negligible, while 

in the low and NTC regions, the reactivities vary clearly among fuels. In addition, other 

investigators have observed indiscernible differences in the reactivity between larger normal 

alkanes at higher temperatures from both experimental and modelling predictions [112, 113]. 

Experimental validation is the main obstacle as the available records are quite scarce for 

branched alkanes, particularly for the carbon atom beyond eight. Besides the apparent lack 

of validation for the modelling, another inherent problem lies in the approach commonly 

utilized to compose the mechanism. It is typical to use reaction classes and rate rules that 

originated from investigations of smaller species or their more common isomers, particularly 

for the mechanisms of larger hydrocarbons. A few kinetic studies of 2-methylheptane can be 

traced back to the results of iso-octane and other normal alkanes for instance n-pentane. The 

former is too branched for mono-methyl alkanes while the latter has no presence of the 

tertiary C-H bond. Therefore, the plausibility of the rate rules adopted from other types of 

hydrocarbons may be compromised to some extent. At higher temperatures, this concern is 

less severe as the intermediates formed and the end products are similar among large 

hydrocarbons. Moreover, some researchers have suggested the effects of the position of the 

methyl substitution are significant. Selim et al. [114] investigated 2-methylheptane and  

3-methylheptane in a burner-stabilized flat flame under stoichiometric and 20 torr conditions. 

Major differences were observed in the profile of the intermediate species between the two 

alkanes, while the comparison of the end-products of the two flames is in good agreement. 

In conclusion, experimental studies that are exclusively focused on larger branched alkanes 

are greatly recommended and consequently attribute to the improvements of the kinetic 

modelling.  

2.4.5 Previous investigations on normal alkanes 

Detailed chemical reaction mechanisms dedicated to the oxidation of normal paraffin have 

been developed over many years, from small alkanes to hydrocarbons of high molecular 

weight. N-decane and n-dodecane are the most common chemicals to represent the class of 

straight chain alkanes in kerosene-based fuels, and the use of other alkanes such as  

n-hexadecane or n-tetradecane can also be found. Despite the efforts, n-decane and  
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n-dodecane are relatively less studied compared to smaller species such as n-heptane, hence 

the kinetic details are required to improve for higher emulation quality.  

Over the years, substantial experimental work of n-alkanes has been performed in a variety 

of equipment, such as jet-stirred reactors, premixed flames, flow reactors, shock tubes, and 

rapid compression machines, which are subsequently utilized for kinetic model validations. 

Pfahl et al. [115] studied the ignition of three fuels mixed with air by using a high-pressure 

shock tube, and the measurements of n-decane were conducted around 13 bar and 50 bar, 

in the temperature range of 700-1300 K. Zhukov et al. [116] performed autoignition 

experiments of n-decane/air mixtures behind reflected shock waves at the pressure of 13 atm 

and 80 atm and the equivalence ratio of 0.5 and 1. Shen et al. [112] measured the ignition 

delay time of four normal alkanes with the use of a shock tube, and n-decane and n-dodecane 

were studied at elevated pressure conditions from 9 atm to 58 atm at 𝜑 = 0.25, 0.5, and 1. 

More recently, Malewicki and Brezinsky [81] conducted an experimental and modelling study 

on the combustion of n-decane and n-dodecane in a shock tube, from 19 atm to 74 atm at 

several equivalence ratio conditions. In terms of investigations in premixed flames, Ji et al. 

[117] measured the laminar flame speed and extinction strain rates of normal alkanes from 

C5 to C12 over a wide range of conditions. Alekseev et al. [118] measured the laminar burning 

velocity of n-decane and a mixture of 80% n-decane and 20% benzene at atmospheric 

pressure and two temperature conditions. Importantly, the available models at earlier times 

that involved large normal alkanes are commonly assembled with other hydrocarbon classes 

such as cycloalkanes depending on the proposed fuel surrogates. The JP-8 surrogate from 

Violi et al. [70] is one example. As the technology and models advance, more recent 

investigators can concentrate their proposed mechanisms more solely on their targeted 

alkanes. 

Regarding detailed mechanisms dedicated purely or primarily to straight chain alkanes, 

Westbrook et al. [113] discussed the construction of an exclusive n-alkanes mechanism from 

C8 to C16 based on the knowledge of n-heptane, including both high and low temperature 

reaction classes. Apart from the long calculation time due to the mechanism size, this model 

indicates another habitual challenge for general modelling studies, that is the limitations of 

more accurate descriptions of intermediate species during the combustion process for these 

larger hydrocarbons, since many authors constantly draw inspiration from primary reference 

https://scholar.google.com/citations?user=OVfTlrcAAAAJ&hl=en&oi=sra
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fuels. Ranzi et al. [119] investigated extensively the kinetic scheme of oxidation of long-chain 

n-alkanes based on their previous effort [87]. More recently, Dong et al. [120] formed a 

detailed kinetic mechanism for various surrogate fuels, including linear alkanes from C8 to 

C12. In conclusion, several aspects are discussed to further improve the understanding of 

chemical kinetics for straight-chain alkanes. Firstly, it is recommended to broaden the 

experimental conditions for the ignition study, especially at higher pressure. Secondly, the 

use of reaction class is another concern particularly for lower temperature chemistry due to 

the natural deficiency of mechanism assembly. 
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CHAPTER 3 

EXPERIMENT SETUP  

A flat-flame burner was utilized to observe a premixed laminar flame of both liquid and 

gaseous fuels. Planar laser-induced fluorescence (PLIF) and fine wire type R  

platinum-platinum/rhodium thermocouples were employed to measure certain combustion 

characteristics of the targeted flames. The equipment setup and preparation work, principles 

of the techniques, and concern about errors are provided in the following discussions. 

3.1 Kerosene burner 

The burner was designed by Patterson et al. [78] to investigate a premixed laminar flame 

and can operate under a wide range of equivalence ratio conditions. Before the 

commencement of the experiment, the burner was thoroughly cleaned, and any unfunctional 

parts were fixed. During the period of operation, regular maintenance was enforced. An 

illustration of the kerosene burner is shown in Figure 3.1 [12].  

For liquid hydrocarbon combustion, fuels were filled into a double-ended sample cylinder 

provided by Swagelok Manchester and then pressurised with nitrogen gas (99.998%) at 7 bar. 

Under the influence of the pressure, the fuel is transported to the burner through a PTFE 

tubing, while the precise liquid flow rate was controlled by a mass flow controller (MFC), 

which is a Brooks Flomega model 5882. Fuel was premixed with the pressurised primary air 

inside the atomiser, which broke the liquid into droplets. The gap between the nozzle and 

inner housing can be altered to achieve an optimal droplet size, as depicted in Figure 3.2 [12]. 

After the atomisation, the spray of liquid and air was further mixed with a secondary air and 

was subsequently passed through metal shavings to enhance the mixing. Next, a honeycomb 

straightener was employed to assist in producing a more uniform flow before leaving the 

burner. Finally, the mixture of fuel and air escaped through a metal diffuser, where ideally a 

stabilized and uniform flame was obtained slightly above its surface. During the operation, 

two separate MFC channels, which are both Brooks Instrument 4800 series, controlled the 

flow rates of these air supplies, and the equivalence ratio was calculated by their total air flow 

rate and fuel flow rate. Importantly, when calculating the equivalence ratio, a correction value 

for the air flow rates is required, as the laboratory environment is not strictly under standard 
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temperature (25 ℃) and pressure (101.325 kPa). Apart from the burner and the fuel cylinder, 

an electric heater was connected to the pipe wall of the burner, controlled with a CAL 9300 

series controller to a given range and monitored with a Type K thermocouple. The reason for 

the heater application is to prevent the condensation of the liquid fuels and also enhance 

spray vaporisation. From the experience of Doute et al. [76], it is recommended to heat the 

entire equipment around the boiling point of the targeted fuels, although the variation of the 

vaporization temperature makes it less straightforward. For instance, Jet A-1 can range from 

156 ℃ to 293 ℃. In this study, the heater is set to operate between 180 ℃ and 190 ℃ for the 

experiments of all liquid fuels. Furthermore, the kerosene burner was placed on an XYZ 

traverse system controlled by the software Micromech MSS-856-A-000, which can be precise 

up to 0.1 mm in all three axes.  

 

Figure 3.1 The detailed illustration of the customised kerosene burner [12]. 
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Figure 3.2 The detailed illustration of the detailed atomiser of the burner [12]. 

Additionally, a pure CH4 flame and a CH4/NH3 flame are used as references to quantitively 

determine the mole fraction of OH and NO of the liquid fuel mixtures, respectively. Thus, the 

heating of the burner and pre-atomization processes are not required. The gases directly 

passed through the atomizer and mixed with the secondary air channel, and the flame was 

subsequently formed above the burner. The cylinders of methane and ammonia were both 

operated at 2 bar, and the MFCs for methane and ammonia are Brooks Instrument 4800 series 

and Chell CCD100, respectively. 

3.1.1 Mass flow controller calibration 

The actual flow rates for both liquid fuel and air were measured to ensure accuracy and the 

processes are discussed separately.  

For the liquid fuel calibration, a weighing scale was utilized to determine the actual flow 

rate. The balance of the scale may require adjustments, and this can be achieved by altering 

the levelling feet, and then the calibrated air bubble should be in the centre of the level 

indicator. An empty beaker was placed on the scale and then filled with liquid whose flow 

rate is controlled by the MFC. The entire process was video recorded by a phone for ten 

minutes. The calibration was conducted at the driving pressure of nitrogen into the fuel 

cylinder at 3-7 bar, and three set points of 50%, 60%, and 70% were measured under every 
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pressure condition. The relationship between the MFC set point and actual liquid flow rate 

can therefore be determined by the use of the equation of linear curve fitting in the software 

OriginPro. The result indicates that the stability of the MFC is dependent on pressure, with a 

higher pressure resulting in a more stable fuel flow. Thus, the nitrogen gas was set to be 

operated at 7 bar and the relationship is shown in Figure 3.3.  

 

Figure 3.3 Calibration results of the liquid MFC. 

For the calibration of gases, a long glass tube and soap solution were used for the 

measurements. An example is demonstrated in this section with the use of air. Soap was first 

filled into the rubber pump at the bottom of the glass tube under the air pressure condition 

of 2-4 bar, the bubble was generated by the pump and travelled inside the tube. To determine 

the air flow rate, the period for a single complete bubble to travel from point A to point B was 

recorded by a phone, and the volume of air was then calculated by this distance and  

cross-section area of the tube. Since residual solutions and irregular bubbles are likely to 

become blocked along the pathway, hence the measured distance varied from 15 cm to  

50 cm. Results of different pressure conditions share almost identical flow rates under the 

same set point. Similar to the liquid MFC, four set points of 1 L ∙ min-1, 1.5 L ∙ min-1,  

2 L ∙ min-1, and 2.5 L ∙ min-1 were measured and used to calculate the correlation. The 

calibration results of both air MFCs are shown in Figure 3.4. 
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Figure 3.4 Calibration results of the air MFCs: (a) Primary; (b) Secondary. 

3.1.2 Optimization of burner performances 

The stability of a uniform flame is of great significance for the study of laminar flame 

structure. For gas fuels, the pure methane flame appears to be exceptionally stable and by 

introducing ammonia into the mixtures, the stability is relatively reduced. Hence, only a small 

amount of NH3 is added for the reference in the quantitative NO investigation. In contrast, 

the combustion of liquid hydrocarbons is much more difficult to manage, largely because of 

the process of pre-atomizing. It was quickly perceived after the examination of the atomizer 

that the spray is highly sensitive to the position of the housing, and to achieve a consistent 

spray, the nozzle should be closer to the top cap. After a series of testing, it is advised to place 

the nozzle approximately 5-6 mm above the atomiser bar and the top cap should be tightened 

in a position where the most consistent spray is obtained. Sealing is another significant factor 

to help focus the spray only into the exit. Thus, PTFE tape is shrouded on the threads of both 

the top and bottom nuts, and users are recommended to change the tape periodically for 

maintenance purposes, especially after the combustion of the gas flame. Additionally, the 

increase of air pressure feeding the air MFC from 2 bar to 4 bar indicates no apparent 

correlations to the spray behaviours, so the pressure of 2 bar is set. 

Also, prior efforts have investigated several designs of the meshes [121] and general 

maintenance of the burner [12]. To further optimize the flame behaviour, sintered materials 

such as steel were initially utilized to forge the diffuser plate, instead of solid metals with 

drilled holes. The results indicate that the stability is marginally improved but more severely, 

since sintered metal is much softer, it cannot effectively withstand the high temperature of 

the flame. Thus, the plate surface is ultimately deformed and fails to produce a uniform flame, 
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as shown in detail in Figure 3.5. As the temperature of the flame, especially at the centre, can 

go as high as 2000 K, the endurance and hardness of the material are more impactful factors 

for long-term use. Hence, solid stainless steel was utilized to be the diffuser material and a 

few different meshes were subsequently tested, although the effects seem to be rather 

arbitrary from the observation of the flame, regardless of this, all flames appear to be quite 

stable. The current plate adopts the design of a 1 mm diameter hole from Auzani [121] with 

a swirl pattern, as illustrated in Figure 3.6 (b). Furthermore, the previous plate was in the 

shape of a chamfer while the plate thickness is merely 3 mm. It was observed that such a 

structure does not place perfectly horizontally on the exhaust tube. Therefore, a step-in 

diameter was adapted as seen in Figure 3.7 (b), to minimise the potential gaps between the 

plate and tube. In addition, the aluminium tape used to bind the diffuser and tube should be 

strictly tightened for the same reason and it is suggested that this should be replaced after a 

duration of burner operation.  

 

Figure 3.5 Deformed sintered plate after a period of use. 

  

Figure 3.6 Front view of the flame diffuser, dimensions in mm: (a) previous [121]; (b) new. 

(a) (b) 
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Figure 3.7 Left view of the flame diffuser, dimension in mm: (a) previous; (b) new. 

3.1.3 Flame 

A total of five different types of flames were studied under lean (𝜑 = 0.84), stoichiometric 

(𝜑 = 1.00), and rich (𝜑 = 1.30) conditions. Relatively stable flames can be achieved in all three 

equivalence ratio conditions.  

Besides the two reference flames that are gas fuels, the other three types of flames are 

liquid mixtures, including kerosene and two types of the proposed surrogate. The kerosene is 

provided by Shell and the detailed composition is not specified because it is commercially 

sensitive. Surrogate A is a proposed mixture of S-8 4734 fuel from Naik et al. [16], containing 

32 mol% of iso-octane, 25 mol% of n-decane, and 43 mol% of n-dodecane. Surrogate B is 

suggested by this study, which adopts the same hydrocarbon proportions of surrogate A and 

merely substitutes the component iso-octane for 2-methylheptane. An example of the liquid 

mixture flame is shown in Figure 3.8. At lean conditions, the flames appear to be in a colour 

of light blue and only the centre part has a little red at stoichiometric and rich conditions. 

(b) (a) 
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Figure 3.8 An example of the premixed laminar flame produced by the kerosene burner. 

Regarding the two gas fuels, methane combustion was stated already in reaction 2.1. For 

the oxidation of ammonia, the product can be either nitrogen or nitric oxide. The proportion 

of ammonia addition in the present study is similar to the study of Okafor et al. [64]. From 

their reaction pathway, nitrogen is regarded as one of the products, hence the chemical 

reaction is described as: 

4NH3 + 3O2 ⇌ 2N2 + 6H2O                                             (R. 3.1) 

As discussed in Section 3.1.2, the input of the flow rate of liquid fuels and primary air 

directly influences the spray formation, thus both values are initially set to be constant and 

different equivalence ratio conditions are achieved by only altering the flow rate of the 

secondary air. However, from the observation of the thermocouple measurements, the 

flames at the stoichiometric and lean conditions seem to be formed slightly under the diffuser 

plate. The phenomenon is directly reflected in the measured data as the temperature at 

position 0 mm is already over 1500 K, which is realistically incorrect. Thus, to obtain a more 

accurate temperature profile, the flow rate of these two cases is relatively increased based 

on the criteria of their respective rich case. Details of the flow rates of each blend are shown 

in Table 3.1 and Table 3.2. For further modelling validations, two boundary conditions of the 

diffuser are set, either the flame only comes from holes (A1 = 170.431 mm2), or the plate is 

regarded to be solid (A2 = 498.759 mm2). In the practical situation, the covered area should 

be between these values.  
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Table 3.1 Flow rates of the liquid fuels and air. 

Fuel Equivalence 
ratio 

Secondary air 
(L ∙ min-1) 

Primary air 
(L ∙ min-1) 

Fuel  

(g ∙ min-1) 

Total flow rate  

(kg ∙ m-2 ∙ s-1) 

     A1 A2 

Kerosene  0.84 4.075 2.491 0.453 0.831 0.284 

 1.00 3.018 2.491 0.453 0.704 0.241 

 1.30 1.606 2.324 0.419 0.511 0.175 

Surrogate A/B 0.84 4.258 2.491 0.453 0.853 0.291 

 1.00 3.171 2.491 0.453 0.723 0.247 

 1.30 1.708 2.324 0.419 0.524 0.179 

Table 3.2 Flow rates (L ∙ min-1) of the gas fuels and air.  

Fuel  Equivalence 
ratio 

Methane Ammonia Air Total flow rate  

(kg ∙ m-2 ∙ s-1) 

     A1 A2 

CH4/air 0.84 0.360  4.116 0.525 0.179 

1.00 0.360  3.455 0.443 0.151 

1.30 0.360  2.653 0.345 0.118 

CH4/NH3/air 0.84 0.338 0.059 4.116 0.519 0.177 

1.00 0.338 0.059 3.455 0.440 0.150 

1.30 0.338 0.059 2.653 0.344 0.117 

Importantly, the approach of the fitting curve utilized for the mass flow controller 

calibration in Section 3.1.1 has certain degrees of error, which directly affects the flame 

condition and subsequently the measurement accuracy. An example of kerosene flame at 

stoichiometric condition is used to provide insight into the scale of uncertainty. The upper 

and lower limits of the equivalence ratio are summarized in Table 3.3, together with their 

respective adiabatic temperatures predicted by Chemkin. The simulation shows that the error 

in flow rates may lead to a temperature discrepancy of around 100 K. 

Table 3.3 An example of equivalence ratio uncertainty. 

 Equivalence ratio Simulated adiabatic temperature/K 

Ideal 1.00 2351.6 

Upper limit 1.09 2366.0 

Lower limit 0.88 2258.5 
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3.2 Laser-induced fluorescence 

Fluorescence describes the process of a substance absorbing light at a certain wavelength 

and then emitting the light at the same or a longer wavelength. This phenomenon can be 

employed to study specific species in combustion, while in practical applications, it can face 

detection challenges such as the fluorescent light being weak, or the concentration of the 

targeted species being too low in the flames. The laser is a device that converts input energy 

into coherent monochromatic light, and since it possesses high power and can be tuned to a 

precise wavelength, laser-induced fluorescence (LIF) is one of the most widely applied 

combustion diagnostics in the past decades.  

Compared to traditional physical probes, for example, thermocouples, the primary 

attraction of these laser tools is having no direct influence on the flow behaviours during 

operations [21]. One major problem is the conversion from the signal to the actual mole 

fractions of species, and other practical concerns include safety as the laser could damage the 

users’ eyes and skins permanently if it is not properly used, thus laser goggles and lab coats 

are necessary when conducting an experimental investigation. Planar laser-induced 

fluorescence (PLIF) is an effective approach that uses optics to expand the beam of the laser 

to a laser light sheet that passes through the flame, and the fluorescence from the species 

being studied is collected with a camera. In this project, PLIF was utilized to measure the mole 

fraction of OH and NO in a few types of flame, and the application of OH LIF thermometry was 

also explored.  

3.2.1 Principals of spectroscopy and specific molecules 

A molecule or an atom exists in quantum states, and each state has its distinct energy level 

and angular momentum [122]. The internal energy of a molecule consists of electronic, 

vibrational, and rotational energy. A molecule can interact with an incident light photon. 

Through the absorption of the photon, the quantum state of the molecule is subsequently 

changed. This process is dependent on the energy of the photon (ℎ𝜈) matching the energy 

difference between the two quantum states, described as: 

∆E = Eupper − Elower = ℎ𝜈                                            (Eq. 3.1) 

Where Eupper indicates the photon energy at the excited level, Elower typically indicates the 

photon energy at the ground level,  ℎ is Planck constant (6.6261 × 10-34 J ∙ s), and 𝜈 is the 
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frequency. Commonly, the ground electronic state at the lowest energy is denoted as X, and 

the next excited levels are labelled as A, B, C, etc...  

Figure 3.9 depicts the transition between two electronic states of a molecule. The curve 

reflects the potential energy variation of an electronic state as a function of internuclear 

separation, and on each electronic state the horizontal lines indicate a set of vibrational levels 

(v = 0, 1, …). On each vibrational level, there is another set of rotational levels (J = 0, 1, …). 

Importantly, the upper and lower levels are denoted by ′ and ″, respectively. The population 

of each energy state, vibrational and rotational, is specified by a Boltzmann distribution, 

which is dependent on the temperature. The quantized energy states can be interpreted into 

spectra, and small radicals (e.g., OH, NO, and H2O) commonly have discrete spectra while 

larger molecules are usually blended.   

 

Figure 3.9 Diagram of the energy level of a diatomic molecule. [123] 

Although internal transitions are numerous and complicated, when the ground and excited 

electronic states are fixed, they can be simplified to a two-level model. Laser-induced 

fluorescence is a useful tool that utilized this concept to investigate elementary combustion 

kinetics. A molecule or atom is initially excited by a source of energy, in the current case a 

pulsed laser, to a higher electronic energy level, followed by a spontaneous emission of light 

from the upper to the ground state that is referred to as fluorescence. Consider a molecule 

travelling from X (v″ = 0, J″ = 2) to A (v′ = 1, J′ = 3). A resonance fluorescence occurs when the 

molecule returns from the initial excited line to the original ground state, although this is not 

always the case. In the LIF application, since it is a delayed process, many collisions occur that 
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can distribute the original excited state to a range of rotational energy levels (J′ = 1, 2, 4, etc.) 

in the v′ = 1 state. Also, it can distribute the excited molecule to a range of vibrational energy 

levels (v′ = 0, 2, 3, etc.). Since photon emission is possible from any of these processes, the 

fluorescence spectrum will be much broader than the designed excited line. However, not all 

outcomes of collisions are negligible. Molecules can exit to the original electronic state 

without the release of photons, and this phenomenon is referred to as quenching which is a 

primary problem for signal quantification. An example diagram of various transitions between 

energy states is provided in Figure 3.10. To conduct measurements on a specific molecule, 

the absorption wavelength has to be attainable with the laser and the details of the spectrum 

must be acknowledged [124]. 

 

Figure 3.10 Energy level of 𝐴2Σ+ ← 𝑋2Π, including absorption (blue), resonance fluorescence 
(green), fluorescence (black solid), vibrational energy transfer (black dash), rotational energy 

transfer (double arrow), and quenching (red). 

For rovibrational spectra, researchers usually pay attention to ∆v = 1 as it is the strongest. 

For transitions on the rotational level, the total angular momentum J follows rules that ∆J can 
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be equal to -1, 0, and +1, which is termed as the branch P, Q, and R, separately. In practice, 

weaker transitions such as ∆J = ±2 can be observed as well. The NO and OH molecules both 

contain an unpaired electron, hence it comes with an intrinsic electronic angular momentum 

of ½. Two primary cases of the Hund’s cases are introduced to explain the rotational states 

with the influences of spin. Hund’s case (a) describes the condition that both the orbital 

angular momentum Λ  and electronic angular momentum are not zero, and the spin-orbit 

coupling is much stronger than the total angular momentum J resulting from the rotational 

coupling. Hund’s case (b) is when Λ  = 0 and electronic angular momentum ≠  0, thus the  

spin-orbit coupling no longer exists, Λ is initially coupled with the angular momentum of the 

rotating nuclei R to form N, N is then coupled with electronic angular momentum to form J. 

As spin is either up or down, two spin-split levels can be obtained. The angular momentum 

energy F is termed as F1(J) when J = N + ½ and F2(J) with J = N - ½ [122]. When taking the OH 

radical for instance, the ground state of X is an intermediate between case (a) and case (b), 

while the excited level of A is properly described in case (b). As an example of transitions 

shown in Figure 3.11, branches such as Q1 and P1 are placed at state 2Π3/2 (J = N + ½) and R2 

is from state 2Π1/2 (J = N - ½). Regarding the notation of detailed transition, Q1(6) represents 

traveling from N″ = 6, J″ = 6.5 to N′ = 6, J′ = 6.5, and R2(13) indicates traveling from N″ = 13,  

J″ = 12.5 to N′ = 14, J′ = 13.5. 

 

Figure 3.11 An example of the allowed transitions in 𝐴2Σ+ ← 𝑋2Π, from N″ = 13. [122] 

3.2.2 Laser setup 

A Nd:YAG laser, Quantel Q-smart 850, was utilized to generate a laser beam at 1064 nm. 

Initially, depending on the desired wavelength, one or two harmonic modules connected to 
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the laser head are utilized to manipulate the original frequency. For OH detection, a second 

harmonic module (2𝜔HG) was utilized to double the frequency that achieved the green light 

at 532 nm. For the NO detection, a third harmonic module was added to triple the frequency 

that leads to ultraviolet light at 355 nm. As the original wavelengths are still present after 

passing through the HGs, the output is further passed through a dichroic mirror and a dumper 

to separate the beam and only allow through the desired wavelength. Importantly, when 

switching to a different wavelength, automatic phase matching is required to re-tune the 

system. The final output beam (532 nm or 355 nm) then went into the dye laser system, which 

was a Sirah Cobra-Stretch tunable dye laser in this study. It is based on two dye cells 

containing dyes as the laser media and the wavelength can be tuned to an aimed outcome by 

a diffraction grating. Next, the frequency of the refined dye laser beam was further doubled 

by a BBO crystal to reach the final output at around 283 nm for OH and 226 nm for NO, more 

compensating optics and a dumper separated these ultraviolet wavelengths from the original 

dye laser wavelengths and also maintained the positional orientation of the output laser 

regardless of wavelength. Then the beam passed through light sheet optics to form a laser 

sheet, which subsequently went through the centre of the flames. In addition, a tripod was 

positioned at the receiving end as the beam dumper for safety reasons.  

The fluorescence signals were captured by an intensified charged couple device (ICCD) 

camera from LaVision and the software DaVis controls both the Nd:YAG laser and the camera. 

A specific camera filter for either OH or NO was employed to effectively block out the light 

noises in the environment and the laser scattering while transmitting the targeted signals at 

the defined range of wavelength. Also, the intensified delay and gate of the camera should 

be set properly to achieve the optimum quality of the picture. A higher gain value can improve 

the intensity of the signal leading to improved accuracy, but as the camera is highly sensitive 

and to prevent it from overexposure, the image intensity should not surpass 4096. 

Additionally, Figure 3.12 (a) shows the general setting of the PLIF experiment, and the detailed 

beam pathway and the key units are shown in Figure 3.12 (b). 
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Figure 3.12 PLIF equipment setup: (a) general schematic; (b) detailed optical layout, from Sirah dye 
laser datasheet. [125] 

To optimize the laser power outcome, several preparation steps are essential before taking 

the measurements. The shape of an ideal beam is commonly an oval-shaped dot, and the 

properties of the beam can be adjusted either manually or monitored by the computer 

program Sirah Control. The software covers a variety of tasks, such as setting the precise 

wavelength and scanning a defined range. To fine calibrate the frequency conversion unit 

(FCU), a fitting dataset over a wavelength range was generated. The scanned range is 562 nm 

to 566 nm for OH and 448 nm to 456 nm for NO. At each point, the position of the BBO 

doubling crystal was altered, and the output was assessed by the reading of a pyroelectric 

energy sensor from Thorlabs until a maximum value was achieved. Another delicate feature 

(a) 

(b) 
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of the Sirah is the temperature stabilizing of the BBO crystal, which is set to be 50 ℃. The 

quality of the dyes is another important factor related to the laser power. Dyes are usually 

purchased in powders for storage reasons, and both methanol and ethanol can be utilized as 

the solvent and no obvious performance differences are observed. The dyes for OH and NO 

are Rhodamine 6G (559-576 nm) and Coumarin 2 (434-463 nm), respectively, and the 

concentrations used in the resonator dye cell are 0.09 g ∙ L-1 for OH and 0.23 g ∙ L-1 for NO. As 

recommended by the Sirah manual, solutions in the main amplifier were further diluted by a 

factor of one-third. From experience, it has been noted that the NO dye degrades much faster 

compared to the OH dye, thus for a better signal output, it is suggested to change to a fresh 

solution in two weeks if used daily. After the change of dye, the FCU table should be 

subsequently renewed. When properly arranged, the power output at 226 nm at optimal is 

around 3 mJ. Other key maintenance includes changing the filter cartridges in the dye 

circulator periodically, and the deionizing cartridge and coolant water after about six months.  

3.2.3 Data collection 

This section describes the procedures and a few necessary precautions during the 

operation to accurately record the relative mole fraction of OH and NO in the targeted flames. 

Transitions are from the ground state to the first excited state, which are 𝐴2Σ+ ← 𝑋2Π (1,0) 

for OH and 𝐴2Σ+ ← 𝑋2Π  (0,0) for NO. Selected signals for OH and NO are Q1(6) and 

Q1(12)/Q1(20), respectively. Also, OH LIF thermometry was investigated with two selected 

transition pairs, which are R2(13)/P1(2) and R2(2)/R1(12). Detailed discussion is provided in 

Section 3.3.2.  

The accuracy of the wavelength at a chosen signal is of great importance, particularly for 

temperature measurements. The spectra can be simulated by the software LIFBASE [126] 

although in reality, the laser wavelength display does not always correspond precisely. Thus 

firstly, the calibration of the transition peak was carried out by using the Sirah Control to scan 

a wide range of wavelengths. The range is 281.8 nm to 283.0 nm for OH and 225.7 nm to 

226.4 nm for NO. The process was recorded by a video, and then the signals were observed 

and selected. For each observed signal, the offset of the simulation and the actual position 

was calculated. To ensure accuracy, the offset of every obvious transition in the entire range 

should be matched as shown in Figure 3.13. Importantly, with the current experimental 

setting, the determination of each wavelength is carried out by visual observation of the 
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intensity of the PLIF image in the DaVis software and wavelength reading in the Sirah control 

software. This approach may be adequate for the transitions of Q1(6) and Q1(12)/Q1(20), 

however, OH LIF thermometry requires a much higher precision of the wavelength peak. 

Hence, to further improve the accuracy of the judgment, the speed of the flame scan is set to 

be 0.001 nm per second. Another important factor is the stability of the dye laser transition 

wavelength, which could be affected by the temperature of the laboratory or any physical 

disturbance of the laser. However, from the experience, the laboratory environment is 

relatively stable, and the same wavelength can be applied throughout the process of data 

collection within the day. But when conducting the PLIF measured on a different day, the 

signal determined previously may be shifted a little, therefore, it is advised to do a quick flame 

scan around the region of the targeted transitions before the commencement of the 

experiments every time. In addition, to minimise the effects of any chemiluminescence or 

scattered laser light, off-resonance signals were measured close to the observed transition 

and subtracted from the measurements made on the observed transition. 

 

Figure 3.13 OH spectrum at 1500 K from both the simulation and observation. 

High intensity of the PLIF image is important to the quality of the species detection, and 

the output is controlled by adjusting either the laser power or the intensified gain of the ICCD 

camera. Due to direct contact with the open air, meaningless signals received from the edges 

and tip of the flames are comparatively stronger than the interested area, which is about  

10 mm above the burner at the centre of the diffuser plate. The amount of OH is quite 
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abundant in these liquid fuels, hence, to maximise the intensity at the targeted area and 

protect the camera from overexposure, a mask was placed in front of the flame to physically 

block the irrelevant pixels. The amount of NO, on the other hand, is considerably less. To 

enhance the laser output, the concentration of the dye in the resonator was refined to  

0.23 g ∙ L-1 rather than the recommended 0.2 g ∙ L-1 from the manual. Also, a test was 

conducted from the laser power setting within the DaVis software of 60% to 70% at the beam 

output of 226 nm, and it is found that the output reaches a maximum value at 65%, hence 

this energy level is set for all the NO measurements. The camera gain is set to be 80 at 

maximum, as it is recommended to not stress the device. Additionally, a previous lab user has 

suggested an adjustment of intensifier gate and delay time for a better quality NO image [121], 

although no apparent differences were observed from the trial investigations. Detailed 

settings of the laser and camera are shown in Table 3.4 and Table 3.5, respectively.  

The vertical length of the laser sheet is about 20 mm, and its intensity is not uniform, hence, 

it is advised to first place the burner at a position where the intensity of the beam displays 

less fluctuations, i.e., approximately in the middle of the beam sheet. Despite the precautions, 

the laser beam not only passes through the flame, but will also inevitably hit some part of the 

burner structure. From earlier experimental trials, the observed scattered disturbances near 

the burner surface were substantial. The precise placement of the ICCD camera can solve the 

issue as it physically cuts off the signal. In theory, the lens centre should be facing the surface 

of the burner perfectly horizontally at an angle of 90° , although from experience, it is 

concluded that better images are attained when the camera is positioned a little below the 

burner, and the lens must avoid capturing from above. This action, however, causes more 

difficulty in accurately judging the beginning of a flame on the collected image. Firstly, the 

camera setup needs to be examined by taking the filter off the lens. The intensifier gate and 

gain must be set to a specified parameter for the protection of the camera, and also the 

pathway of the beam must be blocked. Next, the camera focus was adjusted, and the image 

grid was calibrated in the DaVis software. To determine the location of the rig, a ruler was 

mounted on the flame diffuser as a relative measure for the image recording. However, this 

step is prone to errors due to the thickness of the aluminium tape wrapped around the 

diffuser plate and the limitations in the eye judgement, so a discrepancy of ±0.2 mm in both 

the x- and y-axis on the image is expected.  
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Table 3.4 Laser power and camera gain for the measurements of OH, OH LIF thermometry, and NO. 

  Liquid fuels CH4 CH4/NH3 

Transition 

(simulation) 
ER 

Laser 
power/% 

Intensifier 
gain/% 

Laser 
power/% 

Intensifier 
gain/% 

Laser 
power/% 

Intensifier 
gain/% 

Q1(6): 
282.9267 

Off: 
282.8000 

𝜑 = 1.30 40 70 40 80 

 𝜑 = 1.00 35 70 40 75 

𝜑 = 0.84 30 70 40 72 

R2(13): 
282.5558 

P1(2): 
282.5802 

Off: 
282.5000 

𝜑 = 1.30 40 80   

 𝜑 = 1.00 40 78   

𝜑 = 0.84 40 75   

R2(2): 
282.1299 

R1(12): 

281.9819 

Off: 

282.1000 

𝜑 = 1.30 40 78    

𝜑 = 1.00 40 76    

𝜑 = 0.84 40 72    

Q1(12)/Q1(2
0): 226.0320 

Off: 
226.3100 

𝜑 = 1.30 65 80 

 

65 75 

𝜑 = 1.00 65 80 65 75 

𝜑 = 0.84 65 80 65 75 

Table 3.5 General laser and camera settings. 

Intensifier gate (without filter)/ns 900000 

Camera gain (without filter)/% 40 

Intensifier gate (with filter)/ns 10000 

Intensifier delay/ns 3400 

Camera binning 2x2 

Camera exposure/𝜇s 20000 

Q-switch delay max/𝜇s 170 

Q-switch delay min/𝜇s 500 

Laser pulse width/ns 5 
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Besides the recording of raw and background signals, an additional laser sheet correction 

is required as explained above. Usually conducted before the collection of flame signals, a 

quartz cuvette filled with deionised water is hit by the beam to manifest the variation in the 

illumination. Because the bottom of the cuvette has a certain thickness, the burner was 

moved 4 mm below the original height. In addition, temperature measurements with the use 

of OH LIF thermometry do not require laser beam calibration due to the nature of the 

technique that only requires the signal ratio. For each case, 200 frames in 20 s were 

repetitively recorded, the image was subsequently processed and averaged, and then 

exported to the software Tecplot 360 for further analysis. Each data set was loaded in zones 

and can be redefined and calculated. A polyline of 10 mm started from the centre of the 

burner surface was vertically plotted and 200 points of intensity were extracted. However, 

the collected signals of OH and NO are just the camera pixel values, or in a way merely the 

relative mole fraction of the species. Detailed discussions of quantifying the PLIF signals to 

actual mole fraction are presented in Chapter 5. 

3.3 Temperature measurements 

The temperature profile of a given flame is of great importance to understand the 

characteristics of chemical combustion, and many types of techniques are available for 

research purposes. These approaches can be commonly categorized as invasive and  

non-invasive, and to select a suitable tool for a targeted application, temperature range, 

precision, stability, cost, etc., are all required considerations. Knowledge of the measured 

temperature for the laminar premix flame of large hydrocarbons in general is quite limited, 

and the experimental conditions are frequently varied among investigators, which makes it 

even more difficult to compare and validate the results.  

Two approaches, thermocouple and OH LIF thermometry, were explored to obtain the 

temperature profiles of all five fuel mixtures in a flat-flame burner in this project. Given the 

scale of the study and time limitations, temperature data of the gas fuels are obtained from 

thermocouples and OH LIF thermometry is primarily utilized to attain the profiles of the liquid 

fuels. Approaches applied for each case are compiled in Table 3.6.  
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Table 3.6 Compilation of the approaches used to obtain temperature profile for different flames. 

Fuel type Equivalence 
ratio 

Method of 
temperature profile 

Transition pairs  

(If applicable) 

Thermocouple type  

(If applicable) 

CH4 0.84 Thermocouple   P13R-005 

1.00 Thermocouple  P13R-005 

1.30 Thermocouple  P13R-005 

CH4/NH3 0.84 Thermocouple  P13R-002 

1.00 Thermocouple  P13R-002 

1.30 Thermocouple  P13R-002 

Kerosene 0.84 OH LIF thermometry R2(2)/R1(12)  

1.00 
Thermocouple +  

OH LIF thermometry 

R2(13)/P1(2) + 
R2(2)/R1(12) P13R-003 

1.30 
Thermocouple +  

OH LIF thermometry 

R2(13)/P1(2) + 
R2(2)/R1(12) P13R-005 

Surrogate A 0.84 OH LIF thermometry R2(2)/R1(12)  

1.00 OH LIF thermometry R2(13)/P1(2)  

1.30 OH LIF thermometry R2(13)/P1(2)  

Surrogate B 0.84 OH LIF thermometry R2(13)/P1(2)  

1.00 OH LIF thermometry R2(2)/R1(12)  

1.30 OH LIF thermometry R2(13)/P1(2)  

3.3.1 Thermocouple 

Using thermocouples is a common invasive method to measure the temperatures of a 

flame. It is a sensor device composed of two different metal wires welded together at one 

end. When the bead is heated or cooled down, a voltage is generated in response to the 

temperature change in the surrounding environment. The main advantages of this approach 

are low cost, straightforward to implement, and cover a wide range of temperature 

conditions. However, major errors can occur that compromise the results. In this project, 

three sizes of type R Pt/Pt-13%Rh bare wire thermocouples supplied by Omega were 

employed. They are referred to as P13R-002, P13R-003, and P13R-005 with the initial wire 

diameters of 50 𝜇m, 75 𝜇m, and 125 𝜇m, separately.  

The position of wires can be moved during the heating, which leads to incorrect 

temperature readings [121]. Therefore, before the measurement, at the Pt-Rh side of the 

thermocouple, a spring was made in the wire by looping the wire on a thin ceramic tube to 
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create tension. Another important precaution is the wire coating. The thermocouple was 

coated with a thin layer of protection to shield the wires from potential catalytic reactions on 

the surfaces at high temperatures [127] and also to help prevent the platinum from melting 

as platinum has a melting point of 1700 ℃ . Earlier investigators commonly utilized the 

influences of SiO2. This approach can be problematic as the study found that a little amount 

of silica can already result in platinum silicide production that embrittles the wires at 

temperatures higher than 1100 ℃ [128]. More recently, Kint [129] proposed another coating 

combination by using Y2O3–BeO, although this leads to a new drawback as BeO is a highly 

poisonous chemical. Nevertheless, the temperature results of adopting this ceramic coat can 

be found in several fuels combustion, and the operations are conducted around low pressure 

conditions (<  50 torr) using a type B Pt/6%Rh-Pt/30%Rh wire [130–132]. At atmospheric 

pressure, however, the use of silica is applied [131, 133]. Also, the smallest diameter of type 

B from the above references is 100 𝜇m, which is at least twice thicker compared to the usual 

type R, hence this coating method may not be suitable to be applied on the thinner wires. In 

all the considerations, the silica method was utilized in this project. The coating was achieved 

by a gas blow torch supplied by natural gas doped with hexamethyldisiloxane vapour. Once a 

small flame is generated, it subsequently passed through the bare wire. This process helps to 

straighten the wires of P13R-002 and P13R-003 as well and especially around the bead area, 

but it may also break the junction directly if the wire stays in the flame for too long or gets 

too hot. Thus, it is advised to coat for no more than ten seconds and once a silvery white 

colour appears on the outer layer, the coating is regarded as finished. The refined 

thermocouple wire was then mounted with a holder and crossed the flame horizontally, with 

the bead placed in the centre of the burner. Additionally, soot formations are not considered 

as a factor for the temperature measurements as no soot was observed from any of the 

flames or deposited on the thermocouples. The detailed setup is illustrated in Figure 3.14.  
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Figure 3.14 Design of the temperature measurements by thermocouples [121]. 

For each fuel condition, temperatures at a total of 14 positions were measured, from  

0 mm to 10 mm vertically above the burner surface. The alteration of height was achieved by 

the increment feature of the Micromech software to ensure accuracy. All three axes were 

initially set to the “home” position, and when one direction is moved incrementally, zero 

value should also be set on the other two axes as a safety precaution. The electric signal of 

the thermocouples was delivered through a type R compatible extension wire connected to 

a data logger, namely the Omega Multiscan 1200, which was controlled by the software 

ChartView. To prolong the use of the thermocouples, the software is set to record the signal 

at a frequency of 20 Hz for 5 s at each position. The averaged value can then be calculated 

from the exported data file. 

From previous investigators [12, 121] and the literature [76], under atmospheric pressure, 

the maximum temperature of the kerosene-based flames is estimated to be around  

1600-1800 ℃  or even higher. Since data at this level is currently unavailable, errors are 

expected to some degree. Radiation and conduction losses from the bead are the main source 

of measurement error, hence a correction is required. For conduction losses, Bradley and 

Matthews [127] studied the minimum length of wires to prevent serious cooling effects with 

Pt/Pt-10%Rh wires (d = 50.8 𝜇m), and results show that the conduction can be regarded as 

negligible when the length of the wires is at the minimum 250 times greater than the diameter. 

The dimensions of the wires used in this study are all applicable to this standard, and the 

wires were aligned horizontally, hence the conductive losses are not considered. For the 

radiation correction, Kaskan [134] provided corrected radiation losses, provided as:  
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∆Trad = 
1.25𝜀𝜎Ttc

4𝑑0.75

𝜆
(
𝜂

𝑈
)
0.25

                                        (Eq. 3.2) 

Where 𝜀  is the emissivity of the coated bead, 𝜎  is the Stefan-Boltzmann constant  

(5.6704 x 10-8 J ∙ s-1 ∙ m-2 ∙ K-4), Ttc is the raw temperature received from thermocouples (K), d 

represents the diameter of the bead after coating (m), 𝜆 is the thermal conductivity of gas at 

wire temperature, which is approximately 0.18 J ∙ s-1 ∙ m-1 ∙ K-1 at 1000 K with little variations, 

U is the total flow rate (kg ∙ m-2 ∙ s-1) which is dependent on the fuel and air flow rates and the 

diffuser area, 𝜂 is the dynamic viscosity of gases (kg ∙ m-1 ∙ s-1) assuming air at atmospheric 

pressure in this case. The formula from Hilsenrath et al. [135] was applied to calculate the 

specific viscosity at different temperature conditions: 

𝜂 × 107 =
𝐴T1.5

T+𝐵
                                                       (Eq. 3.3) 

Where A is 145.8 and B = 110.4. 

The main uncertainties in this traditional method of radiation correction are the values of 

the coated wire emissivity and the bead diameter after coating. Kaskan [134] assumed a 

constant value 0.22 ± 0.02 for 𝜀 . For uncoated wires, a theoretical expression of the 

hemispherical emissivity is provided by Davisson and Weeks [136] and this was later validated 

experimentally by Bradley and Entwistle [137]. The addition of coating, however, may have a 

considerable impact on the bare wires. Bradley and Entwistle [138] utilized the Pt/Pt-10%Rh 

infused with SiO2 to investigate the emittance by numerical solution and further compared 

the results with the experimental data. The results of 𝜀 show a decrease with an increase in 

temperature, which is opposite to the tendency of uncoated wires as depicted in Figure 3.15.  

 

Figure 3.15 Variation of emissivity against temperature, for uncoated and coated wires [138]. 
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At T > 1000 ℃, the theoretical value of the coated wires begins to converge more to the 

value of the uncoated wires, and at 1280 K, the uncoated result is approximately 30% greater 

than the coated result in theory while it is rather close to the experimental value. To simplify 

the calculation, 𝜀 is set to be as a constant 0.2 independent of the temperature as Kaskan 

[134] suggested. Deciding the bead diameter is another challenge, as its size is mostly an 

estimation. When welded properly, the diameter of the bare junction should be less than 

twice the wire diameter [134], however, exposure to non-catalytic coating will further 

increase the diameter of the bead. The cross section of wires can be examined by a 

microscope, although it is reported that locating the bead is rather difficult once the wire was 

placed under the lenses [121]. Records have shown that previous authors have regarded the 

bead to be 2.5 times greater than the wire [121, 133], and in this study, the same rule is 

applied to all three types of thermocouples. The refined diameters of P13R-002, P13R-003, 

and P13R-005 are 125 𝜇m, 187.5 𝜇m, and 313 𝜇m, separately. In addition, according to the 

black body radiation, the colour of the object at 1500 K is red-orange while it turns to be 

yellow-orange around 2000 K. From the observation of the flame, the wire appeared to be 

colour of red. This information is utilized as the reference in case the temperatures after the 

correction result in an unreasonably high level. 

One major obstacle in obtaining a successful temperature measurement is the innate 

fragility of the wires. It was suggested that the thicker wires may endure the heat longer [121], 

although from experience, reasons for wire breaking appear to be quite arbitrary and type 

P13R-002 is capable of withstanding high temperature flames for a long time. The wire 

placement is another issue, as it is a rather delicate job to locate the wire perfectly 

horizontally and, in the meantime, not over-stretch it. Moreover, due to its greater thickness, 

type P13R-005 is quite unaffected by the length of the coating, but it is oftentimes unnaturally 

bent, which may lead to additional uncertainties.  

3.3.2 OH LIF thermometry 

The principle of LIF thermometry is to reflect the population distribution of two or multiple 

electronic states concerning temperature variation. Either molecules or atoms can be 

employed as the fluorescence markers. The evident advantage of this technique is that no 

physical contacts need to be imposed on the investigated object, although there are certain 

limitations. For molecules, the measured temperature is rather restricted to a certain level, 
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for instance, a high temperature for OH, along with other obstacles such as the quenching 

effects, background emissions, and complicated setup. The use of atoms is another less 

common method. Although atom tracers typically possess much higher transition strengths 

than molecules, it is technically difficult to properly plant the metal seed into the flame. 

Previous attempts of using OH LIF thermometry [139, 140] and NO LIF thermometry [141, 142] 

to study flame structures can be found in the literature. Instead of the conventional two-line 

approach, multi-line that attains the shape of a range of the spectrum is frequently utilized 

for NO LIF because the interference from the neighbour lines is quite significant when 

individual NO transitions are studied. The signal distribution of the OH spectrum is 

comparatively less crowded, and the high concentration of OH in the hydrocarbon 

combustion makes the measurement more favourable. Therefore, this work utilized the 

method of the two-line molecule fluorescence of OH.  

In a more ideal situation, two dye lasers with a very short delay time between each will be 

tuned to their respective transitions, and two ICCD cameras will be recording the two 

wavelengths virtually simultaneously. As only one system is available in the current laboratory, 

two signals and an off-resonance measurement were recorded in sequence, which 

consequently demands higher stability of the flame. To improve the accuracy of the results, 

the number of images is reduced to 100 frames in 10 s for each recording. Thus, the total 

process of each equivalence ratio condition of the fuel can be completed in 50 s. The selection 

of the transitions is essential, and the ratio of the pair is required to demonstrate high 

temperature sensitivity, particularly above 1500 K. Firstly, transitions that are overlapped 

must be avoided. Also, branches with quite low-level intensity in general are not 

recommended, while stronger transitions do not necessarily bring about quality results. From 

the examination of the Q1(8)/P1(4) pair for instance, the initial efforts failed to produce 

reasonable thermometry results, and this may largely be because the ratio of transitions is 

not sensitive enough towards the temperature. Some transitions have been proposed and 

discussed by previous investigators. Devillers et al. [139] examined the performance of a few 

couples in OH lines for CH4/air flames in engines. Kostka et al. [140] concluded that the line 

pair of Q1(14)/Q1(5) results in the most precise data for the H2/air combustion. Theoretical 

analysis of these selected signals was produced by the LIFBASE simulation and compiled in 

Table 3.7.  
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Table 3.7 Comparisons of the temperature sensitivity between signal pairs. 

Transition pairs (T = 2000 K) / (T = 1000 K) (T = 2000 K) / (T = 1500 K) Intensity of the 
weaker signal at 

1000 K 

Q1(14)/Q1(5) 10.4 2.19 2.16 

R2(13)/P1(2) 10.5 2.17 3.42 

R2(2)/R1(12) 6.76 1.89 5.50 

P1(7)/Q2(11) 3.80 1.56 20.3 

Q1(8)/P1(4) 2.00 1.26 83.0 

Results of both Q1(14)/Q1(5) and R2(13)/P1(2) similarly indicate a higher level of 

temperature sensitivity than others, while other pairs, such as P1(7)/Q2(11), demonstrate a 

reasonable balance between the sensitivity and signal strengths. After a couple of trial tests, 

R2(13)/P1(2) was eventually chosen, as temperature sensitivity is the most important 

parameter. Also, the weaker signal of Q1(14)/Q1(5) has a marginally lower intensity than 

R2(13)/P1(2), and the two lines are quite far apart, which takes a longer time to switch 

between wavelengths. In addition, relatively reasonable temperature graphs were obtained 

from the transition pair R2(2)/R1(12) that was employed previously [121], and discussions of 

these temperature graphs will be given in Section 5.1.2. Figure 3.16 and Figure 3.17 show the 

simulated spectrum of these two pairs in three temperature conditions, and the resolution is 

set to be 0.03 corresponding to the practical observations. 

 

Figure 3.16 The simulated spectrum of R2(13) and P1(2) at three different temperature conditions. 
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Figure 3.17 The simulated spectrum of R2(2) and R1(12) at three different temperature conditions. 

The fitting curves of R2(13)/P1(2) and R2(2)/R1(12) were consequently generated with the 

use of the software OriginPro, as shown in Figure 3.18 and Figure 3.19, respectively.  

 

Figure 3.18 Relationship between the simulated intensity ratio of R2(13)/P1(2) and the temperature, 
from 800 K to 2300 K. 

  

Figure 3.19 Relationship between the simulated intensity ratio of R2(2)/R1(12) and the temperature, 
from 800 K to 2300 K.  
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The fitting function is arbitrary, chosen because it was found from trial and error to provide 

an accurate representation of the data. In practice, this method is rather difficult to employ, 

and the results are oftentimes merely meaningless noise. One innate source of error is the 

assumption that the targeted flame remains identical during the separate signal recordings, 

and the judgement of the wavelength peak of each transition directly influences the quality 

of the LIF outcome. Since the intensity of R2(13) is quite low, it is also a challenge to produce 

a more intense image. Regarding the data processing afterwards, compared to the use of 

thermocouple wires, one advantage of the OH LIF thermometry is that no additional 

corrections are required, because the quenching effects of two lines are identical. 
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CHAPTER 4 

KINETIC MODELLING DEVELOPMENT 

Detailed kinetic mechanisms of hydrocarbon fuels have been developed for decades to 

improve the ignition performances of combustion technologies, and the demand for much 

better modelling understanding keeps increasing with the increase in advanced engine 

concepts, such as homogeneous charge compression-ignition (HCCI). Branched alkanes can 

be found in petroleum jet fuels, diesel fuels, and also Fischer-Tropsch fuels. A detailed 

chemical classification of S-8 from Naik et al. [16] indicates that 73.2% of hydrocarbons are 

branched alkanes with 78% of which fall into the category of single methyl. Previous F-T fuel 

surrogates commonly utilized highly branched hydrocarbons such as iso-octane to represent 

the branched alkanes [16, 82, 93, 95]. Also, several F-T studies have previously suggested the 

involvement of monomethyl alkanes as part of the surrogate [98]. 

This chapter aims to explore the plausibility of a quality kinetic model for both large normal 

alkanes and monomethyl alkanes with the use of the software ANSYS Chemkin Pro. Apart 

from iso-octane, the modelling of branched alkanes is much less studied compared to straight 

chain alkanes, and their mechanisms usually are individual packages, meaning that the 

chemical kinetics of other larger hydrocarbon fuels are not included. In this study, 

2-methylheptane is utilized to represent the monomethyl alkanes. Firstly, mechanisms with 

2-methylheptane kinetics will be examined and selected, then combined into a detailed 

mechanism containing components of kerosene surrogates. Secondly, further optimizations 

of the combustion of 2-methylheptane in this new mechanism will be investigated by 

employing two approaches. In addition, new thermodynamic data of the species related to 

the combustion of 2-methylheptane will be calculated with the use of updated group 

additivity values. 

4.1 Initial evaluation for mechanisms that contain 2-methylheptane 

Experimental studies on the ignition delay time for 2-methylheptane were previously 

carried out with the use of a shock tube over a wide range of temperature conditions. The 

measured ignition delay time selected for model validation is from Sarathy et al. [105], at  

20 atm and three equivalence ratio conditions. In the simulations using ANSYS Chemkin Pro, 
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a closed homogeneous batch reactor using the model type of “constrain volume and solve 

energy equation” was utilized to mimic the environment of the shock tube. Previous 

autoignition studies of hydrocarbons have based the model in either the “constrain volume” 

or “constrain pressure” environment, although the discrepancies between these two 

assumptions are rather trivial with differences not being significant until large changes in 

temperature or numbers of molecules in the system occur, which is only the case close to the 

point of ignition. In the current project, the “constrain volume” system was employed to be 

consistent with the reference mechanism developed by Wang et al. [106], which was utilized 

as the fundamental base of the modelling study of 2-methylheptane. For a given equivalence 

ratio condition, the model pressure was set to be the same as the experiment and the range 

of the simulated temperature was set to be 650-1350 K. In each temperature condition, the 

predicted ignition delay time was obtained when the peak OH concentration was achieved, 

as explained in Section 2.3.1. 

 

 

Figure 4.1 Comparisons of the ignition delay time between experimental measurements and kinetic 
modelling for 2-methylheptane/air combustion at 20 atm: (a) 𝜑 = 0.5; (b) 𝜑 = 1; (c) 𝜑 = 1.5.  
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Comparisons between experimental data and modelling results are given in Figure 4.1. 

Three distinct temperature regimes can be observed for 2-methylheptane at all three 

conditions, and the length of the transitional NTC period of the computational results is in 

good agreement with experimental data. In addition, it can be observed that the predicted 

results of the rich condition have the fastest ignition delay time at low temperatures, while 

the lean condition is the slowest. This result aligned with the comments from Curran [40], as 

more fuel radicals are being consumed in the rich case that subsequently accelerates the 

chain branching process. However, the differences between the two approaches are great 

throughout the entire temperature region, although the gap at the higher temperatures  

(>  1000 K) is relatively less significant compared to the rest of the regime. In conclusion, 

mechanism modifications are required to improve the simulation process unless more 

updated experimental results prove the current sources are defective.  

Identifying the dominant reactions in a combustion process is the first step to optimise the 

performance of a kinetic mechanism. Hence, a temperature A-factor sensitivity analysis for  

2-methylheptane at all three equivalence ratios was employed at various temperatures. From 

the simulated results, the intermediate regimes of 2-methylheptane are approximately  

770-870 K for the stoichiometric and lean condition and 800-870 K for the rich condition. 

Hence, to gain a full picture of the entire temperature regime, results of 714 K, 800 K, 1000 K, 

and 1250 K were chosen and displayed in Figure 4.2. For a highlighted reaction, if its sensitivity 

is positive, it indicates that an increase of that rate constant will enhance the reactivity of the 

combustion process for that temperature condition. Conversely, a negative sensitivity 

indicates that an increase of that rate constant will reduce the combustion reactivity for that 

temperature condition. From the sensitivity, the important reactions at all three equivalence 

ratios are roughly the same with varied scales of importance, except at 714 K when the 

situation is more complicated. It can be observed from the first three temperature conditions 

that H2O2 + M ⇌  2OH + M is the most sensitive reaction in the regions where the 

temperatures are lower than 1000 K, and this is followed by H2O2 + O2 ⇌ 2HO2. Furthermore, 

the result at 1000 K underlines the importance of the H abstraction of the fuel by HO2 at 

intermediate and high temperatures combustion. When the temperature rises to a higher 

level ( >  1200 K), the ignition was primarily affected by the C0-C4 chemistry, with  

H + O2 ⇌ O + OH being the most significant reaction. These analyses corresponded well with 
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previous theoretical and modelling studies, although the precise temperature boundaries in 

each domain deviate from different targeted fuels. Additionally, a couple of isomerisation 

reactions between the RO2 and QOOH were noticeably prominent at 714 K and 800 K.  
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Figure 4.2 Normalised temperature sensitivity of 2-methylheptane/air mixtures at 20 atm:  
(a) 714 K; (b) 800 K; (c) 1000 K; (d) 1250 K.  

The sensitivity results at all three temperature regions in general align well with the 

discussions of autoignition and the base mechanisms of larger hydrocarbons in Section 2.2.4. 

The modifications of the kinetic mechanism in the following sections will be based on the 

sensitivity analysis and the chemistry of chain branching and termination. 

4.2 Initial evaluation for the mechanisms of surrogate blends 

Due to the size of the detailed mechanism of the CRECK Modelling group, a skeletal 

mechanism of kerosene surrogates (231 species and 5591 reactions) [88, 143, 144] containing 

high and low temperature kinetics, along with a newly published C3MechV3.3 mechanism 

(2857 species and 16522 reactions) of Dong et al. [120] from the NUIG group were selected 

to examine the quality of the prediction of the surrogate blends of the real fuels. Proposed 

mixtures from Dooley et al. [17] were utilized to represent Jet A, and the surrogate blends 

from Naik et al. [16] were used to represent S-8. Computational results were subsequently 

validated against ignition measurements [96, 145] and the laminar flame speed [146] of real 

Jet A-1 and S-8 fuel, respectively. The model of premixed laminar-flame speed calculations 

was utilized to mimic the environment for the laminar flame speed. After the validations, a 

sub-mechanism related to 2-methylheptane combustion will be assembled to the core of the 

selected mechanism, and also the key reactions of C0-C4 will be examined. 

Computational results of a stoichiometric mixture of Jet A at three pressure conditions 

were validated against experimental data as shown in Figure 4.3.  
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Figure 4.3 Simulations (line) of the ignition delay time of a surrogate of Jet A POSF 4658, compared 
with the experimental results (scatter) at 𝜑 = 1: (a) 8 atm; (b) 20 atm; (c) 40 atm. 

 

Figure 4.4 Simulations (line) of the ignition delay time of a surrogate of S-8 4734, compared with the 
experimental results (scatter): (a) 𝜑 = 1, 20 atm; (b) 𝜑 = 1.15, 7 bar. 

At 40 atm, both mechanisms largely underpredict reactivities at low and intermediate 

temperatures while to some extent overpredict in the high temperature region, indicating a 

lack of understanding of the kinetics at high pressure conditions. Trends at lower pressure 
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appear to be more agreeable. At 8 atm, simulations from NUIG generally overpredict the 

ignition by a factor of two to three for the temperature conditions of 850-1400 K. Simulations 

from CRECK on the other hand, show a greater discrepancy with the experimental data at T 

< 1000 K while at higher temperatures, particularly above 1250 K, it agrees very well with the 

measurements. At 20 atm, predictions of ignition delay time from NUIG correspond quite 

reasonably, especially at low temperatures, and the period of NTC (around 770-900 K) 

matches excellently with the experimental results. Similar conclusions can be drawn for the 

surrogate mixture of S-8 fuel at the same pressure condition as depicted in Figure 4.4 (a).  

 

Figure 4.5 Simulations (line) of the laminar flame speed of surrogates of real fuels at 1 atm and  
470 K, compared with the experimental results (scatter): (a) Jet A1; (b) S-8. 

Both ignition delay time results of 7 bar at 𝜑 = 1.15, however, show an opposite trend once 

the temperature increases above 700 K, suggesting an intrinsic disagreement of the kinetics 

at lower pressure. Results of the laminar flame speed at 1 atm and 470 K are shown in Figure 

4.5. Both surrogate modelling values indicate that CRECK predicts reasonably well with the 

measurements while NUIG simulates reasonably well only at the flame lean conditions while 

underestimates by about 15-20% at stoichiometric and rich conditions. In summary, both 

mechanisms can estimate the combustion process reasonably in one model type while it 

requires optimizations for another characteristic. 

To improve the mechanism of 2-methylheptane, the ignition delay time from the literature 

and species mole fraction from PLIF in this study were employed for validation. Ideally, 

modifications should be addressed for all the reactor models concerned, while obstacles are 

noted in both interested mechanisms due to the size or their different methods of assembly. 

CRECK provides their chemical kinetics in a lumped manner, meaning similar species of one 
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group are treated as a single representative. Moreover, the complicated breakdown of large 

hydrocarbons is also combined in a single reaction, which causes extra difficulty in the 

simulation of the ignition delay time. Outside the rate constants of the C0-C4 kinetics, 

therefore, it is impossible to traditionally refine the rate rules of each reaction class for bigger 

hydrocarbons without the discussion of the CRECK research group. As for NUIG, mainly 

because of its great size, the process of 1D premixed laminar flame simulation is extremely 

time-consuming. After judging the pros and cons, the sub-mechanism of the 2-methylheptane 

kinetics was decided to compile with the C3MechV3.3. One modification was made in regard 

to the decomposition of a large carbonylhydroperoxide IC5KETDB (SMILES representation:  

=O=CCC(C)(C)OO, a representative of the OOQOOH class of compound). As this reaction was 

originally highlighted in the low temperature combustion, hence the rate constant was 

updated to that value from the original mechanism of Wang et al. [106]. The rate constant 

expression of IC5KETDB ⇌ CH3COCH3 + CH2CHO + OH is stated as: 

k = 10-1.93 × exp(-19628/T) cm3 ∙ molecule-1 ∙ s-1 

Simulated results with the use of the assembled mechanism for 2-methylheptane/air 

combustion at all three equivalence ratio conditions are shown in Figure 4.6, compared with 

the original predictions and measurements. The graph shapes are mostly identical, although 

the transition of intermediate to high temperature region is increased by about 40 K in the 

case of 𝜑 = 1.5. Marginal improvements were shown at temperatures below 700 K and in the 

NTC region 750-950 K, and the modelling shows that reactivities are increased by 35% at the 

lean and stoichiometric conditions and by 30% at the rich condition. In addition, the kinetics 

at high temperature remains unchanged. 
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Figure 4.6 Comparisons between the original mechanism and assembled mechanism for the 
combustion of 2-methylheptane/air, at 20 atm: (a) 𝜑 = 0.5; (b) 𝜑 = 1; (c) 𝜑 = 1.5.  

4.3 Thermodynamic data 

As briefly discussed in Section 2.1.4, thermochemistry is of great importance to accurately 

describe the combustion process of fuels, because it is useful to evaluate equilibrium 

constants and hence the reverse rate constant of an elementary chemical reaction can be 

obtained, which consequently improves the quality of chemical kinetics.  

Benson and co-workers [147] proposed an empirical approach to estimate the 

thermodynamic properties of species within uncertainties. The molecule is first divided into 

polyvalent atoms and for each atom, a specific value is assigned. Thus, the total function of 

the molecule is the accumulation of one or a few atoms. Properties of interest include heat 

capacity Cp, enthalpy H, and entropy S, and the accuracy of results is largely dependent on the 

sources of data. Enthalpy is typically measured by experiments, while entropy is commonly 

calculated with the use of statistical thermodynamics. Heat capacity can be measured 

experimentally for stable species, while it is difficult for free radicals. Hence, discrepancies are 

inevitable between sources, and it has been commented that studies of entropy and heat 

capacity are comparatively fewer than enthalpy [148]. Validated thermodynamic results are 

frequently found in the demands among radicals, especially for larger hydrocarbons, 

notwithstanding the significant efforts of the combustion community. This is partly due to the 

experimental obstacle to determining the accurate thermodynamic properties of radicals, 

hence the application of group additivity is effectively hindered. Previously, a detailed 

compilation of group values over a wide range of species was reported by Benson [26], at 

standard conditions of 1 atm and 25 ℃. Recently, a few studies have provided new insights 
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into the database by employing theoretical approaches. Goldsmith et al. [149] examined the 

properties of 219 molecules relevant to combustion by using the ab initio method, including 

many small radicals. Burke et al. [148] reviewed the literature and updated the group value 

of the thermochemical properties for a variety of C1-C4 species. Some modelling studies have 

since then made efforts to update the thermodynamic data with the new group values from 

Burke et al. [148]. Bulger et al. [54] studied the oxidation of three pentane isomers in a rapid 

compression machine, and their results indicate that by replacing the old thermochemical 

value with an updated source, a significant improvement is observed between the 

experiments and simulations at lower temperatures. A similar conclusion can be drawn by 

Mohamed et al. [56] in a modelling study of 2-methylhexane.  

The program THERM developed by Ritter [150] utilized the method of group additivity (GA) 

from Benson et al. [147] to calculate thermochemical data of gas phase radicals and molecules, 

and this has been largely employed by researchers to generate large amounts of data. Results 

are presented in the NASA polynomial form, and detailed thermochemical properties can be 

calculated by the following equations:  

𝐶p

𝑅
= 𝑎1 + 𝑎2T + 𝑎3T

2 + 𝑎4T
3 + 𝑎5T

4                                        (Eq. 4.1) 

𝐻∘

𝑅uT
= 𝑎1 +

𝑎2

2
T +

𝑎3

3
T2 +

𝑎4

4
T3 +

𝑎5

5
T4 +

𝑎6

T
                                 (Eq. 4.2) 

𝑆∘

𝑅
= 𝑎1 ln T + 𝑎2T +

𝑎3

2
T2 +

𝑎4

3
T3 +

𝑎5

4
T4 + 𝑎7                              (Eq. 4.3) 

Where a1, a2, a3, a4, a5, a6, and a7 denote numerical coefficients, T is temperature, and Ru is 

the universal gas constant. Each data file includes a total of 14 coefficients to fit a wide range 

of temperatures, commonly from 300 K to 5000 K. A breakpoint temperature (Tbk) is defined 

to ensure the temperature from low to high can function with continuity [151]. The first set 

of seven constants covers the temperature higher than this value and the second set of seven 

constants belongs to the temperature condition lower than Tbk [150].  

This study utilized the concept of THERM. The thermodynamic properties at low 

temperatures were calculated with the use of the modified value of the group additivity from 

Burke et al. [148], and a few corrections on the enthalpy and entropy were also explained in 

the following sections. Noticeably, as Burke et al. [148] commented, C/C2/H/OO, OO/C/H, 

and ALPEROX that are related to the structures of RO2, QOOH, and OOQOOH radicals are 
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among the groups of undergoing the largest change of value. The data in the GA is applicable 

from 300 K to 1000 K, and the coefficient for high temperature was generated by the fitting 

graph approximation. An example is displayed in Figure 4.7.  

 

Figure 4.7 Approximation of the new heat capacity value of 2-methylheptane.   

To estimate the enthalpy of the free radicals, consider the H atom abstraction of the fuel: 

RH ⇌ R∙ + H∙                                                        (R. 4.1’) 

The bond dissociation energy of the forward reaction, or in other term the bond dissociation 

enthalpy, is defined as DHo(R−H):  

𝐷𝐻∘(R − H) =  𝐻°(R∙) + 𝐻°(H∙) − 𝐻°(RH)                             (Eq. 4.4) 

The enthalpy of radicals can then be calculated, and the bond dissociation energy for the H 

atom is estimated to be 52.1 kcal ∙ mol-1 [26]. A similar ideology of a parent molecule is used 

to determine the entropy and heat capacity, which can be calculated in the following 

equations: 

𝑆∘(R∙) = 𝑆∘(RH) + ∆𝑆298
∘                                                (Eq. 4.5) 

𝐶p(T)(R
∙) = 𝐶p(T)(RH) + ∆𝐶p(T)                                      (Eq. 4.6) 

Where the values of ∆𝑆298
∘   and ∆𝐶p(T)  are estimated from RH, accounting for the 

discrepancies in vibrational frequencies and rotational barriers of internal rotors [152]. Also, 

the correction due to electron spin for the entropy is required. Factors of symmetry and 

chirality are excluded from the estimation of ∆𝑆298
∘  which requires further adjustments.  
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4.3.1 Corrections – Gauche interactions 

For larger and branched hydrocarbons, gauche interaction can occur between the 

hydrogen atoms when their attached carbon atoms form a dihedral angle of 60°. Similar to 

alkanes, this also happens for radicals with two common types, RG1 and RG2. To explain the 

term more clearly, each carbon position of 2-methylheptane was labelled as shown in Figure 

4.8. Consider the second and third carbon, Figure 4.9 depicts the potential interactions for 

each case. The reaction increases the heat formation of the molecule, for instance, every 

gauche accounts for about 0.8 kcal ∙ mol-1 for alkanes [26], thus a correction of the enthalpy 

is needed. 

 

Figure 4.8 Structure of 2-methylheptane with labelled carbon number.  

          

Figure 4.9 Mirror images of C2-C3 bond in 2-methylheptane: (a) alkane gauche; (b) RG1; (c) RG2. 

While the Benson group only briefly mentioned this phenomenon and did not discern the 

differences between radicals and alkanes, later researchers have addressed the condition of 

the hydrocarbon radicals more attentively, although the results are not quite consistent. 

Marsi et al. [153] used the ab initio theory to investigate the geometries and enthalpies of 4 

alkanes and 31 alkyl radicals at standard states, and the estimated group values were  

-0.2 kcal ∙ mol-1 for RG1 and zero for RG2. Sabbe et al. [154] calculated the standard enthalpy 

of a set of hydrocarbons and hydrocarbon radicals by CBS-QB3 theory, and corrections made 
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for RG1 and for RG2 are 0.43 kcal ∙ mol-1 and 0.17 kcal ∙ mol-1, respectively. In this project, 

gauche interaction for RG1 employed values from Sabbe et al. [154] and was set to be zero 

for RG2. Additionally, alkyl peroxyl and alkyl hydroperoxyl radicals are expected to have no 

gauche interactions present. Take fuel radical (CH3)2CHCH(∙ )(CH2)3CH3 at position c as an 

example:  

The molecule is formed by the following groups: 

3[C/C/H3] + 4[C/C2/H2] + [C/C3/H] + [S] - ∆𝐻°(H∙) = -6.2 

Gauche interaction for RG1 = 0.43 

Hence, 𝐻° = -6.2 + 0.43 = -5.77 kcal ∙ mol-1. 

4.3.2 Corrections – Optical isomers and symmetry 

Optical isomers share mirrored structures but are non-superimposable on each other, 

which can be described as chiral. A carbon atom attached to four different groups is referred 

to as chiral carbon, and a correction of Rln 2  must be added to the total entropy since it 

introduces disorder to the species [56, 147]. On the contrary, symmetry structure reduces the 

disorder, hence the contribution to entropy is calculated by subtracting Rln 𝜎sym, where 𝜎sym 

is the symmetry number in a molecule. Symmetry can be internal or external, and the total 

number is calculated as 𝜎sym = 𝜎in × 𝜎ex . In the current species of interest, only external 

types are found. An example for alkyl peroxyl radical is shown as follows:  

𝑆∘ for (CH3)2CHCH2CH(OO∙)(CH2)2CH3 

The molecule is formed by the following groups: 

3[C/C/H3] + 3[C/C2/H2] + [C/C3/H] + [C/C2/H/OO] + [ALPEROX] + [OO/C/H] = 131.09 

     Symmetry: three methyl- groups. Hence, -Rln 𝜎𝑠𝑦𝑚 = -Rln 27 = -6.55 

Optical isomer: Rln 2 = 1.38 

𝑆∘ = 131.09 - 6.55 + 1.38 = 125.92 cal ∙ mol-1 ∙ K-1. 

4.3.3 Value comparison 

An example of the modified thermodynamic properties for RO2 and QOOH is shown in 

Table 4.1, compared with original values. Reverse reaction rate constants were calculated by 

use of the forward reaction rate constant from Wang et al. [106]. The increase of enthalpy 

and entropy leads to the balance shift of the reaction, hence the new reaction rates of  

QOOH → RO2 are approximately twenty times faster at room temperature and six times faster 
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at 800 K. Figure 4.10 demonstrates the simulations of the assembled mechanism with original 

and new thermochemistry data.  

 Table 4.1 Comparison of enthalpy and entropy between the original and modified values. 

  𝐻°  

(kcal ∙ mol-1) 

𝑆∘ 

(cal ∙ mol-1 ∙ K-1) 

∆G  

(kcal ∙ mol-1) 

kr  

(cm3 ∙ molecule-1 ∙ s-1) 

C8H17OO-3-2 

 

original -43.38 124.92   

new -40.83 125.92   

∆ +2.55 +1.00   

C8OOH3-2e 

 

original -30.53 130.17   

new -26.26 130.66 
  

∆ +4.27 +0.49   

C8H17OO-3-2 → 
C8OOH3-2e 

original 
∆ 

12.85 5.25 11.29 7.93×10-21 

At 298.15 K new ∆ 14.57 4.74 13.16 1.90×10-19 

C8H17OO-3-2 → 
C8OOH3-2e 

original 
∆ 

13.28 6.20 8.32 2.07×10-17 

At 800 K new ∆ 14.04 3.63 11.14 1.19×10-16 

 

Figure 4.10 Comparison of the simulated ignition delay time for 2-methylheptane/air at 20 atm and 
stoichiometric condition, by using the assembled mechanism and different thermodynamic data.  

The reactivity is mainly reduced around the NTC region, as the transition of intermediate 

to high temperature region is decreased by 40 K. In the stoichiometric case, ignition delay 
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time is slowed down most significantly at 770-870 K, by a factor of 1.5 to 2. The kinetics at 

high temperature and low temperature (< 700 K) on the other hand remain unaffected. This 

trend is consistent with the results of Mohamed et al. [56]. The compilation of the group 

additivity values and the full set of updated new thermodynamic data in NASA polynomial 

form are listed in Appendix A and Appendix B, respectively. 

4.4 Development of a sub-mechanism of 2-methylheptane – rate constants  

Refining the kinetic data of the important reactions is the most common approach to 

upgrading a mechanism, and the rate constant of a singular reaction can be determined by 

various methods, from quantum theory to experimental investigation. Baulch et al. [37] 

compiled a comprehensive review of 196 fundamental reactions, and Baulch et al. [38] later 

extended and updated the previous work. Also, a few more updated studies concentrated on 

the rate constant of small radical reactions and presented new perspectives with the 

assistance of advanced laboratory techniques [40]. Importantly, the chemistry of C0-C4 is the 

base of all large hydrocarbon combustion, thus, to not disturb the general environment in the 

NUIG mechanism, the rate constant expressions of the following reactions are recommended 

to remain unchanged for 2-methylheptane kinetics unless large disagreements are observed. 

Based on the sensitivity in Figure 4.2, details of the following five reactions are discussed, and 

their significance varies in three temperature regimes:  

H2O2 +M ⇌ 2OH +M                                                     (R. 4.1) 

                          2HO2 ⇌ H2O2 + O2                                                       (R. 4.2) 

                            H + O2 ⇌ O+ OH                                                         (R. 4.3) 

CH3 + HO2 ⇌ CH3O + OH                                                 (R. 4.4) 

                        CH3 + HO2 ⇌ CH4 + O2                                                  (R. 4.5) 

The decomposition of hydrogen peroxide is a pressure-dependent reaction. It is the most 

significant reaction for the autoignition of larger hydrocarbon in the intermediate region, 

which is around 750 K to 1000 K in the case of 2-methylheptane. Earlier experimental studies 

were mostly conducted around atmospheric pressure [155, 156]. In recent times, Hong et al. 

[157–159] contributed greatly to the understanding of fundamental kinetics with the use of a 
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shock tube in the temperature range of 930-1290 K. In an argon bath gas, measurements 

were performed at lower pressure conditions, between 1-2 atm [157, 159] and near 3.5 atm 

[158]. Kappel et al. [160] measured the reaction rate behind reflected shock waves at 1 bar, 

4 bar, and 15 bar, from 954 K to 1289 K. Sajid et al. [161] also performed the experiment 

behind a reflected shock wave in a mixture of diluted H2O2 and Argon between 930-1235 K, 

and at a pressure of 1 atm, 2 atm, and 10 atm. Arrhenius expressions for both low and high 

pressure subsequently are derived from the respective experimental data of these 

investigators. Figure 4.11 shows several calculated rates from the low-pressure limit, 

compared with experimental sources that were conducted below 2 atm. As indicated from 

the graph, both expressions of rate constant from Hong et al. [157] and the NUIG mechanism 

agreed with the measurements quite reasonably while the result of Baulch et al. [37] 

overpredicted by approximately a factor of 2 in the high temperature region. 

 

Figure 4.11 Comparisons of the low-pressure limit for reaction 4.1 between various experimental 
records (scatter) and three calculated rates (line), reference: blue open square [158]. 

There are no measurements at the pressure condition of 100 atm or above for validation. 
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and the transition behaviours from 1 atm to 10 atm are not necessarily apparent, hence 

uncertainties are expected for both the intermediate region and the fitted high pressure rate 
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were calculated with the use of the expressions from NUIG, as displayed in Figure 4.12. At 

around 10 atm, all three temperatures begin to experience fall-off, and each curve 

corresponds well with their respective experimental results. To improve the kinetic models, 

more measurements at high pressure and also at temperature conditions below 900 K are 

highly recommended.  

 

Figure 4.12 Simulated low- and high-pressure limit and fall-off region of reaction 4.1 at three 
temperature conditions, compared with experimental data at various pressures, reference: square 

[160], open circle [161], up triangle [157]. 

Examination of reaction 4.2 was carried out similarly, and the comparison between reviews 

and a selection of experimental measurements [159, 160, 162–164] is shown in Figure 4.13. 
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results at temperatures below 500 K. However, when the temperature increases to around 

1000 K, the predictions of Baulch et al. [38] start to deviate.  

 

Figure 4.13 Reaction 4.2 comparison between the experimental records (scatter) and calculated rate 
constants (line). 

As the most significant reaction for hydrocarbon combustion in the high temperature 

range, the reaction rate constant of H + O2 ⇌ O + OH is substantially investigated with both 

experiments and theories. For instance, Hong et al. [166] measured the rate constant by using 

a shock tube over the temperature range of 1100-1530 K and provided a refined rate equation, 

which has been adopted in modelling groups such as CRECK and NUI Galway. Figure 4.14 

shows a comparison between the experimental studies [166–169] and a few rate constant 

expressions from 900 K to 3000 K. Throughout the total temperature range, the original value 

from Wang et al. [106] is about 10% quicker than the result of Hong et al. [166] and is in 
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the review of Baulch et al. [37] on the other hand, began to deviate more visibly from the 

other two sources around 1500 K. Interactions between CH3 and HO2 are other important 

reactions, which lead to two pathways that are dominating and competing. The production 

of CH3O and OH improves the reactivity while the forming of CH4 and O2 terminates the 

reaction chain, as the sensitivity in Figure 4.2 (d) and a new study of ignition behaviours of 

C1-C3 blends from Martinez et al. [170] indicate. The original mechanism employed the 

theoretical rates from Jasper et al. [171] for both channels while NUIG utilized the rate 
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constant expression from Zhu and Lin [172] for reaction 4.5, which enhanced the termination 

process for about 50-60% compared to the results of Jasper et al. [171] at 1000-1500 K.  

 

Figure 4.14 A comparison of k3 between various experimental records (scatter) and reviews (line). 

In conclusion, rate constants calculated by the C3MECHV3.3 mechanism show good quality 

in the simulation of the key aspects in the combustion environment, although minor 

adjustments can be argued. The rate constant expressions of all five investigated reactions 
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4.5 Development of a sub-mechanism of 2-methylheptane – rate rules 

For mechanisms of more complex species, with considerable numbers of intermediate 

species and reactions, it is unrealistic to completely describe all the involved reactions based 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

-14.0

-13.5

-13.0

-12.5

-12.0

-11.5

-11.0

-10.5

L
o

g
 (

k
/c

m
3
 ×
 m

o
le

c
u

le
-1

 ×
 s

-1
)

1000/T

 Pirraglia et al.

 Yang et al.

 Hong et al.

 Wang et al.

 Original

 Baulch et al.

 Hong et al.



93 

 

on experimental or theoretical expressions of the actual rate constants, as in the vast majority 

of cases there are no actual measurements or theoretical studies available. Thus, the rate rule 

designed for specific reaction classes is another useful tool, particularly for the larger 

hydrocarbon. In the subsequent sections, nine reaction classes that are significant to the 

chemistry of low and intermediate temperatures from the original mechanism were 

examined with more updated rate rules in the literature.  

The balance of the chain branching is the prime priority, hence the most prominent rate 

rules in each class do not necessarily end up being the best option, and the compatibility of 

the mechanism also needs to be considered. To avoid confusion, all modelling tests were 

performed with the new thermodynamic data from Section 4.3. Updated rate rules will be 

applied to the assembled mechanism in sequence. For instance, during the discussion of the 

third reaction class, the updated rules of the previous two reaction classes will be employed 

as well as the current one. Additionally, the reaction classes with multiple sources of rate rules 

such as RO2 → QOOH, and the undetermined classes, such as the second oxygen addition, will 

be initially analysed in their respective sections and concluded later at the end of the chapter. 

A compilation of new rate rules of all reaction classes is presented in Appendix C.  

4.5.1 H abstraction: Fuel + OH → R + H2O 

By interacting with small radicals such as OH, HO2, or CH3, hydrocarbon fuels break down 

into fuel radicals which then quickly decompose or further react with other species. Due to 

the single methyl- on the straight chain, distinctive 2-methylheptane radicals can be formed 

on primary (1 ° ), secondary (2 ° ), and tertiary (3 ° ) sites. Abstraction by OH is of great 

importance during the entire combustion process, and sensitivity (Figure 4.2 (b)) shows that 

the 2°  type at position d (Figure 4.8) is highlighted in the low temperature region under  

800 K.  

Earlier mechanism studies of gasoline surrogates [51, 94] were inspired by the experiments 

of propane or i-butane [173]. Partly due to the simple structures of the chemicals, the authors 

did not differentiate the types of abstraction specifically in the kinetic modelling, meaning 

that the chosen rate rule of all radicals on 1°  or 2°  was set to be the same. Cohen [174] 

proposed that these three types of bonds should be divided into smaller classes because the 

activation energy may be dependent on the next-nearest neighbour (NNN) carbons. For 

example, the primary site in this approach can be defined as P1 or P2, where the subscript 
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indicates the number of carbons attached to the NNN carbons. A few direct experimental 

measurements have brought more insights in recent years. Sivaramakrishnan and Michael 

[175] measured the rate constants of OH abstraction for five C5-C8 liquid fuels behind the 

reflected shock tube, at a wider range of temperatures from 789 K to 1308 K. Badra et al. [176] 

also investigated this reaction class for seven larger alkanes behind the reflected shock waves, 

from 880 K to 1440 K. This work adopted the rate rules from both studies and the updated 

Arrhenius expressions are compiled in Table 4.2.  

Table 4.2 Rate rules of H abstraction by OH per H atom for each radical. 

Radical  C-H type A (cm3 ∙ molecule-1 ∙ s-1) n Ea (cal ∙ mol-1) 

C8H18-2a P2 [175] 6.50 × 10-13 2.08 375.5 

C8H18-2b T100 [176] 2.00 × 10-5 0 2261 

C8H18-2c S21 [176] 3.15 × 10-6 0 1578 

C8H18-2d S11’ [175] 3.27 × 10-7 0.32 846 

C8H18-2e S11 [175] 3.33 × 10-12 1.81 -1015 

C8H18-2f S01 [175] 4.11 × 10-9 0.94 504.7 

C8H18-2g P1 [175] 5.30 × 10-12 1.81 868.3 

Noticeably, the influences of the in-plane and out-of-plane abstraction on the 1° and 2° 

sites were previously discussed [175, 177], and n-heptane was utilized to investigate this 

unique phenomenon on the secondary sites. The molecule structure is depicted in Figure 4.15. 

The H atoms of S11 at position d (S11’) all neighbour with the S11 H atoms as well, while the H 

atoms of S11 at position c (S11) and e (S11) neighbour with the S01 H atoms on one side and S11 

H atoms on the other. These two kinds of S11 have a 0.4 kcal ∙ mol-1 discrepancy in the barrier 

heights based on ab initio calculations, and the rate constant expressions were later 

measured experimentally. Rate constants of OH + 2-methylheptane were measured by Badra 

et al. [176], and the investigators adopted the S11’ model of Sivaramakrishnan and Michael 

[175] to determine the radical at position d. This may lead to arguments as H atoms on this 

S11 neighbour with the S21 H atoms and S11 H atom. Because no other experimental records 

regarding this 2° type are available presently, this study will also use the S11’ expression on 

the radical d. Figure 4.16 compares the rate rules of various sources for all three abstraction 

types.  
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Figure 4.15 Structure of n-heptane. 

 

 

 

Figure 4.16 Comparison of the rate constant expression of H abstraction by OH: (a) primary carbon 
site per H atom; (b) secondary carbon site per H atom; (c) tertiary carbon site per H atom. 
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For the primary site, the rates of P1 and P2 show little differences throughout the 

temperature regions, and in general are faster than the original value, particularly at 

temperatures above 1000 K by approximately 30%. Conditions are more complicated for 

secondary carbon sites. Abstraction rates at position d and f are enhanced at lower 

temperatures to some extent (< 1000 K), while the other two become relatively slower. The 

new tertiary rate is greatly increased compared to the original value. By applying these new 

rules, only little modelling improvements have been shown only around the intermediate 

temperature. More experimental data, especially on the larger branched alkanes, to 

distinguish the abstraction types for future research is highly recommended. 

Additionally, reactions between the fuel and HO2 radical on tertiary and secondary carbon 

are emphasized at intermediate and high temperatures in the initial sensitivity analysis, 

suggesting more consumption of HO2 is positive to the combustion process. This may partly 

be due to the decomposition of H2O2 (R. 2.6) that is produced from HO2 (R. 2.30) being more 

significant at higher temperatures, as discussed in Section 2.2.4. Similar to the OH radical, 

larger hydrocarbons commonly utilize the reference of n-butane, and no up-to-date sources 

are available. From the normal alkane models of C3MECHV3.3, the A-factor of the reactions 

on secondary carbon is increased by a factor of 1.5, compared to the initial model of Curran 

et al. [52], and the trial test shows that this modification improves the ignition by 10-15% at 

950-1050 K. Mohamed et al. [56] also provided the upper and lower limits for the A-factor of 

all three reaction types of HO2 abstraction. To better understand the scale of the impacts on 

the mechanism, the adjustments of the H abstraction by HO2 will be addressed at the end of 

the chapter and the modifications from the C3MECHV3.3 are temporarily used as a reference 

for the analysis of other reaction classes. Furthermore, rules of other molecules such as H, O, 

O2, and CH3O2 all have other suggested values from different investigators [56, 120], but as 

they are less important radical groups for H abstraction, the original values from Curran et al. 

[52] are kept unchanged.  

4.5.2 First and second oxygen addition: R + O2 → RO2 and QOOH + O2 → OOQOOH 

Reactions between fuel radicals and oxygen play an important chemistry role at lower 

temperature oxidation, mainly because at low temperatures the equilibrium is very much in 

favour of the adducts, which in turn provide routes to branching reactions at low temperature. 

From the detailed review of Baulch et al. [37] and Atkinson et al. [36], chemical reactions such 
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as H + O2 and CH3 + O2 are considered sensitive to pressure variations. As discussed briefly in 

Section 2.2.3, a few experimental or theoretical studies of the interaction between ethyl 

radicals and oxygen (R. 2.17) [45–47] also demonstrate the rate constant of this reaction to 

be influenced by the pressure. It is rather uncertain, however, to what extent is the pressure 

dependent of the first oxygen addition for larger alkyl radicals. Few experimental records are 

available for validations with pentyl being the largest radicals investigated, and conditions for 

temperature are usually below the commencement of combustion and for pressure, they 

varied among investigators. Lenhardt et al. [178] measured reaction rates of four butyl 

radicals and oxygen with a photoionization mass spectrometer (PMS) at room temperature 

and 1-4 torr, and no obvious pressure dependency is observed. Their results have been 

commonly adopted for propyl and larger alkyl radicals in modelling. 

For propyl radicals, Slagle et al. [179] measured rate constants on primary carbon from  

0.4 torr to 6.8 torr, and Ruiz and Bayes [180] studied both n-propyl and i-propyl at room 

temperature and from 1 torr to 4 torr. Neither result of the reaction rate demonstrates a 

strong inclination towards pressure change, and as Ruiz and Bayes [180] suggested, these 

reactions may already be near or at the limit of high pressure at these very low pressure 

conditions. Reviews of Atkinson et al. [35, 36, 181] have classified the reaction of both propyl 

radicals with oxygen as pressure dependent with these listed two sources as the high pressure 

coefficient, and they also commented that the negative temperature slope observed by Slagle 

et al. [179] from 297 K to 635 K may be an attribution to the fall-off effects. Several theoretical 

works have estimated the high-pressure limit of propyl and oxygen with a master equation 

method. Goldsmith et al. [182] studied the impact of QOOH + O2 and subsequent chain 

branching kinetics at low temperatures by using propyl + O2 as a model. Rate constant 

expressions for each reaction class were provided at 0.01 atm, 0.1 atm, 1 atm, 10 atm, and 

100 atm, separately. Huang et al. [183] examined the ab initio equation for the propyl system 

and then validated it against the measured OH signal with LIF at various temperatures. The 

modified Arrhenius parameter was re-calculated at 10 torr, 100 torr, 760 torr, and 7600 torr.  

The review of Atkinson et al. [35] has classified the reactions of 1-C4H9 and 2-C4H9 with O2 

to be pressure related as well but commented on a potential of large errors due to Lenhardt 

et al. [178] being the only experimental resource available at the time. Dilger et al. [184] 

investigated this class with muonium-substituted t-butyl radicals at 1.5 bar and from 241 K to 
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462 K, and they discovered that the rate constant of RO2 production is rather weakly 

dependent on the change of pressure and decreases when temperature increases, which is 

aligned with propyl results. Moreover, Xi et al. [185] investigated the temperature with 

neopentyl radicals at 3 torr, and the rate at 374 K is approximately half of the rate at 266 K. 

More recently, Eskola et al. [186] conducted both experimental and theoretical studies of  

n-butyl radicals on primary and secondary carbon by using PMS techniques, and the radical 

concentrations at a condition range of 200 K to 500 K and 0.4-5.6 torr were observed. The 

predicted rate constants were given at thirteen pressure conditions from 0.01 atm to 100 atm.  

To determine how the rate changes with pressure for larger radicals, a plot of  

CH3 + O2 + M ⇌ CH3O2 + M at 800 K was made by using the rates from Baulch et al. [38], as 

shown in Figure 4.17. Both the low and high pressure utilized the preferred value, and the 

fall-off region was calculated by the Troe method [187]. Reaction rates from 0.01 atm to  

100 atm at the same temperature were next obtained by theoretical studies of Goldsmith et 

al. [182] (n-propyl), Huang et al. [183] (n-propyl) and Eskola et al. [186] (n-butyl).  

 

Figure 4.17 Low and high pressure limit and fall off region of CH3 + O2 + M ⇌ CH3O2 + M, compared 
with the theoretical pressure dependent value, references: black square [182], blue square [183], 

red up triangle [186]. 
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although at atmospheric pressure and above, the rates are closer to the high-pressure limit, 

and may fluctuate less for radicals bigger than propyl and butyl. As Goldsmith et al. [182] 

concluded, n-propyl is the smallest prototype of the larger alkyl radicals to experience low 

temperature combustion, hence in this study the reaction of R + O2 → RO2 is not considered 

to be pressure dependent. 

To further optimize the rate rules of this class, some theoretical studies with temperature 

dependency were examined. Miyoshi [188] systematically investigated the unimolecular 

reactions of RO2, QOOH, and OOQOOH with the CBS-QB3 quantum method. Villano et al. [189] 

used C2-C6 normal alkanes to estimate three classes of rate rules related to RO2 at high 

pressure by employing the CBS-QB3 theory. A couple of computational studies were carried 

out by the Bozzelli group to estimate the thermodynamic properties and chemical kinetics of 

the iso-octane radicals and oxygen. Auzmendi-Murua and Bozzelli [190] studied the 

secondary type, and Snitsiriwat and Bozzelli [191] investigated the tertiary carbon site. The 

theoretical value from these references for the primary, secondary, and tertiary were 

calculated at low and intermediate temperatures and then further compared with 

experimental data, and details are shown in Figure 4.18. Given Villano et al. [189] only 

provided expressions of rate constant in the direction of RO2 → R + O2, reverse rates were 

obtained by using updated thermodynamic data from Section 4.3. Additionally, the rate 

constant expressions of Goldsmith et al. [182] and Eskola et al. [186] at each pressure 

condition were also calculated concerning the temperature change, and some conditions 

demonstrate a reasonable shape and level compared to their respective carbon types, such 

as Goldsmith et al. [182] at 1 atm for the primary (Figure 4.18 (a)) and Eskola et al. [186] at 

0.1 atm for the secondary (Figure 4.18 (b)). The experimental data utilized for comparisons 

were from Lenhardt et al. [178], Ruiz and Bayes [180], Slagle et al. [179], Xi et al. [185], Eskola 

et al. [186], and Dilger et al. [184], labelled from one to six, respectively.  
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Figure 4.18 Comparisons of the forward rate constant expression of 1st O2 addition between 
theoretical references and experiment values (250-800 K): (a) primary; (b) secondary; (c) tertiary.  
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The rate temperature dependence of Villano et al. [189] for all three carbon types is 

opposite to other sources, and does not correlate with the measurements well, either. Both 

simulated rates from the Bozzelli group show a reasonable agreement with experiments in 

terms of the trend, although it generally overpredicts by some margin. For primary carbon, 

the result of Miyoshi [188] is in excellent agreement with the experimental data at room 

temperature and fits the general rate trend, although it displays less temperature 

dependency when the temperature rises above 500 K. At 635 K, the calculated rate is about 

ten times greater than the average value from Slagle et al. [179] at the same condition. Similar 

observations can be drawn from the result of Miyoshi [188] for secondary carbon, as the 

estimated number is greater than the laboratory value from Eskola et al. [186] by a factor of 

four at 494 K. The simulation of Miyoshi [188] for tertiary carbon corresponds well with the 

current experimental data. Hence, the computational rate rules of all three carbon types from 

Miyoshi [188] will be applied to the reaction class of R + O2 → RO2 for propyl and larger alkyl 

radicals. 

The second oxygen addition for alkanes has not been addressed much due to the difficulty 

of measuring it experimentally in a clean and thus simple to interpret system. Therefore, 

previous modelling studies have frequently followed the identical rate rules of the first O2 

addition. The group of Bozzelli have contributed largely to the knowledge of the oxidation of 

alkyl hydroperoxyl radicals with oxygen, by performing computational calculations to 

estimate both the kinetic and thermochemistry parameters with the fundamental models 

ranging from ethyl to pentyl. For instance, Sun and Bozzelli [192] studied the system of 

hydroperoxyl neopentyl radicals, and the parameter obtained is both dependent on the 

pressure and temperature. As mentioned above, Goldsmith et al. [182] also determined the 

class of QOOH + O2 to be pressure-dependent with high-level ab initio calculations. It is 

observed that for the secondary carbon type, their result for the first addition is faster than 

the second addition by a factor of 2 approximately. Mohamed et al. [56] adopted this rule in 

the group of second oxygen addition for their modelling work of 2-methylhexane oxidation. 

Zador et al. [193] is the first study to measure both the decomposition of (CH3)2C(OOH)CH2﮲  

and its reaction with oxygen in two approaches at room temperature. Infrared absorption 

was conducted between 8 torr and 90 torr and multiplexed photoionization mass 
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spectrometry was performed at 4 torr, and the data was subsequently compared with a 

theoretical characterised by VRC-TST.  

Comparisons between theoretical and experimental values are shown in Figure 4.19. From 

the initial examination of Sun and Bozzelli [192], in the lower temperature region, differences 

between the calculated rate constants at each pressure range are not evident, thus here the 

result at 0.0001 atm was displayed. Also, the rules of R + O2 → RO2 from Miyoshi [188] and 

Villano et al. [189] were divided by two as Goldsmith et al. [182] suggested. Results from 

Goldsmith et al. [182] and Villano et al. [189] do not correspond well with experiments at 

room temperature, while predictions from both Sun and Bozzelli [192] and Miyoshi [188] are 

in excellent agreement. The temperature dependence of these two sources, however, do not 

match well at all. As the secondary O2 addition is based on analogy with the first addition, the 

trend of Miyoshi [188] seems to be a more reasonable fit in the current state of knowledge. 

From the modelling perspective, by applying the same rules for first and second oxygen 

addition from Miyoshi [188], little differences are shown compared to the original rate rule 

values. Furthermore, examination shows that to halve the reaction rate for the class of  

QOOH + O2, reactivities of combustion are relatively reduced at low and intermediate 

temperatures. Take the stoichiometric condition of 2-methylheptane for example, an 

increase of ignition delay time by 50-60% between 800 K and 900 K is estimated. In the 

discussion of the following parts, the same rate rules for both classes of O2 addition are 

applied until further explanations. 

 

Figure 4.19 Rate constant expression of QOOH + O2 for primary type at low temperature (300-800 K): 
scatter: EXP value [193]; line: theories.  
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4.5.3 Isomerization: RO2 → QOOH 

Isomerization of alkyl peroxyl is another significant channel in the low temperature 

combustion. An alkyl peroxyl radical can generate several types of alkyl hydroperoxyl radicals 

depending on the H abstraction. Transition state ring size varies from size four to eight, 

transferring on one of the three types of carbon. An example of the transition is depicted in 

Figure 4.20. A six-member ring is formed and by extracting one hydrogen atom on a secondary 

carbon, one potential alkyl hydroperoxyl radical is then produced.  

                          

Figure 4.20 Example of isomerization of 1,5s type via transition ring: C8H17O2-6-2 ⇌ C8OOH6-2d. 

A few experimental records can be found by using neopentane in earlier investigations. 

Baldwin et al. [194] studied the reactions in an environment of hydrogen and oxygen from 

653 K to 793 K, and by measuring the product ratios, the kinetic parameter for the 1,5p 

isomerization was determined. Hughes et al. [195] generated neopentyl radicals by laser flash 

photolysis, and in the presence of varying quantities of oxygen, measured the production of 

OH by laser induced fluorescence, and thus was able to calculate a rate constant for the 1,5p 

isomerisation at 700 K, and at 660-750 K in a similar study [196]. Their results for the 1,5p H 

atom transfer are in general smaller than the rates of Baldwin et al. [197] by a factor of 10 to 

15. More recently, Noziere and Vereecken [198] directly observed five larger alkyl peroxyl 

radicals and their subsequent OOQOOH radicals by chemical ionization mass spectrometry at 

298 K and 0.9 atm. As more than one OOQOOH component can be detected, especially for 

larger hydrocarbons, the proportion for each transition type was determined by a theoretical 

method. Coefficients of 1,5s and 1,6p were obtained from 1-butyl, 1,5s and 1,6s from 1-pentyl, 

1,5s 1,6s, and 1,7s from 1-hexyl. 

Estimating the rate rule of a single transition type is usually served as a basis for general 

modelling purposes, and a set of expressions for different transition ring sizes and C-H bonds 

can be subsequently generated. The pre-exponential factor per H atom is decreased by a 

factor of 8 every time the ring size increases by one atom due to the loss of internal rotation, 
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as Baldwin et al. [197] discussed based on the transition state theory, and this analysis is 

commonly adopted among researchers such as Curran et al. [52] in their modelling study of 

iso-octane. The determination of activation energy (Ea) for each transition condition on the 

other hand, is more complicated. Bozzelli and Pitz [199] investigated the rate constants of 

several hydroperoxyl-propyl channels with the use of thermodynamic parameters, QRRK 

analysis, and transition state structure. Their estimation of Ea is an accumulation of ring strain, 

abstraction energy depending on the carbon bond, and enthalpy of reaction. For the same 

member ring, a tertiary bond has the lowest energy barrier while a primary type is the most 

difficult to be abstracted. When the ring size increases, the activation energy decreases which 

can mostly be attributed to the ring strain energy, although the value chosen among 

investigators shows a great discrepancy as presented in Table 4.3. Curran et al. [51] suggested 

the ring-strain energy should be lower than the preferences of Baldwin et al. [194] for better 

prediction of the heterocyclic concentration. In theory, Ea can be calculated by the  

Evans-Polanyi relationship (Ea = E + nRT) [200], although several works [201, 202] suggested 

that the curve of Blowers-Masel [203] showed promising agreement in a few reactions.                        

Table 4.3 Comparison of ring strain energy between different authors. (Unit: kJ ∙ mol-1) 

 
5 Ring 6 Ring 7 Ring 8 Ring 

Hughes et al. [204] 69.0 38.2 19.3 6.9 

Curran et al. [51] 36.0 11.7 0.0 11.7 

Bozzelli and Pitz [199] 25.1 0.4 25.1 
 

Records of this class by theoretical approaches are much more common, although many 

authors only provided insights into limited types of transition. Due to the single methyl- on 

the straight chain which creates a tertiary bond, the hydroperoxyl radicals ranging from five 

to eight ring size on primary, secondary, and tertiary carbon can be formed for  

2-methylheptane. In more recent years, detailed compilations of rate rules can be found in 

the studies of Miyoshi [188] and Villano et al. [189] for isomerization of alkyl peroxyl, and 

their results have been commonly utilized by modelling researchers. Noticeably, the isomers 

produced from the four-member ring are unstable and quickly lead to the formation of a 

carbonyl and OH radical, as discussed by Villano et al. [189]. Thus, this reaction group is not 

considered here. Sharma et al. [205] also studied the intramolecular hydrogen migration in 

RO2 and QOOH radicals by using the CBS-QB3 and B3LYP/CBSB7 methods, and rate constants 
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and thermochemical properties for a series of reactions and molecules were calculated. 

Noticeably, both Miyoshi [188] and Sharma et al. [205] further differentiated specific types 

for each transition ring based on the position of peroxyl radicals and where the abstraction 

takes place. Take reaction CH3(CH2)2CH2OO∙  ⇌  CH3CH2CH(∙ )CH2CH2OOH for instance. The  

-OO ∙  is initially connected with a primary carbon and then abstracts a H atom from a 

secondary carbon, hence this type of 1,5s can be referred to as ps. Additionally, rate rules 

from Sharma et al. [205] cannot apply for every reaction type of 2-methylheptane, therefore, 

for those without direct parameters, their nearest analogy was adopted with the A-factor 

value being halved, as an-hexane modelling study from Zhang et al. [206] suggested. Consider 

reaction C8H17OO-2-2 ⇌ C8OOH2-2d. The transition is a 1,5-H type ts, so 1,5-H type ss was 

used as a reference.  

Based on the reaction types of available experimental sources, rate rules of a few transition 

member rings were selected and calculated at the low temperature region and comparison is 

depicted in Figure 4.21. Also, isomerization reactions of 1,5s type are highlighted in low 

temperature environment as the sensitivity in Figure 4.2 (a) indicates. Reactivities of all three 

references are largely increased compared with the original data. Simulated results of 1,5s 

and 1,6s from Miyoshi [188] agree well with the experimental data of Noziere and Vereecken 

[198] at room temperature. Around low and intermediate temperatures, the rate constant of 

Miyoshi [188] appears to be the fastest among the three theoretical sources, for instance, 

type 1,6s is greater than its original value by approximately a factor of 28. Results from both 

Villano et al. [189] and Sharma et al. [205] show a relatively less increase in rate, as 1,6s is 

only about a factor of 10 than that of the original value. Also, both predictions of 1,5p at  

650-750 K correspond reasonably with the neopentyl studies from Baldwin et al. [194]. A 

modelling test for 2-methylheptane/air at the stoichiometric condition was subsequently 

carried out. Figure 4.22 shows that certain effects can be observed under 900 K for all three 

sources, with the result of Sharma et al. [205] being the most substantial, followed by Villano 

et al. [189], and Miyoshi [188] displaying the least improvements. General shapes are all 

similar and predictions around the NTC region agree well with the experimental data.  
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Figure 4.21 Comparisons of the rate constants between different theories (lines) and experiments 
(scatter) from 300 K to 1000 K: (a) 1,5p (pp); (b) 1,5s (ps); (c) 1,6s (ps).  
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Figure 4.22 Predictions of the ignition with updated rate rules of the isomerization from different 
authors, for 2-methylheptane/air mixtures at the stoichiometric and 20 atm conditions. 

The rate rules provided from either experiments or theories are not strictly unchanged in 

the model applications. Depending on the targeted fuels, the hydrocarbon that the rate 

constant expressions were attained from may not be the most suitable prototype, hence 

adjustments are necessary. Curran et al. [52] discussed in their study of iso-octane that by 

applying the identical rate rules for n-heptane [51], reactivities at the NTC region were greatly 

overpredicted, hence the A-factor was correspondingly divided by 30 to match the quality of 

the iso-octane model. Similarly, Mehl et al. [94] commented in their model of gasoline 

surrogates that, by further reducing the value of the activation energy by 400 cal ∙ mol-1 from 

the recommendations of Curran et al. [52], the activities at low temperatures are favourably 

enhanced. To better interpret the effect of these additional alterations, discussion will be 

resumed at the end of the chapter and the rate rules from Sharma et al. [205] will be 

temporarily used as references for the upcoming analysis.  

4.5.4 Concerted elimination: RO2 → alkene + HO2 

The production of HO2 becomes more active around the NTC region, although no related 

reactions were highlighted in the initial sensitivity analysis. Both Villano et al. [189] and 

Miyoshi [188] estimated the group values with differentiation of the specific peroxide group 

and extracted carbon positions, and Bugler et al. [54] provided a single expression based on 

both references with upper and lower limits. Villano et al. [189] noted that the reactions 

leading to the production of highly substituted alkenes are about two to three times faster 
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than those produce by less substituted olefins. Given the structure of 2-methylheptane, rules 

for less substituted olefins were therefore employed. From the observation of the modelling 

test, at the stoichiometric condition, the predicted results from Villano et al. [189] and Bulger 

et al. [54] were reasonably similar, which reduced the reactivities by 25-30% between  

800-900 K compared to the original data. Around the same temperature range, the 

predictions from Miyoshi [188] on the other hand enhanced the elimination process by a 

factor of 2. As Mohamed et al. [56] commented, the rate of this reaction class is mainly 

determined by the type of olefin that is formed. To simplify the model, the rules from Bugler 

et al. [54] were utilized in this work and the rate constant expression per H atom is given as: 

k = 109.46 × T0.93 × exp(-14997.5/T) s-1 

4.5.5 QOOH → cyclic ether + OH 

This group describes one of the most important channels of QOOH decomposition in the 

low to intermediate temperature range. By breaking the bond of O-O, a cyclic ether is 

consequently formed, and the rate constants are estimated based on the ring size [51]. Villano 

et al. [207] modified the rate constants of four types of QOOH isomers from the CBS-QBS 

calculations and observed that the exothermicity of the reaction may be related to the 

positions of QOOH radical and hydroperoxyl group. For each ring size, the activation energy 

is estimated in a linear fitting corresponding to the enthalpy of the reaction at 298 K, over a 

range of 500-1000 K. Since new thermochemistry was generated in this project, this method 

was adopted and the activation energy for each specific reaction was calculated. 

Uncertainties of ab initio calculations are estimated to be a factor of 2 for the pre-exponential 

factor and ±1 kcal ∙ mol-1 in barrier height. By applying the new rate rules, the modelling test 

shows a decline of reactivities by approximately 20% at 750-800 K, and results of other 

temperature conditions remain almost intact. Moreover, Zhang et al. [206] suggested to halve 

all the Arrhenius factors in their n-hexane model with the reference of Villano et al. [207], to 

better fit with their measurements in JSR. By using the ratio of uncertainty, the reactivities at 

750-800 K were increased by 15% compared to the result obtained without corrections. This 

work adopted the same concept with a ratio of 0.5 applied to the A-factor for all reactions in 

this group. 
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4.5.6 QOOH → alkene + HO2 

Similar to the discussions in Section 4.5.4, Bugler et al. [54] provided the recommended 

rate rules established from the computational studies of Villano et al. [207] and Miyoshi [188] 

and were employed for this reaction class. The general rate constant expression is given as: 

k = 1010.26 × T0.79 × exp(-7599.4/T) s-1 

Additionally, the QOOH formed from a six-member ring can go through 𝛽 -scission. 

Mohamed et al. [56] updated the rate constant of this route, which is about forty times faster 

than the original value from Curran et al. [52]. From the simulation perspective, this boost 

shows rather negligible effects, implying that this channel is less significant during the 

combustion process. Thus, the rate constant expression remains unchanged. 

4.5.7 Isomerization: OOQOOH → Ketohydroperoxide + OH 

The production of ketohydroperoxide and OH through isomerization of OOQOOH is 

essential to chain branching at low temperature conditions. An example of a seven-member 

ring (1,6-H) formation is depicted in Figure 4.23.  

                  

Figure 4.23 Example of a 1,6H type sp isomerization of OOQOOH: C8OOH7-OO4-2 ⇌ C8KET7-4-2 + 
OH: s indicating the position of -OO∙ and p indicating the position of the hydroperoxyl group. 

Previously, investigators have commonly employed the rate rules from Curran et al. [51] 

for this pathway, which treated it as the analogy of RO2 isomerization with a reduction of  

3 kcal ∙ mol-1 for the activation energy because the additional hydroperoxyl attached to the 

carbon consequently should make the H atom abstraction easier. From the initial sensitivity 

analysis, only one reaction of the 1,5-H type ps is highlighted in the rich case at 670 K, 

indicating a lack of activity in this class. Both Sharma et al. [205] and Miyoshi [188] calculated 

the coefficients of the high-pressure limit for this class. More recently, Mohamed et al. [208] 

studied the effects of hydrogen bonding on several reaction routes emphasized at 
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intermediate temperature, and provided modified parameters for a group of butane 

OOQOOH radicals from ring size five to seven. 

Similar to their expressions of RO2 isomerization, Sharma et al. [205] were not particularly 

concerned with the conditions for the tertiary carbon bond and presented only two types of 

rate constants for the 1,7-H isomerization. Hence, the rate constants of these reactions were 

generated based on their RO2 analogy as Curran et al. [51] suggested. For the transition types 

whose rate constants are available for both isomerization classes, the calculated values of a 

few examples were compared and displayed in Figure 4.24.  

 

Figure 4.24 Comparisons of the three types of rate constants between OOQOOH isomer and RO2 
isomer: RO2 from Sharma et al. [205] and OOQOOH from Sharma et al. [205] and Miyoshi [188]. 
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sp, the results of OOQOOH are 40 to 50 times faster than their RO2 rates. On the other hand, 

the rates of Miyoshi [188] are generally greater than the rates of RO2 isomerization by an 

order of magnitude or more. Importantly, the -OOH group that is attached to a tertiary carbon 

is quite important as the sensitivity indicated, while its transition does not follow the same 

rule as the other OOQOOH radicals because this structure is quite unstable and the 

hydroperoxyl will quickly break and form a carbonyl. Consider the reaction  

C8OOH2-OO4-2 ⇌ C3H6 + OH + IC5KETDB as an example. The -OO∙ connected to the fourth 

carbon abstracts the H atom on the sixth carbon and forms a six-member ring of type ss. 
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Hence, the isomerization of this OOQOOH follows the rules of RO2 isomerization, and in the 

current condition, the rules of Sharma et al. [205] will be employed for these reactions. 

Updated rate rules were examined with the use of the stoichiometric case and the results 

are shown in Figure 4.25. Compared with experimental data, both references show that the 

reactivities at low and intermediate temperatures are largely increased and to some extent 

underpredict the ignition. The ignition delay time of Miyoshi [188] is about 20% quicker than 

that predicted by Sharma et al. [205] at T < 900 K. In addition, rate rules from Mohamed et 

al. [208] were applied to a few reactions and then combined into other reactions with the 

rates of Sharma et al. [205], and only marginal differences were observed. The main issue of 

the current model is the intermediate range, as the ending of the NTC region of Sharma et al. 

[205] and Miyoshi [188] has been increased by 40 K and 80 K, respectively, thus indicating an 

imbalance of chemistry between low and intermediate temperatures. As Figure 4.24 

suggested, an over-increase of ignition at low temperature conditions may conversely 

suppress the activities around the NTC region. Thus, isomerization rates of both RO2 and 

OOQOOH will be further discussed in Section 4.5.9. 

 

Figure 4.25 Simulations of the updated rules from class one to seven, compared to the original 
model and experiments: rates of OOQOOH isomerization employed from Miyoshi [188] and Sharma 

et al. [205]. 
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ketohydroperoxide may have different thermochemistry properties, and the activation 

energy is set to be 43 kcal ∙ mol-1. Sarathy et al. [105] utilized the activation energy of  

39 kcal ∙ mol-1 from the modification of Mehl et al. [94] to better predict the 2-methylheptane 

model. Limited investigations can be found regarding this pathway. Jalan et al. [209] 

employed a propane model to study the new reaction pathway of 𝛾- ketohydroperoxide with 

theoretical approaches. For larger hydrocarbons, however, the carbonyl will quickly break 

down into smaller oxygenated species. Zhang et al. [206] describe the decomposition process 

of their n-hexane simulation in two separate parts with an intermediate C6 carbonyl radical, 

and the activation energy chosen for the first part is close to the suggested value from Jalan 

et al. [209]. This approach may not be suitable for the current case, also to simplify the 

mechanism, the original reactions and rates hence remain unchanged. The expression is given 

as follows: 

k = 1016 × exp(-19627.58/T) s-1 

4.5.9 Additional optimization 

Experiments of 2-methylheptane/air ignition with the use of a shock tube at 20 atm show 

that the intermediate regions start roughly from 800 K to 880 K at all three equivalence ratio 

conditions. As pointed out in Section 4.1, despite the relatively large discrepancies in ignition 

delay time, the temperature ranges of the original modelling correspond well to the 

measurements. The current NTC regions of the modified model are all extended by 40-80 K 

depending on the sources of RO2 and OOQOOH isomerization, and little improvements are 

shown once the temperature rises higher than about 1000 K. Thus, the aim of these additional 

changes in the rate rules is to refine the shape of the computational graphs and in particular 

the combustion chemistry at temperature regions from 850 K to 1000 K, while keeping the 

differences in the ignition delay time between experiments and simulations at a reasonable 

level.  

The first attempt is to refine the reaction rates of the second oxygen addition by 

multiplying by 0.5 all the A factors of the first oxygen addition. Also, since multiple sources of 

isomerization of RO2 and OOQOOH are available, different combinations of these two 

reaction groups were examined. Test modelling shows that the updated rules of QOOH + O2 

in general correspond better with experiments, but the ending of the NTC range is still 

increased by 40 K at best. The subsequent step is to adapt chemical reactivities at low and 
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intermediate temperatures. From the observations, results with the use of RO2 rules from 

Villano et al. [189] and Sharma et al. [205] are quite similar and the prediction from the latter 

at low temperatures was marginally better, hence the results of Sharma et al. [205] were 

selected. Manipulations are focused on the OOQOOH radicals as their subsequent reactions 

strongly enhance the chain branching activity at lower temperatures. The rules of Miyoshi 

[188] were selected to represent the isomerization of OOQOOH because the differences 

between OOQOOH rules from Miyoshi [188] and RO2 rules from Sharma et al. [205] are quite 

consistent with each transition type around the targeted temperature regions. From the 

examination, the activation energy of all the reactions of OOQOOH isomerization is suggested 

to increase by 3 kcal ∙ mol-1 than the original value so that the modelling of the NTC range can 

fit better with the experimental data. Modified rate constants of the OOQOOH isomerization 

were subsequently calculated and compared with the RO2 rates of the same reaction type, as 

presented in Figure 4.26.  

 

Figure 4.26 Comparisons of the three types of rate constants between the refined OOQOOH isomer 
and RO2 isomer. 

At 500-800 K, the rates of alkyl peroxyl are slightly quicker than OOQOOH for 1,5-H ss and 

1,6-H ss, and for 1,4-H sp, rates of OOQOOH are now 2.5 times faster than RO2, which was 

previously about 25 times faster. The current model corresponds decently with the theory of 

Curran et al. [51] of the analogy between these two reaction groups, and the modified rate 

rules are applied for examinations. Compared to the results before this adjustment (Cond.0 
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1.0 1.5 2.0

-5

0

5

L
o

g
 (

k
/s

-1
)

1000/T

 1,4 sp, OOQOOH refined

 1,4 sp, RO2

 1,5 ss, OOQOOH refined

 1,5 ss, RO2

 1,6 ss, OOQOOH refined

 1,6 ss, RO2



114 

 

affected, which was reduced by approximately 50%. The influence on the low temperature 

chemistry at 650-750 K is relatively less, as the ignition delay time is greater than the initial 

value by 35%. 

Next, it is indicated from the initial sensitivity analysis that H abstraction from fuel by HO2 

is the most prominent class at higher temperature combustion. To further increase the model 

reactivity at 850-1000 K, the upper limit of this class from Mohamed et al. [56] was employed, 

meaning that the original pre-exponential factor is increased by a factor of 4 for all three 

carbon types. Certain levels of errors are expected, as the reaction group between the fuel 

and HO2 lacks either experimental or theoretical validations. Since this class elevates the 

ignition process more at T >  900 K than T <  900 K, the increase of Ea for OOQOOH 

isomerization is consequently adapted to 2.8 kcal ∙ mol-1 to less suppress the reactivity around 

the low and NTC region (e.g., 19100 cal ∙ mol-1 → 21800 cal ∙ mol-1). By employing these new 

adjustments, the optimized simulation is shown in Figure 4.27. Compared to the earlier 

modification, which only increases the A-factor by a factor of 1.5 in the secondary carbon 

reactions, the chemistry at 870-950 K is the most influenced with the ignition delay time 

reduced approximately by 80%. Improvements at high temperatures can also be observed, 

from 1000 K to 1100 K the reactivities are promoted by 60%. In addition, no obvious 

differences in the simulation are shown at T < 800 K. With these optimization approaches, 

the current model can reasonably predict the ignition delay time in terms of both the graph 

shape and result level.  

 

Figure 4.27 Optimized model of the stoichiometric 2-methylheptane/air combustion at 20 atm, 
compared to the original and cond.0. 
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4.6 Evaluation of the updated mechanism 

Figure 4.28 shows the results of the optimized 2-methylheptane model at lean, 

stoichiometric, and rich conditions at 20 atm.  

 

 

 

Figure 4.28 Ignition predictions of the optimized 2-methylheptane model at 20 atm, compared to the 
original result and experiments: (a) 𝜑 = 0.5; (b) 𝜑 = 1; (c) 𝜑 = 1.5.  
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In the stoichiometric and rich cases, current simulations correspond excellently with the 

experimental results. Compared with the original results by using the NUIG core mechanism 

and original thermochemical properties, the computational combustion process shows the 

most improvements at the temperature ranges of 870-1000 K and 650-700 K, which is 

approximately faster by 55% for the stoichiometric condition and at the rich case, the ignition 

is enhanced by a factor of 1.3. Also, upgrades are observed in the regions of low to 

intermediate temperatures (700-870 K) and higher temperatures (1000-1100 K), which is 

about 40% when 𝜑  = 1 and 75-90% when 𝜑  = 1.5. The lean case demonstrates the least 

differences. In the NTC range, the ignition is improved by 50%, however, the transition from 

NTC to higher temperature is decreased by 40 K, which becomes 830 K now. 

A new sensitivity analysis is subsequently conducted at six temperature conditions. Since 

the result of the rich case is comparatively better, only the stoichiometric and lean cases are 

shown in Figure 4.29, together with their respective original sensitivity results. The chemistry 

at low temperatures (650 K <  T <  750 K) has been greatly changed and noticeably, no 

reactions of RO2 isomerization are detected while a group of them was highlighted in the 

original analysis. On the other hand, reactions between the fuel and OH radical becomes more 

significant, although the effects on different fuel radicals appear to be inconsistent. At 670 K, 

abstraction on the tertiary bond shows a negative trend while it is positive for the radical on 

the primary carbon g. At 740 K and 800 K, the abstraction on the secondary carbon d also 

indicates a positive sensitivity. This may be due to the more substantial increase of the 

reaction on the tertiary carbon compared to the other two carbon types as displayed in Figure 

4.16, which reversely discourages the chemical reactivity. Noticeably, small radical reactions 

are much more involved in this temperature range while previously only the decomposition 

of hydrogen peroxide and 2HO2 ⇌  H2O2 + O2 are dominant influences. For instance,  

HO2 + CH2O ⇌  H2O2 + HCO becomes quite important in both the stoichiometric and lean 

conditions. At the intermediate region, H2O2 + M ⇌ 2OH + M remains the most significant 

reaction which promotes the enhancement of the combustion process, followed by  

2HO2 ⇌ H2O2 + O2 which reduces the reactivity. Also, other combustion aspects at this region 

are relatively modified, concerted elimination, second O2 addition, and isomerization of 

OOQOOH are all highlighted while the original sensitivity mainly contains the class of RO2 

isomerization. The H abstraction by HO2 begins to demonstrate the importance around the 
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end of the NTC region (870 K) and from T > 900 K, the sensitivity of the current mechanism is 

quite similar to the original results.  
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Figure 4.29 Sensitivity analysis of the updated mechanism at the stoichiometric and lean conditions: 
(a) 670 K; (b) 740 K; (c) 800 K; (d) 870 K; (e) 910 K; (f) 1000 K
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The reaction pathway is also plotted and analysed with the use of Chemkin. An example at 

800 K and the stoichiometric condition is shown in Figure 4.30, compared with the original 

results. Among the seven total fuel radicals, the one where the H abstraction takes place on 

the tertiary carbon undergoes the most change, from the least branching ratio (12.1%) to the 

most (23.7%). The radical abstracted on the first carbon was previously the most prominent 

branch, which was 17.1% and now it is around 16.2%. The ratios of the radicals abstracted on 

the secondary carbon were all identically 15.5% before and now they vary from 11% to 16%, 

which in general does not show substantial differences. For the corresponding RO2 of each 

fuel radical, concerted elimination is relatively less important for the -OO∙ positioned at the 

primary and secondary carbons but increased by 10% for -OO∙ at the tertiary carbon. After 

the isomerization, the formed QOOH radicals can go through three channels, and these are 

second oxygen addition, cyclic ether formation, and production of olefin. Among all the QOOH 

radicals that can be produced from a given RO2, the QOOH that can experience all three routes 

are usually less likely to be formed. A few examples were chosen to show the subsequent 

chain branching processes. For C8OOH1-2b and C8OOH4-2c, the route of cyclic ether is largely 

increased while the second oxygen addition is much less significant, and the proportion of 

alkene production is also comparatively reduced. For C8OOH2-2e that does not produce 

olefins, the second O2 addition becomes more important which improves by 25%, and the 

ratio of cyclic ether formation is consequently decreased. These results show the scale of the 

impacts of these updated rate rules and how one reaction class may affect the entire chain 

branching sequences. 

The main concern of the present model is the considerably increasing impacts of the fuel 

radical on the tertiary carbon, which is mainly related to the new rules in the H abstraction by 

OH. Therefore, more research is recommended to validate the current source. Also, the H 

abstraction by HO2 is prone to uncertainty as few up-to-date investigations are available, and 

this model utilized the upper limit value from a previous computational study of  

2-methylhexane. Furthermore, the simulation at high temperatures (T >  1100 K) shows 

negligible improvements, although this part of the kinetics is rather dependent on the 

performance of the C0-C4 chemistry. 
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Figure 4.30. Reaction pathway of stoichiometric 2-methylheptane at 20 atm and 800 K: new % is in bold and original % is in brackets. 
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4.7 Summary 

In this chapter, the mechanism optimization of 2-methylheptane mixtures is explored in 

detail using a closed homogeneous batch reactor of ANSYS Chemkin Pro and the predicted 

results are validated against the ignition delay time from shock tube experiments. The 

mechanism from Wang et al. [106] was chosen to run the initial simulations, which were 

operated at 650-1350 K and 20 atm for three equivalence ratio conditions, followed by the 

sensitivity analysis at various temperatures. Next, simulations of kerosene and S-8 fuel 

surrogates were performed to examine the quality of two detailed mechanisms from the 

NUIG and CRECK research groups, and modelling results were validated against experimental 

data of ignition delay time and laminar flame speed. The C3MECHV3.3 mechanism [120] from 

NUIG was chosen, hence the reaction classes related to the low temperature combustion of 

Wang et al. [106] were subsequently incorporated with their core chemistry. Further 

manipulation of the kinetics and thermodynamic properties is based on this combined 

mechanism.  

New thermodynamic data related to the 2-methylheptane combustion was first calculated 

based on the group additivity method, and new group values were adopted from Burke et al. 

[148] with additional corrections. By using the updated thermochemical data, the new model 

shows that the reactivities around the NTC region are reduced by a factor of two. Next, five 

individual reactions selected from the sensitivity results were inspected, and the results 

indicate that the kinetics quality of C0-C4 in C3MECHV3.3 is reasonably good, hence the rate 

constants are suggested to remain unchanged.  

The most significant section in this chapter is the investigation of updated rate rules of ten 

reaction classes that are key to the chain branching process around the low and intermediate 

temperature conditions. A compilation is shown in Table 4.4 and some refinements regarding 

their corresponding group is also added. Optimized simulations show great improvements at 

T < 1100 K compared to the previous models, especially the modelling of the stoichiometric 

and rich cases, which correspond excellently in the low and intermediate temperature ranges. 

The prediction of the lean condition is relatively less influenced and some upgrades at the 

NTC region are suggested. Sensitivity and reaction pathway analysis were subsequently 

conducted and discussed in detail, to show the scale of the impacts of these optimization 

approaches and certain issues and uncertainties in the current kinetic model.  
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Table 4.4 Compilations of updated rate rules with modifications. 

Reaction class References of 
rate rules  

Comments (if applicable) 

H abstraction by OH [175, 176]  

R + O2 → RO2 and 
second O2 addition 

[188] 
Rules of second O2 addition are half as the first O2 

addition. 

RO2 → QOOH [205] 

For reactions without given rate rules, using nearest 
analogy and A × 0.5. 

Example: C8H17OO-3-2 → C8OOH3-2f, 1,6-H ss 

Utilized rules of 1,6-H ps 

Concerted elimination [54]  

Cyclic ether form [207] All A factor × 0.5. 

QOOH → olefin + HO2 [54]  

Isomerization of 
OOQOOH 

[188] 

All Ea + 2.8 kcal ∙ mol-1 

Reactions with -OOH on the tertiary carbon follow the 
rules of RO2 isomerization 

Ketohydroperoxide 
decomposition 

[105] Original value unchanged 

H abstraction by HO2 [56] Errors are expected 
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CHAPTER 5 

EXPERIMENTAL RESULTS AND ANALYSIS 

In this chapter, temperature measurements by using both the thermocouples and OH LIF 

thermometry are initially presented and discussed. Next, detailed quantifying of the OH and 

NO PLIF for the three liquid fuels is provided. Regarding the model validations, the detailed 

mechanism containing 537 species and 18250 reactions from CRECK modelling [119, 144, 210] 

is utilized for the liquid fuels, because the C3MechV3.3 mechanism has significant difficulties 

in simulating 1-D premix model, as explained in Section 4.2. As for the references fuels,  

GRI-Mech 3.0 mechanism [30] will be employed to model the CH4/air flame and Okafor et al. 

[64] will be utilized to simulate the CH4/NH3/air flame. In addition, the height above burner is 

abbreviated as “HAB” in the following descriptions. 

5.1 Temperature measurements 

Before the discussions of the measured temperatures in the targeted flames, the adiabatic 

temperature of each flame condition was initially estimated, to provide a general indication 

of the maximum temperature that can be achieved in the targeted flames.  

The calculations were carried out by using the model of the chemical and phase 

equilibrium calculations from Chemkin, and this model only requires the thermodynamic data 

of all the relevant species. The problem type employed is constant pressure enthalpy, and the 

initial reactants, temperature, and pressure are required to set up the model. From 

experience, it is found that the room temperature of the laboratory is quite stable and is 

commonly between 20-21 ℃ , hence the inlet temperature is set to 293 K and the initial 

pressure is set to 1 atm for the conditions of the gas fuels. As for the liquid fuels, the initial 

temperature is the temperature of the heated burner, which is 453 K as explained in Section 

3.1. The compilation of the predicted results is presented in Table 5.1. It can be observed that 

for each fuel, the flame at the stoichiometric condition has the highest value, and the 

temperature of the rich condition is slightly higher than the lean condition. Also, the 

temperatures of the liquid fuels appear to be at a higher level than the two gaseous fuels, and 

the flame temperatures of CH4/NH3/air are at a lower level than the pure methane flames.  
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Table 5.1 Simulated equilibrium temperature (K) of each interested flame. 

Flame 
Equivalence ratio 

1.30 1.00 0.84 

CH4/air 2054.5 2222.1 2050.7 

CH4/NH3/air 2040.8 2211.5 2038.0 

Kerosene 2256.1 2351.6 2212.4 

Surrogate A 2242.4 2344.2 2203.9 

Surrogate B 2243.1 2344.6 2204.4 

Importantly, the adiabatic flame temperature is the maximum temperature of a specific 

fuel mixture oxidizing in a system without heat losses [24], while in the practical environments, 

the flame will exchange heat with the surroundings, hence the actual temperature is likely to 

be lower than the adiabatic value. However, the degree to which the measured temperature 

deviates from the ideal condition is largely unknown and also may differ depending on the 

specific experimental setup. For example, Doute et al. [76] measured the kerosene/air at  

1 atm with the use of a flat-flame burner, and their results show that for the flame condition 

of equivalence ratio of 1.7, the temperature measured by thermocouples reaches the 

maximum value around 1770 K at the distance of 2-2.5 mm above the burner surface. By using 

the same equilibrium model from Chemkin and applying the inlet temperature of 473 K, the 

calculated adiabatic temperature is 1981.5 K, which is about 12% higher than the measured 

result. In conclusion, some level of discrepancy is expected, and the simulated temperatures 

are utilized as a reference to show that the obtained temperature data from the following 

experiments is realistically possible. 

5.1.1 Correction of thermocouple 

As stated in Section 3.3.1, the corrected temperatures (Tc) are calculated by using equation 

3.2, and the temperature results of the CH4/air, CH4/NH3/air, and kerosene flames are 

presented in Table 5.2, Table 5.3, and Table 5.4, respectively. 
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Table 5.2 Temperature profiles of CH4/air flames by using the thermocouples (type P13R-005). 

HAB/mm 𝜑 = 1.30 𝜑 = 1.00 𝜑 = 0.84 

 Tm/K Tc/K Tm/K Tc/K Tm/K Tc/K 

0.0 899.0 915.3 1359.6 1444.7 1353.2 1433.2 

0.2 1246.7 1310.0 1485.6 1608.5 1429.8 1530.4 

0.4 1460.1 1582.0 1556.0 1704.9 1476.0 1590.7 

0.6 1557.3 1716.4 1686.1 1893.7 1556.4 1699.4 

0.8 1622.1 1810.5 1737.4 1972.5 1659.6 1846.1 

1.0 1667.6 1878.8 1751.6 1994.8 1709.5 1920.2 

1.2 1699.1 1927.4 1748.8 1990.3 1735.5 1959.8 

1.4 1720.8 1961.4 1739.8 1976.2 1742.6 1970.7 

1.7 1732.7 1980.2 1732.1 1964.2 1740.1 1966.8 

2.0 1730.5 1976.7 1726.1 1954.9 1739.3 1965.7 

2.5 1720.3 1960.6 1713.3 1935.2 1735.2 1959.3 

3.0 1711.4 1946.5 1710.7 1931.2 1732.2 1954.8 

5.0 1696.9 1923.9 1698.3 1912.3 1721.2 1938.0 

10.0 1690.6 1914.2 1684.6 1891.4 1701.6 1908.3 

Table 5.3 Temperature profiles of CH4/NH3/air flames by using the thermocouples (type P13R-002). 

HAB/mm 𝜑 = 1.30 𝜑 = 1.00 𝜑 = 0.84 

 Tm/K Tc/K Tm/K Tc/K Tm/K Tc/K 

0.0 1227.6 1257.5 1425.5 1477.7 1344.1 1383.4 

0.2 1469.9 1533.0 1583.4 1664.1 1460.9 1516.4 

0.4 1621.3 1715.9 1674.5 1776.2 1678.1 1776.5 

0.6 1717.7 1837.9 1818.3 1961.4 1817.3 1954.3 

0.8 1790.3 1933.0 1882.3 2047.3 1868.9 2022.6 

1.0 1831.1 1987.6 1894.3 2063.7 1877.4 2034.0 

1.2 1851.7 2015.6 1878.7 2042.5 1860.6 2011.5 

1.4 1858.3 2024.8 1862.3 2020.2 1846.6 1992.8 

1.7 1853.4 2018.1 1852.4 2006.9 1828.9 1969.4 

2.0 1841.5 2001.8 1839.5 1989.6 1815.2 1951.5 

2.5 1831.8 1988.7 1820.1 1963.7 1801.9 1934.0 

3.0 1820.7 1973.6 1812.8 1954.1 1791.9 1921.1 

5.0 1796.3 1962.1 1795.1 1930.7 1768.6 1890.9 

10.0 1785.2 1940.9 1772.3 1900.9 1739.5 1853.7 
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Table 5.4 Temperature profiles of kerosene/air flames by using the thermocouples. (Rich condition: 
type P13R-005, stoichiometric condition: type P13R-003) 

HAB/mm 𝜑 = 1.30 𝜑 = 1.00 

 Tm/K Tc/K Tm/K Tc/K 

0.0 1251.0 1309.2 1372.6 1427.4 

0.2 1449.9 1557.1 1508.3 1589.3 

0.4 1606.5 1770.5 1667.5 1790.3 

0.6 1697.4 1903.3 1780.8 1941.9 

0.8 1760.7 2000.3 1865.9 2061.4 

1.0 1773.2 2020.0 1880.4 2082.2 

1.2 1778.2 2027.8 1872.4 2070.8 

1.4 1772.3 2018.4 1864.8 2059.9 

1.7 1763.9 2005.3 1859.4 2052.2 

2.0 1757.6 1995.4 1853.0 2043.0 

2.5 1746.2 1977.7 1841.2 2026.3 

3.0 1739.7 1967.7 1837.0 2020.2 

5.0 1726.0 1946.7 1812.3 1985.6 

10.0 1711.3 1924.2 1808.8 1980.7 

For each fuel, the highest level of maximum temperature is achieved at the stoichiometric 

condition, and the peak temperature of the lean and rich conditions are rather close, which 

is consistent with the observations of the equilibrium temperatures. In terms of the absolute 

values, although the peak temperatures of each equivalence ratio condition of the fuels are 

all lower than their respective adiabatic temperature, the flames of CH4/NH3/air appear to be 

relatively hot, with all three conditions having a maximum temperature of over 2000 K. At a 

given flame condition, the peak of the CH4/NH3 blend is consistently about 50-60 K greater 

than the peak of the pure methane, while the thermodynamic theory in Table 5.1 

demonstrates an opposite trend, suggesting that either one or both measurements of the 

flames has significant uncertainty. Although the two fuels are not measured by the same 

thickness of thermocouples, for the sake of consistency, the same method of radiation 

correction was applied. However, in practice, the impacts of the coating on the emissivity of 

the bead and the bead diameter may not be directly comparable on different wires. Also, 

depending on how the coating is being made, if part of the bare wires emerges in the flame, 

the measurements will be affected to some extent. Nevertheless, the measured temperatures 
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of the ammonia/methane mixtures are considered a little too high and certain errors are 

expected, particularly in the subsequent quantifying of the NO PLIF results. In addition, 

regarding the general shape, rich conditions of all three types of fuels produce the most 

reasonable profiles and the peak positions are reached at 1.7 mm, 1.4 mm, and 1.2 mm for 

methane, methane/ammonia blend, and kerosene, respectively.  

Apart from the maximum values, another concern of error is the profiles of the 

stoichiometric and lean conditions, as the initial temperatures are all at a relatively high level 

and the propagating of the temperature at the region of 0-1 mm is less smooth compared to 

the rich conditions. Figure 5.1-5.3 demonstrate the temperature variation along the increase 

in height in detail. The phenomenon can be traced back to the determination of the position 

of the burner surface, and the potential cause of the high initial temperature may be due to 

the flame formed is a little below the diffuser plate. Also, for the flame conditions where type 

P13R-005 was employed, since the wire is generally thicker, even if the flames are produced 

above the plate, it is still difficult to manage a reasonable temperature reading at the position 

0 mm. Therefore, it is sensible to assume that the temperatures obtained at 0 mm at the 

stoichiometric and lean conditions have an offset of +0.1 mm to +0.3 mm, which consequently 

affects the entire shape of the profiles.  

 

Figure 5.1 Corrected temperature profile of CH4/air flames in three equivalence ratio conditions. 
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Figure 5.2 Corrected temperature profile of CH4/NH3/air flames in three equivalence ratio 
conditions. 

 

Figure 5.3 Corrected temperature profile of kerosene/air flames in two equivalence ratio conditions. 
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the liquid fuels, only the kerosene flames at the rich and stoichiometric conditions have been 

obtained. The general shape, temperature propagation, and the corrected values of the 

thermocouple data are utilized as a reference to compare and determine the quality of the 

temperature data measured by OH LIF thermometry in the subsequent section. 

Additionally, the corrected temperatures compiled in Table 5.2-5.4 were calculated based 

on the assumption of the fuel from the whole plate (A2). Theoretically, another boundary 

condition of area A1 can be utilized for temperature correction. Table 5.5 compiles and 

compares the peak temperature of each equivalence ratio condition of the fuels, with the use 

of two total flow rates listed in Table 3.1 and Table 3.2. Results show that wire type P13R-005 

leads to the largest discrepancy, which is about 55 K, and type P13R-002 has about 40 K 

difference between two boundary flow rates. Realistically, the temperature should be 

somewhere in between these two values. The impacts of these two profiles are directly 

reflected in the model predictions, and an example of the simulated OH mole fraction of the 

pure methane flames at the rich condition is displayed in Figure 5.4. The OH mole fraction 

reached the maximum at 1.2 mm and 1.35 mm for A1 and A2, respectively. The general shapes 

are also quite similar, as the proportion of the remaining product is 17.2% for A1 and 22.8% 

for A2. The only major difference is the absolute value, with the maximum temperature of the 

A1 being approximately 2-3 times greater than the peak of the A2. 

Table 5.5 Impacts of different flow rate with the reference of the peak temperature. 

Fuel  Equivalence ratio TA1/K TA2/K ∆/K 

CH4/air 1.30 1921.9 1980.2 58.3 

 1.00 1937.5 1994.8 57.3 

 0.84 1917.0 1970.7 53.7 

CH4/NH3/air 1.30 1985.6 2024.8 39.2 

 1.00 2023.8 2063.7 39.9 

 0.84 1997.2 2034.0 36.8 

Kerosene 1.30 1969.0 2027.8 58.8 

 1.00 2034.7 2082.2 47.5 
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Figure 5.4 Simulated OH mole fraction of the CH4/air at the rich condition, with the temperature 
profiles calculated by two area boundaries, respectively. 

5.1.2 Temperature results obtained from OH LIF thermometry 

Temperature data obtained from OH LIF thermometry for liquid fuels are discussed as 

follows. Firstly, experiments show that it is quite difficult to record a reasonable profile, and 

the collected data on the lean conditions of the targeted flames is primarily regarded as 

deficient, and the discussion of this challenge and suggestions for future research will be 

provided in Section 5.1.4. Therefore, only the temperature results at the stoichiometric and 

rich conditions are included in the subsequent analysis. 

After obtaining the ratio of the two selected signals from the PLIF recording, the 

temperature can be calculated by using the equations in Figure 3.18 and Figure 3.19. It is 
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The temperature profiles measured by the two transition pairs are not similar and shall be 

discussed separately. For the transition pair of R2(13)/P1(2), there are two types of graphs that 

both correspond well to the general shapes of temperature results from the literature. 

However, the detailed aspects are quite different and data refinements are required 

accordingly to ensure a smooth and consistent graph. The first type of graph is commonly for 

the rich condition and Figure 5.5 shows an example of both the raw data and the temperature 

points selected based on their original measurements. The result demonstrates a reasonable 

trend at the height of approximately 0-7 mm above the burner surface. When the distance 

further increases and the flame mixture is more exposed to the open air, the temperatures 

start to increase, as shown by the red part in Figure 5.5 (a). This upward tendency offers little 

meaningful insights since the combustion is coming to an end in this region, thus an arbitrary 

temperature has been set at the distance of 10 mm to indicate the termination of the process 

and the value is set to be relatively lower than the previous data point.  

 

Figure 5.5 An example of the temperature profile obtained from OH LIF thermometry with the 
R2(13)/P1(2) pair, type 1: (a) the raw data of the rich condition of surrogate A; (b) the refined 

temperature data. 
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Figure 5.6 An example of the temperature profile obtained from OH LIF thermometry with the 
R2(13)/P1(2) pair, type 2: (a) the raw data of the stoichiometric condition of kerosene; (b) the refined 

temperature data. 

For the transition pair of R2(2)/R1(12), typically measured result is shown in Figure 5.7. 

Similar to the type 1 of the R2(13)/P1(2) pair, the graph indicates a decent temperature 

progress with the change of the distance above the burner, until it approaches the end of the 

process the temperature starts to increase. Hence, an arbitrary value is also given at the 

distance of 10 mm based on the smoothness of the general graph. Importantly, unlike the 

thermocouple measurements where the temperature value at the end of the combustion 

region is relatively certain, the data at this area obtained from OH LIF thermometry is merely 

an estimation. Therefore, the approximation may influence the shape of the simulated OH 

mole fraction to some degree and a certain level of error is expected. 

 

Figure 5.7 An example of the temperature profile obtained from OH LIF thermometry with the pair 
of R2(2)/R1(12): (a) the raw data of the rich condition of kerosene; (b) the refined temperature data. 
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stoichiometric and rich case of the kerosene flames, it can be observed that the results from 

the pair of R2(13)/P1(2) have a higher level of maximum temperature than the result from the 

pair of R2(2)/R1(12), with the difference being about 150 K for the rich condition. Regarding 

the propagation of the temperature, around near the burner surface, the temperatures from 

the R2(13)/P1(2) pair appear to be already at a quite high level. Take the rich condition of 

kerosene for instance, the flame starts around 1200 K from both transition pairs, and the 

temperature is already 1850 K at 0.11 mm from the result of the R2(13)/P1(2) pair, while the 

value from the R2(2)/R1(12) pair at the same distance is only 1400 K. At the region of  

0-0.5 mm, the steadier temperature growth measured by the R2(2)/R1(12) pair on the other 

hand, is quite agreeable with the profiles measured by the thermocouples. In terms of the 

position where the peak temperature is achieved, for the R2(13)/P1(2) pair it is reached 

around 1.8-2.5 mm above the burner surface, which correspond reasonably with the results 

from the literature. For the R2(2)/R1(12) pair, the position is around 1-1.3 mm, which is in 

decent agreement with the thermocouple measurements from Section 5.1.1.  

Table 5.6 Temperature profiles of the kerosene flames by using OH LIF thermometry. 

𝜑 = 1.30 𝜑 = 1.00 

R2(2)/R1(12) R2(13)/P1(2) R2(2)/R1(12) R2(13)/P1(2) 

HAB/mm T/K HAB/mm T/K HAB/mm T/K HAB/mm T/K 

0.0 1201.8 0.0 1215.4 0.0 1453.0 0.0 1286.4 

0.11 1396.9 0.04 1451.7 0.06 1511.5 0.08 1428.7 

0.17 1541.9 0.11 1855.7 0.17 1646.1 0.18 1697.2 

0.28 1713.7 0.55 1991.1 0.28 1744.0 0.25 1843.9 

0.39 1819.7 1.57 2037.0 0.45 1836.7 0.65 1881.0 

0.62 1884.0 2.10 2061.5 0.67 1880.6 1.28 1905.4 

0.90 1913.3 3.56 2039.2 1.07 1922.3 2.46 1939.6 

1.29 1878.8 5.67 2028.2 1.74 1898.4 3.94 1909.0 

2.14 1834.6 7.55 2002.9 2.98 1869.8 4.74 1895.2 

4.67 1797.7 8.27 1992.8 4.10 1851.1 5.79 1872.0 

7.13 1784.6 10.0 1990.0 6.23 1838.0 10.0 1850.0 

10.0 1770.0     10.0 1820.0   
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Table 5.7 Temperature profiles of the surrogate A flames by using OH LIF thermometry, transition: 
R2(13)/P1(2). 

𝜑 = 1.30 𝜑 = 1.00 

HAB/mm T/K HAB/mm T/K 

0.0 1241.6 0.0 1368.2 

0.22 1538.3 0.09 1505.2 

0.31 1793.2 0.18 1746.7 

0.45 1874.4 0.49 1886.0 

1.11 1912.2 1.20 1934.1 

2.09 1946.7 1.92 1951.8 

2.54 1959.3 2.89 1935.6 

4.01 1926.7 4.05 1918.8 

5.25 1903.4 5.34 1899.2 

8.55 1878.9 6.28 1880.7 

10.0 1875.0 9.93 1858.5 

  10.0 1858.0 

Table 5.8 Temperature profiles of the surrogate B flames by using OH LIF thermometry: the rich 
condition is from the R2(13)/P1(2) and the stoichiometric condition is from the R2(2)/R1(12). 

𝜑 = 1.30 𝜑 = 1.00 

HAB/mm T/K HAB/mm T/K 

0.0 1211.1 0.0 1056.7 

0.06 1479.5 0.11 1331.7 

0.23 1752.5 0.23 1627.1 

0.45 1841.9 0.34 1727.5 

1.01 1907.9 0.56 1827.6 

1.74 1953.3 0.79 1854.9 

2.76 1922.7 1.35 1869.1 

4.59 1892.9 1.97 1846.0 

7.12 1871.5 3.20 1831.8 

10.0 1860.0 4.66 1808.2 

  6.96 1794.4 

  10.0 1785.0 

Importantly, as discussed in Section 3.3.2, the determination of wavelength peak directly 

influences the temperature output and from experience, the visual observation of a given 
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transition can result in an uncertainty of ±0.001 nm, particularly for weaker signals. Table 5.9 

and Table 5.10 compile the temperature differences between actual and ideal conditions for 

the two transition pairs, respectively. For the pair of R2(13)/P1(2), the recording of R2(13) is 

more prone to errors, as P1(2) has relatively strong intensity and shows little temperature 

variation (Figure 3.15). If the actual wavelength of R2(13) is away from the peak by 0.001 nm, 

the modified ratio may lead to a temperature value that is approximately 130 K smaller than 

the ideal result. For the pair of R2(2)/R1(12), the intensities of both signals are similar although 

R2(2) is slightly less intense (Figure 3.16). If the actual wavelength of R2(2) is away from the 

peak by 0.001 nm, the modified ratio can result in a temperature value that is about 160 K 

greater than the ideal result. The calculations only provide an insight into the uncertainty 

scale, as in practice, both transitions of a given pair may be away from the peak wavelength 

by different margins. 

Table 5.9 Uncertainty calculation of the R2(13)/P1(2) pair at 1500 K, note: ∆ = Tlimit - Tideal. 

 Simulated 
wavelength of 

R2(13)/nm 

Simulated 
intensity of 

R2(13) 

R2(13)/P1(2) 
ratio 

Temperature/K ∆/K 

Ideal 282.5558 14.88 0.149 1455.0  

Lower limit 282.5548 12.89 0.129 1393.3 -61.7 

Upper limit 282.5568 10.95 0.110 1329.0 -126.0 

Table 5.10 Uncertainty calculation of the R2(2)/R1(12) pair at 1500 K, note: ∆ = Tlimit - Tideal. 

 Simulated 
wavelength of 

R2(2)/nm 

Simulated 
intensity of 

R2(2) 

R2(2)/R1(12) 
ratio 

Temperature/K ∆/K 

Ideal 282.1299 30.27 1.454 1506.0  

Lower limit 282.1289 23.76 1.142 1662.6 +156.6 

Upper limit 282.1309 24.55 1.180 1639.7 +133.7 

The main concern of reliability and accuracy regarding the temperature data derived from 

this approach is the maximum value achieved among the equivalence ratio conditions for 

each liquid mixture. Both the adiabatic temperature model and the thermocouple results 

suggest that for a certain fuel, the stoichiometric condition flame has the highest peak 

temperature and the maximum temperatures achieved at the equivalence ratio of 1.3 should 

be relatively lower. However, the peak derived from the OH LIF thermometry appears to be 
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rather random, and from the results of the R2(13)/P1(2) pair, the rich condition of all three 

mixtures has a higher value than the stoichiometric case. For kerosene flames, the peak value 

of the rich condition is about 120 K higher than the stoichiometric case, while for the 

surrogate A flames, the gap of the maximum temperatures between the rich and the 

stoichiometric conditions are quite close, which is only about 10 K. As for the surrogate B 

flames, the available temperature data of the rich and stoichiometric conditions is not 

attained by the identical transition pair, hence is not directly compared. Nevertheless, the 

temperature measured by the R2(2)/R1(12) pair appears to be at a lower level compared to 

the result of the R2(13)/P1(2) pair. 

Additionally, in some cases where the temperature at the position 0 mm is at a relatively 

high level, further manipulation is suggested for the quality of the modelling. Figure 5.8 

displays an example of the predicted OH mole fraction by using the result of surrogate A at 

the stoichiometric condition, whose original temperature is 1368 K at position 0 mm. The 

black block shows that a certain level of OH has already formed at the burner surface, which 

is realistically incorrect. Therefore, an arbitrary temperature of 1100 K is provided at position 

0 mm and the rest of the temperature data remains unchanged, and the simulation is shown 

in the red line of Figure 5.8. After this change in the data, the simulated OH mole fraction 

appears to be at the appropriate level at the burner surface, and the peak value and the 

general graph shape are not altered. 

 

Figure 5.8 Comparison of the simulations with different inlet temperature. 
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5.1.3 Comparison and discussion 

This section aims to compare the temperature profiles from different approaches and 

demonstrate their subsequent impacts on the simulated OH profiles. Three criteria of the 

simulations are addressed to determine the quality of the temperature profiles, that are the 

position where the peak is reached, the maximum mole fraction of the OH, and the profile 

shape. The percentage of the remaining product is an indication of the graph shape, 

calculated by the OH mole fraction at the end divided by the maximum OH mole fraction. In 

addition, a compilation of the model comparisons is shown in Table 5.11. 

Table 5.11 Comparison of the OH model by using different temperature data at the rich and 
stoichiometric cases of the kerosene/air flames. 

Temperature 
approach 

Peak position/mm Peak concentration %Remaining product 

𝜑 = 1.30 𝜑 = 1.00 𝜑 = 1.30 𝜑 = 1.00 𝜑 = 1.30 𝜑 = 1.00 

Thermocouple 0.80 0.80 2.08×10-3 6.48×10-3 12.4 32.6 

OH LIF 
thermometry: 

R2(13)/P1(2) 
0.52 0.43 2.26×10-3 5.69×10-3 12.9 25.3 

OH LIF 
thermometry: 
R2(2)/R1(12) 

0.62 0.51 1.67×10-3 5.43×10-3 7.21 24.8 

Simulations of the rich condition of the kerosene flame are shown in Figure 5.9. The 

difference in the maximum temperature between the thermocouples and OH LIF 

thermometry of the R2(13)/P1(2) pair is around 35 K, and consequently, the predicted results 

show that the peak mole fractions from these two methods are rather close with the 

difference being within 10%, and also the general shapes correspond well. The main 

discrepancy is the position of the peak, which has about 0.3 mm offset between the two 

methods. As explained in Section 5.1.2, this is primarily due to the fast temperature 

propagation at the region of 0-0.5 mm from the R2(13)/P1(2) data. As for the result of the 

R2(2)/R1(12) pair, the simulated OH at maximum is about 35% lower than the peak from 

R2(13)/P1(2), and the shape of the remaining product has approximately 5% differences 

compared to the simulations of the other two temperature data. From the OH PLIF 

measurements, the proportion of the remaining product of the kerosene/air flame at the rich 

condition is typically around 25-30% and the position where the peak is achieved is about  
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0.8-1 mm. Therefore, the result from the thermocouple wires appears to be the most 

appropriate temperature representation of the kerosene flame at the equivalence ratio of 1.3. 

 

 

 

Figure 5.9 Impacts of the temperature profiles with the example of the kerosene flame at the rich 
condition: (a) Comparison of the temperature data between the three approaches; (b) Simulated OH 

mole fraction based on their respective temperature data. 
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PLIF measurements, the proportion of the remaining product of the kerosene/air flame at this 

condition is typically between 36-45% and the peak position is reached around 0.9-1.1 mm. 

Hence, it is sensible to assume that the thermocouple measurement provides a more accurate 

insight into the temperature in the targeted flame. 

  

 

Figure 5.10 Impacts of the temperature profiles with the example of the kerosene flame at the 
stoichiometric condition: (a) Comparison of the temperature data between the three approaches; 

(b) Simulated OH mole fraction based on their respective temperature data. 
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extent. Also, due to the difficulties of the operation, the credibility of the temperature result 

of a given condition, either by thermocouple or OH LIF thermometry, is primarily dependent 

on a single set of experimental data, and the previous comparisons suggest that the key 

aspects of the temperature profile obtained from different methods do not particularly align 

with each other and few clear patterns can be found.  

In conclusion, some aspects of the temperature data measured by either method are 

sensible, while certain degrees of errors are expected. The maximum value directly indicates 

the peak value of the OH mole fraction, and the temperature growth at the region of 0-1 mm 

largely influences the position where the peak is achieved. In addition, the shape of the profile 

is an accumulated result of these various factors. Regarding the quality of the two transition 

pairs, both have some aspects of inadequacy. Judged by the modelling output and the 

comparison with the thermocouple results, the data of the R2(13)/P1(2) pair is regarded to be 

more reasonable. Since no thermocouple experiments are conducted for the two surrogate 

mixtures, the accuracy of the temperature data derived by the OH LIF thermometry partly 

relies on the references of the kerosene/air flames. 

5.1.4 Challenges: temperature measurements at the lean conditions 

Despite being the most stable flame among the three equivalence ratio conditions, the 

temperature result of the lean case is the hardest to manage. Partly due to the same concern 

as the thermocouple wires, it is more difficult to detect the beginning of the flame with the 

current level of total flow rates, which subsequently affects the general shape of the profile.  

Figure 5.11 demonstrates three temperature profiles obtained by OH LIF thermometry of 

the lean case of the surrogate A and their respective OH modelling. The general shape of type 

2 corresponds well with the other R2(13)/P1(2) data listed in Table 5.6-5.8, however, the result 

shows a peak temperature value of 2300 K, which is theoretically impossible as it surpasses 

the adiabatic temperature. On the other hand, the measurement from the R2(2)/R1(12) pair 

has a sensible maximum temperature, while the inlet temperature appears to be too high. 

Additionally, type 1 seems to be the most reasonable in terms of the general shape and the 

level of both inlet and maximum temperature, although compared to the other R2(13)/P1(2) 

results, the temperature propagation at the region of 0-1 mm appears to be much steadier. 



141 

 

 

 

Figure 5.11 Impacts of the deficient temperature profiles with the lean condition of the surrogate A 
flame: (a) Three sets of temperature data; (b) Simulated OH mole fraction based on their respective 

temperature data. 

The OH simulations based on these profiles show that the remaining product is 33.5%, 

53.8%, and 23.8% for the type 1, type 2, and R2(2)/R1(12), respectively. The considerable 

discrepancy among temperature sources makes it difficult to determine the general shape at 

this flame condition. From the measurements of the OH PLIF, the proportion of the remaining 

product of all three flames at the lean condition is typically between 55-65%, which is rather 

agreeable with the modelling of type 2 of the R2(13)/P1(2). Despite the considerations of the 

experimental errors and the lack of general knowledge of the OH mole fraction consumption 

at a fuel-lean condition of a kerosene-based mixture, the differences between the PLIF and 

the simulations from the other two profiles is quite substantial, thus it is reasonable to 

consider the temperature data derived from the type 1 and the R2(2)/R1(12) as flawed. 

0 2 4 6 8 10

1000

1200

1400

1600

1800

2000

2200

2400

(2.6,1997.0)

(2.3,2306.9)

(1.2,1985.6)

 R2(13)/P1(2), type 1

 R2(13)/P1(2), type 2

 R2(2)/R1(12)

T
/K

HAB/mm
(a)

0.0 2.5 5.0 7.5 10.0

0.0

2.0x10-3

4.0x10-3

6.0x10-3

8.0x10-3

1.0x10-2

S
im

u
la

te
d

 O
H

 m
o

le
 f

ra
c
ti

o
n

HAB/mm

 R2(13)/P1(2), type 1

 R2(13)/P1(2), type 2

 R2(2)/R1(12)

(b)



142 

 

Furthermore, the peak temperature of type 1 of the R2(13)/P1(2) is about 10 K higher than the 

R2(2)/R1(12), however, the maximum simulated OH mole fraction of type 1 is about 20% lower 

than the result from the R2(2)/R1(12), indicating either one or both temperature sets is 

deficient. 

5.2 PLIF measurements 

The PLIF data collection and calculation were previously discussed in Section 3.2.3, and an 

example of the OH raw signal, the background noise, and the cuvette is shown in Figure 5.12.  

It is first observed that the intensity of the raw signal seems to be the strongest in the 

centre and does not appear to be that consistent across the x-direction of the diffuser plate, 

and this phenomenon may be due to the design of the new diffuser plate. Figure 3.6 (b) shows 

that the pattern of the holes in the new plate is the most condensed around the centre, 

compared to the old design in Figure 3.6 (a), which is relatively unchanging across the entire 

surface. To further confirm the uniformity of the flame, the corrected signals at different  

x-positions are plotted and demonstrated in Figure 5.13. Since the width of the metal bar 

described in Section 3.2.3 is a little over 6 mm, the range on either symmetrical side of the 

flame is set to be 0-3 mm, where 0 mm indicates the centre of the diffuser. Line number one 

in Figure 5.12 (a) indicates the centre of the burner and the distance between each vertical 

polyline is 1 mm. The results show little variations in the x-position, as the difference of the 

peak position is within 0.1 mm and the largest OH shape discrepancy between condition 1 

and condition 4 is around 4%. Hence, the studied laminar flames can be regarded as uniform 

and suitable to apply for the model of burner-stabilized flame in the subsequent validations. 

 

 

Figure 5.12 An example of the signal images from the Q1(6) transition, by using the kerosene flame 
at the stoichiometric condition: (a) raw; (b) background; (c) cuvette. 

(a) (b) (c) 
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Figure 5.13 Normed OH intensity with different x-axes. 

The PLIF results presented in the following discussion, referred to as the “original PLIF 

signal”, have already corrected the effects of the background fluorescence and the laser sheet 

intensity. To convert the PLIF intensity to the absolute mole fraction of either OH or NO, a 

certain calibration method is required, and the accuracy of the radical concentration results 

is largely determined by it. Studies of quantitative PLIF data of the key radicals in a flame are 

relatively scarce and lack validations, hence certain levels of errors are expected. This work 

adopted the methodology of OH measurements from Hughes et al. [211], and the same 

concept will also be employed for the NO validation.  

It is both extremely difficult and error-prone to calibrate the image of PLIF directly, as the 

fluorescence intensity is dependent on several parameters, such as laser intensity, laser sheet 

volume in the observation region, quantum efficiency of the camera and intensifier system, 

etc. However, the problem can be simplified when two LIF signals are captured with the use 

of the same detection equipment operating under identical conditions and the relationship 

can be described as [211]: 

LIF ∝
N

Q
                                                           (Eq. 5.1) 

Where N represents the population of the probed energy level and Q represents the total 

quenching rate. The population can be calculated by the multiplication of the total OH mole 

fraction and the Boltzmann distribution (bf) of the targeted levels in the rotational state, 

which is rotational level 6 for OH, and the sum of rotational level 12 and 20 for NO, 
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respectively. LIFBASE can simulate the population distribution at the desired level, and both 

fitting curves as a function of temperature are shown in Figure 5.14. 

 

 

Figure 5.14 Simulated Boltzmann population: (a) OH at j = 6; (b) NO at j = 12 + 20. 

For the total quenching rate, it can be calculated as: 

Q = ∑ 𝜎iNii Vi                                                    (Eq. 5.2) 

Where 𝜎i, Ni, and Vi indicate the quenching cross section, concentration, and velocity of the 

species i, respectively. Based on the thermodynamic and kinetic theory, equation 5.1 can be 

rewritten as [211]: 

LIF ∝
[OH]bf√𝑚√T

𝜎P
                                                   (Eq. 5.3) 
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Where m represents the molecular weight, T is the temperature, and P is the pressure of the 

experimental environment. Regarding the quenching rates, Tamura et al. [212] measured the 

quenching rates of three species at the A-states in the laminar methane flames, and the data 

is subsequently compared with the models of quenching coefficient and the compositions of 

the flame. The expression of the cross section 𝜎𝑒𝑓𝑓 (unit: Å2) is dependent on the types of the 

collider. For practical reasons and also the availability of data, only the major four species 

present in the combusted fuel, that are N2, O2, CO2, and H2O, are considered. In the case of 

the OH, a simple two-parameter equation is utilized to describe the quenching cross section, 

and as for NO, different expressions are provided based on the colliders.  

Thus, by using equation 5.3, the concentration of the liquid fuels can be described as: 

[OH]L =
LIFL[OH]refbfref√𝑚ref√TrefσLPL

LIFrefbfL√𝑚L√TLσrefPref
                                   (Eq. 5.4) 

Instead of correcting the whole PLIF graphs, a reference point is required for each 

parameter of both the liquid and gas fuels. It can be either the maximum or the end point 

(HAB = 10 mm), and the specific values of the temperature, predicted OH mole fraction of the 

reference fuel, and the two original PLIF signals are subsequently assigned according to the 

selected source. Both the Boltzmann fraction and the quenching cross section can be 

obtained by their respective equations concerning the temperature. The molecular weight 

can be calculated with the use of the Chemkin models. In addition, the experiments of liquid 

and gas fuels are conducted in the same environment, therefore the pressure conditions are 

both 1 atm.  

5.2.1 Reference fuels 

Importantly, the results of the simulations and the experiments from the gas fuels directly 

affect the quality of the quantitative OH and NO determinations of the liquid fuels, and the 

examinations are discussed separately as follows. 

Figure 5.15 demonstrates both the OH model and the original PLIF signals of the CH4/air 

flames at three equivalence ratio conditions. The position of the peak and the percentage of 

the remaining product are compared and subsequently compiled in Table 5.12. Results at the 

rich condition show that the positions of the maximum OH match excellently between the 

model and PLIF, and the difference of the OH graph shapes is within 5%. Also, the PLIF signals 

of the stoichiometric and lean conditions appear to be quite agreeable with the models. 
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However, one major uncertainty is the level of relative OH. The model suggests the highest 

level of OH is reached at the stoichiometric condition, which is directly reflected in the 

measured temperature profiles. On the other hand, PLIF data shows that the pure methane 

flame at the lean condition has the most amount of OH.  

 

Figure 5.15 Comparison of the OH profile between the simulations (line) and the PLIF signals 
(scatter) of the CH4/air flames at rich (black), stoichiometric (red), and lean (blue) conditions. 

Table 5.12 Comparison between the OH model and the OH PLIF of the CH4/air flames. 

Method Peak position/mm %Remaining product 

𝜑 = 1.30 𝜑 = 1.00 𝜑 = 0.84 𝜑 = 1.30 𝜑 = 1.00 𝜑 = 0.84 

Model 1.35 0.80 1.00 22.8 23.6 24.4 

PLIF 1.36 1.05 1.14 26.8 22.9 30.2 

Since the LIF signals are not yet corrected and are also difficult to manage with a single 

recording, the pixel values cannot be directly compared. Some assumptions can be given 

regarding the phenomenon. Firstly, the quenching cross section only considered the major 

species in the flames and does not include the hydrocarbon collider. In practical situations, 

the fuel is burnt out at the lean condition, while at the stoichiometric and particularly rich 

condition, a certain amount of fuel is likely to exist in the mixtures, approaching the end of 

the combustion. Hence, the OH fluorescence quenching induced by methane is an impactful 

factor, resulting in a greater correction for the signal at the stoichiometric and rich conditions. 

Furthermore, hydrocarbons commonly have considerably larger quenching cross section, and 

an example of calculations is shown in Figure 5.16 with the use of the expressions from 
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Tamura et al. [212]. At 1500-2000 K, the quenching caused by methane is about twenty times 

greater than the effect of nitrogen. Additionally, Smith and Crosley [213] measured the 

quenching of OH by a series of species, and their results show that the cross section by 

methane is 14.9 Å2 at 1150 K and the cross section by n-butane is 71.2 Å2 at 1200 K. This 

implies that the scope of the quenching effects by larger hydrocarbons is much greater in the 

kerosene and surrogate flames at the stoichiometric and rich conditions. 

 

Figure 5.16 Calculated quenching cross section of 𝐴2Σ+ OH by three colliders, unit: Å2. 

For the quantifying of NO, one innate problem lies in the reliability of the NH3/CH4 blend 

modelling, as the available mechanisms are not widely validated like the GRI-Mech 3.0 for 

methane combustion. Initially, the mechanisms of Tian et al. [63], Okafor et al. [64], and 

Lamoureux et al. [214] were examined against the experimental data from the literature, and 

the work from Okafor et al. [64] were selected to simulate the laminar flames in this study. 

The general shapes of the NO PLIF at all three equivalence ratio conditions are quite similar. 

Starting from the burner surface, the concentration of NO increases and reaches a maximum 

value, then relatively drops down by approximately 20-30% to a rather consistent level. Also, 

the positions of the peak value are around 1.5-1.6 mm for all three cases. Figure 5.17 

demonstrates both the NO model and the original PLIF signals of the CH4/NH3/air combustion. 

At the rich condition, the trend of the model corresponds sensibly with the PLIF. Regarding 

the position of the peak, the result of PLIF has an offset of 0.7 mm against the simulated data. 

The models at the stoichiometric and lean conditions, however, largely do not agree with the 

measurements. The NO in both models quickly reaches the peak, but instead of gradually 

decreasing to a lower level, it stays constant. 
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Figure 5.17 Comparison of NO profile between the simulations (line) and the PLIF (scatter) of the 
CH4/NH3/air flames: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00; (c) 𝜑 = 0.84. 

The NO rate of production (ROP) is subsequently examined and shown in Figure 5.18. In all 

three equivalence ratio conditions, HNO + H ⇌  NO + H2 is responsible for the primary 

production of the NO and NH + NO ⇌ N2O + H is responsible for the main consumption of the 

NO. Furthermore, the oxidation appears to be coming to an end around 2 mm above the 

burner surface for the rich condition, and for the stoichiometric and lean case, the processes 

terminate even faster as little activity can be observed beyond the distance of 1 mm. Due to 

the scale of the study, the optimization of the CH4/NH3 mechanisms is not carried out and 

errors for the quantifying NO are anticipated to some extent. 
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Figure 5.18 Rate of production of the NO: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00; (c) 𝜑 = 0.84. 

In conclusion, OH models correspond with the PLIF results quite reasonably, and both the 

maximum and the end value of the OH from the CH4/air flames can be employed as reference 

points for the quantification of the OH for the liquid fuels. For the NO, due to the uncertainty 

in the simulations, and also because it is difficult to determine the end of the combustion, the 

maximum values of the NO from the CH4/NH3/air flames are utilized as the reference point in 

the following quantifying NO of the liquid fuels. 

5.2.2 OH quantification and validation of the burner-stabilized model 

As stated in Section 5.1.4, the temperature data at the lean condition is much less reliable, 
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simulations are selected for the subsequent quantifying. Therefore, the quality of the PLIF 

measurements for the three hydrocarbon mixtures is initially discussed and compared to their 

0.0 0.5 1.0 1.5 2.0

-3.0x10-5

-2.0x10-5

-1.0x10-5

0.0

1.0x10-5

2.0x10-5

3.0x10-5

4.0x10-5

R
O

P
 (

m
o

l 
× 
c
m

-3
 ×
 s

-1
)

HAB/mm

 N + O2 <=> NO + O

 N + OH <=> NO + H

 HO2 + NO <=> NO2 + OH

 NH + O <=> NO + H

 NH + NO <=> N2O + H

 HNO + H <=> H2 + NO

 NH + NO <=> N2 + OH

 NH + NO <=> N2O + H

 CH2 + NO <=> H + HNCO

 N + NO <=> N2 + O

(a)

0.0 0.2 0.4 0.6 0.8 1.0

-6.0x10-5

-4.0x10-5

-2.0x10-5

0.0

2.0x10-5

4.0x10-5

6.0x10-5

8.0x10-5

1.0x10-4

1.2x10-4

1.4x10-4

R
O

P
 (

m
o

l 
× 
c

m
-3

 ×
 s

-1
)

HAB/mm

 N + OH <=> NO + H

 HO2 + NO <=> NO2 + OH

 NH + O <=> NO + H

 NH2 + NO <=> N2 + H2O

 HNO + H <=> H2 + NO

 HNO + OH <=> NO + H2O

 NO2 + H <=> NO + OH

 NH + NO <=> N2O + H

 CH2 + NO <=> H + HNCO

 N + NO <=> N2 + O

(b)

0.0 0.2 0.4 0.6 0.8 1.0

-6.0x10-5

-4.0x10-5

-2.0x10-5

0.0

2.0x10-5

4.0x10-5

6.0x10-5

8.0x10-5

1.0x10-4

1.2x10-4

1.4x10-4

1.6x10-4

R
O

P
 (

m
o

l 
× 
c
m

-3
 ×
 s

-1
)

HAB/mm

 N + O2 <=> NO + O

 NO2 + H <=> NO + OH

 NH + O <=> NO + H

 NH2 + NO <=> N2 + H2O

 HNO + H <=> H2 + NO

 HNO + OH <=> NO + H2O

 HO2 + NO <=> NO2 + OH

 NH + NO <=> N2O + H

 CH2 + NO <=> H + HNCO

 NH2 + NO <=> NNH + OH

(c)



150 

 

respective model. The criteria are the percentage of the remaining product and the peak 

position, and details are summarized in Table 5.13. 

Table 5.13 Comparison of OH mole fraction between experiments and modelling. 

Fuel Kerosene Surrogate A Surrogate B 

 𝜑 = 1.30 𝜑 = 1.00 𝜑 = 1.30 𝜑 = 1.00 𝜑 = 1.30 𝜑 = 1.00 

%Remaining 
product (Model) 

12.4 33.1 10.7 25.3 10.1 24.5 

%Remaining 
product (EXP) 

25.3 35.9 26.7 39.1 24.0 32.6 

Peak position/mm 
(Model) 

0.80 0.80 0.53 0.49 0.49 0.56 

Peak position/mm 
(EXP) 

0.81 0.92 1.00 0.86 0.81 0.81 

%Peak 
concentration/ 

(
[OH]Model

[OH]EXP
− 1) 

+7.49 +7.02 +37.0 -1.47 +17.8 -12.9 

The OH PLIF results are quite consistent among the three mixtures. The remaining products 

of the measurements are about 24-26% and 33-39% of the maximum OH at the rich and 

stoichiometric condition, respectively. The shape of the OH model, as discussed in Section 

5.1.3, is largely dependent on the temperature profiles and from the results of the kerosene 

flame at the stoichiometric condition, there is a noticeable shape difference between the 

thermocouple (33.1%) and OH LIF thermometry (25.3%). It is observed that for three mixtures 

at the stochiometric condition, the simulated shape attained from the OH LIF thermometry is 

all around 25%. As for the models at the rich condition, the remaining products are 

consistently about 10-12%. In conclusion, the discrepancy between the two approaches is 

around 10-15%, which is not considerably large but also exceeds the error limitation. The 

phenomenon may largely be due to the nature of the flat-flame burner experiments. In 

practice, the flame is exposed to the open air and further away from the burner surface, more 

air will enter the flame, which subsequently causes the mixture to be inclined to the fuel lean 

side and less OH is consumed than in the ideal situation.  

In general, the agreements between the model and PLIF are excellent for kerosene flames, 

while for the two surrogate flames, the simulated peak positions are all around 0.5 mm, 

resulting in an offset of 0.3-0.5 mm. This is because the temperature profiles are all obtained 
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by using the OH LIF thermometry, and the innate problems from the R2(13)/P1(2) pair were 

discussed previously. In addition, the maximum values of the PLIF are all reached at the 

distance 0.8-1 mm above the burner surface. 

Initially, both the end and maximum point were utilized to calculate the quantitative OH 

with the use of equation 5.4. An example is given by using the kerosene/air flames at the rich 

condition, and the key parameters are shown in Table 5.14. The values of temperature can be 

traced back to Table 5.2 and Table 5.4, and the simulated OH mole fraction and the PLIF signal 

of the pure methane flames are from Figure 5.15. The converted OH with the use of two 

reference points for both the rich and stoichiometric conditions of the kerosene flames are 

displayed in Figure 5.19. In terms of the absolute value, the result from the peak reference 

corresponds better with the modelling at the rich condition, and both the end and peak 

results are quite agreeable with the simulation at the stoichiometric condition. Since the 

results of the other two mixtures follow the trends, the peak point is consequently utilized. 

The quantitative OH of surrogate A and surrogate B are displayed in Figure 5.20 and Figure 

5.21, respectively.  

Table 5.14 Important parameters of two reference points for quantifying OH. 

 CH4/air flame Kerosene/air flame 

 End Peak End Peak 

Temperature/K 1914.2 1980.2 1924.2 2027.8 

[OH]ref 1.66×10-4 7.30×10-4   

LIFref 0.26 0.96   

Generally, the measured OH mole fractions at all six flame conditions correspond rather 

reasonably with the simulated OH of their respective model. However, given the significant 

uncertainty of the quantitative method, even for the case where the two peak OH values are 

close, such as the stoichiometric condition of the surrogate A flame, the converted PLIF result 

can only be considered relatively accurate. Firstly, the predictions show that for each fuel 

mixture, the amount of OH at the stoichiometric condition is greater than the level of OH at 

the rich condition by a factor of 3. The observation is sensible as less oxygen is available in the 

fuel rich environment, which leads to less production of the OH. For the kerosene flames, 

results show that the predicted data is about 7% greater than the quantitative OH from the 

measurement in both equivalence ratio cases. This consistent pattern is largely due to the 
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temperature profiles adopted in these simulations are all measured by thermocouples, which 

are in good agreement with the thermodynamic theory. Similarly, the inconsistency between 

the stoichiometric conditions of the two surrogates is a direct reflection of their temperature 

data.  

 

 

Figure 5.19 The OH profile of the kerosene/air flame: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00. 
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of the surrogate B at the stoichiometric condition is derived from the R2(2)/R1(12) pair, whose 

maximum value is around 100 K lower than the peak of the R2(13)/P1(2) profiles for the rich 

condition of the surrogate B and both equivalence ratio condition of the surrogate A. Thus, 

the maximum quantifying OH being about 13% larger than the predicted result may be due 

to the deficiency of the temperature profile at this flame condition. 

 

 

Figure 5.20 The OH profile of the surrogate A/air flame: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00. 
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Figure 5.21 The OH profile of the surrogate B/air flame: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00. 
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appears to contain the highest level of OH, followed by surrogate B, and surrogate A has the 

least amount of OH. Naturally, the maximum temperature should also correspond to this 

trend. The kerosene data is about 100 K higher than the results of both surrogates, however, 

the peak temperature of the surrogate A is 6 K higher than the maximum value of the 

surrogate B, which does not seem to be sensible thermodynamically. Hence, to further 

determine the impacts of the temperature input, an arbitrary simulation of surrogate A’ is 

calculated with the use of the profile of surrogate B. The model shows that the maximum OH 

of the surrogate A’ is about 8% lower than the original OH result of surrogate A, implying that 

the current temperature profile of surrogate A has considerable uncertainty and may 

consequently lead to the overprediction of the OH quantity in the targeted flame. Assuming 

the initial observation of the OH level among mixtures is accurate to a certain extent, the 

model of surrogate A’ is then a more accurate representation of the surrogate A combustion. 

Subsequently, by calculating the differences in peak value, the magnitude of the three models 

seems to correspond quite reasonably to their respective PLIF signals (Figure 5.22 (b)), 

meaning that for both approaches, the amount of relative OH in a certain flame is consistently 

greater than the quantity of OH in the flame of its underlying tier by a factor of 1.2. Thus, it 

can be regarded as relatively sensible to compare the level of OH of the targeted three 

mixtures at the rich condition. 

 

Figure 5.22 Comparison of the relative OH of the three mixtures at 𝜑 = 1.30: (a) Model; (b) PLIF. 
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context of the SAF and the blends of Fischer-Tropsch and conventional fuels, these proposed 

surrogates can be useful applications. From the results of the fuel rich case, surrogate B seems 

to contain a higher amount of OH than surrogate A, and the only component difference is the 

representation of the branched alkanes, where A adopts iso-octane and B utilizes  

2-methylheptane. As discussed in Section 2.4.3, some authors argue [13, 98] that iso-octane 

may be too branched, and a less-branched component should be employed to formulate the 

surrogate. Because no measurements of the S-8 fuel are conducted in this project, it cannot 

be directly concluded that surrogate B is a more fitting representative of the F-T fuels than 

surrogate A, but this observation of OH in a way can be regarded as agreeable with the 

suggestions from the literature. 

In addition, the rates of production of the three mixtures are simulated. Since the trends 

of all cases are identical, the results of kerosene flames are shown in Figure 5.23 as an 

example. In both equivalence ratio conditions, the reaction H + O2 ⇌ O + OH (R. 2.4) is mainly 

responsible to produce the OH and the reaction H2 + OH ⇌ H + H2O is the primary pathway of 

the OH consumption. Given the unique lumped way that the CRECK mechanism is formed as 

mentioned in Section 4.2, it is both not feasible and out of the scale of the current study to 

perform the optimization of the mechanism. Nevertheless, these reactions can serve as a 

reference for future work. 

 

Figure 5.23 Rate of Production of the OH in the kerosene flames: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00. 
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for instance, the average resolution of the raw OH image at the stoichiometric and lean 

condition can be over 3000 (limit = 4096), while for the raw image of NO, the resolution value 

can barely pass 100 at all three equivalence ratio conditions, even when both the laser power 

and camera gain is at optimal conditions. This is consequently shown in the PLIF results, the 

collected NO signals have much more noise and are consequently difficult to determine the 

general shape. Thus firstly, the model at each equivalence ratio condition is examined. 

For the rich condition, the simulated NO profiles of all three mixtures are quite identical 

regardless of the temperature profiles. Figure 5.24 (a) demonstrates that the amount of NO 

increases quickly and reaches a higher level at the region of 0-2 mm, then slowly increases 

further and eventually comes to a stable state around 3 mm above the burner surface. 

Importantly, as discussed in Section 2.2.5, three channels are responsible for the NO 

production in the hydrocarbon oxidations. Hence, the NO ROP is simulated to identify the key 

reactions and an example of the kerosene flame is shown in Figure 5.24 (b). Little activity is 

observed beyond the distance of 2 mm as the NO approaches equilibrium, and it appears that 

the thermal NOx mechanism has a heavy influence on the general production of the NO, as 

OH + N ⇌ H + NO (R. 2.33) has the highest rate to generate NO.  

 

Figure 5.24 Simulated NO profiles at 𝜑 = 1.30: (a) Model of the three mixtures; (b) Example of the 
NO ROP. 
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simulation derived from the thermocouple temperature, the increase of the NO seems to be 

consistent and continues until the end of combustion (HAB = 10 mm). The continuous growth 

of NO in the region of 5-10 mm is mainly because of the thermal NOx, as adequate oxygen is 

presented in the stoichiometric mixtures, and the level of the flame temperature directly 

leads to the level of the produced NO in the post-combustion zone. Subsequently, two rates 

of production of the kerosene flames based on the temperature input of thermocouples and 

LIF thermometry are demonstrated in Figure 5.25 (b) and (c), respectively.  

 

 

Figure 5.25 NO profiles at 𝜑 = 1.00: (a) Model of the three mixtures; (b) Example of the NO ROP 
(thermocouple temperature); (c) Example of the NO ROP (OH LIF thermometry temperature). 
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in terms of the production scale and general contribution. Noticeably, the ROP based on the 

thermocouple data shows that OH + N ⇌ H + NO has a second peak around 1 mm and the 

effect of NO + N ⇌ N2 +O (the reverse reaction of reaction 2.31) is also emerging rather late, 

while the result from the OH LIF thermometry indicates that activity generally is generally 

much reduced after the distance of 0.5 mm. This implies that the thermal influences based 

on the thermocouple data are greater and last longer. In addition, the chemistry of prompt 

NOx, O + NH ⇌ H + NO and O + NCN ⇌ NO + CN, is presented in both analyses. 

In conclusion, at the rich condition, the NO mechanism can be regarded as thermal 

dominating to some extent, while in the stoichiometric case, the involvement of the fuel and 

nitrogen oxidation appears to be more important. Also, from the discussion in Section 5.1.3 

and Section 5.2.2, the measurements from the thermocouples seem to be a more accurate 

temperature representation than the results from the OH LIF thermometry. Although the 

trends of the NO at the stoichiometric condition are relatively uncertain, the thermocouple 

data is utilized for the kerosene flame at both rich and stoichiometric conditions. Given the 

uncertainty of the measured temperature data and the nitrogen chemistry in the modelling, 

this insight into the NO production may be inherently limited to a certain degree.  

The examples of the NO PLIF at the rich and stoichiometric conditions are displayed in 

Figure 5.26 (a) and (b), respectively. For the rich case, the data shows that the quantity of NO 

reaches a higher level at around the distance of 1.5 mm and remains generally consistent, 

which corresponds with the model profile quite reasonably. Noticeably, an increase of NO at 

the region of 7-10 mm can be observed and the trend in some PLIF results is more obvious, 

and this may be due to the extra involvement of the thermal NOx. Unlike the model which 

assumes the perfect environment, additional air is likely to enter the flame during the 

measurements, and the further away from the burner surface, the influence of the open air 

is more significant. Since the flame temperature is sustained at a high enough level, more 

thermal NOx may be produced at the end of the combustion region. And this effect appears 

to be more obvious for the stoichiometric condition, as the trend of NO growth continues till 

the end of the oxidation. Apart from this trait, the profiles generally appear to be similar to 

the results at the rich condition. In short, the collected NO PLIF can be regarded as a decent 

representative of the NO profiles for the targeted mixtures. 
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Figure 5.26 PLIF signal with the example of the surrogate A flames: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00. 
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highlighted parts demonstrated in Figure 5.26.  
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Table 5.15 Comparison of the NO magnitude at the rich and the stoichiometric condition at the 
burner distance of 5 mm. 

 [NO]rich/[NO]stoichiometric 

 Model PLIF 

Kerosene 1.47 1.52 

Surrogate A 2.59 1.47 

Surrogate B 3.46 1.44 

For quantifying NO, the maximum point of the CH4/NH3/air flame is utilized as the 

reference, and an example of the crucial parameters is shown in Table 5.16 by using the 

kerosene/air flames. Importantly, at the stoichiometric condition, due to the disagreement 

between the ammonia model and the PLIF, also the greater uncertainty of the temperature 

profiles from the liquid fuels, a larger scale of errors is expected. 

Table 5.16 Important parameters of the peak reference point for quantifying NO. 

 CH4/NH3/air flame Kerosene/air flame 

 𝜑 = 1.30 𝜑 = 1.00 𝜑 = 1.30 𝜑 = 1.00 

Temperature/K 2024.8 2063.7 2027.8 2082.2 

[NO]ref 1.29×10-3 4.01×10-3   

LIFref 1.73 4.66   

The results of the quantitative NO estimation of the kerosene, surrogate A, and surrogate 

B are displayed in Figure 5.27, Figure 5.28, and Figure 5.29, respectively. Also, Table 5.17 

demonstrates the magnitude difference between the two approaches with a reference 

distance of 5 mm. Generally, at a given flame condition, the observed NO is greater than the 

simulated NO by at least a factor of 1.3. For the rich condition, the PLIF result of the three 

mixtures is rather consistent compared to the model, while at the stoichiometric condition, 

the discrepancy between the two methods is more obvious, particularly for the two 

surrogates. Apart from the innate credibility issue of the ammonia mechanisms, another 

potential cause of errors is the measured temperature of the reference fuel. As discussed in 

Section 5.1.1, the maximum values of the ammonia/methane blend at each condition are 

higher than their respective peak results of the pure methane flames, which seem to be 

thermodynamically unrealistic. From the calculation of equation 5.4, the reference 
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temperature is in proportion to the converted mole fraction of the targeted species. Hence, 

this factor may also contribute to the overprediction of the quantitative NO in liquid fuels.  

Table 5.17 Comparison between the converted NO and the simulated NO at the distance of 5 mm. 

 [NO]EXP/[NO]Model Averaged original PLIF 
signal at 𝜑 = 1.30 

Simulated NO mole fraction 
at 𝜑 = 1.30 

 𝜑 = 1.30 𝜑 = 1.00   

Kerosene 1.34 1.50 0.120 6.46×10-5 

Surrogate A 1.29 2.55 0.122 6.88×10-5 

Surrogate B 1.26 3.43 0.095 5.46×10-5 

 

 

 

Figure 5.27 The NO profile of the kerosene/air flame: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00. 
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Like the cases of the OH, directly comparing the absolute amount of NO in the three 

mixtures is quite challenging, and the uncertainty from either model or PLIF is even greater. 

Thus, only the results of the rich condition are discussed briefly to offer some perspectives on 

the NO production in a kerosene-based laminar flame. From the simulated data in Table 5.17, 

the amount of NO generated from surrogate A appears to be the most substantial, which is 

about 7% higher than the data from the kerosene, and the surrogate B flame forms the least 

quantity of NO. On the other hand, the original PLIF results show that the NO level is rather 

identical between the kerosene and surrogate A, which is about 25% greater than the result 

of surrogate B. 

 

 

Figure 5.28 The NO profile of the surrogate A/air flame: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00. 
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Figure 5.29 The NO profile of the surrogate B/air flame: (a) 𝜑 = 1.30; (b) 𝜑 = 1.00. 
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Nevertheless, the original PLIF signal is briefly discussed to share some insights for future 

investigations. The signal examples are provided by using the kerosene flames, and the 

profiles of OH and NO are demonstrated in Figure 5.30 (a) and (b), respectively. 

 

Figure 5.30 Example of the original PLIF signal at three equivalence ratio conditions: (a) OH; (b) NO. 

For the collected results of the OH, the remaining product of all three mixtures is around 

60-70% and the peak position is around 0.9-1.2 mm. From the shape comparison at the rich 

and stoichiometric conditions, the PLIF is about 10-15% greater than the simulation. Provided 

the pattern shall remain consistent and reasonable temperature data at the lean case is 

available, the remaining OH product from the model is estimated to be around 50-60%. In 

addition, the peak position at the lean case appears to be corresponding with the rich and 

stoichiometric conditions. For the collected results of the NO of all three mixtures, the amount 

of NO at the lean condition appears to be less than the amount of NO at the stoichiometric 

condition, by approximately a factor of 1-1.5. Also, the trend of continuous NO increase is 

obvious at the lean case, indicating a strong influence of thermal NOx. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE SUGGESTIONS 

6.1 Introduction 

Due to the concern about global warming and the importance of aviation, it is critical to 

improve the understanding of the elementary combustion characteristics of large 

hydrocarbon fuels. In this work, kerosene and two proposed surrogates based on a type of 

Fischer-Tropsch fuel were investigated from both computational and experimental 

approaches.  

From the modelling perspective, the study aims to develop a detailed kinetic model for 

both large straight-chain alkanes and monomethyl alkanes by using ANSYS Chemkin Pro. 

Besides the common surrogate components such as n-decane and n-dodecane,  

2-methylheptane is used as the representative of the branched alkanes. Initially, available 

detailed mechanisms for large hydrocarbons are examined and selected. Since the 

mechanisms of the branched alkanes are often individual packages, the sub-kinetics of the  

2-methylheptane is combined with the selected core chemistry. The attempt to improve the 

model quality is focused on the 2-methylheptane kinetics because the model of branched 

alkanes is comparatively much less developed than the mechanisms of normal alkanes. Two 

main approaches, which are rate constants and rate rules, are explored to optimize the 

original kinetics. The modifications of rate constant focus on the key C0-C4 reactions based 

on the sensitivity analysis. As for the alternation of rate rules, a total of nine reaction classes 

that are crucial to the combustion at low and intermediate temperature regions (commonly  

<  1000 K), are examined sequentially. Besides the updates on the rate rules of a given 

reaction class, another important aspect of the new adjustment is that the types of the large 

radicals are differentiated in detail, compared to previous modelling work commonly 

adopting the same reaction rate constant for analogous situations. Also, new thermodynamic 

data of the C8 radicals related to the 2-methylheptane oxidation are calculated by using the 

updated group additivity values. The updated mechanism is compared with the measured 

ignition delay time at 20 atm and three equivalence ratio conditions (𝜑 = 0.5, 1, and 1.5) from 
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the literature for validations, and also is employed to simulate the laminar flame conditions 

in the subsequent quantitative PLIF studies. 

From the experimental perspective, a flat-flame burner is utilized to study the fundamental 

oxidation characteristics of a total of five fuels including two reference mixtures, under the 

conditions of the equivalence ratio of 1.3, 1, and 0.84. A temperature profile is measured at 

each flame condition, with the use of either thermocouples or OH LIF thermometry. Also, the 

planar laser-induced fluorescence is utilized to detect the level of OH and NO in the interested 

mixtures. Due to the time limitation and the obstacles encountered in the experiments, 

reasonable temperature data of the three liquid fuels at the lean condition (𝜑 = 0.84) are 

unable to be obtained, hence the quantitative OH and NO studies of the targeted flames are 

not carried out at this equivalence ratio condition. The converted PLIF results are further 

validated against their respective model.  

6.2 Kinetic modelling 

Several insights can be drawn from the simulations and stated as follows. 

Firstly, the examination of the individual reactions shows that the rate constants from the 

selected mechanism are generally reasonable and commonly obtained from experimental 

measurements. Hence, it is advised to keep the rates unchanged. One concern is the fall-off 

region and the high-pressure limit of the reaction H2O2 + M ⇌ 2OH + M. The highest-pressure 

condition of the currently available data is around 10 bar and 15 bar, which is quite near the 

low-pressure limit. From the observations, the transition behaviours from 1 atm to 10 atm 

are not visibly obvious and hence may compromise the fitting equation of the intermediate 

region. Since the high-pressure limit is derived from the extrapolation of the fall-off curve, the 

precision of the results may consequently be limited. In short, given the importance of the 

hydrogen peroxide decomposition for the ignition of the large fuel around the intermediate 

temperature region, measurements at 100 atm or higher are highly recommended to validate 

the current rate constant expression for high pressure conditions. 

Secondly, from the manipulation of the rate rules of the targeted reaction classes, it is first 

noticed that the suggested rate constant expressions from even the recent studies are mainly 

obtained from theoretical calculations. Hence, apart from the first group of fuel H abstraction 

by OH, the chosen rate rules of other reaction classes in general lack validations from direct 

measurements. For the few reaction classes that possess experimental records, the 
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measurements are conducted under a quite limited range of conditions, usually at room 

temperature and low pressure. Another concern is that the studied radicals are usually C3 or 

C4, thus it is uncertain what degree of impact may be led to by employing the rate rules of 

these prototypes for larger branched C8 radicals. Due to the above constraints, in this work, 

the determination of the updated rate rules for each reaction group is primarily based on the 

balance of the whole chain branching, meaning that the detailed range of the low, 

intermediate, and high temperature regions should correspond with their respective 

experimental references. For a given reaction class, if by employing a new rate, the reactivity 

at low temperatures is considerably increased, the commencement of the NTC region is likely 

to be increased noticeably, hence it is recommended to not utilize this rate. Also, due to the 

presence of a tertiary carbon bond, rate rules for a certain type of reaction may not be 

available. Therefore, the rate constant parameters of their nearest analogy are utilized with 

additional refinements. Furthermore, based on modelling results, the reaction classes 

involved in this sequence R 
+O2
→    RO2 →  QOOH 

+O2
→    OOQOOH →  RO (SEQ. 2.1) may be more 

impactful for the chemistry in the low temperature combustion. 

Thirdly, the discussion regarding the thermochemical properties of the large chemical 

species related to 2-methylheptane oxidation is summarized as follows. Recent studies show 

that the group additivity values of OO/C/H, C/C2/H/OO, and ALPEROX change considerably, 

and these groups are connected to the composition of RO2, QOOH, and OOQOOH. Also, 

regarding the additional corrections for either enthalpy or entropy, the radicals are commonly 

addressed much less compared to the alkanes, and the recommended values from more 

recent sources vary among different authors. Compared to the simulation of the original 

thermochemistry, the model from the new thermodynamic data calculated in this work 

indicates that the reactivity of the combustion reduces mainly at the NTC region, while the 

kinetics at high and low temperatures remain rather unchanged. 

Fourthly, the updated ignition delay time simulations of 2-methylheptane at 20 atm and 

three equivalence ratio conditions are summarized as follows. In general, substantial 

improvements are displayed at the temperature condition below 1100 K. At the 

stoichiometric and rich conditions, the simulated values correspond excellently with the 

measurements, while the prediction at the lean condition shows relatively less upgrade. 

Regarding the ranges of the three temperature regions, the results of the stoichiometric and 
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rich cases are in good agreement with the experiments, however, at the lean condition, the 

transition of intermediate to high temperature region is decreased by 40 K. In addition, little 

differences between the original and new models are shown at high temperature regions. The 

combustion at this region is controlled by the C0-C4 chemistry, and from the examination of 

the rate constant, the quality of the selected key reactions is quite decent. This indicates the 

general understanding of these small radical kinetics remains much to be explored. 

6.3 Experimental studies 

Several insights can be drawn from the experiments and stated as follows. 

Firstly, the general shape of all the temperature profiles obtained from either 

thermocouples or OH LIF thermometry is similar, as the temperature increases and reaches 

the maximum value at a certain distance above the burner surface, then slowly drops to a 

lower level. The detailed aspects of the profiles, however, are quite different among methods. 

For the thermocouple data, the peak position is reached mostly between 1 mm to 1.4 mm, 

and the maximum temperature of each equivalence ratio condition of a given fuel follows the 

thermodynamic theory, meaning that the flame at the stoichiometric case has the highest 

peak temperature. For the results of the OH LIF thermometry from the R2(13)/P1(2) pair, the 

peak position is around 1.8-2.5 mm, while no obvious patterns are observed regarding the 

peak temperatures of each equivalence ratio condition among the three mixtures. Apart from 

the concern of the maximum values, another uncommon phenomenon observed from this 

transition pair is that the propagation around the near burner surface is considerably quick, 

while the temperature growth at the same region of 0-1 mm from the thermocouples is rather 

steady.  

However, the thermocouple results are not ideal, as the radiation correction brings 

significant uncertainty, especially for the thicker wires. One uncertainty is that the measured 

temperatures at position 0 mm at the stoichiometric and lean conditions are relatively high, 

which may mainly be due to the level of total flow rates. Also, at a given equivalence ratio 

case, the measured temperature of the CH4/NH3 blend is slightly higher than the results of 

the pure methane flame, which does not align with the theory. In short, certain aspects of the 

results from both methods exhibit limitations and errors are expected to some extent. In 

addition, the results of the OH LIF thermometry from the R2(2)/R1(12) pair are regarded to be 
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less sensible compared to the results of the thermocouples and the OH LIF thermometry from 

the R2(13)/P1(2) pair.  

Consequently, the model reflects directly from its respective temperature input. It can be 

concluded that for the OH profiles, the temperature growth rate at the region of 0-1 mm 

primarily influences where the peak position is, and the peak temperature indicates the 

maximum level of the OH. Also, the general shape of the OH is an accumulated result of the 

maximum temperature and particularly the temperature level at the region after the peak. 

Furthermore, from the comparison of the kerosene flames at the rich and stoichiometric 

conditions, the simulation produced from the thermocouple data appears to be better quality, 

although it cannot be concluded that this approach is necessarily more reliable than the OH 

LIF thermometry for the temperature measurement. 

Secondly, planar laser-induced fluorescence is an effective technique to investigate the 

relative amounts of key species in a targeted flame, while the quantitative study is extremely 

difficult to carry out and has major uncertainties. Regarding the original PLIF signals from the 

three liquid fuels, the OH profiles are rather smooth, and the general shape and important 

features are quite easy to determine and be compared with the model. On the other hand, 

the NO profiles have much more noise and hence it is difficult to determine the general trend. 

Also, the scale difference of the NO amount between equivalence ratio conditions is relatively 

uncertain. For the OH quantification, the methane flame is a quite reliable reference, 

primarily due to the validated GRI-Mech 3.0 mechanism and the measured temperature data 

is relatively reasonable. For the NO quantification, the measured temperature of the 

ammonia/methane flame is significantly uncertain, and the current mechanisms of CH4 and 

NH3 are much less credible and require significant optimizations for the 1D laminar flame.  

Thirdly, the quantitative OH of the three liquid fuels is summarized as follows. In general, 

decent agreement can be found between the measurements and simulations for the six flame 

conditions. In terms of the difference of the remaining OH product, the measurements are 

consistently greater than the simulation by 15% and 10%, at the rich and stoichiometric 

conditions, respectively. This is due to the open air entering into the flame, hence the mixture 

conditions in practice become more fuel-lean the further away from the burner surface. 

Importantly, the quality of the converted PLIF is largely dependent on their respective 

temperature profiles and the results of the reference fuels, and the most agreeable case is 
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the kerosene flame at the stoichiometric condition, where both the OH shape and the peak 

position of the experimental data correspond excellently to the simulated results, and the 

discrepancy of the maximum OH quantity between the two methods is around 7%. 

Furthermore, at a given equivalence ratio condition, the kerosene flame possesses the most 

amount of the OH and both surrogates can produce a considerable quantity of OH. Among 

the two proposed mixtures, more OH seems to be formed in surrogate B than in surrogate A. 

Since the only component difference between the two surrogates is the representative of the 

branched alkanes, this implies that compared to iso-octane, 2-methylheptane may be more 

appropriate to represent kerosene-based fuels. 

Fourthly, the quantitative NO of the three liquid fuels is summarized as follows. At the  

fuel-rich condition, the NO mechanism appears to be thermal NOx dominant to a certain 

extent, while at the stoichiometric condition, the main route of the NO production seems to 

be the chemistry between the fuel and nitrogen., At the rich condition, the converted NO of 

all three fuels is relatively reasonable compared to the simulation, while larger disagreements 

are observed at the stoichiometric condition. Particularly for the two surrogates, the model 

value is greater than the measurement by approximately a factor of 3. Additionally, regarding 

the relative NO formed among the three mixtures, at the rich condition the kerosene and 

surrogate A produce a similar level of NO, which is a little higher than the surrogate B. 

6.4 Suggestions for future work 

Several insights are addressed in the following to extend this work for future studies. 

Firstly, the temperature is essential to study the fundamental combustion characteristics. 

To quantify key species of a targeted laminar flame from the PLIF signal, the precision of the 

result heavily relies on a reasonable temperature profile. From the experience with the 

thermocouple, the potential improvement starts with the condition of the flame. Under the 

circumstance that the current level of flame stability can be maintained and even improved, 

a more fuel-rich flame (𝜑 > 1.30), which means the lift-off phenomenon is more obvious, is 

likely to increase the reliability of the temperature measurements. From the perspective of 

the thermocouple, this suggestion takes more consideration of the wire thickness when 

placing the wire and makes the determination of the burner surface easier. However, if the 

base of the produced flame is too far away from the burner surface, it will cause significant 

stability issues, while stability is the fundamental requirements of all the measurements. 
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Hence, the margin of the flame alternation is relatively narrow. Furthermore, regarding the 

difficulty faced in obtaining temperature results at the fuel-lean condition, with the current 

burner setup a less lean (e.g., 𝜑 = 0.90) flame that emphasizes the lift-off phenomenon may 

be more suitable to investigate for a similar reason as adopting a more fuel-rich flame.  

Secondly, both temperature approaches can be improved in some regards. For the 

thermocouples, it is assumed that the reason why type S and type R are commonly employed 

from previous investigations is the experimental conditions, which are usually below 50 torr. 

As a result, the measured temperature values of hydrocarbon fuels are at a relatively lower 

level (< 1800 K), hence the application of these thermocouple wires are sufficient. However, 

under atmospheric conditions, the maximum temperature of the kerosene-based fuels may 

exceed 2000 K, thus type B appear to be a more suitable tool, particularly in concern of 

continuous exposure in the flames, as it has a higher gauge limit (1750 ℃) compared to the 

type S (1500 ℃) and type R (1600 ℃). The potential drawback of this suggestion is that there 

are few references to using the type B thermocouple wires at atmospheric conditions for large 

hydrocarbon measurements, and consequently, information such as the coating method and 

the emissivity of the coated wires is scarce. Also, the correction method for type S or type R 

considers the bead diameter after coating to be 2.5 times greater than the bare wire diameter. 

However, the diameter of the thinnest type B bare wires is 0.2 mm, which is much thicker 

than the usually employed wires (e.g., type P13R-002 = 0.05 mm), hence the current rule may 

not be suitable to directly apply on these type B wires. In general, these factors all mount up 

to a greater uncertainty of the temperature correction.  

Thirdly, suggestions for OH LIF thermometry are addressed as follows. If laboratory 

equipment is available, it is suggested to use two laser systems and two ICCD cameras to 

capture the two-line OH LIF signals of the targeted flames virtually simultaneously. Another 

uncertainty factor is the determination of the peak wavelength of the selected transitions. 

The current approach primarily relies on the visual observation of the PLIF image intensity, 

hence it is only relatively accurate and may lead to significant errors or meaningless results. 

The application of a photomultiplier (PMT) with appropriate signal collection and averaging 

will largely help to decide the precise position of the transitions. Theoretically, the placement 

of the PMT may not be relevant as the fluorescence occurs in every direction, although it may 

be ideal to mount the device closer to the area of the burner surface. Once the wavelength 



173 

 

range of a certain transition is set in the Sirah control software, the PMT output can be 

observed with an oscilloscope synchronized to the pulsed laser firing. Also, boxcar averaging 

is a signal processing technique utilized to reduce signal noise, which could also be useful. The 

operation begins with the boxcar also being synchronized to the pulsed laser firing, and the 

boxcar gate also being observed on the oscilloscope. The gate represents the region of time 

during which the boxcar will integrate the signal it receives from the PMT. The position and 

width of the gate are then adjusted to coincide with the fluorescence signal from the PMT. 

The output is then averaged over N periods and subsequently transmitted to a chart recorder, 

and detailed information about a given transition can be obtained.  

Fourthly, experimental studies are essential to investigate fundamental chemical kinetics 

and develop an accurate model. From the experience of the mechanism optimization, if the 

equipment is available, it is suggested to use shock tubes or other approaches to directly 

measure the rate constant of the key reactions, especially the reaction group involved in the 

chemical chain branching process. Also, for the reaction class with experimental data, such as 

the first oxygen addition, it is advised to extend the experiments to a wider range of 

conditions, and if it is applicable, using C6 or C7 for the investigation will be more suitable for 

the surrogate components of jet fuels.  
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APPENDIX A: NEW GROUP ADDITIVITY VALUE OF STABLE SPECIES 

AND RADICALS 

 

𝐻° 

(kcal ∙ mol-1) 

𝑆∘  

(cal ∙ mol-1 ∙ K-1) 

Cp  

(cal ∙ mol-1 ∙ K-1) 

T/K 
  

300 400 500 600 800 1000 

C/C/H3 -10.01 30.29 6.22 7.74 9.24 10.62 12.84 14.59 

C/C2/H2 -5.00 9.65 5.59 7.08 8.43 9.53 11.23 12.48 

C/C3/H -2.14 -11.43 4.90 6.73 8.01 8.81 9.87 10.43 

C/C2/H/OO -8.02 6.62 3.85 4.84 6.52 7.45 9.28 10.60 

C/C/H2/OO -7.03 -15.46 4.43 5.32 6.63 7.23 7.94 8.47 

C/C3/OO -6.20 -34.64 3.53 4.61 5.83 5.96 6.70 6.53 

OO/C/H -20.60 38.64 9.52 11.05 11.56 12.53 13.40 14.05 

CO/C2 -31.50 15.14 5.59 6.09 6.81 7.48 8.54 9.14 

CO/C/H -29.34 34.45 6.72 7.71 8.77 9.90 11.45 12.63 

P 101.15 2.51 -1.14 -1.64 -2.14 -2.60 -3.32 -3.89 

S 98.07 4.26 -1.78 -2.98 -3.49 -3.81 -4.40 -4.78 

T 96.14 5.14 -2.81 -4.19 -4.84 -5.10 -5.33 -5.36 

ALPEROX 85.27 -0.48 -1.17 -1.78 -2.28 -2.74 -3.25 -3.68 
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APPENDIX B: UPDATED THERMODYNAMIC DATA OF SPECIES 

RELATED TO 2-METHYLHEPTANE COMBUSTION 

C8H18-2    5/ 8/ 5 THERMC   8H  18    0    0G   300.000  5000.000 1000.000    71 

 2.23510898E+01 4.52823431E-02-1.75714464E-05 3.01647224E-09-1.90956444E-13    2 

-3.69992537E+04-9.06028227E+01-6.10805451E-01 8.93201040E-02-2.80719788E-05    3 

-2.46887913E-08 1.64871751E-11-2.93519112E+04 3.44304720E+01                   4 

C8H17-2A   5/ 8/ 5 THERMC   8H  17    0    0G   300.000  5000.000 1000.000    71 

 2.19996000E+01 4.30340167E-02-1.68526459E-05 2.92459599E-09-1.87704722E-13    2 

-1.23696575E+04-8.52658261E+01-8.68364589E-01 9.04897900E-02-3.89289241E-05    3 

-1.17268841E-08 1.15110499E-11-4.97161588E+03 3.82513188E+01                   4 

C8H17-2G   5/ 8/ 5 THERMC   8H  17    0    0G   300.000  5000.000 1000.000    71 

 2.19996000E+01 4.30340167E-02-1.68526459E-05 2.92459599E-09-1.87704722E-13    2 

-1.23696575E+04-8.59589823E+01-8.68364589E-01 9.04897900E-02-3.89289241E-05    3 

-1.17268841E-08 1.15110499E-11-4.97161588E+03 3.75581633E+01                   4 

C8H17-2C   5/ 8/ 5 THERMC   8H  17    0    0G   300.000  5000.000 1000.000    71 

 2.04330909E+01 4.44554724E-02-1.70697367E-05 2.90885675E-09-1.83205015E-13    2 

-1.31796049E+04-7.66271355E+01 4.61952764E+00 5.09809948E-02 5.21990082E-05    3 

-1.01297228E-07 4.35261525E-11-6.82867410E+03 1.52619224E+01                   4 

C8H17-2D   5/ 8/ 5 THERMC   8H  17    0    0G   300.000  5000.000 1000.000    71 

 2.04330909E+01 4.44554724E-02-1.70697367E-05 2.90885675E-09-1.83205015E-13    2 

-1.31796049E+04-7.66271355E+01 4.61952764E+00 5.09809948E-02 5.21990082E-05    3 

-1.01297228E-07 4.35261525E-11-6.82867410E+03 1.52619224E+01                   4 

C8H17-2E   5/ 8/ 5 THERMC   8H  17    0    0G   300.000  5000.000 1000.000    71 

 2.04330909E+01 4.44554724E-02-1.70697367E-05 2.90885675E-09-1.83205015E-13    2 

-1.31796049E+04-7.66271355E+01 4.61952764E+00 5.09809948E-02 5.21990082E-05    3 

-1.01297228E-07 4.35261525E-11-6.82867410E+03 1.52619224E+01                   4 

C8H17-2F   5/ 8/ 5 THERMC   8H  17    0    0G   300.000  5000.000 1000.000    71 

 2.04330909E+01 4.44554724E-02-1.70697367E-05 2.90885675E-09-1.83205015E-13    2 

-1.31796049E+04-7.66271355E+01 4.61952764E+00 5.09809948E-02 5.21990082E-05    3 

-1.01297228E-07 4.35261525E-11-6.82867410E+03 1.52619224E+01                   4 

C8H17-2B   5/ 8/ 5 THERMC   8H  17    0    0G   300.000  5000.000 1000.000    71 

 1.79458361E+01 4.72492704E-02-1.77486225E-05 2.97857255E-09-1.85615609E-13    2 

-1.30153243E+04-6.21599053E+01 5.11666087E+00 4.57821990E-02 5.85990274E-05    3 

-1.02148561E-07 4.23870365E-11-7.77146109E+03 1.41479658E+01                   4 

C8H16-1-2  5/ 8/ 5 thermH  16C   8    0    0g   300.000  5000.000 1391.000    61 

 2.42942390e+01 3.55409247e-02-1.21060032e-05 1.87427516e-09-1.08530718e-13    2 

-2.41421368e+04-1.01024824e+02-1.08321803e+00 9.24399869e-02-6.06179940e-05    3 

 2.06787399e-08-2.91728752e-12-1.50410212e+04 3.61960465e+01                   4 

C8H16-2-2   5/9/ 5 thermH  16C   8    0    0g   300.000  5000.000 1390.000    61 

 2.38193041e+01 3.59772998e-02-1.22634136e-05 1.89952994e-09-1.10027885e-13    2 

-2.54871418e+04-9.88136938e+01-6.41567800e-01 8.93020246e-02-5.59544372e-05    3 

 1.79652327e-08-2.35791972e-12-1.65489479e+04 3.40131577e+01                   4 

C8H16-3-2   5/10/5 thermH  16C   8    0    0g   300.000  5000.000 1394.000    61 

 2.38767788e+01 3.61765064e-02-1.23847165e-05 1.92376372e-09-1.11647873e-13    2 

-2.47852141e+04-9.97101266e+01-2.93094454e+00 9.77846785e-02-6.69422779e-05    3 

 2.41823763e-08-3.64732395e-12-1.53024373e+04 4.47425556e+01                   4 

C8H16-4-2   5/10/5 thermH  16C   8    0    0g   300.000  5000.000 1392.000    61 

 2.39175593e+01 3.61853901e-02-1.23978686e-05 1.92690358e-09-1.11875817e-13    2 

-2.49544972e+04-1.00001110e+02-2.85430581e+00 9.72921010e-02-6.60680343e-05    3 

 2.36327956e-08-3.53172870e-12-1.54359038e+04 4.44185307e+01                   4 

C8H16-5-2   5/10/5 thermH  16C   8    0    0g   300.000  5000.000 1391.000    61 

 2.38013945e+01 3.61907786e-02-1.23796975e-05 1.92202845e-09-1.11510927e-13    2 

-2.49569821e+04-9.94195299e+01-1.84180635e+00 9.30484963e-02-6.02063894e-05    3 

 2.01810906e-08-2.79595615e-12-1.56800350e+04 3.94922145e+01                   4 

C8H16-6-2   5/11/5 thermH  16C   8    0    0g   300.000  5000.000 1393.000    61 

 2.42774208e+01 3.57623689e-02-1.22267721e-05 1.89763691e-09-1.10070078e-13    2 

-2.36141529e+04-1.01643888e+02-2.36563988e+00 9.65215499e-02-6.53224689e-05    3 

 2.31537549e-08-3.40888793e-12-1.41589879e+04 4.20613726e+01                   4 

C8H17O-1-2  5/24/5 thermC   8H  17O   1    0g   300.000  5000.000 1390.000    81 

 2.74811848e+01 3.75744020e-02-1.29161783e-05 2.01202962e-09-1.17007752e-13    2 

-3.20795559e+04-1.15742919e+02-1.32517927e+00 1.02067227e-01-6.78362870e-05    3 

 2.32912073e-08-3.29828280e-12-2.17345686e+04 4.00606608e+01                   4 
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C8H17O-2-2  5/24/5 thermC   8H  17O   1    0g   300.000  5000.000 1391.000    81 

 2.81549772e+01 3.70804138e-02-1.27622778e-05 1.98966012e-09-1.15770090e-13    2 

-3.56420078e+04-1.20909218e+02-1.40755987e+00 1.05669541e-01-7.43774728e-05    3 

 2.76076622e-08-4.27631781e-12-2.52426405e+04 3.81705249e+01                   4 

C8H17O-3-2  5/24/5 thermC   8H  17O   1    0g   300.000  5000.000 1392.000    81 

 2.81162098e+01 3.72856173e-02-1.28708561e-05 2.01051889e-09-1.17142050e-13    2 

-3.45081038e+04-1.20396348e+02-2.16653642e+00 1.07739651e-01-7.64424806e-05    3 

 2.85978776e-08-4.46409575e-12-2.38690364e+04 4.24995699e+01                   4 

C8H17O-4-2  5/24/5 thermC   8H  17O   1    0g   300.000  5000.000 1392.000    81 

 2.81162098e+01 3.72856173e-02-1.28708561e-05 2.01051889e-09-1.17142050e-13    2 

-3.45081038e+04-1.20396348e+02-2.16653642e+00 1.07739651e-01-7.64424806e-05    3 

 2.85978776e-08-4.46409575e-12-2.38690364e+04 4.24995699e+01                   4 

C8H17O-5-2  5/24/5 thermC   8H  17O   1    0g   300.000  5000.000 1392.000    81 

 2.81162098e+01 3.72856173e-02-1.28708561e-05 2.01051889e-09-1.17142050e-13    2 

-3.45081038e+04-1.20396348e+02-2.16653642e+00 1.07739651e-01-7.64424806e-05    3 

 2.85978776e-08-4.46409575e-12-2.38690364e+04 4.24995699e+01                   4 

C8H17O-6-2  5/24/5 thermC   8H  17O   1    0g   300.000  5000.000 1392.000    81 

 2.81162098e+01 3.72856173e-02-1.28708561e-05 2.01051889e-09-1.17142050e-13    2 

-3.45081038e+04-1.20396348e+02-2.16653642e+00 1.07739651e-01-7.64424806e-05    3 

 2.85978776e-08-4.46409575e-12-2.38690364e+04 4.24995699e+01                   4 

C8H17O-7-2  5/24/5 thermC   8H  17O   1    0g   300.000  5000.000 1390.000    81 

 2.74811848e+01 3.75744020e-02-1.29161783e-05 2.01202962e-09-1.17007752e-13    2 

-3.20795559e+04-1.15742919e+02-1.32517927e+00 1.02067227e-01-6.78362870e-05    3 

 2.32912073e-08-3.29828280e-12-2.17345686e+04 4.00606608e+01                   4 

C8H17OOH-1-2   5/5 THERMC   8H  18O   2    0G   300.000  5000.000 1000.000    81 

 2.93145063E+01 4.08721880E-02-1.43972726E-05 2.37257600E-09-1.47448109E-13    2 

-4.90982652E+04-1.20859995E+02 1.23384042E+00 9.49746640E-02-2.41018587E-05    3 

-3.76866917E-08 2.30820499E-11-3.99342183E+04 3.14480056E+01                   4 

C8H17OO-1-2       000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.70940088E+01 4.34288275E-02-1.70931978E-05 2.96363344E-09-1.88911463E-13    2 

-3.17039958E+04-1.08699166E+02 4.05492696E-01 1.01282264E-01-5.15643374E-05    3 

-3.91832379E-09 9.40637869E-12-2.30917386E+04 3.49947215E+01                   4 

C8H17OOH-2-2   5/5 THERMC   8H  18O   2    0G   300.000  5000.000 1000.000    81 

 2.80693889E+01 4.49665375E-02-1.76720724E-05 3.06080884E-09-1.94964195E-13    2 

-5.18799712E+04-1.16215609E+02-8.35430133E-01 1.16983726E-01-8.90035192E-05    3 

 3.79130976E-08-7.54906726E-12-4.29018264E+04 3.73929074E+01                   4 

C8H17OO-2-2    5/5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.66563074E+01 4.40328267E-02-1.71986037E-05 2.96597717E-09-1.88356997E-13    2 

-3.40101798E+04-1.07467992E+02-1.66295194E+00 1.23354901E-01-1.16482131E-04    3 

 7.16562390E-08-2.12092879E-11-2.56596165E+04 4.09168721E+01                   4 

C8H17OOH-3-2   5/5 THERMC   8H  18O   2    0G   300.000  5000.000 1000.000    81 

 3.01763987E+01 4.16677262E-02-1.66497134E-05 2.91741316E-09-1.87341280E-13    2 

-5.16272262E+04-1.28084301E+02 5.79624699E+00 6.53641531E-02 5.33719165E-05    3 

-1.24236105E-07 5.71572360E-11-4.21284644E+04 9.71215644E+00                   4 

C8H17OO-3-2       000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.92337516E+01 4.03886008E-02-1.60969805E-05 2.81546952E-09-1.80567010E-13    2 

-3.40390050E+04-1.22244977E+02 4.96872519E+00 7.17353280E-02 2.58933044E-05    3 

-9.04929638E-08 4.34970154E-11-2.52888715E+04 1.32785693E+01                   4 

C8H17OOH-4-2   5/5 THERMC   8H  18O   2    0G   300.000  5000.000 1000.000    81 

 3.01763987E+01 4.16677262E-02-1.66497134E-05 2.91741316E-09-1.87341280E-13    2 

-5.15768086E+04-1.28084301E+02 5.79624699E+00 6.53641531E-02 5.33719165E-05    3 

-1.24236105E-07 5.71572360E-11-4.25310814E+04 9.71215644E+00                   4 

C8H17OO-4-2       000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.92337516E+01 4.03886008E-02-1.60969805E-05 2.81546952E-09-1.80567010E-13    2 

-3.44416220E+04-1.22244977E+02 4.96872519E+00 7.17353280E-02 2.58933044E-05    3 

-9.04929638E-08 4.34970154E-11-2.56914885E+04 1.32785693E+01                   4 

C8H17OOH-5-2   5/5 THERMC   8H  18O   2    0G   300.000  5000.000 1000.000    81 

 3.01763987E+01 4.16677262E-02-1.66497134E-05 2.91741316E-09-1.87341280E-13    2 

-5.15768086E+04-1.28084301E+02 5.79624699E+00 6.53641531E-02 5.33719165E-05    3 

-1.24236105E-07 5.71572360E-11-4.25310814E+04 9.71215644E+00                   4 

C8H17OO-5-2       000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.92337516E+01 4.03886008E-02-1.60969805E-05 2.81546952E-09-1.80567010E-13    2 

-3.44416220E+04-1.22244977E+02 4.96872519E+00 7.17353280E-02 2.58933044E-05    3 

-9.04929638E-08 4.34970154E-11-2.56914885E+04 1.32785693E+01                   4 

C8H17OOH-6-2   5/5 THERMC   8H  18O   2    0G   300.000  5000.000 1000.000    81 

 3.01763987E+01 4.16677262E-02-1.66497134E-05 2.91741316E-09-1.87341280E-13    2 

-5.15768086E+04-1.28084301E+02 5.79624699E+00 6.53641531E-02 5.33719165E-05    3 
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-1.24236105E-07 5.71572360E-11-4.25310814E+04 9.71215644E+00                   4 

C8H17OO-6-2       000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.92337516E+01 4.03886008E-02-1.60969805E-05 2.81546952E-09-1.80567010E-13    2 

-3.44416220E+04-1.22244977E+02 4.96872519E+00 7.17353280E-02 2.58933044E-05    3 

-9.04929638E-08 4.34970154E-11-2.56914885E+04 1.32785693E+01                   4 

C8H17OOH-7-2   5/5 THERMC   8H  18O   2    0G   300.000  5000.000 1000.000    81 

 2.93145063E+01 4.08721880E-02-1.43972726E-05 2.37257600E-09-1.47448109E-13    2 

-4.90982652E+04-1.21553142E+02 1.23384042E+00 9.49746640E-02-2.41018587E-05    3 

-3.76866917E-08 2.30820499E-11-3.99342183E+04 3.07548585E+01                   4 

C8H17OO-7-2       000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.70940088E+01 4.34288275E-02-1.70931978E-05 2.96363344E-09-1.88911463E-13    2 

-3.17039958E+04-1.09392312E+02 4.05492696E-01 1.01282264E-01-5.15643374E-05    3 

-3.91832379E-09 9.40637869E-12-2.30917386E+04 3.43015743E+01                   4 

C8OOH1-2A  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.88188264E+01 3.86542728E-02-1.35822607E-05 2.23573839E-09-1.38861917E-13    2 

-2.40158665E+04-1.14693628E+02 9.76281223E-01 9.61443507E-02-3.49588066E-05    3 

-2.47247811E-08 1.81059231E-11-1.51513060E+04 3.53064289E+01                   4 

C8OOH1-2B  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.70082462E+01 4.06837003E-02-1.46740200E-05 2.44647690E-09-1.53024884E-13    2 

-2.62246374E+04-1.05586155E+02 6.96130686E+00 5.14367583E-02 6.25691489E-05    3 

-1.15146463E-07 4.89819118E-11-1.81765721E+04 1.04706189E+01                   4 

C8OOH1-2C  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.87284112E+01 3.86668797E-02-1.40017922E-05 2.34042927E-09-1.46642191E-13    2 

-2.55548766E+04-1.14815197E+02 6.46417345E+00 5.66355555E-02 5.61691257E-05    3 

-1.14295125E-07 5.01210257E-11-1.70083642E+04 1.22780202E+01                   4 

C8OOH1-2D  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.87284112E+01 3.86668797E-02-1.40017922E-05 2.34042927E-09-1.46642191E-13    2 

-2.55548766E+04-1.14815197E+02 6.46417345E+00 5.66355555E-02 5.61691257E-05    3 

-1.14295125E-07 5.01210257E-11-1.70083642E+04 1.22780202E+01                   4 

C8OOH1-2E  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.87284112E+01 3.86668797E-02-1.40017922E-05 2.34042927E-09-1.46642191E-13    2 

-2.55548766E+04-1.14815197E+02 6.46417345E+00 5.66355555E-02 5.61691257E-05    3 

-1.14295125E-07 5.01210257E-11-1.70083642E+04 1.22780202E+01                   4 

C8OOH2-2A         000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.78013679E+01 4.24269175E-02-1.67234137E-05 2.90250075E-09-1.85147175E-13    2 

-2.69038440E+04-1.11359795E+02-1.09281795E+00 1.18152638E-01-9.98532190E-05    3 

 5.08663524E-08-1.25218710E-11-1.81189792E+04 4.12503331E+01                   4 

C8OOH2-2C         000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.56722256E+01 4.45109027E-02-1.73009455E-05 2.97350029E-09-1.88388752E-13    2 

-2.73738096E+04-9.93746950E+01 4.39140113E+00 7.86702863E-02-8.78627944E-06    3 

-3.86440415E-08 1.94718042E-11-1.99756871E+04 1.82371919E+01                   4 

C8OOH2-2D         000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.56722256E+01 4.45109027E-02-1.73009455E-05 2.97350029E-09-1.88388752E-13    2 

-2.73738096E+04-9.93746950E+01 4.39140113E+00 7.86702863E-02-8.78627944E-06    3 

-3.86440415E-08 1.94718042E-11-1.99756871E+04 1.82371919E+01                   4 

C8OOH2-2E         000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.56722256E+01 4.45109027E-02-1.73009455E-05 2.97350029E-09-1.88388752E-13    2 

-2.73738096E+04-9.93746950E+01 4.39140113E+00 7.86702863E-02-8.78627944E-06    3 

-3.86440415E-08 1.94718042E-11-1.99756871E+04 1.82371919E+01                   4 

C8OOH2-2F         000000H  17O   2C   8    0G   300.000  5000.000 1000.00      1 

 2.56722256E+01 4.45109027E-02-1.73009455E-05 2.97350029E-09-1.88388752E-13    2 

-2.73738096E+04-9.93746950E+01 4.39140113E+00 7.86702863E-02-8.78627944E-06    3 

-3.86440415E-08 1.94718042E-11-1.99756871E+04 1.82371919E+01                   4 

C8OOH3-2A  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09304261E+01 3.59358707E-02-1.29404780E-05 2.15818424E-09-1.35084694E-13    2 

-2.57155976E+04-1.27569419E+02 5.54256975E+00 6.65776270E-02 4.25507088E-05    3 

-1.11357402E-07 5.22193912E-11-1.66824007E+04 1.42276248E+01                   4 

C8OOH3-2B  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.91769766E+01 3.77135179E-02-1.38527230E-05 2.33324313E-09-1.46850681E-13    2 

-2.76718591E+04-1.18673310E+02 1.15275958E+01 2.18700313E-02 1.40078672E-04    3 

-2.01779092E-07 8.30953829E-11-1.94742869E+04-1.06081870E+01                   4 

C8OOH3-2D  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.72250389E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.85314998E+04-9.49393308E+00                   4 

C8OOH3-2E  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 
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-2.72250389E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.85314998E+04-9.49393308E+00                   4 

C8OOH3-2F  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.72250389E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.85314998E+04-9.49393308E+00                   4 

C8OOH3-2G  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09304261E+01 3.59358707E-02-1.29404780E-05 2.15818424E-09-1.35084694E-13    2 

-2.57155976E+04-1.28254054E+02 5.54256975E+00 6.65776270E-02 4.25507088E-05    3 

-1.11357402E-07 5.22193912E-11-1.66824007E+04 1.35344776E+01                   4 

C8OOH4-2A  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09304261E+01 3.59358707E-02-1.29404780E-05 2.15818424E-09-1.35084694E-13    2 

-2.57155976E+04-1.27569419E+02 5.54256975E+00 6.65776270E-02 4.25507088E-05    3 

-1.11357402E-07 5.22193912E-11-1.66824007E+04 1.42276248E+01                   4 

C8OOH4-2B  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.91769766E+01 3.77135179E-02-1.38527230E-05 2.33324313E-09-1.46850681E-13    2 

-2.78882658E+04-1.18673310E+02 1.15275958E+01 2.18700313E-02 1.40078672E-04    3 

-2.01779092E-07 8.30953829E-11-1.96906935E+04-1.06081870E+01                   4 

C8OOH4-2C  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.74414455E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.87479065E+04-9.49393308E+00                   4 

C8OOH4-2E  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.74414455E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.87479065E+04-9.49393308E+00                   4 

C8OOH4-2F  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.74414455E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.87479065E+04-9.49393308E+00                   4 

C8OOH4-2G  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09304261E+01 3.59358707E-02-1.29404780E-05 2.15818424E-09-1.35084694E-13    2 

-2.57155976E+04-1.28254054E+02 5.54256975E+00 6.65776270E-02 4.25507088E-05    3 

-1.11357402E-07 5.22193912E-11-1.66824007E+04 1.35344776E+01                   4 

C8OOH5-2A  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09304261E+01 3.59358707E-02-1.29404780E-05 2.15818424E-09-1.35084694E-13    2 

-2.57155976E+04-1.27569419E+02 5.54256975E+00 6.65776270E-02 4.25507088E-05    3 

-1.11357402E-07 5.22193912E-11-1.66824007E+04 1.42276248E+01                   4 

C8OOH5-2B  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.91769766E+01 3.77135179E-02-1.38527230E-05 2.33324313E-09-1.46850681E-13    2 

-2.78882658E+04-1.18673310E+02 1.15275958E+01 2.18700313E-02 1.40078672E-04    3 

-2.01779092E-07 8.30953829E-11-1.96906935E+04-1.06081870E+01                   4 

C8OOH5-2C  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.74414455E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.87479065E+04-9.49393308E+00                   4 

C8OOH5-2D  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.74414455E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.87479065E+04-9.49393308E+00                   4 

C8OOH5-2F  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.74414455E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.87479065E+04-9.49393308E+00                   4 

C8OOH5-2G  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09304261E+01 3.59358707E-02-1.29404780E-05 2.15818424E-09-1.35084694E-13    2 

-2.57155976E+04-1.28254054E+02 5.54256975E+00 6.65776270E-02 4.25507088E-05    3 

-1.11357402E-07 5.22193912E-11-1.66824007E+04 1.35344776E+01                   4 

C8OOH6-2B  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.91769766E+01 3.77135179E-02-1.38527230E-05 2.33324313E-09-1.46850681E-13    2 

-2.78882658E+04-1.18673310E+02 1.15275958E+01 2.18700313E-02 1.40078672E-04    3 

-2.01779092E-07 8.30953829E-11-1.96906935E+04-1.06081870E+01                   4 

C8OOH6-2C  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.74414455E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.87479065E+04-9.49393308E+00                   4 

C8OOH6-2D  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 
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 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.74414455E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.87479065E+04-9.49393308E+00                   4 

C8OOH6-2E  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09002727E+01 3.56793537E-02-1.31675687E-05 2.22435670E-09-1.40263575E-13    2 

-2.74414455E+04-1.28604638E+02 1.10304625E+01 2.70688283E-02 1.33678650E-04    3 

-2.00927754E-07 8.42344971E-11-1.87479065E+04-9.49393308E+00                   4 

C8OOH6-2G  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 3.09304261E+01 3.59358707E-02-1.29404780E-05 2.15818424E-09-1.35084694E-13    2 

-2.57155976E+04-1.28254054E+02 5.54256975E+00 6.65776270E-02 4.25507088E-05    3 

-1.11357402E-07 5.22193912E-11-1.66824007E+04 1.35344776E+01                   4 

! 

C8OOH7-2C  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.87284112E+01 3.86668797E-02-1.40017922E-05 2.34042927E-09-1.46642191E-13    2 

-2.55548766E+04-1.15508345E+02 6.46417345E+00 5.66355555E-02 5.61691257E-05    3 

-1.14295125E-07 5.01210257E-11-1.70083642E+04 1.15848730E+01                   4 

C8OOH7-2D  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.87284112E+01 3.86668797E-02-1.40017922E-05 2.34042927E-09-1.46642191E-13    2 

-2.55548766E+04-1.15508345E+02 6.46417345E+00 5.66355555E-02 5.61691257E-05    3 

-1.14295125E-07 5.01210257E-11-1.70083642E+04 1.15848730E+01                   4 

C8OOH7-2E  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.87284112E+01 3.86668797E-02-1.40017922E-05 2.34042927E-09-1.46642191E-13    2 

-2.55548766E+04-1.15508345E+02 6.46417345E+00 5.66355555E-02 5.61691257E-05    3 

-1.14295125E-07 5.01210257E-11-1.70083642E+04 1.15848730E+01                   4 

C8OOH7-2F  5/25/ 5 THERMC   8H  17O   2    0G   300.000  5000.000 1000.000    81 

 2.87284112E+01 3.86668797E-02-1.40017922E-05 2.34042927E-09-1.46642191E-13    2 

-2.55548766E+04-1.15508345E+02 6.46417345E+00 5.66355555E-02 5.61691257E-05    3 

-1.14295125E-07 5.01210257E-11-1.70083642E+04 1.15848730E+01                   4 

C8OOH1-OO1-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.28101930E+01 4.28052776E-02-1.71042595E-05 2.99706010E-09-1.92455797E-13    2 

-4.32585422E+04-1.33729879E+02 2.24890356E+00 1.06933041E-01-4.75968801E-05    3 

-1.69075175E-08 1.59968364E-11-3.33257332E+04 3.11815108E+01                   4 

C8OOH1-OO2-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.25979584E+01 4.32668330E-02-1.71984291E-05 3.00254267E-09-1.92315465E-13    2 

-4.61315628E+04-1.33234432E+02 1.80458566E-01 1.29005681E-01-1.12514681E-04    3 

 5.86670529E-08-1.46188330E-11-3.62971587E+04 3.77936984E+01                   4 

C8OOH2-OO1-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.25979584E+01 4.32668330E-02-1.71984291E-05 3.00254267E-09-1.92315465E-13    2 

-4.61315628E+04-1.33234432E+02 1.80458566E-01 1.29005681E-01-1.12514681E-04    3 

 5.86670529E-08-1.46188330E-11-3.62971587E+04 3.77936984E+01                   4 

C8OOH1-OO3-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.44810959E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 1.01122768E+01                   4 

C8OOH3-OO1-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.44810959E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 1.01122768E+01                   4 

C8OOH1-OO4-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.44810959E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 1.01122768E+01                   4 

C8OOH4-OO1-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.44810959E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 1.01122768E+01                   4 

C8OOH1-OO5-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.44810959E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 1.01122768E+01                   4 

C8OOH5-OO1-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.44810959E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 1.01122768E+01                   4 

C8OOH3-OO7-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.45504105E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 
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-1.03482148E-07 5.00874698E-11-3.59266144E+04 9.41912965E+00                   4 

C8OOH7-OO3-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.45504105E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 9.41912965E+00                   4 

C8OOH4-OO7-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.45504105E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 9.41912965E+00                   4 

C8OOH7-OO4-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.45504105E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 9.41912965E+00                   4 

C8OOH5-OO7-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.45504105E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 9.41912965E+00                   4 

C8OOH7-OO5-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.45504105E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 9.41912965E+00                   4 

C8OOH6-OO7-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.45504105E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 9.41912965E+00                   4 

C8OOH7-OO6-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.46582619E+01 3.99800875E-02-1.61305824E-05 2.84565038E-09-1.83599832E-13    2 

-4.57993786E+04-1.45504105E+02 6.81213557E+00 7.73861083E-02 2.98607529E-05    3 

-1.03482148E-07 5.00874698E-11-3.59266144E+04 9.41912965E+00                   4 

C8OOH2-OO3-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.44587452E+01 4.04352624E-02-1.62376140E-05 2.85510432E-09-1.83785639E-13    2 

-4.84618422E+04-1.45084534E+02 4.74369107E+00 9.94587442E-02-3.50570383E-05    3 

-2.79075890E-08 1.94718045E-11-3.86816333E+04 1.60313152E+01                   4 

C8OOH3-OO2-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.44587452E+01 4.04352624E-02-1.62376140E-05 2.85510432E-09-1.83785639E-13    2 

-4.84618422E+04-1.45084534E+02 4.74369107E+00 9.94587442E-02-3.50570383E-05    3 

-2.79075890E-08 1.94718045E-11-3.86816333E+04 1.60313152E+01                   4 

C8OOH2-OO4-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.44587452E+01 4.04352624E-02-1.62376140E-05 2.85510432E-09-1.83785639E-13    2 

-4.86782489E+04-1.45084534E+02 4.74369107E+00 9.94587442E-02-3.50570383E-05    3 

-2.79075890E-08 1.94718045E-11-3.88980399E+04 1.60313152E+01                   4 

C8OOH4-OO2-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.44587452E+01 4.04352624E-02-1.62376140E-05 2.85510432E-09-1.83785639E-13    2 

-4.86782489E+04-1.45084534E+02 4.74369107E+00 9.94587442E-02-3.50570383E-05    3 

-2.79075890E-08 1.94718045E-11-3.88980399E+04 1.60313152E+01                   4 

C8OOH2-OO5-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.44587452E+01 4.04352624E-02-1.62376140E-05 2.85510432E-09-1.83785639E-13    2 

-4.86782489E+04-1.45084534E+02 4.74369107E+00 9.94587442E-02-3.50570383E-05    3 

-2.79075890E-08 1.94718045E-11-3.88980399E+04 1.60313152E+01                   4 

C8OOH5-OO2-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.44587452E+01 4.04352624E-02-1.62376140E-05 2.85510432E-09-1.83785639E-13    2 

-4.86782489E+04-1.45084534E+02 4.74369107E+00 9.94587442E-02-3.50570383E-05    3 

-2.79075890E-08 1.94718045E-11-3.88980399E+04 1.60313152E+01                   4 

C8OOH2-OO6-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.44587452E+01 4.04352624E-02-1.62376140E-05 2.85510432E-09-1.83785639E-13    2 

-4.86782489E+04-1.45084534E+02 4.74369107E+00 9.94587442E-02-3.50570383E-05    3 

-2.79075890E-08 1.94718045E-11-3.88980399E+04 1.60313152E+01                   4 

C8OOH6-OO2-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.44587452E+01 4.04352624E-02-1.62376140E-05 2.85510432E-09-1.83785639E-13    2 

-4.86782489E+04-1.45084534E+02 4.74369107E+00 9.94587442E-02-3.50570383E-05    3 

-2.79075890E-08 1.94718045E-11-3.88980399E+04 1.60313152E+01                   4 

C8OOH3-OO4-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH4-OO3-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 
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-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH3-OO5-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH5-OO3-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH3-OO6-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH6-OO3-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH4-OO5-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH5-OO4-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH4-OO6-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH6-OO4-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH5-OO6-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8OOH6-OO5-2   5/5 THERMC   8H  17O   4    0G   300.000  5000.000 1000.000    91 

 3.66587544E+01 3.70169165E-02-1.50812571E-05 2.67876126E-09-1.73660298E-13    2 

-4.84485502E+04-1.57536162E+02 1.13753682E+01 4.78391710E-02 1.07318397E-04    3 

-1.90056792E-07 8.41781077E-11-3.85274957E+04-1.16501069E+01                   4 

C8H16O1-1-2    5/5 thermC   8H  16O   1    0g   300.000  5000.000 1395.000    51 

 2.56118327e+01 3.76233253e-02-1.28765778e-05 2.00013283e-09-1.16089001e-13    2 

-3.67189319e+04-1.09860085e+02-5.40482169e+00 1.08749262e-01-7.48467625e-05    3 

 2.64504076e-08-3.80853915e-12-2.58272257e+04 5.71684727e+01                   4 

C8H16O1-2-2    5/5 thermC   8H  16O   1    0g   300.000  5000.000 1395.000    61 

 2.69350619e+01 3.62269057e-02-1.24260983e-05 1.93287404e-09-1.12290408e-13    2 

-3.93911683e+04-1.16145863e+02-3.60205585e+00 1.08934139e-01-7.95107222e-05    3 

 3.04988477e-08-4.83611359e-12-2.88857998e+04 4.74331957e+01                   4 

C8H16O1-3-2    5/5 thermC   8H  16O   1    0g   300.000  5000.000 1397.000    51 

 2.60151372e+01 3.74487135e-02-1.28509995e-05 1.99955302e-09-1.16187204e-13    2 

-3.90029246e+04-1.11685802e+02-5.63382516e+00 1.11874905e-01-8.01070539e-05    3 

 2.98231614e-08-4.55998166e-12-2.80570050e+04 5.81192431e+01                   4 

C8H16O1-4-2    5/5      C   8H  16O   1    0g   300.000  5000.000 1398.000    41 

 2.54163303e+01 3.83718019e-02-1.31677133e-05 2.04885623e-09-1.19053970e-13    2 

-4.90984507e+04-1.09889889e+02-7.47935138e+00 1.15710852e-01-8.28958633e-05    3 

 3.07606645e-08-4.67317263e-12-3.77349410e+04 6.65848734e+01                   4 

C8H16O1-5-2    5/5      C   8H  16O   1    0g   300.000  5000.000 1395.000    31 

 2.61275633e+01 3.85346767e-02-1.33009532e-05 2.07778557e-09-1.21070821e-13    2 

-5.17314278e+04-1.19235520e+02-8.07012812e+00 1.17636558e-01-8.31088723e-05    3 

 3.00991594e-08-4.44404140e-12-3.97852471e+04 6.46910371e+01                   4 

C8H16O2-3-2    5/5 thermC   8H  16O   1    0g   300.000  5000.000 1396.000    61 

 2.75398866e+01 3.58905331e-02-1.23480065e-05 1.92453349e-09-1.11957295e-13    2 

-4.17812642e+04-1.20567305e+02-4.70421124e+00 1.15885624e-01-9.01941669e-05    3 

 3.71106240e-08-6.28561974e-12-3.09834538e+04 5.10580331e+01                   4 

C8H16O2-4-2    5/5      C   8H  16O   1    0g   300.000  5000.000 1397.000    51 
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 2.67410850e+01 3.69665215e-02-1.27136485e-05 1.98107195e-09-1.15228929e-13    2 

-4.26147924e+04-1.17914935e+02-6.49812756e+00 1.18835287e-01-9.15381092e-05    3 

 3.71546118e-08-6.20476358e-12-3.14436443e+04 5.91855120e+01                   4 

C8H16O2-5-2    5/5      C   8H  16O   1    0g   300.000  5000.000 1398.000    41 

 2.61186562e+01 3.78120585e-02-1.29822920e-05 2.02067355e-09-1.17442557e-13    2 

-5.26672221e+04-1.15895531e+02-7.62783622e+00 1.19565939e-01-8.97587613e-05    3 

 3.52306529e-08-5.67588923e-12-4.12319883e+04 6.43195183e+01                   4 

C8H16O2-6-2    5/5      C   8H  16O   1    0g   300.000  5000.000 1395.000    31 

 2.68371811e+01 3.79614615e-02-1.31093898e-05 2.04849744e-09-1.19389383e-13    2 

-5.53021053e+04-1.25280066e+02-8.21618329e+00 1.21481256e-01-8.99496124e-05    3 

 3.45487099e-08-5.44090850e-12-4.32827153e+04 6.24141201e+01                   4 

C8H16O3-4-2    5/5 thermC   8H  16O   1    0g   300.000  5000.000 1397.000    61 

 2.78393315e+01 3.56650608e-02-1.22781984e-05 1.91459366e-09-1.11421258e-13    2 

-4.08011101e+04-1.21339070e+02-5.26842413e+00 1.16291693e-01-8.85194547e-05    3 

 3.51609027e-08-5.72406157e-12-2.96215411e+04 5.53212833e+01                   4 

C8H16O3-5-2    5/5      C   8H  16O   1    0g   300.000  5000.000 1396.000    51 

 2.69513102e+01 3.69638661e-02-1.27520898e-05 1.99120631e-09-1.15987389e-13    2 

-4.15778076e+04-1.18142927e+02-7.70075528e+00 1.23350248e-01-9.72719471e-05    3 

 4.03972394e-08-6.88677171e-12-3.00182356e+04 6.61469966e+01                   4 

C8H16O3-6-2    5/5      C   8H  16O   1    0g   300.000  5000.000 1396.000    41 

 2.63344777e+01 3.79036786e-02-1.30748454e-05 2.04147799e-09-1.18911483e-13    2 

-5.16725470e+04-1.16257789e+02-9.60383939e+00 1.27303831e-01-1.00158943e-04    3 

 4.13707441e-08-7.00453646e-12-3.96834408e+04 7.49095505e+01                   4 

C8H16O3-7-2    6/5      C   8H  16O   1    0g   300.000  5000.000 1395.000    31 

 2.61275633e+01 3.85346767e-02-1.33009532e-05 2.07778557e-09-1.21070821e-13    2 

-5.17314278e+04-1.19925002e+02-8.07012812e+00 1.17636558e-01-8.31088723e-05    3 

 3.00991594e-08-4.44404140e-12-3.97852471e+04 6.40015554e+01                   4 

C8H16O4-5-2    5/5 thermC   8H  16O   1    0g   300.000  5000.000 1397.000    61 

 2.78393315e+01 3.56650608e-02-1.22781984e-05 1.91459366e-09-1.11421258e-13    2 

-4.08011101e+04-1.21339070e+02-5.26842413e+00 1.16291693e-01-8.85194547e-05    3 

 3.51609027e-08-5.72406157e-12-2.96215411e+04 5.53212833e+01                   4 

C8H16O4-6-2    5/5      C   8H  16O   1    0g   300.000  5000.000 1396.000    51 

 2.69513102e+01 3.69638661e-02-1.27520898e-05 1.99120631e-09-1.15987389e-13    2 

-4.15778076e+04-1.18142927e+02-7.70075528e+00 1.23350248e-01-9.72719471e-05    3 

 4.03972394e-08-6.88677171e-12-3.00182356e+04 6.61469966e+01                   4 

C8H16O4-7-2    6/5      C   8H  16O   1    0g   300.000  5000.000 1398.000    41 

 2.54163303e+01 3.83718019e-02-1.31677133e-05 2.04885623e-09-1.19053970e-13    2 

-4.90984507e+04-1.10579371e+02-7.47935138e+00 1.15710852e-01-8.28958633e-05    3 

 3.07606645e-08-4.67317263e-12-3.77349410e+04 6.58953918e+01                   4 

C8H16O5-6-2    5/5 thermC   8H  16O   1    0g   300.000  5000.000 1397.000    61 

 2.78393315e+01 3.56650608e-02-1.22781984e-05 1.91459366e-09-1.11421258e-13    2 

-4.08011101e+04-1.21339070e+02-5.26842413e+00 1.16291693e-01-8.85194547e-05    3 

 3.51609027e-08-5.72406157e-12-2.96215411e+04 5.53212833e+01                   4 

C8H16O5-7-2    6/5      C   8H  16O   1    0g   300.000  5000.000 1397.000    51 

 2.60151372e+01 3.74487135e-02-1.28509995e-05 1.99955302e-09-1.16187204e-13    2 

-3.90029246e+04-1.12375284e+02-5.63382516e+00 1.11874905e-01-8.01070539e-05    3 

 2.98231614e-08-4.55998166e-12-2.80570050e+04 5.74297614e+01                   4 

C8H16O6-7-2    6/5 thermC   8H  16O   1    0g   300.000  5000.000 1396.000    61 

 2.67852989e+01 3.64563118e-02-1.25270973e-05 1.95085791e-09-1.13425497e-13    2 

-3.81888136e+04-1.14937683e+02-4.25973270e+00 1.10497178e-01-8.09484014e-05    3 

 3.11174030e-08-4.93839217e-12-2.75247088e+04 5.13114909e+01                   4 

C8KET1-1-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.90624988E+01 4.18807391E-02-1.66474612E-05 2.90635338E-09-1.86154458E-13    2 

-5.88563170E+04-1.16191653E+02 5.30160337E+00 6.99541058E-02 3.20038602E-05    3 

-9.50583574E-08 4.42758893E-11-5.02052489E+04 1.71339879E+01                   4 

C8KET1-2-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.89107735E+01 4.22851843E-02-1.67155997E-05 2.90699078E-09-1.85693965E-13    2 

-6.17194086E+04-1.16306007E+02 3.23315823E+00 9.20267463E-02-3.29139431E-05    3 

-1.94837849E-08 1.36602190E-11-5.31259842E+04 2.35102010E+01                   4 

C8KET1-3-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 3.11409043E+01 3.88752551E-02-1.56299063E-05 2.75055976E-09-1.77160049E-13    2 

-6.15556212E+04-1.29114402E+02 9.86483535E+00 4.04071732E-02 1.09461493E-04    3 

-1.81632988E-07 7.83665223E-11-5.28061302E+04-4.34071110E+00                   4 

C8KET1-4-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 3.11409043E+01 3.88752551E-02-1.56299063E-05 2.75055976E-09-1.77160049E-13    2 

-6.15556212E+04-1.29114402E+02 9.86483535E+00 4.04071732E-02 1.09461493E-04    3 

-1.81632988E-07 7.83665223E-11-5.28061302E+04-4.34071110E+00                   4 
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C8KET1-5-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 3.11409043E+01 3.88752551E-02-1.56299063E-05 2.75055976E-09-1.77160049E-13    2 

-6.15556212E+04-1.29114402E+02 9.86483535E+00 4.04071732E-02 1.09461493E-04    3 

-1.81632988E-07 7.83665223E-11-5.28061302E+04-4.34071110E+00                   4 

C8KET7-3-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 3.11409043E+01 3.88752551E-02-1.56299063E-05 2.75055976E-09-1.77160049E-13    2 

-6.15556212E+04-1.29807549E+02 9.86483535E+00 4.04071732E-02 1.09461493E-04    3 

-1.81632988E-07 7.83665223E-11-5.28061302E+04-5.03385828E+00                   4 

C8KET7-4-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 3.11409043E+01 3.88752551E-02-1.56299063E-05 2.75055976E-09-1.77160049E-13    2 

-6.15556212E+04-1.29807549E+02 9.86483535E+00 4.04071732E-02 1.09461493E-04    3 

-1.81632988E-07 7.83665223E-11-5.28061302E+04-5.03385828E+00                   4 

C8KET7-5-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 3.11409043E+01 3.88752551E-02-1.56299063E-05 2.75055976E-09-1.77160049E-13    2 

-6.15556212E+04-1.29807549E+02 9.86483535E+00 4.04071732E-02 1.09461493E-04    3 

-1.81632988E-07 7.83665223E-11-5.28061302E+04-5.03385828E+00                   4 

C8KET7-6-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 3.11409043E+01 3.88752551E-02-1.56299063E-05 2.75055976E-09-1.77160049E-13    2 

-6.15556212E+04-1.29807549E+02 9.86483535E+00 4.04071732E-02 1.09461493E-04    3 

-1.81632988E-07 7.83665223E-11-5.28061302E+04-5.03385828E+00                   4 

C8KET3-1-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.75745605E+01 4.29807707E-02-1.69168467E-05 2.93305753E-09-1.86962457E-13    2 

-6.18687319E+04-1.08385385E+02 4.76669775E+00 7.55791220E-02 8.07750233E-06    3 

-6.31964899E-08 3.05557546E-11-5.37488730E+04 1.84804543E+01                   4 

C8KET3-7-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.75745605E+01 4.29807707E-02-1.69168467E-05 2.93305753E-09-1.86962457E-13    2 

-6.18687319E+04-1.08385385E+02 4.76669775E+00 7.55791220E-02 8.07750233E-06    3 

-6.31964899E-08 3.05557546E-11-5.37488730E+04 1.84804543E+01                   4 

C8KET4-1-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.75745605E+01 4.29807707E-02-1.69168467E-05 2.93305753E-09-1.86962457E-13    2 

-6.18687319E+04-1.08385385E+02 4.76669775E+00 7.55791220E-02 8.07750233E-06    3 

-6.31964899E-08 3.05557546E-11-5.37488730E+04 1.84804543E+01                   4 

C8KET4-7-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.75745605E+01 4.29807707E-02-1.69168467E-05 2.93305753E-09-1.86962457E-13    2 

-6.18687319E+04-1.08385385E+02 4.76669775E+00 7.55791220E-02 8.07750233E-06    3 

-6.31964899E-08 3.05557546E-11-5.37488730E+04 1.84804543E+01                   4 

C8KET5-1-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.75745605E+01 4.29807707E-02-1.69168467E-05 2.93305753E-09-1.86962457E-13    2 

-6.18687319E+04-1.08385385E+02 4.76669775E+00 7.55791220E-02 8.07750233E-06    3 

-6.31964899E-08 3.05557546E-11-5.37488730E+04 1.84804543E+01                   4 

C8KET5-7-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.75745605E+01 4.29807707E-02-1.69168467E-05 2.93305753E-09-1.86962457E-13    2 

-6.18687319E+04-1.08385385E+02 4.76669775E+00 7.55791220E-02 8.07750233E-06    3 

-6.31964899E-08 3.05557546E-11-5.37488730E+04 1.84804543E+01                   4 

C8KET6-7-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.75745605E+01 4.29807707E-02-1.69168467E-05 2.93305753E-09-1.86962457E-13    2 

-6.18687319E+04-1.08385385E+02 4.76669775E+00 7.55791220E-02 8.07750233E-06    3 

-6.31964899E-08 3.05557546E-11-5.37488730E+04 1.84804543E+01                   4 

C8KET3-4-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET4-3-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET3-5-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET5-3-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET3-6-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 
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-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET6-3-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET4-5-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET5-4-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET4-6-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET6-4-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET5-6-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET6-5-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.96932418E+01 3.99636615E-02-1.59276198E-05 2.78584721E-09-1.78667216E-13    2 

-6.45955078E+04-1.21864682E+02 9.32993039E+00 4.60321845E-02 8.55351474E-05    3 

-1.49771134E-07 6.46463930E-11-5.63497543E+04-3.28192954E+00                   4 

C8KET3-2-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.71491461E+01 4.35724338E-02-1.70187807E-05 2.93496588E-09-1.86387597E-13    2 

-6.45354811E+04-1.07076829E+02 2.69825327E+00 9.76517576E-02-5.68402883E-05    3 

 1.23780689E-08-5.99102381E-14-5.66700712E+04 2.45674352E+01                   4 

C8KET4-2-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.71491461E+01 4.35724338E-02-1.70187807E-05 2.93496588E-09-1.86387597E-13    2 

-6.45354811E+04-1.07076829E+02 2.69825327E+00 9.76517576E-02-5.68402883E-05    3 

 1.23780689E-08-5.99102381E-14-5.66700712E+04 2.45674352E+01                   4 

C8KET5-2-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.71491461E+01 4.35724338E-02-1.70187807E-05 2.93496588E-09-1.86387597E-13    2 

-6.45354811E+04-1.07076829E+02 2.69825327E+00 9.76517576E-02-5.68402883E-05    3 

 1.23780689E-08-5.99102381E-14-5.66700712E+04 2.45674352E+01                   4 

C8KET6-2-2     5/5 THERMC   8H  16O   3    0G   300.000  5000.000 1000.000    81 

 2.71491461E+01 4.35724338E-02-1.70187807E-05 2.93496588E-09-1.86387597E-13    2 

-6.45354811E+04-1.07076829E+02 2.69825327E+00 9.76517576E-02-5.68402883E-05    3 

 1.23780689E-08-5.99102381E-14-5.66700712E+04 2.45674352E+01                   4 
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APPENDIX C: UPDATED RATE RULES OF THE REACTION CLASS 

RELATED TO 2-METHYLHEPTANE COMBUSTION AT LOW AND 

INTERMEDIATE REGIONS 

Reaction  A (cm3 ∙ mol-1 ∙ s-1) n Ea (cal ∙ mol-1) 

C8H18-2 + OH = C8H17-2A + H2O 3.35 × 106 2.08 375.5 

C8H18-2 + OH = C8H17-2B + H2O 1.72 × 1013 0 2261 

C8H18-2 + OH = C8H17-2C + H2O 5.42 × 1012 0 1578 

C8H18-2 + OH = C8H17-2D + H2O 5.62 × 1011 0.32 846.5 

C8H18-2 + OH = C8H17-2E + H2O 5.72 × 106 1.81 -1015 

C8H18-2 + OH = C8H17-2F + H2O 7.05 × 109 0.935 504.7 

C8H18-2 + OH = C8H17-2G + H2O 1.37 × 107 1.81 868.3 

C8H18-2 + HO2 = C8H17-2A + H2O2 1.63 × 102 3.59 17160 

C8H18-2 + HO2 = C8H17-2B + H2O2 2.60 × 103 3.01 12090 

C8H18-2 + HO2 = C8H17-2C + H2O2 2.53 × 102 3.37 13720 

C8H18-2 + HO2 = C8H17-2D + H2O2 2.53 × 102 3.37 13720 

C8H18-2 + HO2 = C8H17-2E + H2O2 2.53 × 102 3.37 13720 

C8H18-2 + HO2 = C8H17-2F + H2O2 2.53 × 102 3.37 13720 

C8H18-2 + HO2 = C8H17-2G + H2O2 8.16 × 101 3.59 17160 

C8H17-2A + O2 = C8H17OO-1-2 6.87 × 1016 -1.63 199 

C8H17-2B + O2 = C8H17OO-2-2 9.76 × 1011 0.325 -417 

C8H17-2C + O2 = C8H17OO-3-2 3.49 × 1014 -0.82 -536 

C8H17-2D + O2 = C8H17OO-4-2 3.49 × 1014 -0.82 -536 

C8H17-2E + O2 = C8H17OO-5-2 3.49 × 1014 -0.82 -536 

C8H17-2F + O2 = C8H17OO-6-2 3.49 × 1014 -0.82 -536 

C8H17-2G + O2 = C8H17OO-7-2 6.87 × 1016 -1.63 199 

C8H17OO-1-2 = C8OOH1-2A 3.57 × 106 1.6 21000 

C8H17OO-1-2 = C8OOH1-2B 2.31 × 109 0.8 27100 

C8H17OO-1-2 = C8OOH1-2C 1.36 × 107 1.3 18200 

C8H17OO-1-2 = C8OOH1-2D 3.72 × 106 1.2 16600 

C8H17OO-1-2 = C8OOH1-2E 2.60 × 106 1 18200 

C8H17OO-2-2 = C8OOH2-2A 3.01 × 109 1.2 33500 

C8H17OO-2-2 = C8OOH2-2C 6.51 × 109 0.7 30100 
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C8H17OO-2-2 = C8OOH2-2D 3.52 × 1010 0.2 18500 

C8H17OO-2-2 = C8OOH2-2E 1.86 × 106 1.2 16600 

C8H17OO-2-2 = C8OOH2-2F 1.30 × 106 1 18200 

C8H17OO-3-2 = C8OOH3-2A 2.88 × 107 1.4 20800 

C8H17OO-3-2 = C8OOH3-2B 7.45 × 109 0.6 27300 

C8H17OO-3-2 = C8OOH3-2D 1.72 × 109 0.9 29500 

C8H17OO-3-2 = C8OOH3-2E 7.03 × 1010 0.2 18500 

C8H17OO-3-2 = C8OOH3-2F 1.86 × 106 1.2 16600 

C8H17OO-3-2 = C8OOH3-2G 1.47 × 105 1.5 19900 

C8H17OO-4-2 = C8OOH4-2A 1.23 × 106 1.5 20000 

C8H17OO-4-2 = C8OOH4-2B 6.15 × 106 1.2 15400 

C8H17OO-4-2 = C8OOH4-2C 1.72 × 109 0.9 29500 

C8H17OO-4-2 = C8OOH4-2E 1.72 × 109 0.9 29500 

C8H17OO-4-2 = C8OOH4-2F 7.03 × 1010 0.2 18500 

C8H17OO-4-2 = C8OOH4-2G 6.17 × 105 1.5 20000 

C8H17OO-5-2 = C8OOH5-2A 2.94 × 105 1.5 19900 

C8H17OO-5-2 = C8OOH5-2B 8.54 × 105 1.2 13800 

C8H17OO-5-2 = C8OOH5-2C 7.03 × 1010 0.2 18500 

C8H17OO-5-2 = C8OOH5-2D 1.72 × 109 0.9 29500 

C8H17OO-5-2 = C8OOH5-2F 1.72 × 109 0.9 29500 

C8H17OO-5-2 = C8OOH5-2G 1.44 × 107 1.4 20800 

C8H17OO-6-2 = C8OOH6-2B 2.76 × 105 1.1 14300 

C8H17OO-6-2 = C8OOH6-2C 1.86 × 106 1.2 16600 

C8H17OO-6-2 = C8OOH6-2D 7.03 × 1010 0.2 18500 

C8H17OO-6-2 = C8OOH6-2E 1.72 × 109 0.9 29500 

C8H17OO-6-2 = C8OOH6-2G 1.46 × 109 1.1 33500 

C8H17OO-7-2 = C8OOH7-2C 2.60 × 106 1 18200 

C8H17OO-7-2 = C8OOH7-2D 3.72 × 106 1.2 16600 

C8H17OO-7-2 = C8OOH7-2E 1.36 × 107 1.3 18200 

C8H17OO-7-2 = C8OOH7-2F 4.01 × 108 1.1 30100 

C8H17OO-1-2 = C8H16-1-2 + HO2 2.89 × 109 0.93 29800 

C8H17OO-2-2 = C8H16-1-2 + HO2 1.73 × 1010 0.93 29800 

C8H17OO-2-2 = C8H16-2-2 + HO2 5.77 × 109 0.93 29800 

C8H17OO-3-2 = C8H16-2-2 + HO2 2.89 × 109 0.93 29800 

C8H17OO-3-2 = C8H16-3-2 + HO2 5.77 × 109 0.93 29800 
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C8H17OO-4-2 = C8H16-3-2 + HO2 5.77 × 109 0.93 29800 

C8H17OO-4-2 = C8H16-4-2 + HO2 5.77 × 109 0.93 29800 

C8H17OO-5-2 = C8H16-4-2 + HO2 5.77 × 109 0.93 29800 

C8H17OO-5-2 = C8H16-5-2 + HO2 5.77 × 109 0.93 29800 

C8H17OO-6-2 = C8H16-5-2 + HO2 5.77 × 109 0.93 29800 

C8H17OO-6-2 = C8H16-6-2 + HO2 8.66 × 109 0.93 29800 

C8H17OO-7-2 = C8H16-6-2 + HO2 5.77 × 109 0.93 29800 

C8OOH1-2B = C8H16O1-2-2 + OH 1.78 × 1012 0 13800 

C8OOH2-2A = C8H16O1-2-2 + OH 1.78 × 1012 0 15100 

C8OOH2-2C = C8H16O2-3-2 + OH 1.78 × 1012 0 13000 

C8OOH3-2B = C8H16O2-3-2 + OH 1.78 × 1012 0 10300 

C8OOH3-2D = C8H16O3-4-2 + OH 1.78 × 1012 0 10900 

C8OOH4-2C = C8H16O3-4-2 + OH 1.78 × 1012 0 11400 

C8OOH4-2E = C8H16O4-5-2 + OH 1.78 × 1012 0 11400 

C8OOH5-2D = C8H16O4-5-2 + OH 1.78 × 1012 0 11400 

C8OOH5-2F = C8H16O5-6-2 + OH 1.78 × 1012 0 11400 

C8OOH6-2E = C8H16O5-6-2 + OH 1.78 × 1012 0 11400 

C8OOH6-2G = C8H16O6-7-2 + OH 1.78 × 1012 0 13000 

C8OOH7-2F = C8H16O6-7-2 + OH 1.78 × 1012 0 13900 

C8OOH1-2A = C8H16O1-1-2 + OH 3.17 × 1011 0 19600 

C8OOH1-2C = C8H16O1-3-2 + OH 3.17 × 1011 0 18300 

C8OOH2-2D = C8H16O2-4-2 + OH 3.17 × 1011 0 17800 

C8OOH3-2A = C8H16O1-3-2 + OH 3.17 × 1011 0 17800 

C8OOH3-2E = C8H16O3-5-2 + OH 3.17 × 1011 0 16400 

C8OOH4-2B = C8H16O2-4-2 + OH 3.17 × 1011 0 16100 

C8OOH4-2F = C8H16O4-6-2 + OH 3.17 × 1011 0 16800 

C8OOH5-2C = C8H16O3-5-2 + OH 3.17 × 1011 0 16800 

C8OOH5-2G = C8H16O5-7-2 + OH 3.17 × 1011 0 17800 

C8OOH6-2D = C8H16O4-6-2 + OH 3.17 × 1011 0 16800 

C8OOH7-2E = C8H16O5-7-2 + OH 3.17 × 1011 0 18300 

C8OOH1-2D = C8H16O1-4-2 + OH 2.77 × 1010 0 10600 

C8OOH2-2E = C8H16O2-5-2 + OH 2.77 × 1010 0 9720 

C8OOH3-2F = C8H16O3-6-2 + OH 2.77 × 1010 0 7740 

C8OOH4-2G = C8H16O4-7-2 + OH 2.77 × 1010 0 9720 

C8OOH4-2A = C8H16O1-4-2 + OH 2.77 × 1010 0 9720 
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C8OOH5-2B = C8H16O2-5-2 + OH 2.77 × 1010 0 7170 

C8OOH6-2C = C8H16O3-6-2 + OH 2.77 × 1010 0 8230 

C8OOH7-2D = C8H16O4-7-2 + OH 2.77 × 1010 0 10600 

C8OOH1-2E = C8H16O1-5-2 + OH 5.20 × 109 0 11200 

C8OOH2-2F = C8H16O2-6-2 + OH 5.20 × 109 0 10600 

C8OOH3-2G = C8H16O3-7-2 + OH 5.20 × 109 0 10600 

C8OOH5-2A = C8H16O1-5-2 + OH 5.20 × 109 0 10600 

C8OOH6-2B = C8H16O2-6-2 + OH 5.20 × 109 0 8740 

C8OOH7-2C = C8H16O3-7-2 + OH 5.20 × 109 0 11200 

C8OOH1-2B = C8H16-1-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH2-2A = C8H16-1-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH2-2C = C8H16-2-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH3-2B = C8H16-2-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH3-2D = C8H16-3-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH4-2C = C8H16-3-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH4-2E = C8H16-4-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH5-2D = C8H16-4-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH5-2F = C8H16-5-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH6-2E = C8H16-5-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH6-2G = C8H16-6-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH7-2F = C8H16-6-2 + HO2 1.83 × 1010 0.79 15100 

C8OOH1-2A + O2 = C8OOH1-OO1-2 3.44 × 1016 -1.63 199 

C8OOH1-2B + O2 = C8OOH1-OO2-2 4.88 × 1011 0.325 -417 

C8OOH1-2C + O2 = C8OOH1-OO3-2 1.75 × 1014 -0.816 -537 

C8OOH1-2D + O2 = C8OOH1-OO4-2 1.75 × 1014 -0.816 -537 

C8OOH1-2E + O2 = C8OOH1-OO5-2 1.75 × 1014 -0.816 -537 

C8OOH2-2A + O2 = C8OOH2-OO1-2 3.44 × 1016 -1.63 199 

C8OOH2-2C + O2 = C8OOH2-OO3-2 1.75 × 1014 -0.816 -537 

C8OOH2-2D + O2 = C8OOH2-OO4-2 1.75 × 1014 -0.816 -537 

C8OOH2-2E + O2 = C8OOH2-OO5-2 1.75 × 1014 -0.816 -537 

C8OOH2-2F + O2 = C8OOH2-OO6-2 1.75 × 1014 -0.816 -537 

C8OOH3-2A + O2 = C8OOH3-OO1-2 3.44 × 1016 -1.63 199 

C8OOH3-2B + O2 = C8OOH3-OO2-2 4.88 × 1011 0.325 -417 

C8OOH3-2D + O2 = C8OOH3-OO4-2 1.75 × 1014 -0.816 -537 

C8OOH3-2E + O2 = C8OOH3-OO5-2 1.75 × 1014 -0.816 -537 
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C8OOH3-2F + O2 = C8OOH3-OO6-2 1.75 × 1014 -0.816 -537 

C8OOH3-2G + O2 = C8OOH3-OO7-2 3.44 × 1016 -1.63 199 

C8OOH4-2A + O2 = C8OOH4-OO1-2 3.44 × 1016 -1.63 199 

C8OOH4-2B + O2 = C8OOH4-OO2-2 4.88 × 1011 0.325 -417 

C8OOH4-2C + O2 = C8OOH4-OO3-2 1.75 × 1014 -0.816 -537 

C8OOH4-2E + O2 = C8OOH4-OO5-2 1.75 × 1014 -0.816 -537 

C8OOH4-2F + O2 = C8OOH4-OO6-2 1.75 × 1014 -0.816 -537 

C8OOH4-2G + O2 = C8OOH4-OO7-2 3.44 × 1016 -1.63 199 

C8OOH5-2A + O2 = C8OOH5-OO1-2 3.44 × 1016 -1.63 199 

C8OOH5-2B + O2 = C8OOH5-OO2-2 4.88 × 1011 0.325 -417 

C8OOH5-2C + O2 = C8OOH5-OO3-2 1.75 × 1014 -0.816 -537 

C8OOH5-2D + O2 = C8OOH5-OO4-2 1.75 × 1014 -0.816 -537 

C8OOH5-2F + O2 = C8OOH5-OO6-2 1.75 × 1014 -0.816 -537 

C8OOH5-2G + O2 = C8OOH5-OO7-2 3.44 × 1016 -1.63 199 

C8OOH6-2B + O2 = C8OOH6-OO2-2 4.88 × 1011 0.325 -417 

C8OOH6-2C + O2 = C8OOH6-OO3-2 1.75 × 1014 -0.816 -537 

C8OOH6-2D + O2 = C8OOH6-OO4-2 1.75 × 1014 -0.816 -537 

C8OOH6-2E + O2 = C8OOH6-OO5-2 1.75 × 1014 -0.816 -537 

C8OOH6-2G + O2 = C8OOH6-OO7-2 3.44 × 1016 -1.63 199 

C8OOH7-2C + O2 = C8OOH7-OO3-2 1.75 × 1014 -0.816 -537 

C8OOH7-2D + O2 = C8OOH7-OO4-2 1.75 × 1014 -0.816 -537 

C8OOH7-2E + O2 = C8OOH7-OO5-2 1.75 × 1014 -0.816 -537 

C8OOH7-2F + O2 = C8OOH7-OO6-2 1.75 × 1014 -0.816 -537 

C8OOH1-OO1-2 = C8KET1-1-2 + OH 1.87 × 1011 0 21900 

C8OOH1-OO2-2 = C8KET1-2-2 + OH 2.42 × 1012 0 31000 

C8OOH1-OO3-2 = C8KET1-3-2 + OH 3.34 × 1011 0 21300 

C8OOH1-OO4-2 = C8KET1-4-2 + OH 4.96 × 1010 0 20700 

C8OOH1-OO5-2 = C8KET1-5-2 + OH 5.54 × 1010 0 23500 

C8OOH3-OO1-2 = C8KET3-1-2 + OH 1.07 × 1011 0 19700 

C8OOH3-OO2-2 = C8KET3-2-2 + OH 1.30 × 1012 0 27700 

C8OOH3-OO4-2 = C8KET3-4-2 + OH 2.16 × 1012 0 28500 

C8OOH3-OO5-2 = C8KET3-5-2 + OH 1.64 × 1011 0 19300 

C8OOH3-OO6-2 = C8KET3-6-2 + OH 2.14 × 1010 0 18800 

C8OOH3-OO7-2 = C8KET3-7-2 + OH 5.73 × 109 0 19600 

C8OOH4-OO1-2 = C8KET4-1-2 + OH 1.47 × 1010 0 17900 
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C8OOH4-OO2-2 = C8KET4-2-2 + OH 1.78 × 1011 0 19700 

C8OOH4-OO3-2 = C8KET4-3-2 + OH 2.16 × 1012 0 28500 

C8OOH4-OO5-2 = C8KET4-5-2 + OH 2.16 × 1012 0 28500 

C8OOH4-OO6-2 = C8KET4-6-2 + OH 1.64 × 1011 0 19300 

C8OOH4-OO7-2 = C8KET4-7-2 + OH 1.47 × 1010 0 17900 

C8OOH5-OO1-2 = C8KET5-1-2 + OH 5.73 × 109 0 19600 

C8OOH5-OO2-2 = C8KET5-2-2 + OH 2.10 × 1010 0 18700 

C8OOH5-OO3-2 = C8KET5-3-2 + OH 1.64 × 1011 0 19300 

C8OOH5-OO4-2 = C8KET5-4-2 + OH 2.16 × 1012 0 28500 

C8OOH5-OO6-2 = C8KET5-6-2 + OH 2.16 × 1012 0 28500 

C8OOH5-OO7-2 = C8KET5-7-2 + OH 1.07 × 1011 0 19700 

C8OOH6-OO2-2 = C8KET6-2-2 + OH 1.02 × 1010 0 21200 

C8OOH6-OO3-2 = C8KET6-3-2 + OH 2.14 × 1010 0 18800 

C8OOH6-OO4-2 = C8KET6-4-2 + OH 1.64 × 1011 0 19300 

C8OOH6-OO5-2 = C8KET6-5-2 + OH 2.16 × 1012 0 28500 

C8OOH6-OO7-2 = C8KET6-7-2 + OH 3.49 × 1011 0 27000 

C8OOH7-OO3-2 = C8KET7-3-2 + OH 5.54 × 1010 0 23500 

C8OOH7-OO4-2 = C8KET7-4-2 + OH 4.96 × 1010 0 20700 

C8OOH7-OO5-2 = C8KET7-5-2 + OH 3.34 × 1011 0 21300 

C8OOH7-OO6-2 = C8KET7-6-2 + OH 1.79 × 1012 0 32800 

C8OOH2-OO4-2 = C3H6 + OH + IC5KETDB 7.03 × 1010 0.2 18500 

C8OOH2-OO5-2 = C2H4 + OH + IC6KETEB 1.44 × 107 1.4 20800 

C8OOH2-OO3-2 = C4H8-1 + OH + IC4KETIT 7.03 × 1010 0.2 18500 

 

 

 

 


