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[bookmark: _Toc151550974]ABSTRACT 
[bookmark: _GoBack]Due to the increasing growth of jet fuels usage in air transportation during the recent decades and the related problems of this growth, such as the issue of greenhouse gases (GHG), and the depletion of fossil fuel resources, the development of new ways to increase the efficiency of combustion, and application of non-oil alternative fuels are necessary to be considered to address these issues. In this regard, this study aims to conduct a series of simulations by the construction of jet fuel surrogate chemical kinetic mechanisms and the laser-based experimental work by the flame investigation to deliver useful data for the combustion process of jet fuels. The construction of the proposed surrogates includes simplified chemical kinetic mechanisms delivering a good prediction ability for all key combustion parameters of aviation kerosene and alcohol to jet fuel (ATJ) in gas phase, covering a wide range of temperatures, pressures and equivalence ratio conditions. Three parameters, including ignition delay time, laminar flame speed, and species concentration are simulated by use of ANSYS Chemkin-Pro using models for zero dimensional homogeneous closed reactors, one dimensional freely-propagating laminar flames, and zero dimensional perfectly-stirred reactors, respectively. The simulation results for these parameters are validated against the available data in the literature and via a series of experiments with liquid fuel burners, incorporating planar laser induced fluorescence (PLIF). A quantitative concentration profile of OH radicals is provided for the jet fuels and is compared to the models developed for the fuels. Due to the scarcity of the dedicated works for the PLIF flame investigations on the OH distribution and the temperature profiles of the heavy liquid fuels, the results of the present study can deliver useful data for the target research community. Sensitivity analysis, optimization tools, and reduction methods in Chemkin-pro are utilized to develop a reduced well-validated reaction mechanism for the components of the fuels and the proposed surrogates for jet A and ATJ fuels, with the aid of a decoupling methodology. The developed chemical kinetic mechanisms for the single components and the fuels can simultaneously fulfil the requirement for a small size mechanism, and more important, the need for a model producing results that accurately agree with the experimental data.  
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List of symbols
	A
	Arrhenius pre-exponential factor   
	Dependent on the order

	a
	Stoichiometric coefficients           
	-

	b  
	Stoichiometric coefficients             
	-

	D
	Bead diameter                                
	m

	Ea
	Activation energy                      
	J.mol-1

	F
	Fuel                                                
	-

	H/C
	Hydrogen to carbon ratio
	

	MW
	Molecular weight                    
	kg.mol-1

	n
	Non-Arrhenius index                     
	-

	P
	Products                                         
	-

	Q
	Heat loss                                     
	J.s-1

	R
	Universal gas constant            
	J.K-1.mol-1

	T
	Temperature                                 
	K

	φ
	Fuel-to-air ratio                              
	-

	P
	Pressure                                         
	atm

	υ  
	Vibrational level                            
	-

	𝜀
	Emissivity                                     
	-

	𝜎
	Quenching cross section            
	Å2

	𝜆
	Thermal conductivity                
	J ∙ s-1 ∙ m-1 ∙ K-1

	𝜂
	Dynamic viscosity                          
	kg ∙ m-1 ∙ s-1


                          
List of abbreviations
	ASCII                         
	American Standard Code for Information Interchange

	ATJ                             
	Alcohol to jet fuel

	atm                             
	Atmosphere

	bf                                
	Boltzmann distribution

	C                                
	Carbon

	CSB                                
	Stefan-Boltzmann constant

	CFD                           
	Computational Fluid Dynamics

	CN                              
	Cetane number

	CPT                            
	Combustion property targets

	D                                
	Bead diameter

	DCN                          
	Derived Cetane Number

	DRG                          
	Directed Relation Graph

	DRGEP                     
	Directed Relation Graph Error Propagating

	DRGPFA                  
	Directed Relation Graph Path Flux Analysis

	FSSA                         
	Full Species Sensitivity Analysis

	FT                              
	Fischer-Tropsch

	GC/MS                      
	Gas chromatography–mass spectrometry

	GHG                         
	Greenhouse gases

	GTL                          
	Gas-to-Liquid

	H                                  
	Hydrogen

	HRJ                         
	Hydrotreated renewable jet fuel

	ICCD                       
	Intensified charged couple device

	IC8                          
	Iso-octane

	IC12                        
	Iso-dodecane

	IC16                        
	Iso-cetane

	IDT                         
	Ignition delay time   

	IPK                         
	Iso Paraffinic Kerosene

	J                                 
	Rotational level

	JSR                         
	Jet Stirred Reactor

	LES                        
	Large Eddy Simulation

	LLNL                     
	Lawrence Livermore National Laboratory

	LPST                         
	Low pressure shock tube

	MFC                      
	Mass flow controller

	NIST                      
	National Institute of Standards and technology

	NPCH                       
	n-propylcyclohexane

	NTC                      
	Negative temperate coefficient

	OOQOOH            
	Peroxy alkylhydroperoxides

	PFR                         
	Pressurized flow reactor

	PLIF                     
	Planar laser-induced fluorescence

	PSR                      
	Perfectly Stirred Reactor

	QOOH                 
	Hydroperoxy-alkyl radicals

	R                          
	Fuel radical

	RCM                   
	Rapid compression machine

	RO                      
	Alkoxy radical

	RO2                  
	Alkylperoxy radicals

	R´& R´´           
	Products of the unimolecular decomposition

	SMILES          
	Simplified Molecular-Input Line-Entry System

	SPK                 
	Synthetic paraffinic kerosene

	ST                   
	Shock tube

	SP                      
	Smoke point

	Tm                     
	Raw temperature

	Tc                     
	Corrected temperature

	Traw                
	Measured temperature

	TSI                
	Threshold sooting index

	U                  
	Total flow rate
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[bookmark: _Toc151550981]CHAPTER ONE
1. [bookmark: _Toc151550982]INTRODUCTION 
1.1. [bookmark: _Toc151550983]Energy consumption and environmental issues in aviation 
Today, the world is facing a crisis of energy resources and the limited resources of fossil fuels are not able to meet the increasing demand for energy. With the emergence of problems such as the issue of greenhouse gases (GHG), global climate warming, reduction of fossil fuel resources and the rising cost of crude oil, the development of new ways to increase the efficiency of combustion, and application of non-oil alternative fuels have been considered the key parameters to address the mentioned issues.
Combustion is one of the phenomena which has had significant effects in the humankind’s life, from a long time ago it was just used for simple heating and cooking until now it has been involved in most parts of modern life. If it is harnessed well, it can be utilized as the useful energy extracted from the process of reacting substances (solid, liquid, or gaseous) with oxygen in the air that leads to an exothermic reaction. One of the devices that utilizes combustion phenomena is the turbine engine which nowadays is widely used as a main source of power generation. Shortly after the invention of this engine, kerosene fuel was used as the main source of power generation in this type of engine, especially in aircraft. On the other hand, there has been a huge growth of aviation kerosene (jet fuels) usage in air transportation during the recent decades that has caused serious environmental issues. As an instance, the ten percent increment in the proportion of international aviation transport among the other sectors producing GHG emissions from 1990 to 2017 (Figure 1.1), can show the negative impacts of the usage growth in consumption of the aviation kerosene-based fuels. This coincides with the increasing price of fossil fuel and the application of stricter rules for environmental protection by countries, demonstrating the significance of developing technical solutions to address the issues. In this regard, researchers are focused on the improvement of the combustion efficiency of conventional jet fuels and investigating promising alternative candidates such as Fischer-Tropsch (F-T), alcohol to jet (ATJ), and hydrotreated renewable jet fuels (HRJ). 
The importance of aviation transportation in the UK, carrying more than 200 million passengers per year, in addition to cargo, have required the related organizations to reconsider the strategy of using this transportation technology.
The UK aviation road map (2010-2050) highlights the impact of applying strategies for having sustainable aviation in terms of CO2 emissions (figure 1.2). 
[image: Greenhouse gas emission statistics - emission inventories ...]
[bookmark: _Toc151551083]Figure ‎1.1: Comparative analyze for greenhouse gas emissions production between 1990 and 2017 [1].
[image: http://www.greenaironline.com/photos/Sustainable_Aviation_RoadMapChart_UK_March_2012_JPG.jpg]
[bookmark: _Toc151551084]Figure ‎1.2: Sustainable aviation CO2 road-map for the UK [2].

1.2. [bookmark: _Toc151550984]Alcohol-to-jet (ATJ) fuel as a promising alternative jet fuel
Using renewable alternative fuels is one of the promising approaches that not only help to improve the combustion efficiency, but also can satisfy the need to reduce or end the application of fossil fuels. By having a higher fuel quality, considerable emissions reduction can be achieved, but it requires to have a deep understanding of the chemical interactions in the combustion process of the alternative fuels. Moreover, for developing a satisfactory computational fluid dynamics (CFD) or large eddy simulation (LES) study of the fuels, as the important techniques of combustion investigation, a vital prerequisite is to have an accurate knowledge of chemical kinetics of combustion and develop a mechanism that successfully simulates the global combustion properties.  Alcohol-To-Jet (ATJ) is one of the promising aviation alternative fuels which can be extracted by hydrogenation, dehydration, and oligomerisation of alcohol. ATJ is produced commonly from iso-butanol feedstock and mostly composed of highly branched alkanes includes iso-dodecane (~85%) and iso-cetane (~15%). This renewable drop-in jet fuel has been approved to be used in aviation sector, but can only be blended up to 30% with conventional fuels, mostly because of the lack of aromatic content and also having a relatively long ignition delay time that are not favourable for the engine operation. 

1.3. [bookmark: _Toc151550985]Computational combustion 
Hydrocarbon fuels productively release energy, causing heat, carbon dioxide and water to be produced from the oxidation of the carbon and hydrogen, in the ideal condition. To fully understand the process and improve its efficiency, this phenomena should be extensively studied. However, it is expensive and time-demanding to just investigate it empirically. So, computational combustion was utilized as a way of investigating combustion besides experimental works.  
By the availability of computers as an application, the combustion community and researchers of this discipline started to utilize it like many other sciences such as meteorology, astrophysics, plasma physics, etc. During the recent decades, and with the notable advances in the computation ability of computers, the combustion modelling community has benefitted more and more from this growth in the power of the computers. These advances in the computational capacity allowed researchers to simulate much more complex combustion models and closer to the real conditions. It is not surprising nowadays that there are some big mechanisms, such as the CRECK and LLNL mechanisms which cover different kinds of fuels containing heavy hydrocarbons up to C20, and comprising hundreds of species and thousands of reactions.   
1.4. [bookmark: _Toc151550986]Importance of surrogate development and kinetics modelling 
Kinetic modelling is one of the significant aspects of combustion that has provided the opportunity of getting a deeper understanding and knowledge about the combustion phenomena in different media. It has a great role to improve the functionality of practical combustion applications, such as the engines of vehicles. With the aid of kinetic modelling, researchers can survey and analyze the fuel structure and the fundamental chemistry coupled with direct kinetic measurements of intermediate and products species, and the rate constants. Even, important CFD studies, such as injection and vaporization, simulations are conducted through reduced versions of a combustion kinetic model.
[image: ]
[bookmark: _Toc151551085]Figure ‎1.3: The schematic of the steps applied for a kinetic model to be utilized in practical applications.
 
The complexity of real jet fuels has pushed researchers towards considering the use of a surrogate which accurately emulates the real fuel specifications, as it is an economical time-saving way for jet fuel investigations. Fuel modelling can provide an opportunity for academical and industrial investigators to rapidly conduct their intended scientific works over a broad range of conditions while releasing them from time-consuming and expensive changes in the design of a prototype.
Due to the recent advances in computerized techniques, specialized software development, and mathematical tools, modelling fuels through simulation by professional software packages, such as Chemkin pro, is a promising alternative method to experimental testing in different conditions. Elevating fuels before practical application and providing chemical kinetic mechanisms with the aid of numerical modelling can make a huge financial benefit that it highlights the importance of such a technique.
1.5. [bookmark: _Toc151550987]Aviation fuels 
Traditional jet fuels comprise a combination of different classes of very many hydrocarbons, in the hundreds. The major classes include normal, iso, and cyclo alkanes and aromatics, and each of them have different impacts on the thermophysical and combustion properties of the fuel. As an instance, normal alkanes have higher reactivity than the other classes, while the low-temperature characteristics of normal alkanes are poorer.  
The four common industrial-scale routes to produce alternative fuels in aviation are as follows: the synthetic process of natural gas or coal (F-T jet fuels), hydrotreating process of oils (HRJ fuels), alcohol to jet process (ATJ), and farnesene, which are known as synthetic paraffinic kerosene (SPK). These alternative jet fuels should be a drop-in fuel, this means they are required to pass some standard tests related to their physicochemical properties. Indeed, the application of any alternative candidate for the conventional fuels need to be proved to be safe and reliable, and also compatible with engines and components of aircraft. Alternative jet fuels have excellent thermal stability, low emissions, and less complexity of composition, in comparison to conventional jet fuels. The excellent thermal stability of alternative jet fuels is a big advantage, as jet fuels have a coolant role and act as a heat sink in addition to their combustion main role in the aircraft. Before fuel is combusted, it experiences thermal oxidative stresses that causes the formation of deposits as a result of fuel degradation. Of course, in addition to the composition of the fuel, some other factors, such as temperature, exposure time, and dissolved oxygen, and these affect the process. The serious issue for the application of alternative jet fuels is the lack of having aromatics in their compositions, which leads to some problems like elastomer shrinkage which is not a big deal in the process of applying these fuels, as there are solutions for this issue like using aromatic additives or blending them with conventional jet fuels. 
1.6. [bookmark: _Toc151550988]Knowledge gap, Objectives, and Novelty 
Developing a surrogate and its associated mechanism for conventional and alternative jet fuels which comprehensively emulates the important combustion parameters (ignition, flame speed, and speciation) of a target fuel in a range of pressures and equivalence ratios and also can cover both the low and high temperatures, is the main goal of this study. On the other hand, investigation on a laser-based quantitative measurement of OH in heavy liquid hydrocarbon flames remains very scarce. In this regards, surrogates and their associated simplified chemical kinetics mechanisms for jet A and ATJ fuels are constructed and are validated through the experimental data in the literature and the empirical investigations in this study. Moreover, OH radicals of these fuels flames were measured qualitatively and quantitatively with the aid of planar laser-induced fluorescence in an optimized premixed flat flame burner, and were compared to the simulations results provided by the developed mechanisms.
1.7. [bookmark: _Toc151550989]Structure of the Thesis
The thesis is divided into 6 Chapters. In chapter one, an introduction is delivered  to give a summary of the background knowledge about jet fuels, the energy supply and the related environmental issues, and the importance of the computational combustion and kinetics modelling. Then, the knowledge gap, the objectives of the study, and the novelty of this research were briefly discussed in order to show a reader how this study is going to address the issues.
Chapter 2 is the literature review of this thesis which provides the required information and the relevant literature related to the basic theories of the subjects used in this study and reviews the previous investigations were done on the combustion aspect of the conventional and alternative jet fuels with regards to the mentioned knowledge gap. 
In chapter 3, the chemical kinetics mechanisms developed in this study are delivered in their publication format. It includes two developed simplified mechanisms for iso-dodecane and iso-cetane as the main components of the proposed surrogate for ATJ fuel and one of the major components of the proposed surrogate for jet A fuel, and a compact mechanism for n‑propylcyclohexane that is the considered component for cyclo-alkane in the structure of jet A fuel. The intended reader can find the detailed discussion about the steps were applied, and the methods and the tools that were used for the construction of the mechanisms.
Chapter 4 includes the publication format of the works that were conducted on the construction of the surrogates and their associated reaction mechanisms for jet A and ATJ fuels. 
Chapter 5 presents the information about the experimental set up of the flame investigation of this study through species radical detection and signal processing, and the temperature measurement. Then, the results of the PLIF experiments and the related modelling works in Chemkin-pro are discussed in the publication format that were provided for jet A and ATJ. 
Finally, in chapter 6, conclusion and future works are discussed that deliver a brief explanation for the findings that have been presented in the previous chapters and also the suggestion for future works.


[bookmark: _Toc151550990]CHAPTER TWO
2. [bookmark: _Toc151550991]LITERATURE REVIEW  
2.1. [bookmark: _Toc151550992]Kinetics of combustion and numerical simulation programs
As a significant part of modern chemical kinetics, numerical programs play a big role in developing a chemical kinetic model through the study of the reactions rates. These programs simulate chemically reacting systems by analyzing the factors affecting the rates which can lead to predicting a process in combustion devices such as shock tubes, rapid compression machines, flow- and jet-stirred reactors, burner-stabilized flames, etc. 
The models employed in the programs require some important initial conditions, such as temperature, pressure, equivalence rate, and fuel/oxidizer mole fraction usually provided from the experiments. Then, a series of differential equations is solved to provide a simulation of the intended combustion parameter. The three most important parameters are the ignition delay, laminar flame speed, and species profiles that are analyzed in this study.
The ignition delay is a fundamental combustion parameter that should be studied when researchers investigate the chemical kinetic of fuels. Practically, it is the time interval between the injection of mixtures and the start of the flame. In the software, it can be extracted as the time maximum rate of the temperature increment (dT/dt), or the time of the specific species’ maximum concentration, usually OH. 
The laminar flame speed or burning velocity is the velocity of a plane combustion wave moving into the unburned gases in the direction perpendicular to the wave surface, and is another important parameter in chemical kinetic modelling of a fuel. 
Another important parameter is the species (includes reactants, intermediates, and products) concentration profile. It is surveyed for the study of the completeness of the model and the reaction rate parameters and can be measured experimentally via some devices such as the shock tube, jet stirred reactor, gas analyzers and laser-based techniques. To provide a speciation simulation, a model in the program is chosen based on the target experiment, and the initial conditions of the experiment are used to run the model.
All these parameters are simulated in a range of equivalence ratios from lean to stoichiometric and rich conditions. The equivalence ratio is an index demonstrating the ratio of the fuel and air in a mixture compared to its stoichiometric state. The definition of the equivalence ratio of the fuel has been given in the following equation:
 Φ=(F/O) / (F/O)st        (Eq. 2.1)
where (F/O) is the mass ratio of the fuel and oxidizer in a mixture and (F/O)st  is the mass ratio of the fuel and oxidizer in the stoichiometric state. Therefore, for the fuel lean condition Φ<1, in the stoichiometric state Φ=1, and for the fuel rich condition Φ>1.
2.1.1. [bookmark: _Toc151550993]The CHEMKIN suite
In recent years, many programs and combustion packages for the simulation of important parameters have been introduced and developed, such as OPENSMOKE [3, 4], Cantera [5, 6], LOGE- Soft [7], FlameMaster [8], CMCL Innovations’ kinetics [9], DETCHEM [10], Cosilab [11] and Workbench [12]. However, it is no exaggeration to say that none of the kinetic softwares are as popular as the CHEMKIN suite [13], both in academic and in commercial applications. It is the program that is commonly used in simulating chemically reacting systems and most available mechanisms in the literature have been developed to be compatible with this software. Originally produced by Sandia National Laboratories, this suite can model the combustion processes in different environments and delivers different models and reactors for the combustion parameters simulation. Among the Chemkin models, this study will make use of the capability of “Closed Homogeneous Batch Reactor” from the Closed 0-D Reactor options, “Perfectly Stirred Reactor (PSR)” from the Open 0-D Reactor options and “Premixed Laminar Flame-Speed Calculation” from the Flame Simulator options, which were selected based on the available data in the literature and the existing equipment in the group laboratory.
The Premix model is applied for the simulation of one dimensional laminar premixed flames, either a freely propagating or burner stabilized flame, calculating the final steady state solution in each case. The freely propagating model which is used for this study simulates the flame speed by providing the inputs of the mixture composition, pressure, inlet temperature, length of the computational domain, and estimates of the temperature profile, key intermediate species concentrations and the burnt mixture composition.  
The burner stabilized model is similar, but uses a measured temperature profile from the flame to define the temperature and is validated by the experimental data concerning the species concentration profile measurements.
With the assumption of the infinitely fast mixing and perfect mixing of materials within the reactor (no species or temperature gradients), the PSR model calculates the steady state solution of the mole fractions of the species and the temperature of the mixture through solving a complex system of non-linear equations. The initial conditions of the model, such as the residence time, temperature, and pressure usually are defined based on an experiment performed in a Jet Stirred Reactor (JSR), and the simulation results are compared to the experimental data of the reactor. The entering fuel and oxidizer is at a very high speed into the chamber (thermally insulated) and this leads to the formation of jets, and provides the condition of being only governed by the chemical reactions. 
The simulation of the shock tube environment for the ignition delay time data is modelled through the closed homogeneous batch reactor in Chemkin-pro [14]. The simulation of ignition delay time is conducted through the time to the maximum rate of the temperature rise and based on the initial concentration of the fuels and oxidizers, temperature, and pressure, as the required inputs. 
2.1.1.1. [bookmark: _Toc151550994]Mechanism, thermodynamic, and transport data 
A kinetic model contains the species, elementary reactions and their associated rate constants along with their thermodynamic parameters (and their transport data, if it is required). To run an ignition or stirred reactor simulation, the mechanism and thermodynamic data files should be provided. A simple schematic of the Chemkin input can be seen in figure 2.1. The required input files are chem.inp (It could be any name, but by convention its extension would be .inp) including species and reactions data and therm.dat (by convention with extension .dat) containing thermodynamics data of species. The output files are chem.out which is a text file of what the interpreter makes of the mechanism, and chem.inp which is a binary file with the mechanism information.
The mechanism data which contains the definition of the species and reactions can be provided by automatic mechanism generation codes, such as RMG [15], or by using the available mechanisms in the literature. Any chemical species that appear in a problem must have thermodynamic data associated with it. In addition to the fourteen polynomial fitting coefficients, the database also contains the species' name, its elemental composition, its electronic charge, and an indication of its phase (gas, liquid or solid). There are some available databases for the thermodynamics data such as the Burcat database [16] which is one of the early developed comprehensive databases typically used by kinetic modelers as it covers a very wide range of species. 
In addition to the mechanism and thermodynamic files, transport data (for all of the species) must be provided and included in the calculation, when it runs a model for one-dimensional systems, e.g., burner-stabilized flames. This is required for the software to survey the viscosity, thermal conductivity, diffusion coefficient, and the thermal diffusion coefficient. 
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[bookmark: _Toc151551086]Figure ‎2.1: A simple example of the Chemkin input.

2.1.2. [bookmark: _Toc151550995]Oxidation model
The final goal of the chemical kinetic modelling is to determine the thermodynamic, transport parameters, and rate constant that can be done empirically or theoretically. A good oxidation model for the fuel is the model cover simulation for a wide range of temperature and pressure conditions and fuel compositions. The ideal model is achieved if the mechanism includes all the relevant reaction pathways with accurate rate constants. The rate constant is a function of the concentrations of the reacting species, temperature and pressure. The forward rate constant kf is calculated based on the Arrhenius form [17]: 
k = A × exp (–Ea/RT )                    (Eq. 2.2)
For a small range of temperature (a linear relationship for the temperature dependency), or modified Arrhenius form [18, 19]:
k = A × Tn × exp (–Ea/RT)            (Eq. 2.3)
Over a sufficiently large range of temperatures. The backward rate constant kb (for the backward direction of a reaction) can be achieved based on the forward rate and the thermochemical parameters of the reacting species. A is the Arrhenius coefficient, representing the collision frequency factor, T is the temperature, Ea the activation energy, and R is the gas constant.
 It is important to identify first-order (changing a single molecule to one or more products) or second-order reactions to achieve accurate rate expressions, as K can be a pressure-dependent item for some cases, such as the unimolecular/recombination reaction. Three distinct regions have been defined for investigating the pressure effect on the reaction rate; high-pressure limit (k is independent of pressure), Fall-off region (the transition from one limit to the other), and low-pressure limit wherein k is directly proportional to the pressure. The reaction is activated in the presence of a third body (M) collision in the low-pressure limit (such as, 2CxHy + M= C2xH2y + M). The accurate representation of the falloff curve is of great significance to successfully model the combustion processes (especially for the less-understood high-pressure). Among several proposed equations for the fall-off part, Lindemann’s expression of the Troe formula is extensively adopted and applied by researchers for a more accurate rate prediction [20].
2.1.3. [bookmark: _Toc151550996]Ignition distinct temperature regimes 
The ignition chemistry of heavy hydrocarbons can be divided into three distinct temperature ranges of reactivity at low, intermediate, and high temperatures [figure 2.2]. Although it is not the same for all hydrocarbon species, the range for the low-temperature regime is 600-750 K, for the intermediate range is 750-1000, and for the high-temperature regime is >1000. There is also a regime so-called negative temperate coefficient (NTC) between a part of the low and intermediate regions, for which the general rate of reaction decreases with the increase of temperature [21].

 
[bookmark: _Toc151551087]Figure ‎2.2: A plot of the ignition delay time for aviation kerosene fuel (jet A) at 20 atm, φ=1. Wang & Oehlschlagear’s experiment [22].

A graphically general description of hydrocarbon fuel oxidation at the three regimes can be seen in figure 2.3 [23].  The initial reaction with O2, rapidly is overtaken in importance by more reactive radicals as these build up. At low temperature, the R+O2 = RO2 is heavily favouring RO2, as is the QOOH+O2 favouring O2QOOH, leading to the low temperature chain branching that enhances the rate of the fuel consumption. As the temperature increases, these equilibria favour the separate R+O2, QOOH+O2, thus reducing the chain branching processes and hence slowing the overall reaction rate even though the temperature has increased. At even higher temperatures, the reactivity of HO2 increases, as does the decomposition of H2O2 and ROOH type species, so the overall reactivity starts to increase again.
At the low-temperature regime (which fuel-rich mixtures are fastest to ignite, whereas fuel-lean mixtures are slowest [24]), chain branching is controlled by: 
R + O2 → RO2 → QOOH + O2 → O2QOOH → RO + OH + OH         (R. 2.1)

At intermediate temperatures the main reactions affecting chain branching include:
H + O2 (+M) = HO2 (+M),                       (R. 2.2)
RH + HO2 = R + H2O2,                            (R. 2.3) 
H2O2 (+M) = OH + OH (+M),                 (R. 2.4)
R + O2 = RO2,                                          (R. 2.5)
RO2 = olefin + HO2                                 (R. 2.6)
The main chain-branching reactions which control the chemical rate at high temperatures are [21]: H + O2 = O + OH,                                  (R. 2.7)
O+ H2 = H + OH,                                   (R. 2.8)
OH + H2 = H2O + H,                              (R. 2.9)  
The fuel-lean mixtures are the fastest to ignite (and fuel-rich mixtures are the slowest) and the rate of the reaction has a direct relation to the concentration of oxygen in a fuel-lean mixture.
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[bookmark: _Toc151551088]Figure ‎2.3: A general schematic of the fuel oxidation mechanism [23].
2.2. [bookmark: _Toc151550997]Kinetics mechanisms, models, and surrogate definitions
2.2.1. [bookmark: _Toc151550998]History and recent advances in the mechanism development
After the development of the simple (but considerable at that time) kinetics model for ozone, the hydrazine decomposition and H2 in the 1950s [25, 26] which just contained 20 reactions, the first serious efforts to develop a kinetic mechanism can be considered for methane combustion [27-31] in the 1970s. Although the developed methane mechanisms were not a well-accurately modelled and have some deficiencies, it built the bases of the kinetic modelling for heavy hydrocarbons. Further, by the introduction of the hierarchical manner concept in developing a reaction kinetic mechanism [32, 33], modelling of larger and more complex fuel species was eased and accelerated as it dramatically decreases the required time in the modelling of a large number of species. The concept was based on the idea of keeping all of the underlying mechanisms unchanged and just providing the species and reactions for the new species when we want to work on a new heavier hydrocarbon fuel. 
After the development of the early chemical kinetic mechanisms for methane (and ethane), the works dedicated to the chemical kinetic modelling mostly divide into two parts: introducing other versions of the developed mechanisms (adding more species, more reactions and a more accurate rate), and developing a mechanism for new heavier species. The Leeds mechanism [34], the Dryer group mechanism [35-38], the Miller-Bowman mechanism [39], the mechanism developed by Dagaut et al [40-42], and the mechanism of Barbé et al. [43], are the early notable successful mechanisms to deliver a well-validated version (for methane and C1 species).
Among those early well-optimized mechanisms, the GRI-Mech [44-48] received the most attention, both in terms of the comprehensive range of its validated applicability and the lack of stiffness experienced by many other kinetic mechanisms. 
 During recent years, and due to the hierarchical concept, many great works were conducted to develop well-validated detailed mechanisms for small hydrocarbons, such as JetSurf [49], San Diego Mech [50, 51], Glarborg Mech [52], USC Mech II [53], the CRECK mechanism [54, 55], AramcoMech [56-58]. Development of these detailed mechanisms was a great step because they later were applied as the core mechanism for heavy fuels, such as diesel and jet hydrocarbon fuels. In parallel to the developing of new mechanisms for heavy species, the effort on the promotion of the core mechanisms is still on the agenda of many kinetics groups and researchers. In addition, most of the works (through measurement methods or calculation by quantum chemistry) are dedicated to providing a more accurate rate constant. How much the rates are more accurate, the model can provide a closer prediction of the combustion behaviour compared to the real target species. 
The combustion of heavy hydrocarbons contains a mixture of oxidation and decomposition reactions which constitutes smaller hydrocarbons in a hierarchical order until it reaches the provided core mechanism (usually a C0-C4 mechanism). The decomposition of heavy hydrocarbons to the smaller species and the final products are defined based on 2 different pathways: low-temperature regime and high-temperature regime. 
2.2.2. [bookmark: _Toc151550999]Surrogate concept
Surrogate development is the idea of the formulation of one or more simple fuel components which can emulate the thermophysical, thermochemical, and chemical kinetic properties of a more complex real fuel, in order to capture the intended fundamental experiments and predictive simulations. Depending on the real fuel properties, different surrogates can be formulated for the desired real fuel. To reproduce the wide variety of properties of the target fuel, a surrogate should contain more and more components that lead to more detailed results and closer to the characteristics of the real fuel. In the case of developing a surrogate to reproduce a very specific property of the real target fuel, such as the laminar burning velocity, application of a unary surrogate can satisfy the need [59]. In addition to the satisfaction of the physics and chemistry characteristics (in the practical application viewpoint), a surrogate should be able to be coded and run on computers for simulation purposes.  
2.2.3. [bookmark: _Toc151551000]Lumped model
 Lumping is the process of simplifying a very complex mechanism (including hundreds to thousands of species and thousands of reactions). It is a very good contribution to the reduction of the computational requirements when a mechanism is used in the numerical models.
Ranzi et al. [60-62] successfully developed the lumped concept and could generate a single lumped reaction for the high-temperature decomposition of the ‘lumped radical’ mixture C7H15 for n-heptane pyrolysis, with the aid of SPYRO Program (T>1000). The product set is the same for different temperatures, although the fractions of the produced species are different in the ‘lumped reactions’. Later, the concept was applied for the low-temperature mechanism (for n-pentane) by Ranzi et al. [63].
2.2.4. [bookmark: _Toc151551001]Semi-empirical model
 The semi-empirical concept was developed based on the assumption that the dominant route of the fuel consumption is the abstraction of a hydrogen atom by smaller radical species (e.g., H, O, OH) and form a fuel radical [64, 65]. The fuel radical decomposes into smaller products, (e.g., C7 H15 → CH3 + 2C3H6). For the propene mechanism, the abstraction reactions are neglected by considering only four radical addition reactions and the remainder of the mechanism including the core C0 –C2 species and reactions. Further development of the concept was conducted by Held et al. [66] in the pyrolysis and oxidation of n-heptane. He described the primary fuel consumption though three reactions of the thermal decomposition, H-atom abstraction by an active radical (H, O, OH, HO2, CH3, C3H5), and decomposition of the alkyl radicals. They showed the utility of the approach in their successful modelling of the ignition delay, flame speed, and species profiles.
2.2.5. [bookmark: _Toc151551002]Hybrid chemistry model
A hybrid chemistry concept, which utilizes the lumped and semi-empirical approaches, is the development of the reduced kinetic models of complex fuels for engine applications based on the idea that the composition of the thermal decomposition products is a weak function of the thermodynamic condition, the fuel-oxidizer ratio and the fuel composition. The concept was developed based on a joint consideration of elemental conservation, thermodynamics and chemical kinetics, and its validation for high-temperature ignition was investigated through a series of experiments by Wang et al, in 2018 [67]. With the aid of this approach, the kinetic modelling for thermal and oxidative pyrolysis of a fuel is conducted through the lumped kinetic parameters (derived from experiments). A detailed core reaction sub mechanism (including the C0–C4 chemistry) is coupled to the fuel-dependent sub mechanism, to predict the high-temperature behaviour of the target fuel combustion parameters such as the ignition delay. 
2.2.6. [bookmark: _Toc151551003]Decoupling methodology
Decoupling methodology utilizes coupling a detailed C0-Cn mechanism as the core to a simplified sub-mechanism of Cn-Cm where m is the carbon number of the intended heavy hydrocarbon, and this methodology is an effective approach to build a compact mechanism for heavy hydrocarbons [145]. Using a well-developed simplified sub-mechanism of a heavy hydrocarbon considerably reduces the number of species and reactions in the final model by only considering the representative species required for the prediction of the intended combustion parameter of the heavy hydrocarbon. The methodology procedure includes the incorporation of a detail/semi-detail core mechanism to a simplified sub-mechanism with a reduced number of species and reactions for the intended heavy fuel species, so that, one representative species of the hydrocarbon classes which are required for the prediction of a target combustion parameter  has been just considered for inclusion in the sub-mechanism. In a comparison of the decoupling methodology with that of reduced methodologies [145], it was demonstrated that a small-sized mechanism constructed via the decoupling methodology can satisfactory simulate all the combustion properties (ignition delay, laminar flame speed, species concentration) of heavy hydrocarbons. While the reduced mechanisms using the global reduction methods usually cannot provide a good prediction for more than one combustion property, and are still relatively large for use in practical applications.
  
2.3. [bookmark: _Toc151551004]Validation and Kinetic databases
After the development of a kinetic mechanism, it usually needs to be validated and optimized to fit a wide range of experimental targets including the ignition delay times, flame speeds, species profiles. The process is conducted by making a comparison to the experimental data and also the reliable kinetic data in the literature. Researchers adjust the rate constants of important reactions with the aid of the reliable measured and calculated rates. Previously, the data of the works of individual researchers or research groups were the only source for validation and optimization. However, nowadays, the developed reaction kinetic databases are the main source of the data collection.
Because of the high importance of the validation in chemical kinetic modelling and mechanisms developing, some databases were created to ease the access to reliable data. NIST [68], ReSpecTh [69, 70], PrIMe [71-74], and ChemKED [75] are the most important databases which collect and store theoretical and empirical chemical kinetic data, and a great contribution to the mechanism development and optimization (validating the data and qualifying uncertainties). 
2.4. [bookmark: _Toc151551005]Sensitivity analysis
To adjust and fit a parameter of a kinetic model to a target experiment via reaction rate modification, we need to identify the most influential reactions related to the parameters to make changes in their reaction rates based on the available data in the kinetic databases. In addition, there might be some insignificant reactions in a mechanism which need to be removed, as it helps to have a shorter mechanism, useful for further applications such as 3D simulations. Sensitivity analysis is the tool that enables kinetic modelers to fulfil the mentioned requirements. With the aid of a sensitivity analysis, we can identify the important reactions involved in the production of certain species, a big step for validation of a mechanism speciation. The computationally efficient sensitivity analysis methods exploit the fact that the differential equations describing the sensitivity coefficients (a partial derivative of one variable with respect to another) are linear, regardless of any non-linearities in the model problem itself [76]. The simplest analysis form of sensitivity is the change of ∆x of a computational combustion parameter x, where x can represent laminar flame speed, ignition delay time, or other combustion characteristics. The change of parameter x results from the change of rate constant k, or more precisely the A-factor. Differential equations can be used to express the general form:
∂x/∂t = (𝑥; 𝐴)                                 (Eq. 2.4)
Where x represents the quantity such as the temperature, or species concentration; (𝑥; 𝐴) is the term for the production rate; and A is the vector of the pre-exponential factor. Hence, a general form of the sensitivity matrix can be described as follows:
E = ∂x/∂A                                          (Eq. 2.5)
[bookmark: marker-1062721]Sensitivity coefficients are more useful if they are normalized by the maximum value of each dependent variable, such as the maximum value over the solution time or the maximum value over a spatial profile. In Chemkin-Pro, the raw sensitivity coefficients are manipulated through a normalization process where the sensitivity coefficient is scaled by the ratio of the variables as follows:
                                         (Eq. 2.6)
This normalization avoids artificially high sensitivity coefficients in regions where the mole fractions are approaching zero, and thus subject to numerical errors. The results are included in the XML Solution File (for example, XMLdata.zip) for post-processing.
The solution for zero-dimensional models (such as the homogeneous reactor) is conducted through a time-dependent form of sensitivity in the transient models. For one-dimensional models (premixed laminar flame speed calculation), the sensitivity analysis is accomplished via steady-state solutions. In the Chemkin version 19.2, flame speed sensitivity is described as the flow rate sensitivity. Consider the governing equation for one dimensional premixed flame model 𝑚 ̇ = 𝜌𝑢𝐴, where 𝑚 ̇  is the mass flow rate; 𝜌 is the density; u is the flame speed; and A is the cross-sectional area. Since the mass density or burning area can be regarded as a constant, the change of flame speed is proportional to the change of flow rate.
The rate of production is another analysis method which provides complementary information on the direct contributions of individual reactions to the species net production rates. The analysis is a useful tool in understanding reacting-flow calculations, which determines the contribution of each reaction to the net production or destruction rates of a species. The small computational expense for the added calculations for 0-D and plug-flow systems and the possibility of considering data from a large reaction set, makes this analysis particularly useful for these models [76]. Rate-of-production tables are printed to the diagnostic output file for these types of models (based on the user requests), to allow quick identification of dominant reaction paths. Rate of production data would be available for all other reactor models in ANSYS Chemkin-Pro in the Graphical Post-Processor where this data option can be selected at the time that the solution file data is being imported into the Post-Processor.

2.5. [bookmark: _Toc151551006]Mechanism Reduction
Reaction Workbench in the Chemkin software provides several methods for the reduction of a mechanism. A simple way to apply reduction is the Principle Component Analysis (PCA) but it is not useful for this study, as very large mechanisms would be applied for the proposed Jet A surrogate and this method is impractical to deal with very large mechanisms. Also, the Full Species Sensitivity Analysis (FSSA) is extremely time-consuming. The Directed Relation Graph (DRG) and Directed Relation Graph Error Propagating (DRGEP) are suggested methods as more practical and straight-forward ways for reduction purposes [76]. How to set up a Reactor (associated to the desired parameter) project and a parameter study are prerequisites of the reduction works in Reaction Workbench. Also, the desired purpose of the reduced mechanism (ignition delay or flame speed) should be chosen by the users. The process in the Reaction Workbench start by selecting targets such as laminar flame velocity or ignition delay time.  Definition of error tolerances should be also performed on these parameters. Chemkin workbench will further proceed with the reduction until an error beyond the limitations occurs. Next, an optional sensitivity analysis can be used after the DRG/DRGEP to improve the mechanism accuracy. It can identify the unnecessary species and reactions, and reduce the mechanism further. The entire process operates iteratively and only terminates when the target errors are encountered. After extracting the skeletal mechanism, its performance would be compared with results from the master mechanism. 

2.6. [bookmark: _Toc151551007]Empirical tools and techniques 
Various experimental methods have been utilized to provide better insights on the combustion characteristics of jet fuels. Such experimental databases can not only help in enhancing the fuel performance and save expense for manufacturers, but also is a great use for surrogate development and further chemical kinetic research. Fundamental properties of flame propagation include ignition delay time, laminar flame speed, extinction limits, and species concentration profiles. 
Measurements of autoignition delay time have been mainly conducted in a shock tube or rapid compression machine (RCM) in recent years. In a shock tube, a shock wave propagates and provides a virtually instantaneous temperature and pressure jump, and the reaction kinetics can be investigated over a wide range of pressure and temperature, typically suitable for higher temperature [21, 77]. 
As for RCM, they involve the controlled movement of a piston to compress and heat a gas sample in a cylinder, it is regarded as an alternative to a shock tube for studying chemical kinetics specifically in the low and intermediate temperature region. However, due to the longer testing period in RCM, typically tens or hundreds of milliseconds, factors such as heat loss after compression are inevitable, and noticeable differences when directly comparing the measured ignition delay time between two methods in the overlapping ranges are observed, as Sung and Curran first pointed out [78]. 
The laminar flame speed is one of the most important parameters for combustion and it has been determined by several experiments throughout the years. Traditional methods mostly have innate limitation because it is rare to achieve a stationary and adiabatic flame [79]. For instance, when utilizing a Bunsen burner, the flame surface is prone to change along the flame, hence it is difficult to determine the inclination angle and burning velocity. Flat flame burners can effectively avoid this problem, although the flame produced by this device is non-adiabatic and hence the burning velocity is inherently lower than ideal [79]. More recent investigations using a counterflow burner have been adapted by several authors to measure burning velocity at 1 atm under various temperature conditions [80-82]. A counterflow burner is frequently utilized to study a non-premixed flame. This device consists of two converged nozzles for the fuel and oxidizer respectively. The two flows travel through the nozzle and react near the stagnation plane. Because the wall of the counterflow burner has minimal heat loss, this method is considered as relatively accurate. 
Measurement of the species concentration usually operates in a jet stirred reactor or a flow reactor, and a number of investigations on both kerosene and alternative fuels have been published [83-85]. In addition, a variety of detection techniques, such as planar laser-induced fluorescence (PLIF) have been employed to diagnose OH and NO in combustion, although few data are available on the combustion of kerosene and alternative fuels.

2.7. [bookmark: _Toc151551008]Surrogates and mechanisms in the aviation sector
In recent years, there has been an increasing tendency to use combustor simulation tools such as Computational Fluid Dynamics (CFD) and Large Eddy Simulation (LES) [86] in the aviation sector, and this has had a great contribution to the design of the real combustion chamber of the aero-engine combustor. The application has been utilized for both simplified and real gas turbines [87-89] through simplified chemistry models or more complex ones. Beside fluid mechanics, the chemical reaction of the fuel is an essential prerequisite of the combustion numerical simulation, which demonstrates the practical utilization of a chemical reaction mechanism. Due to the complexity, stiffness, and the huge computational cost [90] of using a detailed chemical reaction mechanism for jet fuels, researchers utilize the surrogate approach containing a reduced form of the detailed mechanisms. The number, type, and concentration of the surrogate components, and also the simplification process of the detailed mechanism (reduction of the species and reactions) are based on the numbers and types of the target combustion parameters. However, each of the processes, especially the mechanism simplification, need to be conducted with scrutiny in order to avoid significant loss of accuracy.
Surrogates and chemical kinetics mechanisms (simplified and complex) for aviation kerosene fuels have been developed by many researchers during recent decades, and have been reviewed from different aspects [23, 91, 92]. A majority of the early developed surrogates for jet fuels [93-97] consisted of one (an alkane and mostly n-decane) or two components (an alkane and an aromatic). It was demonstrated that considering just one or two components representatives of one or two hydrocarbon classes of the target fuel for surrogates cannot adequately reproduce the combustion parameters, such as the ignition delay, and species profiles [91, 98].  
As one of the initial trials to develop a jet fuel surrogate containing more components and chemical groups (having significant percentage in the target fuel), Violi et al. [99] proposed a surrogate consisting of six components which showed a good ignition behaviour just at high temperatures [100].
A three components surrogate (containing a normal and a cyclo alkane, and benzene) developed by Dagaut et al. in 2006 [101], could deliver good simulation for the experiments in jet stirred reactors. The speciation in a jet stirred reactor were also simulated well by adding an alkene to Dagaut’s proposed components and developing a detailed mechanism for the four components surrogate [102]. The works done by Dooley et al. in 2010 and 2012 [83, 103] on the development of the 1st and 2nd generations of surrogates have had a great contribution to jet fuel surrogates development in recent years, as other researchers still refer to their publications, and use the experiments for comparison. The experiments and simulations have been conducted over a vast range of pressures, temperatures, and equivalence ratios for ignition delay, flame speed, and species profiles. The component selection for the surrogate development was based on the dominant hydrocarbon groups (n/iso/cyclo alkane, and an aromatic) which capture the cetane number (CN), hydrogen to carbon ratio (H/C), molecular weight (MW) and threshold sooting index (TSI) of the target jet fuel. A year later, Malewicki et al. [104] investigated the modelling capacity of the ignition characteristics and the mole fractions of the 2nd generation surrogate, and reported a good agreement with the experimental data in Dooley’s work. In recent years, there has been more tendency to use n-dodecane and n-tetradecane (instead of n-decane) as the representative of n-alkane in jet fuel surrogates, since they have similar physical and chemical characteristics to aviation kerosene [105]. Xu et al. [106] developed a surrogate that includes 73% n-dodecane, 14.7% 1,3,5-trimethylcyclohecane and 12.3% n-propylbenzene to surrogate RP-3 kerosene which just contained 138 species and 530 reactions. Liu et al. [107] experimentally and numerically investigated the combustion behaviour of a surrogate jet fuel consisting of n-dodecane 66.2%, n-propylbenzene 15.8% and 1,3,5-trimethylcyclohexane 18.0%, in mol, over a range of temperatures, fuel equivalence ratios, and pressures. In 2019, a surrogate for aviation kerosene (with its simplified associated mechanism) containing a combination of n-dodecane and n-tetradecane, and decalin was developed for engine application by Zhong and Peng [108]. There have been also advances in developing reduced kinetic mechanisms for surrogates through distinct approaches in recent years. Ranzi et al. [90], developed several skeletal and reduced mechanisms for typical surrogate mixtures of transportation hydrocarbon (and Oxygenated) fuels including kerosene, through the lumped approach. The developed reduced mechanisms could capture the combustion parameters to some extent. Another interesting method to provide a reduced mechanism for a surrogate was an approach so-called HYCHEM developed by Wang et al. in 2018 [67]. They could successfully develop a reaction kinetic model (validated by experiments) for jet and rocket fuels [109], which emulated the combustion behaviour of the target fuels at just high temperatures.
At first, there were two definitions for developing surrogates for a real target fuel; physical surrogate which surrogate components have similar physical properties like viscosity, density, etc., and chemical surrogate which surrogate components have similar chemical properties, such as H/C ratio, chemical class composition, etc. However, in recent years, researchers have considered a combination of two types of the surrogate (called comprehensive surrogate), as it was found to be more useful to emulate the combustion parameters of a target fuel [110], both in chemical kinetic modelling and further, in 3D simulations and engine applications. Kim et al. [111] developed two surrogates, namely UM1 and UM2, for jet fuels by considering the capturing of both the physical and chemical properties of the target fuel. A jet fuel surrogate was proposed by Lu et al. in 2018 [112], to emulate real jet fuel properties (physical, gas-phase chemical properties and threshold sooting index), and captured a combination of both the physical and chemical target properties including 8 items.
In comparison to conventional jet fuels, the quantity of kinetic research and surrogate development dedicated to alternative jet fuels is poor, as it is a short time that these fuels have been considered seriously for practical use. Most of the conducted studies have been allocated to F-T fuels and there are very few investigations for the other permitted standard-passed alternatives (HRJ, ATJ, Farnesene). 
One of the early surrogates for alternative jet fuels was a four-component mixture for Iso Paraffinic Kerosene (IPK) proposed by Dooley et al., and validated by the experimental data on ignition delay time and laminar flame speed [22, 113]. Ahmed et al. [84] formulated a mixture of n-decane/iso-octane/propylbenzene and its associated mechanism for synthetic jet fuels which contained 2006 species and 6228 reactions. The species concentration profile was validated in a jet stir reactor at 10 atm and for a range of equivalence ratio. In 2014, a detailed kinetic mechanism was developed for a gas-to-liquid fuel by Dagaut et al. [85] and validated against experimental data. Recently, Kim et al. [114] formulated surrogates for IPK and blend of fuels by using the Model Fuel Library and validated ignition delay time in a shock tube. A 2-component surrogate (10% n-dodecane/90% 2-methylundecane) and a single component surrogate (2-methylnonane) was proposed by Allen et al. [115], to investigate the autoignition characteristics of camelina and tallow hydrotreated renewable jet (HRJ) fuels. Experimental measurements were conducted using a rapid compression machine and the direct test chamber charge preparation approach at low compressed temperatures (625 K < Tc < 730 K), compressed pressures of P = 5, 10, and 20 bar, and equivalence ratios 0.25, 0.5 and 1.0 in air. Kinetic modelling could only provide useful predictions at a limited set of conditions (P = 5 bar and φ=1).
A limited number of investigations have been made to study the physical properties of ATJ and developing surrogate representations for these properties [116, 117]. Ignition delay of ATJ at relatively low temperatures were studied by Min et al, [118] where they experimentally investigated ignition delay of a range of jet fuels using a rapid compression machine (RCM) for just a limited number of low temperature points at 20 bar. Zhu et al, [119] investigated ignition delay times of conventional and alternative fuels behind reflected shock waves at 3 and 6 bar, for stoichiometric conditions, and provided data for ignition delay times of GEVO ATJ at just high temperatures. Later in 2016, Hass et al, [120] suggested a surrogate for ATJ fuel by using a 50/50 composition of iso-octane and iso-cetane, and developed a kinetic mechanism for simulation of the ignition delay against the experimental data provided by Zhu et al [119]. The mechanism did not demonstrate a close emulation of the experimental ignition delay at high temperature. A shock tube study was conducted by Flora et al, [121] to provide data for the ignition delay of candidate drop-in replacement jet fuels including GEVO ATJ at 20 bar and a lean condition (0.5). Parise et al, [122] conducted a Shock tube/laser absorption measurement to study the decomposition of ATJ fuel in a shock tube, and obtained a multiple species time-history measurement for temperatures between 1070 K and 1320 K and pressures between 1.3 atm and 1.5 atm. They used an iso-cetane mechanism as the representative of ATJ iso-parafins to simulate the experiments. Ritcher et al, [123] made experimental investigations on laminar burning velocity and ignition delay time of ATJ-SPK and Jet A-1. They reported similar ignition results for both fuel types at the initial pressure pinitial = 1.6 MPa, for two different equivalence ratios of 1.0 and 2.0, and the initial temperature between 800 K and 1700 K. The result of laminar burning velocity at 473 K also showed a similarity between two fuels, at three pressures of 0.1, 0.3, and 0.6 MPa. 
In recent years, a series of investigations were directly dedicated to ATJ fuel, and contributed to improving the combustion understanding of the fuel [124-130]. Guzman et al, [124] conducted Single pulse shock tube experiments to determine the pyrolytic and oxidative decomposition products of an alcohol-to-jet fuel at 4 bar nominal pressure, 2 ms nominal reaction time, and temperatures ranging from 900 K to 1550 K. They developed a detailed iso-alkane kinetic model against the experimental results, and a good agreement was observed between the empirical and simulated data. They continued their research on the species concentration of ATJ fuel by blending it with n-heptane and F-24 fuel [125, 126]. They used various kinetic models in the literature to test the ability of the models to simulate the influence of the test conditions on the evolution of intermediate species. It was also reported that increment of the initial fuel load does not affect the results significantly, while, increasing the pressure reduces the mixture reactivity temperature. The blend of F24/ATJ was also studied by Kim et al, [127] who conducted rapid compression machine (RCM) experiments in order to analyse the effects of chemical composition and blend ratio on ignition delay at the pressures of 10, 20, and 30 bar, equivalence ratios of ϕ= 0.5 and 1.0 in synthetic dry air, over a limited temperature range of 620 K to 720 K. The results demonstrated that autoignition is affected by different chemical structures and reactivity has a non-linear variation with respect to blending ratio, whereas there was no linear correlation between ignition characteristics and blending ratio. The effects of fuel blending on the first stage and overall ignition processes of the blend (F24/ATJ) was investigated by Mayhew et al, [128] at the pressures of 6 MPa and 9 MPa and the temperature of 825 K and 900 K. The results showed a longer ignition delay increasing non-linearly by increased volume fraction of ATJ, where 85% of the increment occurred in an extended first stage ignition duration and 15% of the increase in 2nd stage ignition delay. It is observed that blends consisting of 0–60% by volume of ATJ fuel produced nearly identical first stage ignition delays. Kim et al, [129] developed a data-driven chemical kinetic mechanism based on the HyChem approach to model ATJ ignition delay that they measured in a shock tube and RCM at just 2 MPa and stoichiometric condition. The model could emulate the empirical ignition delay at the certain points with a good agreement. Recently, a well-validated simplified mechanism [130] was developed for iso-dodecane as the main component of ATJ fuel, that showed a good agreement against the available experimental data for ignition delay and laminar flame speed.
In spite of the great advances in surrogate development for conventional jet fuels, it is still a big challenge to allocate the appropriate components and proportion which accurately emulate the real fuel specifications. There are only a few jet fuel surrogates which can simultaneously reproduce the physical and chemical properties of the target jet fuel and show a good emulation of the combustion characteristics. It is still a serious issue and it is necessary to develop jet fuel surrogates with a compact reduced mechanism (applicable for the 3-D simulation) which can demonstrate an acceptable simulation behaviour for ignition, flame speed and species concentration together, while the mechanism comprehensively is validated against experimental data. The mentioned issues above are more serious for ATJ fuel since the limited number of researches have been performed in the subject area. So, developing a well-validated surrogate with a simplified mechanism having a good prediction ability for the combustion parameters of jet A and ATJ fuels, covering a wide range of temperatures, pressures and equivalence rates conditions, is the main motivation for this study.




2.8. [bookmark: _Toc151551009]Chapter conclusion 
In his chapter, a literature review was delivered to provide an overview for the subject area of this study and the previous works were done on the kinetics aspect of jet fuels. The chapter started with a discussion regarding the kinetics of combustion and numerical simulation programs. Then, a series of approaches, models, techniques, and the tools related to the chemical kinetics investigation of the fuel combustion were introduced, while the basic studies and the fundamental knowledge were included. Finally, the developed mechanisms and the surrogates for conventional and alternative jet fuels were surveyed to reach the knowledge gap. The data of these reviews are later used in the surrogate components selection process of the reaction mechanisms that are applied for the modelling of the previous experimental data and the intended works in this study. It was found from the literature that there is need to develop a surrogate and its associated mechanism consisting of the appropriate well-validated components (against the experimental data individually) and having a given weight in the surrogate similar to the composition of the targeted real fuels with regard to the major groups in the GC report of jet A and ATJ, while the surrogate has a small size applicable for the 3-D simulation and can provide a close simulation for the key combustion characteristics simultaneously. Therefore, this study tries to address the issues through the construction of surrogates for jet A and ATJ fuels. Apart from using the results of the experimental works that were done so far by the previous researchers for jet A and ATJ, this study aims to benefits the experimental data that are conducted on a premixed flat-flame burner fueled with the target real fuels at atmospheric pressure for the lean, stoichiometric, and rich mixtures, with the aid of PLIF flame investigation. 







[bookmark: _Toc151551010]CHAPTER THREE
3. [bookmark: _Toc151551011]INTRODUCTION
In this chapter, three kinetics mechanisms were developed for the single components that are selected for the construction of jet A and ATJ fuels, and are delivered in their publication format. A simplified mechanism was developed individually for iso-sosecane, iso-cetane, and n-propylcyclohexane with the aid of decoupling methodology through coupling a lumped sub-mechanism to a C0-C5 core mechanism available in the literature. The two considerations for developing these mechanisms include having a compact size which later helps to keep the overall size of the surrogate mechanisms of the target real fuels as small as possible (suitable for usage in 3-D simulations), and delivering a closer agreement against the experimental data for the prediction of the combustion properties when they are compared to the previous mechanisms in the literature.  











3.1. [bookmark: _Toc151551012]Skeletal and compact validated mechanisms for iso-dodecane using a decoupling methodology

Hossein S. Saraee *, Kevin J. Hughes, Si Shi, Derek B. Ingham, Mohamed Pourkashanian

Energy 2050, Department of Mechanical Engineering, The University of Sheffield, Sheffield, S3 7RD, United Kingdom
*Email: hsoukhtsaraee1@sheffield.ac.uk
3.1.1. [bookmark: _Toc151551013]Abstract
Iso-dodecane is an important component in developing surrogate fuel mixtures for conventional and alternative jet fuels. Despite some progress in recent years, there is still a requirement for a compact mechanism which is well-validated in both low and high temperatures when compared to the experimental data. This paper develops a new compact mechanism with the aid of a decoupling methodology for iso-dodecane validated against available experimental data over a wide range of pressures and equivalence ratios. The ignition delay results show excellent agreement over a wide range of temperatures from 600 to 1300 K that covers low and high limits compared to the empirical data at 15, 20, and 40 bar and at lean, stoichiometric, and rich conditions. The maximum discrepancy between the simulations and the experiments by a factor of 1.7 was observed for 750 K at the rich condition at 15 bar. Laminar burning velocity simulations at 2 different pressures were conducted for iso-dodecane and the results were compared with the available experimental data for alcohol to jet (ATJ) fuel which is mostly composed of iso-dodecane. It was found that there was very good agreement between the modelling results and the experimental data. The final version of the new mechanism includes 158 species and 986 reactions, and has potential in further functional kinetic investigations, and to use for complex geometries of combustion system such as Equivalent Reactor Network Analyses. 

Keywords: reaction kinetics, jet fuels, iso-dodecane, decoupling methodology, skeletal mechanism

3.1.2. [bookmark: _Toc151551014]Introduction
In recent years, there has been an increasing tendency to use combustor simulation tools such as Computational Fluid Dynamics (CFD) [86] in the aviation sector, and this has had a substantial contribution to aero-engine combustion chamber design. The application has been utilized for both small-scale and industrial gas turbines [87-89] through simplified chemistry models or more complex ones. In addition to the fluid mechanics, the chemical kinetics of the fuel is an essential prerequisite of the combustion numerical simulation, which demonstrates the practical utilization of a chemical reaction mechanism. In spite of technological advances and progress in the power of computational tools, it is still extremely challenging to model real jet fuels by considering all the constituents in their structure, leading to reaction mechanisms with many hundreds to thousands of components. To avoid the complexity, stiffness, and the huge computational cost [90] of using such detailed chemical reaction mechanisms for jet fuels, researchers utilize the surrogate approach that contains a reduced form of the detailed mechanisms. The complexity of real jet fuels has also pushed researchers towards considering the use of tailor-made kinetic models for CFD simulations of gas turbine engines, which have a limited number of species and reactions while accurately emulating the real fuel specifications. 
Dividing the fuel compounds into the major structural classes such as normal alkanes, iso-alkanes, naphthenes, and aromatics and allocating one representative to each class is a solution that researchers have employed, providing a compact surrogate mixture relevant to the intended combustion property targets (CPTs) of the fuel [83, 99]. This highlights the importance of developing the chemical kinetics for each component of the structural class, resulting in a more accurate modelling capability for each surrogate fuel formulation in terms of ignition delay times, flame velocities and species concentrations.
A large fraction of conventional and alternative jet fuels consist of heavy normal and iso‑alkane components [83, 84, 99, 102, 109, 113]. As illustrated in figure 3.1.1, iso-alkanes are a key component of jet fuels and as such are of major importance in the development of appropriate surrogates for these fuels. 
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[bookmark: _Toc151551089]Figure ‎3.1.1: Iso-paraffin (iso-alkane) percentages in the composition of conventional and alternative jet fuels [109, 131]. 

Among the candidate components for iso-alkanes in jet fuels composition, iso-dodecane is the most appropriate compound to be used as a surrogate for ATJ fuel [116, 132-134] and as a major component in the surrogate formulation of JET A [105, 109], JP8 [135], and HRJ fuels [136, 137] because of the physicochemical characteristics being similar to the average of the real fuel such as molecular weight, H/C ratio, density, and flash point. Table 3.1.1 shows various physicochemical properties of iso-dodecane in comparison with jet fuels.
[bookmark: _Toc150443139][bookmark: _Toc150443528][bookmark: _Toc151912058]Table ‎3.1.1: The physicochemical characteristics of iso-dodecane in comparison with jet fuels [77, 133, 134, 138].
	Fuel
	DCN
	MW(g/mol)
	H/C ratio
	Density
(kg m−3) 
	Viscosity(cst)
	Flash point(℃)
	SP(mm)

	Shell SPK
	58.4
	138.3
	2.24
	737
	2.6
	44
	>40

	Sasol IPK
	31.3
	148.5
	2.195
	762
	3.6
	44
	>40

	HRJ Tallow
	58.1
	163.7
	2.18
	758
	5.3
	55
	>40

	HRJ Camelina
	58.9
	167.6
	2.20
	751
	3.3
	43
	>40

	S-8 POSF 4734
	58.7
	154.5
	2.14
	757
	4.6
	49
	>40

	Jet-A POSF 4658
	47.1
	157.5
	1.96
	806
	5.2
	47
	22.1

	JP-8 POSF 5699
	49.3
	154.5
	1.935
	790
	4.1
	48
	23

	Gevo ATJ
	15.5
	175.6
	2.17
	756
	2.1
	48
	35

	iso-dodecane
	16.8
	170.3
	2.17
	745
	1.31
	45
	35.2



During recent years, much attention has been given to the reaction kinetics of iso-dodecane and there are several publications [121, 139-143] that have purely been dedicated to a good understanding of the combustion characteristics and chemical kinetics of this highly branched iso-alkane. Zeppieri et al. [139], developed sub- and super-critical pyrolysis mechanisms for iso-dodecane based on the isooctane model of Curran et al. [140] for large species reactions through utilizing fuel structure similarities, standard group additivity techniques for estimating the associated kinetic rate parameters, and the comparison of several parent fuel activation energies with ab-initio calculations.
Experimental measurement of the ignition delay times (IDTs) of iso-dodecane, with the aid of a rapid compression machine (RCM), was performed by Min et al. [118] at pressures of 10 and 20 bar for lean and stoichiometric conditions. It was observed that iso-dodecane is less reactive in comparison with its similar hydrocarbon classes of n-alkane (n-dodecane) and light-branched iso-alkane (2,9-dimethyldecane). Won et al. [141] conducted an experimental investigation on the reflected shock ignition delay times of iso-dodecane at 20 and 40 atm over stoichiometric and rich conditions. By comparing the iso-dodecane (IC12) IDT results with a blend of iso-octane (IC8) and iso-cetane (IC16) data, it was discovered that the ignition delay times of IC12 at high-to-intermediate temperatures are similar to those of a 50/50 molar blend of IC8/IC16. Based on the shock tube ignition delay results, identical combustion property targets and similar chemical functional group distributions for IC12 and the 50/50 blend of IC8/IC16, it was suggested that this quantitatively identical behaviour of the ignition delay over high and low temperature regimes can be applied in developing combustion kinetic models for IC12. Iso-dodecane ignition delay data at 16 atm over the temperature range of 980 −1800 K and in lean conditions was provided by Flora et al. [121], during their investigation on the effect of the fuel composition and particularly different hydrocarbon classes (n-alkanes, heavy and light branched iso-alkanes, and aromatics) on the ignition characteristics of jet fuel surrogates. Further research was conducted recently by Mao et al. [142] on iso-dodecane autoignition behaviour covering both low and high temperature regimes. They studied the IDT using RCM and Shock Tube facilities over a wide range of pressures, temperatures, and equivalence ratios and then, developed a kinetic mechanism for the prediction of the ignition delay. This detailed kinetic mechanism, which was validated against their experimental data, consists of 729 species and 3390 reactions. Fang et al. [143] performed an experimental and numerical investigation on the autoignition of four iso-alkanes, including iso-octane, iso-nonane, iso-dodecane, and iso-cetane. The work is a valuable contribution to the understanding of the ignition characteristics of the highly-branched iso-alkanes which have the potential to be used as a component for jet fuel surrogates. It also provided an opportunity to make a comparison for the autoignition behaviour of different iso-alkanes at varying pressures, temperatures, and equivalence ratios. Later in 2020, they published a comparative investigation focussing particularly on the autoignition characteristics of IC12 and IC8 [144], providing information on the influence of the fuel molecular structure on the autoignition characteristics of these two iso-alkanes at low temperatures. It was reported that IC12 has less reactivity than IC8 in a temperature window in the negative temperature coefficient regime and shows more reactivity than iso-octane outside of the temperature window. This detailed chemical kinetic mechanism includes 3252 species and 11459 reactions. They also made their developed detailed kinetics mechanism available for iso-dodecane. 
Although some previous works as described have been conducted to provide chemical kinetic mechanisms for the autoignition of iso-dodecane, especially the detailed mechanisms recently developed by Mao et al. [142] and Fang et al. [144], there is still the lack of a compact well-validated mechanism that would facilitate its application for CFD studies and also deliver a close emulation for the autoignition behaviour of IC12 over a wide range of conditions. The conditions include pressures up to 40 bar, equivalence ratios of 0.5, 1, and 1.5, and temperatures from 600 to 1300 K, which makes the mechanism applicable for the combustion systems other than jet engines working primarily in the high temperature regime, such as diesel/HCCI engines. Therefore, this investigation is dedicated to providing a mechanism which can fulfil the requirement for a small size mechanism, and more important, the need for a model producing results that accurately agree with the experimental data. In addition, this work challenges the predictive ability of the proposed mechanism for laminar flame speed simulations, since this is a very important combustion parameter, particularly for its application as an ATJ surrogate.
3.1.3. [bookmark: _Toc151551015]Model development principles
The decoupling methodology which utilizes coupling a detailed C0-Cn mechanism as the core to a simplified sub-mechanism of Cn-Cm where m is the carbon number of the intended heavy hydrocarbon, is applied to provide a compact mechanism for IC12, as this methodology is an effective approach to build a compact mechanism for heavy hydrocarbons [145]. A well-developed simplified sub-mechanism of a heavy hydrocarbon considerably reduces the number of species and reactions in the final model by only considering the representative species required for the prediction of the intended combustion parameter of the heavy hydrocarbon. The iso-dodecane sub-mechanism of this study was developed on the basis of the IC12 kinetics model (‘’C1-C16 HT+LT mechanism Version 2003, March 2020’’) available in the Creck group comprehensive detailed mechanism for the oxidation of heavy hydrocarbons [146] that includes many components for a range of hydrocarbon classes. As the mechanism focuses on the prediction of ignition delay, it keeps the number of species and reactions relatively small. The IC12 reaction mechanism is a lumped version model with a limited number of species and reactions in which only one isomer is considered for each species that is helpful when the goal is the development of a compact mechanism. This will benefit the optimisation process in reducing the number of required modifications to provide a close agreement for the simulation of auto-ignition characteristics. The C6-C12 sub-mechanism development process includes the extraction of the 13 species and 65 reactions from the Creck group comprehensive detailed mechanism (includes 492 species and 17790 reactions), the addition of the new species and the new reactions that were recently published by Mao et al. [142], the application of the available new rates in the literature for some reactions of the C6-C12 sub-mechanism, and finally the elimination of the insignificant species and reactions, which resulted in 44 species and 71 reactions for the IC12 sub-mechanism. In the Creck group mechanism, the core mechanism is extremely detailed, and that causes the overall mechanism be very big, even after mechanism reduction. Thus, the iso-dodecane model covering the C6-C12 species has been coupled as a sub-mechanism to an alternative well-validated base model for the C0–C5 chemistry [147, 148]. Because of the dominating role of small species in predicting the laminar flame speed of heavy hydrocarbons and the necessity of a detailed description of those species in emissions prediction, and the simplified nature of the core mechanism in comparison with other available detailed mechanisms, this C0-C5 model has been applied in this investigation. While the prediction ability of other detailed mechanisms is usually limited on one intended combustion parameter such as ignition delay, this C0-C5 core model could satisfactorily predict the important species mole fraction of heavy hydrocarbons [147, 148] in addition to the ignition delay and the laminar flame speed. Thus, it has the potential of being used for the prediction of species concentrations produced from IC12 combustion, if experimental data would be available in the future. 
3.1.4. [bookmark: _Toc151551016]Initial Simulations
The original sub-mechanism needs to be modified as its simulation results (dash lines) illustrated in figures 3.1.2, 3.1.3 and 3.1.4, in the low temperature region showed significant discrepancy and a large underestimation in IDT over the low to intermediate temperature regions, compared to the experimental data published in the literature [141, 142, 144]. Thus, some revisions are required to be applied in the IC12 sub-mechanism to improve the agreement of IDT with the experimental data.
3.1.5. [bookmark: _Toc151551017]Mechanism Optimisation
Despite the fact that jet engines usually operate at high temperatures, the understanding of ignition behaviour for components such as IC12 at low temperatures is of great importance, especially for its usage as a surrogate or a component in a surrogate in diesel (and HCCI) engines [149-151]. To improve the agreement of IDT with the experimental data, some revisions are incorporated into the reactions and rate constants in the IC12 sub-mechanism based on recent experimental and theoretical rate calculations [142, 144]. These sources were utilized to make the reaction mechanism classes of this study complete by adding the missing reactions, and to modify the rate constants of several of the reactions involving the IC12 radicals. To do this, a series of sensitivity analyses were conducted for the mechanism in order to identify the most important reactions to consider for reaction rate modification. Also, the important missing reactions to add were identified by making a comparison between the reaction classes of this study and the utilized mechanisms [142, 144]. The important reactions in the sub-mechanism that were added or undergone rate modification in order to optimize the mechanism performance and match the experimental data in a wide range of conditions are as follows:
R1      IC12H25 ⇌ H+IC12H24                                                                 (R. 3.1.1)
R2      IC12H24+OH  IC12H23+H2O                                                     (R. 3.1.2)
R3      IC12H24+OH ⇌ TC4H9CHO+C7H15                                                                 (R. 3.1.3)
R4      IC12H24+H  IC12H23+H2                                                                                       (R. 3.1.4) 
R5      IC12H24+O ⇌ TC4H9CHO+C7H14                                                                     (R. 3.1.5)
R7      IC12H24+O  IC12H23+OH                                                        (R. 3.1.6)
R6      IC12H24+CH3  IC12H23+CH4                                                                            (R. 3.1.7)
R8      IC12H23+HO2  TC4H9CHO+A-C3H4+T-C4H9 +OH               (R. 3.1.8)      
R9      IC12-OOQOOH ⇌ HO2+IC12-QOO                                        (R. 3.1.9)
R10    IC12-QOO  TC4H9CHO+A-C3H4+T-C4H9+OH                    (R. 3.1.10)
R11    IC12-QOOH  OH+IC12-QO                                                  (R. 3.1.11)
R12    IC12-QO +OH  H2O+C4H9CO+C7H14                                                    (R. 3.1.12)
R13    IC12-QO+HO2  H2O2+C4H9CO+C7H14                                                 (R. 3.1.13)
R14    IC12H26 ⇌ C11H23+CH3                                                                                            (R. 3.1.14) 
R15    C11H23 ⇌ I-C4H8+C7H15                                                                                          (R. 3.1.15)
[bookmark: be0005][bookmark: be0010][bookmark: be0015][bookmark: be0020][bookmark: be0025][bookmark: be0030][bookmark: be0035][bookmark: be0040][bookmark: be0045][bookmark: be0050][bookmark: be0055][bookmark: be0060]It was found that the inclusion of reactions R9, R10, R11, and R12 have a significant impact in improving the agreement between model and experiment, particularly in the NTC regime of the ignition delay and on a part of the low temperature zone. The reactions R2-R8 also had a contribution to the improvement of the IC12 ignition delay on the low and intermediate temperature areas. Addition of the reactions R14 and R15 help to optimize the performance of the mechanism in the high and intermediate temperatures. On the other hand, to provide more improvement for the high temperature regime, the following reactions in table 3.1.2 from the mechanism were optimized based on the reliable detailed mechanisms developed for jet fuels by Daguat et al. [85]: 
[bookmark: _Toc150443529]
[bookmark: _Toc151912059]Table ‎3.1.2: The modified core reaction rate parameters (cm3, mole, s, cal/mol units).
	Reaction
	Original rate parameters
	New rate parameters
	New rate Reference

	HO2+OH⇌H2O+O2
	2.89x1013   0.0  -496.89
	7.0x1012     0.0  -1092.96
	[85]

	CH2O+OH⇌HCO+H2O
	3.43x109   1.18  -446.94
	1.72x109   1.2    -447.0
	[85]

	CH3+HO2⇌CH3O+OH
	1.0x1013   0.0      0.0
	5.0x1011   0.3     -687.6
	[85]

	C2H6(+M) ⇌2CH3(+M)
	1.88x1050   -9.72  107342.26
	9.21x1016   -1.2      635.8
	[85]

	C8H15A-C3H5+C50
	2.0x1012    0.0    29971.32
	8.8x1013    2.5     6130.0
	[85]

	C8H17C5H10+N-C3H7
	9.431x1010    0.336  24031.31
	5.49x1011   0.6    28087.1
	[85]



Since the integration process of two separate in-house mechanisms (the sub-mechanism and the core mechanism) requires adding some reactions especially in the interface of coupling the two mechanisms including C5-C6 species, the addition of some additional reactions was applied into the core mechanism, with the aid of mechanisms previously developed for jet fuels [85, 146]. The added reactions can be found at the end of the mechanism file in the supplementary material. 
The improved IC12 mechanism including the sub-mechanism arising from the CRECK group’s IC12 mechanism coupled to a slightly expanded core mechanism, consisted of 278 species and 1860 reactions. A combination of the DRGEP and DRGPFA methods; tools available in ANSYS Chemkin-Pro for reduction purposes were applied to reduce the mechanism and provide a more compact model. The main principles of the reduction methods briefly include; Defining a norm, applying the norm for definition of a directed relation graph structure, Defining a set of target species, searching the directed graph, and removing the species with a coefficient below a defined threshold. The details applied for the reduction methods includes: ignition delay for ‘’Target’’, ‘’absolute tolerance’’=0.00001, ‘’relative tolerance’’=30%, and end point for ‘’value used in comparison’’. The final version of the developed mechanism after reduction has 158 species and 977 reactions. This reduced version follows the IDT results of the main mechanism with negligible differences. The new kinetic model is able to predict the oxidation over low to high temperatures for a wide range of conditions in a more compact size compared to the available IC12 mechanisms [141, 142, 144]. Finally, this mechanism has been validated comprehensively using all the currently available experimental data. In general, the mechanism developed with the aid of the decoupling methodology demonstrates a close agreement compared to the experimental data for 15, 20 and 40 bar, at three equivalence ratios (φ) of 0.5 (lean), 1 (stoichiometric), and 1.5 (rich), in the wide range of temperature from 600 to 1300 K, that can prove the approach is a promising method for the development of a reaction kinetics mechanism for heavy hydrocarbons. In comparison with the modelling results in the literature [142], this study shows a considerable improvement at lean condition for 15 and 20 bar, and also a minor improvement at other conditions.

3.1.6. [bookmark: _Toc151551018]Optimised mechanism results
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[bookmark: _Toc151551090]Figure ‎3.1.2: IDT results of original Creck mechanism and the developed mechanism of this study, against the experimental data at P=20 bar for lean (φ=0.5), stoichiometric (φ=1), and rich (φ=1.5) conditions [142, 144].
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[bookmark: _Toc151551091]Figure ‎3.1.3: : IDT results of original Creck mechanism and the developed mechanism of this study, against the experimental data at P=40 bar for stoichiometric (φ=1), and rich (φ=1.5) conditions [141]. 
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[bookmark: _Toc151551092]Figure ‎3.1.4: IDT results of original Creck mechanism and the developed mechanism of this study, against the experimental data at P=15 bar for lean (φ=0.5), stoichiometric (φ=1), and rich (φ=1.5) conditions [142, 144]. 

 Simulations for the IDT of IC12 were conducted at varying conditions with the aid of the new proposed kinetic model using the closed homogeneous batch reactor model in ANSYS  Chemkin-Pro 2019 R1 software and were validated against the available experimental data in the literature, see figures 3.1.2, 3.1.3, and 3.1.4. The performance of the model was investigated at the three regimes of low, intermediate and the high temperature. In spite of some discrepancies under certain conditions, the model shows, in general, a good agreement with the experimental data at different pressures and equivalence ratios. Typical NTC behaviour was observed for all the conditions in accordance with the experimental data, along with the reduction in the IDTs for higher pressures over the temperature regime covering the NTC behaviour. At 15 bar, the simulated IDT for 750 K and 800 K is slightly shorter at lean and stoichiometric conditions, and longer at the rich condition than the RCM empirical data, and a part of this can be related to the experimental uncertainty of the RCM measurements reported by the authors. Indeed, the considerable heat loss effect in the RCM tests [142] during the compression stroke, especially for the low pressure of 15 bar where there are relatively longer IDTs might account for it, although using a lumped mechanism restricts the performance of the mechanism at some temperatures. To improve the performance of the model, more fundamental kinetics studies on the contribution of individual reactions to the behaviour of the iso-dodecane at the pressure of 15 bar or less should be conducted, and this approach has been recommended recently when working on the autoignition of IC12 [142]. Considering the discrepancies, the proposed kinetic model demonstrated an acceptable and reasonable behaviour, especially at 20 bar, in predicting the IDT. The predictive capability of this mechanism, as well as its compact size, makes it a suitable candidate for application as a surrogate for fuels and CFD simulations.
In addition, there is a notable discrepancy between the RCM data and ST data at φ=0.5 in the work of Mao et al., which may be due to the invalidity of the homogeneous core assumption of the RCM due to the mass loss in the facility crevices or heat loss through the walls, and the inhomogeneity and boundary layer phenomenon in the shock tube [152]. This issue was reported previously for the other fuels having low reactivity or high octane number [152-155] and more research in the future should be performed in order to identify the reasons for this discrepancy. The experiments show non-ideal pre-ignition pressure rise at low temperatures around 900 K due to the inhomogeneous ignition phenomenon [156, 157], and therefore cannot be accurately modelled using zero-dimensional simulations [152]. 
3.1.7. [bookmark: _Toc151551019]Kinetic analysis

Reaction pathway analysis is a tool that can provide a better understanding of reaction mechanisms by determining the contribution of each reaction to the production and consumption of every species with the aid of a rate-of-production analysis. Therefore, a reaction pathway analysis was performed based on the rate of production data produced within Chemkin-Pro, in stoichiometric conditions at 20 bar with a closed homogeneous batch reactor at 800 K as representative of low and intermediate temperature regimes, and at 1200 K as representative of the high temperature regime. An overview of the main reaction routes is given in figure 3.1.5. 
Analysis of the reaction pathway for a stoichiometric iso-dodecane/air mixture for the developed model for this study at 800 K shows that H-atom abstraction, in particular by the OH radical that leads to the formation of fuel radicals is responsible for the majority of fuel consumption. Due to the first O2 addition process, the formed radicals generate alkylperoxy radicals (RO2) that is the start of the chain branching reaction sequence of low temperature and this is the reaction channel contributing to the consumption of nearly all the produced radicals. These form alkylhydroperoxy radicals (QOOH) via an intramolecular hydrogen abstraction that are mainly consumed in two ways: the production of a cyclic ether or the formation of peroxy-alkylhydroperoxides (OOQOOH) via a second O2 addition process. Following the decomposed route, the OOQOOH radical forms an OH and ketohydroperoxides which finally decompose to the β-scission products, rather than the common low temperature branching (OOQOOH2OH + RO), which shows that the isododecane is less reactive. The presence of the tertiary carbon-hydrogen bond can be attributed to this result as reported by previous authors [158]. An alternative isomerization route for OOQOOH and a similar outcome is also provided in this study, although its contribution remains trivial and in general, the rate constant of this reaction branch has little information. In addition to the isomerization of RO2 (RO2QOOH channel) as the main route of the RO2 consumption, the concerted elimination reaction is another significant channel of RO2 decomposition that has a contribution for the NTC behaviour of IC12 by the formation of more stable alkenes which in turn leads to the reduction in the overall reactivity. It appears that the competition between this reaction class, the cyclic ether formation reaction, and degenerate chain branching reactions, forms the NTC behaviour. 
Concisely, for the main low temperature pathway, the R+O2⇌RO2 strongly favours RO2, as does the QOOH+O2 favouring O2QOOH, and this leads to the low temperature chain branching that enhances the rate of the fuel consumption. As the temperature increases, these equilibria favour the separate R+O2, QOOH+O2, thus reducing the chain branching processes and hence slowing the overall reaction rate even though the temperature has increased. The formation reactions of cyclic ethers and the concerted elimination reactions appear to be the important side reactions that compete with the main low temperature pathways.

           a) Main low temperature pathways:
    [image: C:\Users\Hossein\Desktop\path a.png]
                
           b) Main high temperature pathway:        
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[bookmark: _Toc151551093]Figure ‎3.1.5: Main low and high pathways of this study developed mechanism, at (a) 800 K and (b) 1200 K.  

Based on the reaction routes at 1200 K for stoichiometric iso-dodecane/air mixture as illustrated in figure 3.1.5(b), Unimolecular decomposition and H atom abstraction that dominates the fuel conversion (mostly by the OH abstractor) are the channels that consume IC12 and have a substantial contribution to the combustion chemistry in the high temperature regime. The resulting IC12H25 radicals undergo an O2 addition process (forming alkylperoxy radicals) and β-scission decomposition. The C-C and C-H bonds in the IC12H25 radicals are opened via β-scission and then generate olefins and alkyl radicals which in turn undergo successive β-scission reactions, ultimately decomposing to generate small molecules and radicals that are depleted according to the provided core mechanism. Therefore, the β-scission reactions and the reactions of small species play a significant role in the high temperature regime. Further, in the sensitivity analysis, it can be observed how much the small species reactions, such as H+O2⇌O+OH, contribute greatly in controlling the combustion chemistry in the high temperature regime.

To identify the key reactions relevant to the ignition of iso-dodecane, sensitivity analyses were performed for the ignition delay time of the developed skeletal mechanism at the same temperatures and conditions of the reaction pathway analysis. Figure 3.1.6 demonstrates the top reactions that have a greater impact on the ignition delay time according to the magnitude of their sensitivity coefficients. It can be seen from figure 3.1.6(a) that the reactions with the greatest promoting effect on the ignition delay time are the isomerization of alkylperoxy, the second oxygen addition and the isomerization of OOQOOH to the ketohydroperoxides. The H abstraction reactions have a relatively great promoting effect, especially by the HO2 abstractor that leads to the generation of hydrogen peroxide which in turn boosts the combustion process by producing two reactive OH radicals through H2O22OH. The reaction of C2H3+O2⇌CH2CHO+OH that the C2H3 radicals undergo in the branching reaction to form two reactive radicals has also a relatively great promoting effect. 
Since the fuel radicals at higher temperatures break down directly without going through the low-temperature pathways, the rate of OH production is decreased in the low temperature pathways. Thus, in spite of the OH production which has a promoting effect on the fuel consumption through H abstraction reactions in the reaction forming cyclic ethers, this reaction has a very strong inhibiting effect. The concerted elimination reaction of the alkylperoxy radicals is the strongest inhibitor and reduces the overall reactivity via the formation of more stable alkenes. This higher inhibiting effect of the concerted elimination than the cyclic ether formation is because of the lower reactivity of the produced HO2 radicals compared to the generated OH radicals which compensate a part of the decreased reactivity by the reaction of cyclic ethers. IC12-OOQOOHO2+IC12-QOOH is the third reaction that is among the strongest inhibitors. 

As discussed in the reaction pathway analysis, the reactions of small species dominate the reactivity of the system in the high temperature regime and show strong promoting and inhibiting effects as illustrated in figure 3.1.6(b). Among the top-ranked promoter reactions are the small species reactions of the coupled core mechanism, which only generate more active radicals. The unimolecular decomposition of iso-dodecane and the formation of the alkylperoxy radicals are the strong promoting reactions at this temperature. As be seen in the figure, the importance of the reactions in the low temperature chain branching pathways (which demonstrated a significant promoting/inhibiting effect at 800 K) becomes trivial at the high temperature regime, and H abstraction by HO2 and OH still has a considerable promoting and inhibiting effect at this temperature. On the other hand, in addition to some small species reactions (such as those that produce stable alkenes) show a strong inhibiting effect, the beta-scission of the fuel radicals also indicated a strong inhibiting effect.
 



 
[bookmark: _Toc151551094]Figure ‎3.1.6: Sensitivity analysis at 20 bar for stoichiometric condition at (a) low and (b) high temperatures.


3.1.8. [bookmark: _Toc151551020]Flame speed
The simulations of the laminar flame speed given in figure 3.1.7 were conducted at 1 and 3 bar for the unburned combustion temperatures of 473 K and a range of equivalence ratios from 0.6 to 1.4. Due to the lack of empirical data for the laminar flame speed of IC12, the results were compared to the results of the available experimental data for ATJ fuel [123] which consisted predominately of iso-dodecane in excess of 90%, and thus can be expected to provide a close approximation for the flame speed behaviour of IC12. Similar to the rate optimization process implicated for the ignition delay, the procedure was conducted for laminar flame speed in order to provide an improved mechanism that can simulate the flame speed behaviour of IC12 with a close agreement. The selection of candidate reactions for optimization was done by considering the sensitivity analysis results, the availability of different rate constants, and the fact that the modifications should not negatively affect the results of ignition delay significantly. In this regard, the reactions of HCO+H⇌CO+H2 and CH+CO(+M) ⇌HCCO(+M), were optimized based on the available rate constants in the literature [142, 151]. 
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[bookmark: _Toc151551095]Figure ‎3.1.7: Laminar flame speed simulation results of the developed mechanism of this study at the unburned temperature of 473 K, against the experimental data of ATJ fuel at P=1 and 3 bar [123]. 
The skeletal mechanism demonstrates an excellent simulation for the laminar flame speed at 1 bar, and a relatively close emulation at 3 bar compared to the empirical data, although discrepancies are found at the fuel-lean side for 3 bar. However, more experimental data on the laminar flame speed of pure iso-dodecane is needed in order to have a certain interpretation of the prediction ability of the provided mechanism for the laminar flame speed.
3.1.9. [bookmark: _Toc151551021]Conclusion
A compact reaction kinetic mechanism covering both the low temperature the high temperature reaction schemes was developed based on the decoupling methodology for iso-dodecane as an important surrogate component of conventional and alternative fuels. A well validated core mechanism was coupled to a provided sub-mechanism of IC12. Modifications include change of a few of the reaction rates and adding some reactions to the core and sub mechanisms were applied, to improve the performance of the developed mechanism in order to emulate the empirical data of the IC12 ignition behaviour. The improved mechanism could follow closely the experimental data over the low-to-high temperature and it is in reasonable agreement for lean, stoichiometric, and rich conditions at different pressures. However, some discrepancies are still observed between the new modelling and experimental results for a certain temperature at 15 bar, especially for rich condition which might be related to the reported uncertainties in the experimental results. Despite the discrepancies, this compact mechanism is an improvement over existing mechanisms in terms of an overall good agreement for IDT of iso-dodecane in a wide range of conditions. The kinetic analysis includes the analysis of the reaction pathways, and a sensitivity analysis was conducted to identify the main pathways and the key reactions of the developed mechanism. The simulations of the laminar flame speed were conducted at 1 and 3 bar and were compared against the empirical data for ATJ fuel that contained over 90% IC12; the results were found to be in good agreement with the experimental data. The improved mechanism was reduced by DRGEP and DRGPFA reduction methods available in Chemkin Pro, so that, the final version of the developed mechanism includes only 158 species and 986 reactions. In conclusion, the predictive capability and the compact size of the developed mechanism make it a useful tool for the use in the application as a surrogate for fuels and also for some CFD simulation works including complex geometries of combustion system (such as Equivalent Reactor Network Analysis).




3.1.10. [bookmark: _Toc151551022]Supplementary material

Chemical kinetic mechanism files including the Chemkin-Pro format of the skeletal and the compact mechanism files (.txt), thermodynamics data for the mechanism file (.txt), and the transport data for the mechanism file (.txt) are appended to the paper.
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3.2. [bookmark: _Toc151551023]A compact chemical kinetic mechanism for modelling isocetane
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3.2.1. [bookmark: _Toc151551024]Abstract
Developing a compact chemical kinetic mechanism for heavy hydrocarbons to facilitate their use within combustion simulation tools is an important contribution to the practical investigation of the fuels. Regarding the importance of isocetane for cetane number rating and as a candidate component of jet and diesel surrogates, the present work proposes a single simplified kinetic mechanism that can mimic the ignition behaviour, laminar burning velocity, and the concentration of the main oxidation products of this reference fuel with a good agreement compared to the empirical data. An initial lumped sub-mechanism of isocetane available from the literature was coupled to an available core mechanism. The performance of the mechanism in predicting the key combustion parameters was investigated with the aid of the Chemkin-Pro software package and the available empirical data in the literature. Since the initial raw mechanism need to be optimized, modifications including adding missing reactions were applied to improve the developed model performance. The final compact mechanism includes 179 species and 1325 reactions and demonstrates an improved performance over existing larger mechanisms in terms of predicting the ignition delay data for a wide range of temperatures covering low and high limits. Laminar burning velocity simulation at 443 K was conducted for isocetane and the result was compared with the available experiment data. It was found that there was good agreement between the modelling results and the experimental data. It was also found that the developed model can predict the main oxidation products of isocetane at lean and stoichiometric conditions with a close agreement, compared to the available experimental data.  
Keywords:  Isocetane, jet fuels, skeletal mechanism, reaction kinetics, autoignition


3.2.2. [bookmark: _Toc151551025]Introduction 
Developing chemical kinetic reaction mechanisms of fuels is of great importance, since it is a useful tool to understand the combustion characteristics of practical fuels that can lead to the development of cleaner and more efficient combustors. However, considering the current computational resources and the multicomponent nature of practical hydrocarbon fuels having complex molecular structures, it is difficult to model the combustion of such fuels in the combustion engine simulators. Thus, we need to apply simplifications such as surrogate development with a limited number of components, in order to produce a chemical kinetic mechanism computationally reasonable and viable to run.
Practical kinetic investigations such as multicomponent surrogate development and representation of complex geometries of combustion system via Equivalent Reactor Networks or computational fluid dynamic models require a compact chemical model to run smoothly and minimise the computational expense. One of the approaches which can fulfil this requirement is using a lumped version of chemical kinetics mechanisms. Instead of using a detailed kinetics mechanism that creates chemical complexities and a large-sized model infeasible or expensive to run, a reduced model including a limited number of species and reactions with a good predictive ability can be used.
One of the important hydrocarbon fuels is isocetane since it is used for cetane number rating and as a candidate component of jet and diesel surrogates [159-162]. Despites its importance, it is not a well-understood species and kinetic modelling of this important fuel is rare since its modelling is very difficult. This highly branched iso-alkane has a complex molecular structure with five different carbon sites hosting seven methyl groups that leads to a complicated chemical kinetic analysis on a large number of reactions. Based on the authors best knowledge, just one work has been conducted experimentally and numerically in recent years to develop a detailed mechanism for isocetane over low to high temperatures, in order to predict autoignition behaviour of this fuel for a wide range of conditions [163]. It is also noteworthy that the low vapor pressure of this high molecular weight species makes a gas phase empirical investigation on it very hard, due to the difficulty of keeping a sufficient fuel concentration in the reactant mixture. 
Isocetane was firstly modelled by Agosta et al. [160] who developed a lumped kinetic mechanism and challenged the simulation ability of the mechanism compared to their experiment, on the low-temperature (600–800 K) reactivity and product speciation of this fuel in a flow reactor. Dagaut and Hadj-Ali [164] measured species concentrations of isocetane in a jet-stirred reactor (JSR) and developed a kinetic mechanism to model the oxidation of isocetane in the JSR.  Guzman et al. [124] recently proposed a high-temperature oxidation mechanism for isocetane as a minor component of an alcohol-to-jet (ATJ) fuel, during their investigation on the pyrolytic and oxidative decomposition products of ATJ fuel in a single pulse shock tube.
The ignition chemistry of heavy hydrocarbons can be divided into two distinct temperature ranges of reactivity at low and high temperatures. There is also a regime of so-called negative temperate coefficient (NTC), for which the overall rate of reaction decreases with the increase of temperature, and the temperature up to the end of the NTC regime where the ignition delay starts to reduce again is usually considered the low temperature region. Although it is not the same for all hydrocarbon species, the range for the low-temperature regime is 600-1000 K, and for the high-temperature regime is >1000 K. In terms of autoignition, there a few works dedicated to investigate this aspect of isocetane. The first kinetic mechanism for the autoignition of isocetane was developed by Oehlschlaeger et al. in 2009 [165], who conducted experiments on isocetane/air mixtures in a heated shock tube. The simulation results showed a good agreement against the experimental data at just moderate to high temperatures in different conditions. This mechanism was later updated by Yu et al. in 2019 [166], when they conducted experiments on the autoignition of isocetane at the temperature range of 620–880 K and for a wide range of equivalence ratios. In an investigation on the autoignition of isocetane/1-methylnaphthalene binary blends, Kukkadapu and Sung [167] experimentally investigated ignition delays of isocetane between 729–856 K at stoichiometric condition and 15 bar in a rapid compression machine (RCM). 
Later in 2020, Raza et al. improved the performance of the detailed mechanism developed by Yu et al. by updating various reactions and rate constants [163]. The simulation results could emulate the ignition behaviour of isocetane compare to the empirical data, at equivalence ratios of Φ = 0.5–2.0, pressures of 10–20 bar and temperature range of 838–1617 K. 
The recent works mentioned above and the detailed mechanism recently developed for isocetane, made an important contribution to elucidate the chemical kinetics of this important fuel and to get a good understanding of its combustion parameters. Despite these developments, there is still the lack of a compact mechanism that is experimentally well-validated and could provide a close emulation for the autoignition behaviour of IC16 (isocetane) over a wide range of conditions, while delivering a good prediction for the laminar flame velocity and the concentration of the important species such as the main oxidation products.  In this regard, this study was conducted to provide a small sized mechanism through coupling a lumped sub-mechanism to a core detailed mechanism, imitating the autoignition behaviour of IC16 with a good agreement against the available experimental data. In addition to ignition delay, the predictive ability of the proposed mechanism for simulating laminar flame speed and the mole fraction of the fuel and the main oxidation products including CO, CO2, and H2O was investigated with the aid of Ansys Chemkin-Pro and compared to available experimental data. 
3.2.3. [bookmark: _Toc151551026]Theoretical framework
The criteria for the development of a model for this study is satisfying the goal of developing a simplified mechanism to target one intended combustion parameter, such as ignition delay, or even more, with a good prediction compared to experimental data. Since the construction of a compact mechanism for heavy fuels through the decoupling methodology [145] has been proven to be a successful method in developing a relatively simple chemical kinetics model, it is implicated in this study to provide a well-validated small size mechanism for IC16. The methodology procedure includes the incorporation of a detail/semi-detail core mechanism to a simplified sub-mechanism with a reduced number of species and reactions for the intended heavy fuel species, so that, one representative species of the hydrocarbon classes which are required for the prediction of a target combustion parameter  has been just considered for inclusion in the sub-mechanism. In a comparison of the decoupling methodology with that of reduced methodologies [145], it was demonstrated that a small-sized mechanism constructed via the decoupling methodology can satisfactory simulate all the combustion properties (ignition delay, laminar flame speed, species concentration) of heavy hydrocarbons. While the reduced mechanisms using the global reduction methods usually cannot provide a good prediction for more than one combustion property, and are still relatively large for use in practical applications. Researchers also compared the reduction power of a decoupling methodology to DRGEP method [168] and reported that a detailed mechanism for butanol isomers including more than 300 species and thousands of reactions could be reduced to 66 species and 196 reactions with the aid of a decoupling methodology, while the DRGEP method reduced the detailed mechanism to more than 100 species and 800 reactions. An analysis on three developed skeletal mechanisms for iso-octane that couldn’t provide a good prediction for laminar flame speed in all the temperature and pressure conditions showed that [169] a global reduction process from small to large molecules and low to high temperature reactions does not necessarily retain those characteristics that coupled in these reactions. It was noted that the small radical and molecule reactions are those that play the dominating role on the key characteristics of laminar flame speed, and not those in the low temperature oxidation and large molecule decomposition. On the other hand, a mechanism with a more substantial small size developed by a decoupling methodology showed a good prediction ability through just reducing the large molecule mechanism component and holding the small radicals and molecules with the original form in order to keep most essential information of the combustion process. It is reported that [170] the global reduction methods like direct relation graph suffers from the limitation to considerably decrease the size of a detailed mechanism and negatively affect the accuracy of the detailed mechanism. Moreover, reduced mechanisms have a restricted usage since they are reduced based on specific conditions and are inherently system dependent. But, in a decoupling methodology, the core mechanism selected for the mechanism construction is a detailed/semi-detailed model which includes the small species and the reactions required for the good prediction of laminar flame speed, extinction strain rate, heat release rate, and the important species concentrations under a wide range of conditions. Application of such a mature core model that didn’t go through a global reduction process avoids the final developed mechanism from additional optimization of the reaction rate or mitigates it. On the other hand, developing a sub-mechanism by just a focus on the prediction of the auto-ignition characteristics of the target fuel makes the size of a model as small as possible, since only a limited number of the required species and reactions in the sub-mechanism are included for the simulation of ignition delay.
With the aid of the decoupling methodology, a skeletal mechanism was generated through coupling an extracted small size lumped sub-mechanism of IC16 as the target fuel species from a comprehensive detailed mechanism [55] to a well-validated core detailed mechanism of C0–C5 chemistry [147, 148]. A schematic of the initial raw lumped sub-mechanism can be observed in figure 3.2.1. The C0-C5 core mechanism used in this study is a semi-detailed model which is simple in comparison with many other available detailed mechanisms, while it includes the important small species and reactions that have a dominating role for the prediction of the laminar flame speed of jet fuels and the detail description of the fuel emissions. 
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[bookmark: _Toc151551096]Figure ‎3.2.1: Schematic diagram of the original lumped IC16 sub-mechanism.
T=Temperature, R= Fuel radical, R´& R´´= products of the unimolecular decomposition.     
 As it was expected, the initial raw developed model predicted simulation results similar to the IC16 original model in the main detailed mechanism (the red dashed/dotted line results in figures 3.2.2, 3.2.3 and 3.2.4), and exhibited a significant discrepancy over the low to high temperature regions compared to the experimental data. It implies that the sub-mechanism suffers from some missing reaction classes and untuned reaction rates, as the isocetane reaction kinetics in the detailed mechanism is based on an old lumped version model with a limited number of species and reactions.  
The recent developed mechanisms [124, 163, 166] that include the missing reaction classes and also a combination of experimental and theoretical rate parameters, were utilized to improve the agreement and provide a close emulation for IDT based on the empirical data. A comparison was made between the sensitivity analyses of the initial developed model in this study and the abovementioned mechanisms in the literature. The structure of the utilized mechanisms [124, 163, 166] were also followed. These two steps were conducted in order to identify the important missing reactions to be added and the most important reaction rates to be modified. Then, the required modifications were then applied for the initial model developed in this research. 
The added important reactions in the sub-mechanism that had a great contribution to optimize the mechanism performance and match the experimental data in a wide range of conditions can be seen in table 3.2.1.

[bookmark: _Toc151912060]Table ‎3.2.1: The list of the added important reactions missing in the original sub-mechanism (cm3, mole, s, cal/mol units).
	Reaction class
	Reactions
	Arrhenius equation parameters

	ROOH  =  RO + OH
	HMN-R2OOH=HMN-R2O+OH 
C8H17+N-C7H15CHO=HMN-R2O     
TC4H9CHO+X4C11H23=HMN-R2O   
	1.5E16        0.0        4.25E4
1.0E11        0.0        1.29E4
1.0E+011    0.0        1.29E4  

	RO2 + H2O2  =  ROOH + HO2
	IC16H33-OO+H2O2=HMN-R2OOH+HO2    
	2.4E12        0.0        1.0E4
REV/2.4E12   0.0    1.0E4/

	R+HO2=RO+OH
	IC16H33+HO2=HMN-R2O+OH  


IC16H33-OO=IC16H32+HO2    
	 7.0E12       0.0       -1.0E3
REV/1.967E18    -1.37     2.889E4/

1.26E8       1.32       2.79E4

	RO2 + HO2  =  ROOH + O2
	IC16H33-OO+HO2=HMN-R2OOH+O2    
	1.75E10     0.0        -3.275E3
REV/5.974E13    -8.5E-1    3.49E4/

	H atom abstraction from olefins
	IC16H32+OH=IC16H31+H2O    
IC16H32+O2=>IC16H31+HO2    
IC16H32+HO2=IC16H31+H2O2    
IC16H32+H=>IC16H31+H2    
IC16H32+CH3=IC16H31+CH4    IC16H32+O=IC16H31+OH    
	7.49E8       1.61      -3.5E1
1.0E12       0.0        3.72E4
2.0E4         3.37      1.372E4
3.7E13       0.0        3.9E3
1.0E12       0.0        7.3E3
1.0E12       0.0        4.0E3

	Alkenyl radical decomposition
	IC16H31=>C8H15+2I-C4H8    
IC16H31=>C8H15+C8H16-1    
IC16H31=C5H11+I-C4H7+C7H13    IC16H31+HO2=>TC4H9CHO+P-C3H4+ C8H17+OH    
	1.254E13   0.3       2.832E4
1.254E13   0.3       2.832E4
1.254E13   0.3       2.832E4
1.0E43      -8.7      2.1071E4

	QOOH  =  Q + HO2
	IC16-QOOH=IC16H32+HO2    


IC16H32=>C8H17+C8H15    
	1.22E11    0.57     1.51E4
REV/1.0E11     0.0     1.153E4/

1.0E16       0.0      7.1E4

	Retro-one decomposition
	IC16H32=IC12H24+I-C4H8    
	3.98E12     0.0      5.7629E4

	Unimolecular decomposition
	IC12H25+T-C4H9=IC16H34    
2C8H17=IC16H34    
	3.6E13       0.0      0.0E0
3.6E13       0.0      0.0E0



The optimized kinetic model is able to predict oxidation at low through high temperatures for a wide range of conditions in a more compact size and a closer agreement against the experimental data, compared to the available IC16 mechanisms [163, 165, 166]. 
The ignition behaviour of the improved IC16 mechanism was investigated at varying conditions using the closed homogeneous batch reactor model in the Chemkin-Pro software. Then, the simulation results were compared to the available experimental data at three regimes of low, intermediate and the high temperature. Reduction in IDTs for higher pressures and typical NTC behaviour was observed for all the conditions in accordance with the experimental data. The optimized developed model showed a good agreement against the empirical data for most temperatures, and at different pressures and the equivalence ratios. However, some discrepancies at certain temperatures were observed. The discrepancy can be related to the experimental uncertainty of the measurements and the considerable heat loss effect that can occur in RCM tests (due to the production of the active radicals [142]) and the structure of the lumped mechanism that is expected, since the lumped reactions and their associated rate restrict the performance of the mechanism at some temperature points, an equivalence ratio, or a pressure condition. Considering the discrepancies, the kinetic model showed a very close emulation for the autoignition behaviour of IC16. Thus, this small size mechanism with a good predictive capability can be a suitable candidate for application as a surrogate for fuels and practical simulations. 
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[bookmark: _Toc151551097]Figure ‎3.2.2: IDT modelling results against the experimental data at P=20 bar for (a) lean (φ=0.5), (b) stoichiometric (φ=1), and (c) rich (φ=1.5) conditions [163].





  
[bookmark: _Toc151551098]Figure ‎3.2.3: IDT modelling results against the experimental data at P=15 bar for (a) stoichiometric (φ=1), and (b) rich (φ=1.5) conditions [163].





  
[bookmark: _Toc151551099]Figure ‎3.2.4: IDT modelling results against the experimental data at φ=2 for (a) 10 bar and (b) 15 bar [163].




  



[bookmark: _Toc151551100]Figure ‎3.2.5: IDT modelling results against experimental data at P=10 and 40 bar, for (a) lean (φ=0.5), (b) stoichiometric (φ=1), and (c) rich (φ=1.5) conditions [163].
3.2.4. [bookmark: _Toc151551027]Kinetic analysis 
An investigation on the contribution of each reaction to the production and consumption of the major species with the aid of reaction pathway analysis at low temperature (Figure 3.2.6a) showed that, fuel is mostly consumed by H-atom abstraction reactions with subsequent reactions beginning with oxygen addition. The produced fuel radicals generate alkylperoxy radicals (RO2) via O2 addition process, as the start of chain branching reaction sequences of low temperature. Then, alkylperoxy radicals form hydroperoxy-alkyl radicals (QOOH) which in turn generate peroxy-alkylhydroperoxides (OOQOOH) through another O2 addition process, leading to the low temperature chain branching that enhances the rate of the fuel consumption. The OOQOOH radical can decompose to ketohydroperoxides which finally leads to the formation of β-scission products. The concerted elimination reactions that generates olefin species (reducing the overall reactivity) are the alternative channel competing with the main low temperature pathways. For the high temperature regime (Figure 3.2.6b), most of fuel molecules are consumed through H atom abstraction and also unimolecular decomposition. The fuel radicals formed by H atom abstraction reactions generates alkylperoxy radicals and β-scission decomposition. The C-C and C-H bonds in fuel radicals are opened via β-scission and then generate olefins and alkyl radicals which in turn undergo successive β-scission reactions, ultimately decomposing to generate small molecules and radicals that are depleted according to the provided core mechanism. Therefore, the β-scission reactions and the reactions of small species play a significant role in the high temperature regime. 

    a) Main low temperature pathways:
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  b) Main high temperature pathways:        
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[bookmark: _Toc151551101]Figure ‎3.2.6: Schematic diagram of IC16 main pathways of this study mechanism at low (a) and high (b) temperatures.


Sensitivity analysis is a tool that identifies the reactions having the greatest impact on ignition delay time. To identify the key reactions, sensitivity analyses were performed for the ignition delay time of the developed model at 800 K and 1200 K, as the representatives of low and high temperature regimes. As can be seen in Figure 3.2.7 for sensitivity at 800 K, the formation of OOQOOH by oxygen addition, H abstraction reactions, and alkenyl decomposition to active radicals, are the reactions with the greatest promoting effect on ignition delay time. The reaction of H abstraction from fuel by HO2 that have a great promoting effect, has a boosting role in the combustion process, since it leads to the generation of hydrogen peroxide by producing two reactive OH radicals through H2O2⇌2OH. The reactions of A-C3H5+HO2⇌C3H5O+OH and C2H3+O2⇌CH2CHO+OH that undergo branching reaction and form two kinds of radicals also have an important promoting effect. On the other hand, the decomposition of hydroperoxy-alkyl radicals to more stable olefins is the strongest inhibitor and has a great impact on the reduction of the fuel overall reactivity. The reactions of small species radicals that produce a more stable species, and also the alkenyl decomposition reactions that generate an alkene in their products, are the other key reactions having an inhibitor role in the ignition of IC16. 
For high temperature, figure 3.2.7b demonstrates that the fuel unimolecular decomposition, the β-scission reactions, and the reactions of small species are the key reactions showing strong promoting and inhibiting effects, dominating the reactivity of the system in the high temperature regime. The small species reactions of the coupled core mechanism which only generate more active radicals are in the top list as the strongest promoter. The unimolecular decomposition of fuel is the other strong promoting reaction at this temperature. For the inhibitor key reactions, the small species producing stable alkenes showing the strongest inhibiting effect.  
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[bookmark: _Toc151551102]Figure ‎3.2.7: Sensitivity analysis at 20 bar for stoichiometric condition at low (a) and high (b) temperatures.


3.2.5. [bookmark: _Toc151551028]Laminar flame speed 
The simulations of the laminar flame speed given in figure 3.2.8 were conducted at 1 bar for the inlet gas temperature of 443 K and a range of equivalence ratios. The results were compared to the results of the available experimental data for isocetane [171]. Since the simulation result by the original mechanism didn’t show a good agreement compared to the experimental data, some reactions rates of the core mechanism were optimized to achieve a closer simulation. The modifications were given in the table 3.2.2. The optimized reactions were selected based on the fact that they shouldn’t affect the ignition delay results negatively, and the new rates in the reliable mechanisms in the literature are available. The skeletal mechanism, in general, demonstrates a good agreement for the laminar flame speed, compared to the empirical data. However, discrepancies are observed between the modelling and experimental results. A slight under-prediction is seen for the fuel-rich side, but the over-prediction at the fuel-lean side for equivalence ratio of 0.8 is considerable. 

[image: ]
[bookmark: _Toc151551103]Figure ‎3.2.8: : Isocetane/air laminar flame speed of the developed mechanism of this study at the unburned temperature of 443 K, against the experimental data at P=1 bar [171].
[bookmark: _Toc151912061]Table ‎3.2.2: The optimized reactions of the developed mechanism for the simulation of the laminar flame velocity. (cm3, mole, s, cal/mol units)
	Reaction
	Original Arrhenius equation parameters
	New Arrhenius equation parameters
	New rate References

	T-CH2+O2=>CO2+2H
	5.8E12   0.0   1.5E3
	2.64E12    0.0      1.5E3
	[55]

	CH3+O=CH2O+H
	5.06E13   0.0   0.0
	8.43E13    0.0    0.0
	[85]

	C2H2+O=T-CH2+CO
	1.25E7   2.0   1.9E3
	7.395E8   1.28    2.472E3
	[55]

	C3H6+O=>CH3CHCO+2H
	2.5E7   1.76   7.6E1
	3.05E+06    1.88     1.83E2
	[55]



Sensitivity coefficients for laminar flame speed at equivalence ratios of 0.8, 1, 1.4 were conducted using Chemkin-Pro, to find out the most important reactions affecting the laminar flame velocity. It can be seen from Figure 3.2.9 that the dominant chain branching reaction of H + O2 ⇌ O + OH generating too many OH and O radicals and having a great contribution to the flame with self-propagation characteristics [172], the main oxidation reaction of CO and the production of CO as the chain propagation and the chain initiation reactions that leading to the production of H radicals, are the most important elementary reactions for the laminar flame velocity of isocetane/air mixture. Since the mentioned reactions produce more active radicals of H, O, and OH, they have a promoting role on the laminar flame speed and increase it. On the other hand, the reaction of HCO + H ⇌CO + H2 which leads to the termination of the radical chain process and has a suppressing role on the flame speed, shows the highest negative sensitivity coefficient. The common reactions having an important effect on the flame speed at three equivalence ratios and  the reactions with a considerable impact on the ignition delay of IC16, make it hard to further optimize the discrepancy observed for the lean condition, or the little disagreement between the simulation and experimental data at φ=1.4. In addition, more experimental data are required to be certain about the experimental data of IC16 flame speed, and then, exerting the required optimizations for the laminar flame velocity at the equivalence ratios.  
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[bookmark: _Toc151551104]Figure ‎3.2.9: Sensitivity analysis of laminar flame velocity for isocetane/air mixture at 1 bar and 443 K, for equivalence ratios of 0.8 (a) 1 (b) and 1.4 (c).


3.2.6. [bookmark: _Toc151551029]Species mole fraction
Providing a close simulation for the fuel consumption and emissions by a utilized reaction mechanism in CFD studies is of great importance. Therefore, the ability of the developed model for the prediction of the species with the available experimental data including the mole fraction profiles of IC16, CO, CO2, and H2O was challenged. While it was expected that a much simplified model developed for the prediction of ignition delay, particularly for a wide range of conditions, and/or laminar flame speed would not necessarily deliver a reasonable prediction for the important species mole fractions. It was found that the constructed mechanism of this study could predict the concentration profile for the fuel and the main oxidation products with a good agreement compared to the experimental results. The simulation was conducted with the aid of the perfectly stirred reactor (PSR) tool in Ansys Chemkin-Pro, to model the experiment that was conducted on a jet-stirred reactor (JSR) at the pressure of 10 atm, a constant residence time of 1 s, the temperature range of 770−1070 K, and for three equivalence ratios of 0.5, 1, and 2 [164]. It can be observed in figures 10-15 that the mechanism could satisfactorily emulate the experimental concentration profiles of the intended species with a good agreement.  
The consumption of IC16 begins at 770 K, continues to decay untill 900 K for the lean, stoichiometric and the rich conditions, where it completely decayed. Generally, the modelling results of IC16 could follow the experimental profiles with a relatively good agreement at the three equivalence ratios, particularly for the beginning and the termination areas of the consumption profile, though an overestimation is observed at 850-950 K. It might be as a result of the approximation used in the lumping process for the development of the lumped reaction rates that might have undergone the lack of enough precision.
While the modelling results for the all oxidation products could capture the parameters of the production and the magnitude compared to the experiment, the prediction of magnitude for H2O at the lean condition showed a considerable over-prediction against the experimental profile at the area above 900 K. Since the model could satisfactorily predict the H2O profile at stoichiometric with an excellent agreement and the rich conditions with a close agreement, the speculation firstly can be made for the accuracy of the experimental measurement of H2O profile at the lean condition. The other scenario for consideration could be the simplification that has been applied for the initial mechanism.
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[bookmark: _Toc151551105]Figure ‎3.2.10: IC16H34 mole fraction simulation result of the developed mechanism of this study, against the experimental data at the equivalence ratio=0.5 and the temperature range of 770 to 1030 K [164].
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[bookmark: _Toc151551106]Figure ‎3.2.11: CO, CO2, and H2O mole fraction simulation results of the developed mechanism of this study, against the experimental data at the equivalence ratio=0.5 and the temperature range of 770 to 1030 K [164].
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[bookmark: _Toc151551107]Figure ‎3.2.12: IC16H34 mole fraction simulation result of the developed mechanism of this study, against the experimental data at the equivalence ratio=1 and the temperature range of 770 to 1030 K [164].
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[bookmark: _Toc151551108]Figure ‎3.2.13: CO, CO2, and H2O mole fraction simulation results of the developed mechanism of this study, against the experimental data at the equivalence ratio=1 and the temperature range of 770 to 1030 K [164].
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[bookmark: _Toc151551109]Figure ‎3.2.14: IC16H34 mole fraction simulation result of the developed mechanism of this study, against the experimental data at the equivalence ratio=2 and the temperature range of 770 to 1070 K [164].
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[bookmark: _Toc151551110]Figure ‎3.2.15: CO, CO2, and H2O mole fraction simulation results of the developed mechanism of this study, against the experimental data at the equivalence ratio=2 and the temperature range of 770 to 1070 K [164].

3.2.7. [bookmark: _Toc151551030]Conclusion
A compact reaction kinetic mechanism has been developed for isocetane as an important surrogate component of jet and diesel fuels, using a decoupling methodology through coupling a well validated core mechanism to a sub-mechanism of isocetane. 
From mechanism enhancement, a very good agreement was observed between the mechanism predictions and measured ignition delay times. 
To our knowledge, this is the only mechanism for IC16 which satisfies both the targets of compact size and very close emulation of the ignition behaviour over the low-to-high temperature range for lean, stoichiometric, and rich conditions at different pressures. However, discrepancies were still observed at certain temperature conditions between the modelling and empirical results, which can be due to the uncertainty for the experiments and the restrictions in the prediction power of the mechanism caused by using lumped reaction rates in the model. 
The main oxidation pathway of IC16 was explained and the key reactions were identified by sensitivity analysis. 
The simulation of the laminar flame speed was conducted for isocetane/air mixture at 1 bar and 443 K, and the result was found to be in good agreement with the experimental data. 
The concentration of the main oxidation products of IC16 were predicted against the experimental results at the lean, stoichiometric, and the rich conditions. The results showed that the model can simulate the mole fractions with a close emulation compared to the experimental results. 
All in all, the provided mechanism can be used as a surrogate for fuels and also for some practical simulation works, due to its high predictive capability of ignition delay, the close emulation of the laminar flame speed and the mole fraction of main oxidation species, and the small size of the model.
3.2.8. [bookmark: _Toc151551031]Supplementary material
Supplementary material including mechanism files is appended to the paper. 

3.3. [bookmark: _Toc151551032]Construction of a small-sized simplified chemical kinetics model for the simulation of n-propylcyclohexane combustion properties
Hossein S.Saraee, Kevin J Hughes, Mohamed Pourkashanian
 Energy 2050, Department of Mechanical Engineering, The University of Sheffield, Sheffield, S3 7RD, United Kingdom
3.3.1. [bookmark: _Toc151551033]Abstract
The development of a compact mechanism has made a great contribution to work on the combustion of hydrocarbon species and facilitates the investigations on the chemical kinetics and computational fluid dynamics (CFD) studies. N-propylcyclohexane (NPCH) is one of the important components for jet, diesel, and gasoline fuels, which needs a reliable compact reaction kinetics mechanism. This study aims to investigate the construction of a well-validated mechanism for NPCH with a simplified chemical kinetics model that deliver a good prediction ability for the key combustion parameters in a wide range of conditions (temperatures, pressures and equivalence rates). The NPCH reaction kinetic mechanism was constructed with the aid of a coupling process, simplification process, rate modification, and a combination of standard reduction methods. The model includes a simplified sub-mechanism with 16 species and 58 reactions and a semi-detailed core mechanism with 56 species and 390 reactions. Two key parameters including ignition delay time and laminar flame speed are simulated by use of ANSYS Chemkin-Pro. The simulation results for these parameters are validated against the available data in the literature and the results showed a good agreement compared to the experimental data over a wide range of conditions covering low to high temperatures at different pressures and equivalence ratios.
Keywords: n-propylcyclohexane, skeletal mechanism, reaction kinetics, autoignition, laminar flame speed




3.3.2. [bookmark: _Toc151551034]Introduction
Combustion is one of the phenomena which has had significant effects in humankind’s life. To fully understand the process and improve its efficiency, this phenomena should be extensively studied. However, it is expensive and time-demanding to just investigate it empirically. So, computational combustion was utilized as a way of investigating combustion besides experimental works. Kinetic modelling is one of the significant aspects of computational combustion that has provided the opportunity of gaining a deeper understanding and knowledge about the combustion phenomena in different media. It has a great role to improve the functionality of practical combustion applications, such as the engines of vehicles. With the aid of kinetic modelling, researchers can survey and analyze the fuel structure and the fundamental chemistry coupled with direct kinetic measurements of intermediate and products species, and the rate constants. Fuel modelling can provide an opportunity for academic and industrial investigators to rapidly conduct their intended scientific works over a broad range of conditions while releasing them from time-consuming and expensive changes in the design of a prototype. Due to the complexity, stiffness, and the huge computational cost of using a detailed chemical reaction mechanism for large hydrocarbon fuel species, researchers utilize the approach of developing a reduced form of the detailed mechanisms. The simplification process of a detailed mechanism (reduction of the species and reactions) are based on the numbers and types of the target combustion parameters. However, the process need to be conducted with scrutiny in order to avoid significant loss of accuracy.
NPCH is an important hydrocarbon species that is less-understood in terms of combustion chemistry, compared to other cyclo-alkanes. There are a limited number of investigations dedicated to NPCH chemical kinetics. Ristori et al. [173] measured species mole fractions for the oxidation of NPCH in a Jet Stirred Reactor (JSR) at 1 bar, 950–1250 K, and an equivalence ratio range of 0.5–1.5, and developed a kinetic model for the simulation of the species concentrations measured. The proposed kinetic mechanism generally could simulate the mole fraction profile of the measured species in the oxidation of n-propylcyclohexane and the main reactions of the oxidation of n-propylcyclohexane were determined. They reported that H-atom abstraction occurs on the saturated cycle and on the side-chain which generates seven distinct radicals, and is responsible for the production of the major intermediate species measured in the experiments. Dubois et al. [174] investigated the high temperature ignition characteristics of NPCH in a shock tube at 10–20 bar for a range of equivalence ratios over 1250–1800 K. The ignition delay time (IDT) measurement was based on OH* and CH* radical chemiluminescence. The experimental data were simulated by the kinetic mechanism that they developed in the work and the work of Ristori et al. [173]. They reported that their model has better performance for the simulation of ignition delay. They also conducted an experiment to measure flame speeds in a constant volume spherical bomb at 1 bar, 403 K, ϕ = 0.6–1.75. The result disclosed that the peak of laminar flame speed occurs around the equivalence ratio of 1.08 and decreases before and after the equivalence ratio. The simulation result for laminar flame speed showed an overestimation against the experimental data. The autoignition chemistry of NPCH has been experimentally investigated [175] in a rapid compression machine at just lean conditions over a temperature range of 620-930 K and a pressure range of 0.45-1.34 MPa. A high temperature NPCH mechanism including 545 species and 3105 reactions was constructed by Guo et al. [176]. They extracted a semi-detailed and a skeletal mechanism from the detailed mechanism, and the models were used to simulate the combustion properties of NPCH in comparison with the experimental data and to delineate the major reaction pathways and the important reactions of NPCH combustion by reaction pathway analysis and sensitivity analysis. Based on the simulation results, they suggested that the mechanisms are reliable for predicting the auto-ignition behaviour of NPCH at high temperatures, and can be used for CFD studies and construction of mechanisms for the high-temperature combustion of other cycloalkanes with one ring. Tian et al. [177] conducted a comparative investigation on the high temperature autoignition behaviour of cyclohexane, ethylcyclohexane, and n-propylcyclohexane over 1110−1650 K in a shock tube, at atmospheric pressure and equivalence ratios of 0.5, 1.0, and 2.0. They observed that the ignition delay time is affected by the molecular structure of each fuel and followed an order of n-propylcyclohexane < ethylcyclohexane ≈ cyclohexane. A faster H-radical generation of n-propylcyclohexane makes a shorter and simpler pathways for the production of the H atoms compared to ethylcyclohexane and cyclohexane. While, cyclohexane has difficulty in fast generation of H atoms due to the complex pathways of H production, that causes a longer ignition delay time than n-propylcyclohexane. Cyclohexane showed a shorter ignition delay time at temperatures higher than 1450 K compared to ethylcyclohexane and n-propylcyclohexane, and they related it to the branching chain favouring the unimolecular reactions dominating the fuel decomposition. Ji et al. [178] conducted an investigation on the laminar flame speeds of cyclohexane, methylcyclohexane, ethylcyclohexane, n-propylcyclohexane, and n-butylcyclohexane. The experiments were done in the counterflow configuration for a mixture of the species with air at atmospheric pressure, an equivalence ratio range from 0.7 to 1.5, and unburned temperature of 353 K. Cyclohexane/air flames demonstrated relatively a faster propagation compared to mono-alkylated cyclohexane/air flames, because of the greater amounts of 1,3-butadiene produced in cyclohexane/air flames. The laminar flame speed of mono-alkylated cyclohexanes were approximately similar to each other. It was reported that the greater production of propene and allyl radical causes the lower flame propagation rates for mono-alkylated cyclohexanes. The experimental results were reproduced by the JetSurF (version 1.1) mechanism with a good agreement. Recently in 2021, an investigation on the combustion chemistry of NPCH was conducted by Ahmed et al. [179] that helps to have a better understanding of combustion aspects of this species by providing comprehensive experimental data, detailed kinetic modelling and quantum chemistry investigation of n-propylcyclohexane. They studied the autoignition behaviour of NPCH for lean and stoichiometric conditions over low and high temperatures in a shock tube and RCM at 20 and 40 bar, and also the species mole fractions in JSR and pressurized flow reactor (PFR), in a range of conditions. They developed a comprehensive detailed chemical kinetic mechanism including estimated reaction rates based on analogies with existing and analogous species mechanisms, and estimated thermochemistry by quantum chemistry methods and group additivity approach. In general, the model predicted the overall autoignition behaviour of NPCH and could reproduce the mole fraction experimental results with an acceptable agreement, but it was concluded the model needs more improvements for the simulation of some measured intermediate species in the work and fixing the over-predictions observed for the ignition delay in high temperature and negative temperature coefficient (NTC) regions. 
Apart from the issue that there are very few investigations dedicated to NPCH chemical kinetics which were cited above, the mentioned studies are mostly limited to high temperatures or the development of a detailed mechanism with a relatively large size, and even, some of them suffer from the lack of delivering a close simulation for more than one key combustion parameter in a wide range of conditions, such as covering both low and high temperature regions in IDT, or the lack of enough accuracy for the prediction of key combustion parameters over a wide range of conditions. Therefore, developing a compact mechanism that facilitates the usage of NPCH model for practical applications and CFD studies, and could model the important combustion properties of NPCH with a good agreement in a wide range of conditions is of great importance. In this regard, a theoretical investigation was conducted to provide a small sized mechanism through coupling a simplified sub-mechanism to a core detailed mechanism, simulating the laminar flame speed and the autoignition behaviour of NPCH at varying conditions with a good agreement against the experimental data.
3.3.3. [bookmark: _Toc151551035]Model development, simulation and validation
The simplified sub-mechanism of this study was constructed by utilizing the reaction classes of a detailed mechanism [179] recently developed for NPCH combustion chemistry. By analysis of the effect of the detailed mechanism reaction classes on NPCH combustion properties, a series of important reaction classes were selected to be included in the sub-mechanism. To maximise the simplicity of the sub-mechanism, the simplification process also includes selection of one species and reaction as the representative of the isomers and their reactions in each class. The included reactions in the sub-mechanism are given in table 1. Then, the sub-mechanism coupled to a C0-C5 core detailed mechanism [148] that was formerly developed to be used for hydrocarbon fuels. This core mechanism satisfied the requirement to have a light weight model for being coupled to the sub-mechanism for ignition delay prediction purpose, and to have the capability of predicting the laminar flame speed of heavy hydrocarbons. After the development of the mechanism, rate modifications for the reactions given in table 1 were applied (that can be observed in the mechanism file appended to this paper), to provide the closest agreement compared to the available experimental data for the ignition and flame speed of NPCH in the literature. A combination of Directed Relation Graph (DRG), Error Propagation Extension to DRG (DRGEP), and Directed Relation Graph Method with Path Flux Analysis (DRGPFA) methods which are tools available in ANSYS Chemkin-Pro for reduction purposes were applied to reduce the mechanism and provide a more compact model. The final version of the developed mechanism includes 72 species and 448 reactions. The simulations for ignition delay time and laminar flame speed, as the two key combustion properties, were conducted using the zero dimensional homogeneous closed reactor model and the one dimensional freely-propagating laminar flame speed model in the ANSYS Chemkin-Pro software. The developed mechanism could satisfactorily model the experimental results with a good agreement.  
[bookmark: _Toc151912062]Table ‎3.3.1: Reactions in the sub-mechanism.
	Reaction class
	Reaction

	Fuel decomposition
	C6H11+N-C3H7 ⇌ C3H7cC6H11
CH2cC6H11+C2H5 ⇌ C3H7cC6H11
CH2cC6H11+H ⇌ C6H11+CH3
CH2cC6H11+O ⇌ C6H11+CH2O
CH2cC6H11+HO2 => OH+CH2O+C6H11
CH2cC6H11+O2 => HCO+C3H6+A-C3H5+OH

	H-abstractions
	C3H7cC6H11+H ⇌ C3H6cC6H11+H2
C3H7cC6H11+O ⇌ C3H6cC6H11+OH
C3H7cC6H11+OH ⇌ C3H6cC6H11+H2O
C3H7cC6H11+O2 ⇌ C3H6cC6H11+HO2
C3H7cC6H11+HO2 ⇌ C3H6cC6H11+H2O2
C3H7cC6H11+CH3 ⇌ C3H6cC6H11+CH4

	Reactions of propyl- cyclohexyl radicals (C9H17)
	C3H6cC6H11 (+M) ⇌ C6H11+C3H6(+M)
C3H6cC6H11 (+M) ⇌ C2H3cC6H11+CH3(+M)
C3H6cC6H11 (+M) ⇌ C6H10+N-C3H7(+M)
C3H6cC6H11+H(+M) ⇌ C3H7cC6H11 (+M)
C3H6cC6H11+H ⇌ C6H11+ N-C3H7

	Reactions of C8H14

	C2H3cC6H11+H ⇌ C2H4+C6H11
C2H3cC6H11+O ⇌ CH2cC6H11+HCO
C6H11+C2H3 ⇌ C2H3cC6H11

	Addition of O2 to alkyl radicals
	C3H6cC6H11+O2 ⇌ C3cC6OO
C3H7cC6H10+O2 ⇌ C3cC6OO

	R + RO2  ⇌  RO + RO
	C3H6cC6H11+ C3cC6OO ⇌ 2C3cC6O

	R + HO2  ⇌  RO + OH
	C3H6cC6H11+HO2 ⇌ C3cC6O  +OH

	R+CH3O2 ⇌ RO+CH3O
	C3H6cC6H11+CH3O2 ⇌ C3cC6O +CH3O

	RO2 isomerization to QOOH
	C3cC6OO ⇌ C3cC6OOH

	RO2 ⇌ Alkene+HO2
	C3cC6OO ⇌ C3H5-1cC6H11+HO2

	RO2+HO2 ⇌ ROOH+O2
	C3cC6OO +HO2 ⇌ XC3cC6OOH +O2

	RO2+H2O2 ⇌ ROOH+O2
	C3cC6OO +H2O2 ⇌ XC3cC6OOH +HO2

	RO2+CH3O2 ⇌ RO+CH3O+O2
	C3cC6OO +CH3O2 => C3cC6O +O2+CH3O

	RO2+RO2  RO+RO+O2
	2 C3cC6OO  2C3cC6O+O2

	ROOH  ⇌  RO + OH
	XC3cC6OOH ⇌ C3cC6O+OH

	RO alkoxy radical decomposition
	C4H8-1+CH2CO+N-C3H7 ⇌ C3cC6O
C2H4+CH2CHO+C5H10 ⇌ C3cC6O

	QOOH ⇌ Alkene + HO2
	C3cC6OOH ⇌ C3H5-1cC6H11+HO2

	QOOH+O2 ⇌ O2QOOH
	C3cC6OOH+O2 ⇌ O2C3cC6OOH

	Production of ketohydroperoxides
	O2C3cC6OOH ⇌ KETC3cC6OOH +OH

	Ketohydroperoxides decomposition

	KETC3cC6OOH  OH+2CH2CO+C2H4+N-C3H7
KETC3cC6OOH  OH+C2H4+C2H5+CH2CO+C2H3CHO
KETC3cC6OOH  OH+C5H10+CH2CHO+CH2CO
KETC3cC6OOH  OH+CH3CHO+C2H4+CH2CO+A-C3H5
KETC3cC6OOH  OH+CH2CO+C6H11+CH2O
KETC3cC6OOH  OH+3C2H4+CH2O+HCCO

	C6 reactions
	C6H10+H ⇌ C4H8-1+C2H3
C6H10+H ⇌ C6H9-13+H2
C6H10+CH3 ⇌ C6H9-13+CH4
C6H10+O ⇌ C6H9-13+OH
C6H10+OH ⇌ C6H9-13+H2O
C6H10 ⇌ 2A-C3H5
C4H6+C2H3 ⇌ C6H9-13
C6H11  C3H6+A-C3H5
C6H11  C4H6+C2H5
C6H12-1  2C3H6
C6H12-1+HO2  C6H11+H2O2
C6H12-1+CH3  C6H11+CH4
C6H12-1+O  C6H11+OH
C6H12-1  N-C3H7+A-C3H5
N-C3H7+A-C3H5  C6H12-1



Ignition delay times were simulated against the available experimental data over three regimes of low, intermediate and the high temperature, the pressures of 20 and 40 bar, and the equivalence ratios of 0.5 and 1. Since the understanding of ignition behaviour for species such as NPCH at low temperatures is of great importance, especially for its usage as a surrogate or a component in a surrogate in engine applications, the experimental data by Ahmed et al. [179] that are the only available data covering both high and low temperatures was selected for validation of the results. As can be seen in figure 1 and 2, in general, the developed mechanism delivers a close emulation for the autoignition behavior of NPCH in all temperature zones at different pressures and equivalence ratios. The model demonstrates the typical NTC behavior of hydrocarbon species in accordance with the experimental results. The simulation results also follow the trend of the reduction of ignition delay time at higher pressures. A little discrepancy was observed for the lean condition at 20 bar over the intermediate temperature zone. The issue can be due to the experimental uncertainty or the lack of enough understanding in the combustion chemistry of NPCH, since the discrepancy was observed by using the detailed mechanism [179].
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[bookmark: _Toc151551111]Figure ‎3.3.1: IDT modelling results against the experimental data at P=20 bar for lean (φ=0.5) and stoichiometric (φ=1) conditions [179].
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[bookmark: _Toc151551112]Figure ‎3.3.2: IDT modelling results against the experimental data at P=40 bar for lean (φ=0.5) and stoichiometric (φ=1) condition [179].
A series of sensitivity analyses were provided using Ansys Chemkin-Pro in order to identify the key reactions relevant to the ignition of NPCH, for the pressures of 20 and 40 bar, and equivalence ratios of 0.5 and 1, at 800 K and 1100 K as the representative of low and high temperature regions, respectively. Figure 3 demonstrates the top reactions that have a great impact on the ignition delay time at low temperature. The isomerization of O2QOOH to the ketohydroperoxides, the second oxygen addition, and the isomerization of alkylperoxy are the top reactions for both equivalence ratios of 0.5 and 1. The H abstraction reaction by the HO2 abstractor is among the top reactions for both equivalence ratios (with a higher rank for φ=1 than φ=0.5). The produced hydrogen peroxide via this reaction generate two reactive OH radicals through H2O2  2OH, which has a boosting effect in the combustion process. The reaction of A-C3H5+HO2 ⇌ C3H5O+OH and the reaction of C2H3+O2 ⇌ CH2CHO+OH that the C2H3 radicals undergo in the branching reaction and form two kinds of radicals have also a relatively great promoting effect, that can be observed in the ranking for φ=0.5 but are not the top ten reactions for φ=1. The reaction of QOOH ⇌ Alkene+HO2 is the strongest inhibitor and reduces the overall reactivity via the formation of more stable alkenes. As it can be seen in figure 4, the reactivity at the high temperatures is mainly dominated by the small species reactions which demonstrate a strong influence in terms of promotion and inhibition. The reactions of small species producing more active radicals are among the top-ranked reactions doing promoting effect. The unimolecular decomposition of fuel has also a strong promoting effect at this temperature. On the other hand, the small species reactions that produce stable alkenes show a strong inhibiting effect.
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[bookmark: _Toc151551113]Figure ‎3.3.3: Sensitivity analysis at 800 K and the pressures of 20 bar (simple blocks) and 40 bar (pattern block), for lean (a) and stoichiometric (b) conditions.
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[bookmark: _Toc151551114]Figure ‎3.3.4: Sensitivity analysis at 1100 K and the pressures of 20 bar (simple blocks) and 40 bar (pattern block), for lean (a) and stoichiometric (b) conditions.
The prediction of laminar flame velocity at atmospheric pressure for the inlet gas temperature of 403 K and 353 K, and a range of equivalence ratios were provided that can be observed in figure 5. The results were compared to the results of the available experimental data [174, 178]. The developed mechanism demonstrates a good agreement for the laminar flame speed at both temperatures, compared to the empirical data. A little discrepancy at the lean side is observed between the modelling and experimental results. The slight under-prediction that is just seen at the equivalence ratios of 0.7 and 0.8 at both temperatures. However, the mechanism showed a very close agreement for all other conditions at 403 K and 353 K.
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[bookmark: _Toc151551115]Figure ‎3.3.5: Laminar flame speed simulation results of the developed mechanism of this study at the unburned temperatures of 403 K and 353 K, against the experimental data at atmospheric pressure [174, 178].
Sensitivity coefficients for laminar flame speed at 403 K for three equivalence ratio of 0.8, 1, and 1.4  was conducted using ANSYS Chemkin-Pro, in order to identify the most sensitive reactions which affect the laminar flame speed. Figure 6 discloses that H + O2 ⇌ O + OH as the dominant chain branching reaction has the greatest effect on flame speed. The chain propagation reaction of CO + OH ⇌ CO2 + H as the main oxidation reaction of carbon monoxide and the chain initiation reaction of HCO + M ⇌ CO + H + M are the next important elementary reactions. These abovementioned three promoter reactions have a great contribution to the laminar flame speed increment via producing more active radicals of H, O, and OH. In terms of inhibiting reactions, those reactions that make a termination effect on the radical chain process suppress the flame velocity which are given in figure 6. 
Regarding the little discrepancy observed in the lean side in figure 5, there are two issues which prevent further optimization. Firstly, there are common reactions having an important effect on the flame speed at three equivalence ratios. Any modification on the reactions has a negative effect on the flame speed at stoichiometric and rich conditions.  Secondly, some of the important reactions in flame speed have a considerable impact on the ignition delay of NPCH as well, that make it hard to further optimize the discrepancy observed for the lean condition. Moreover, the availability of more experimental data could help to be certain about the flame speed behavior of NPCH, and then, applying the required work for the optimization of the flame speed at the equivalence ratios.
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[bookmark: _Toc151551116]Figure ‎3.3.6: Sensitivity analysis of laminar flame velocity for NPCH/air mixture at 1 bar and 403 K, for equivalence ratios of 0.8 (a) 1 (b) and 1.4 (c).





3.3.4. [bookmark: _Toc151551036]Conclusion
A compact reaction kinetic mechanism for n-propylcyclohexane was developed through coupling a simplified sub-mechanism to a core detailed mechanism, and utilizing a combination of standard reduction methods, so that, the developed mechanism includes only 72 species and 448 reactions. Modifications on the reaction rates of the sub-mechanism were applied in order to emulate the empirical data of NPCH key combustion properties. The mechanism could follow closely the ignition delay experimental data over the low-to-high temperature region with a good agreement for lean, and stoichiometric conditions at different pressures. Sensitivity analysis were conducted to identify the key reactions of the developed mechanism affecting the ignition delay. The simulations of the laminar flame speed were conducted at 1 bar for the unburned temperatures of 403 K and 353 K, and were compared against the experimental data. The developed mechanism could emulate the experimental results with a good agreement. The important reactions that have a great effect on laminar flame speed were identified via sensitivity analysis. In conclusion, the predictive capability and the compact size of the developed mechanism make it a useful tool for CFD simulation works and surrogate development.

3.3.5. [bookmark: _Toc151551037]Supplementary material
Supplementary material including mechanism files is appended to the paper.









[bookmark: _Toc151551038]CHAPTER FOUR
4. [bookmark: _Toc151551039]INTRODUCTION 
In this chapter, two surrogates and their respective kinetics mechanisms are constructed and developed for the jet A and ATJ fuels, and are delivered in their publication format. At the first part, a four components compact simplified mechanism including iso-dodecane, iso-cetane, n-propylcyclohexane, and toluene is developed for the proposed Jet-A surrogate with the aid of decoupling methodology through coupling the developed mechanisms in the last chapter to a C0-C5 core mechanism available in the literature. Then, it is comprehensively validated against the experimental data in the literature for the three key combustion parameters of ignition delay, laminar flame speed, and species mole fractions. In the next part, a two components compact simplified mechanism including iso-dodecane, and iso-cetane is developed for the proposed ATJ surrogate and is comprehensively validated against the experimental data for the three key combustion parameters.  










4.1. [bookmark: _Toc151551040]High-fidelity combustion properties modeling of aviation kerosene with the aid of surrogate construction and its simplified chemical kinetics mechanism

Hossein S. Saraee*, Kevin J. Hughes, Mohamed Pourkashanian
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4.1.1. [bookmark: _Toc151551041]Abstract
In spite of the great advances in surrogate development for conventional jet fuels, it is still a big challenge to allocate the appropriate components and proportion which accurately emulate the real fuel specifications. So, this study aims to investigate the development of a well-validated surrogate with a simplified chemical kinetics mechanism that delivers a good prediction ability for the key combustion parameters of aviation kerosene in a wide range of conditions for temperature, pressure and equivalence ratio. A surrogate consisting of 4 components was developed based on the major components of the real fuel and the similar property targets to the target fuel. Then, a simplified compact mechanism was developed for the proposed surrogate. The model was used for the simulation of ignition delay, flame speed, and species concentration. In general, the results showed a good agreement compared to the experimental data, and a closer emulation of the empirical data for ignition delay and flame speed, in comparison to previously developed models for jet A. Considering the compact size and the predictive ability of the proposed surrogate, the model can be used as a tool for the combustion investigation of kerosene to improve engine designs, efficiency and reduce emissions.  
Keywords; Jet fuel, combustion, reaction kinetics, surrogate, mechanism, aviation kerosene



4.1.2. [bookmark: _Toc151551042]Introduction
Combustion is one of the phenomena which has had significant effects in the development of civilization, from its beginnings for simple heating and cooking until now where it is integral to modern life. If it is harnessed well, it can be utilized as the useful energy extracted from the process of reacting substances (solid, liquid, or gaseous) with oxygen in the air that leads to an exothermic reaction. One of the devices that utilizes combustion phenomena is the turbine engine which nowadays is widely used as a main source for generating power. Shortly after the invention of this engine, kerosene became the main fuel source in this type of engine, especially in aircraft. On the other hand, there has been a huge growth of aviation kerosene (jet fuels) usage in air transportation during the recent decades that has caused serious environmental issues. This coincides with the increasing price of fossil fuel and the application of stricter rules for environmental protection by countries, demonstrating the significance of developing technical solutions to address these issues. In this regard, researchers are focused on the improvement of the combustion efficiency of conventional jet fuels and investigating promising alternative candidates. Hydrocarbon fuels productively release energy, causing heat, carbon dioxide and water to be produced from the oxidation of the carbon and hydrogen, in the ideal condition. To fully understand the process and improve its efficiency, this phenomena should be extensively studied. However, it is expensive and time-demanding to just investigate it empirically. So, computational combustion was utilized as a way of investigating combustion besides experimental works. Kinetic modelling is one of the significant aspects of computational combustion that has provided the opportunity of gaining a deeper understanding and knowledge about the combustion phenomena in different media. It has a great role to improve the functionality of practical combustion applications, such as the engines of vehicles. With the aid of kinetic modelling, researchers can survey and analyze the fuel structure and the fundamental chemistry coupled with direct kinetic measurements of intermediate and products species, and the rate constants.  
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[bookmark: _Toc151551117]Figure ‎4.1.1: The schematic of the steps applied for a kinetic model to be utilized in practical applications.
 
The complexity of real jet fuels structure made researchers to investigate the possibility of applying a surrogate which accurately emulates the real fuel specifications, as it is an economical time-saving way for jet fuel studies. Fuel modelling can provide an opportunity for academic and industrial investigators to rapidly conduct their intended scientific works over a broad range of conditions while releasing them from time-consuming and expensive changes in the design of a prototype. Traditional jet fuels comprise a combination of different classes of very many hydrocarbons, in the hundreds. The major classes include normal, iso, and cyclo alkanes and aromatics, and each of them have different impacts on the thermophysical and combustion properties of the fuel. 
By using the surrogate approach and including a simplified version for its associated mechanism, researchers can mitigate the issues of using a big detailed mechanism such as the complexity, stiffness, and the huge computational cost [180]. The number, type, and concentration of the surrogate components, and also the simplification process of the detailed mechanism (reduction of the species and reactions) are based on the numbers and types of the target combustion parameters. However, each of the processes, especially the mechanism simplification, need to be conducted with scrutiny in order to avoid significant loss of accuracy.
Surrogates and chemical kinetics mechanisms (simplified and complex) for aviation kerosene fuels have been developed by many researchers during recent decades, and have been reviewed from different aspects [91, 92, 181]. A majority of the early developed surrogates for jet fuels [93-97] consisted of one component including an alkane (mostly n-decane) or two components including an alkane and an aromatic. It was demonstrated that considering just one or two components representatives of one or two hydrocarbon classes of the target fuel for surrogates cannot adequately reproduce all of the combustion parameters, such as the ignition delay, and species profiles [91, 98].  
As one of the initial trials to develop a jet fuel surrogate containing more components and chemical groups which have significant percentage in the target fuel, Violi et al. [99] proposed a surrogate consisting of six components which showed a good ignition behaviour just at high temperatures [100]. A three components surrogate consisting of a normal and a cyclo alkane, and benzene developed by Dagaut et al. in 2006 [101], could deliver good simulation for the experiments in jet stirred reactors. The speciation in a jet stirred reactor were also simulated well by adding an alkene to Dagaut’s proposed components and developing a detailed mechanism for the four components surrogate [102]. The works done by Dooley et al. in 2010 and 2012 [83, 103] on the development of the 1st and 2nd generations of surrogates have had a great contribution to jet fuel surrogate development in recent years since they provided a number of the experiments that are being used as a base data by researchers who work on surrogate and mechanism development for jet fuels. The experiments and simulations have been conducted over a vast range of pressures, temperatures, and equivalence ratios for ignition delay, flame speed, and species profiles. The component selection for the surrogate development was based on the dominant hydrocarbon groups (n/iso/cyclo alkane, and an aromatic) which capture the cetane number (CN), hydrogen to carbon ratio (H/C), molecular weight (MW) and threshold sooting index (TSI) of the target jet fuel. A year later, Malewicki et al. [104] investigated the modelling capacity of the ignition characteristics and the mole fractions of the 2nd generation surrogate, and reported a good agreement with the experimental data in Dooley’s work. In recent years, there has been more tendency to use n-dodecane and n-tetradecane (instead of n-decane) as the representative of n-alkane in jet fuel surrogates, since they have similar physical and chemical characteristics to aviation kerosene [105]. Xu et al. [106]developed a surrogate that includes 73% n-dodecane, 14.7% 1,3,5-trimethylcyclohecane and 12.3% n-propylbenzene to surrogate RP-3 kerosene which just contained 138 species and 530 reactions. Liu et al. [107] experimentally and numerically investigated the combustion behaviour of a surrogate jet fuel consisting of n-dodecane 66.2%, n-propylbenzene 15.8% and 1,3,5-trimethylcyclohexane 18.0%, in mol, over a range of temperatures, fuel equivalence ratios, and pressures. In 2019, a surrogate for aviation kerosene with its simplified associated mechanism containing a combination of n-dodecane and n-tetradecane, and decalin was developed for engine application by Zhong and Peng [108]. There have been also advances in developing reduced kinetic mechanisms for surrogates through distinct approaches in recent years. Ranzi et al. [90], developed several skeletal and reduced mechanisms for typical surrogate mixtures of transportation hydrocarbon (and oxygenated) fuels including kerosene, through the lumped approach. The developed reduced mechanisms could capture the combustion parameters to some extent. Another interesting method to provide a reduced mechanism for a surrogate was an approach termed HYCHEM developed by Wang et al. [109]. They could successfully develop a reaction kinetic model validated by experiments for jet and rocket fuels, which emulated the combustion behaviour of the target fuels at just high temperatures.
At first, there were two definitions for developing surrogates for a real target fuel; a physical surrogate in which surrogate components have similar physical properties like viscosity, density, etc., and a chemical surrogate in which surrogate components have similar chemical properties, such as H/C ratio, chemical class composition, etc. However, in recent years, researchers have considered a combination of two types of the surrogate called a comprehensive surrogate, as it was found to be more useful to emulate the combustion parameters of a target fuel [110], both in chemical kinetic modelling and further, in 3D simulations and engine applications. Kim et al. [111] developed two surrogates, namely UM1 and UM2, for jet fuels by considering the capturing of both the physical and chemical properties of the target fuel. A jet fuel surrogate was proposed by Yu et al. in 2018 [112], to emulate real jet fuel properties including physical characteristics, gas-phase chemical properties and threshold sooting index, and captured a combination of both the physical and chemical target properties including 8 items.
In spite of the great advances in surrogate development for conventional jet fuels, it is still a big challenge to allocate the appropriate components and proportion which accurately emulate the real fuel specifications. There are only a few jet fuel surrogates which can simultaneously reproduce the physical and chemical properties of the target jet fuel and show a good emulation of the combustion characteristics. It is still a serious issue and it is necessary to develop jet fuel surrogates with a compact reduced mechanism applicable for further chemical kinetics investigations and some 3-D simulations such as equivalent reactor network analysis, while the surrogate’s mechanism can demonstrate an good simulation behaviour for ignition, flame speed and species concentration together, and comprehensively is validated against experimental data. Therefore, developing a well-validated surrogate with a simplified mechanism having a good prediction ability for the combustion parameters of kerosene fuel, covering a wide range of conditions (temperatures, pressures and equivalence ratios), is the main goal for this study.
4.1.3. [bookmark: _Toc151551043]Development of the surrogate and its reaction kinetics mechanism
Surrogate development is the idea of the formulation of one or more simple fuel components which can emulate the thermophysical, thermochemical, and chemical kinetic properties of a more complex real fuel, in order to capture the intended fundamental experiments and predictive simulations. To reproduce the wide variety of properties of the target fuel, a surrogate should contain more and more components that leads to more detailed results and closer to the characteristics of the real fuel. However, the computational limitation of the current computing resources prevents researchers to consider many components for developing fuel surrogates. Indeed, In addition to the satisfaction of the physics and chemistry characteristics in the practical application viewpoint, a surrogate should be able to be coded and run smoothly on computers for simulation purposes. Development of the detailed mechanisms was a great step because they later were applied as the core mechanism for heavy fuels, such as diesel and jet hydrocarbon fuels. In parallel to the development of new mechanisms for heavy species, the effort on the promotion of the core mechanisms is still on the agenda of many kinetics groups and researchers. In addition, some works are dedicated to providing more accurate rate constants through measurement methods or calculation by quantum chemistry. How much the rates are more accurate, the model can provide a closer prediction of the combustion behaviour compared to the real target species. The combustion of heavy hydrocarbons contains a mixture of oxidation and decomposition reactions which constitutes smaller hydrocarbons in a hierarchical order until it reaches the provided core mechanism (usually a C0-C4 mechanism). 
To formulate and develop a surrogate, it is usually necessary to apply a series of steps such as defining the combustion property targets, choosing the number and type of surrogate components, selecting a powerful standard simulator software, providing reaction mechanism files, and performing simulation runs of some of the combustion parameters. The results of these can then be compared with the experimental data for validation that leads to the modification on reaction rates or other parameters if required, and to develop a skeletal and/or reduced mechanism.
The first step to develop a surrogate is defining the intended target properties for a surrogate formulation. The projected usage of the surrogate fuel defines the property targets in the process of formulating a surrogate fuel. However, considering too many property targets makes it hard to meet all the property targets. On the other hand, selecting too few property targets does not manifest the properties of the target fuel. The consideration for the targets number should cover just those property targets which indicate the main physicochemical properties of the target real fuel.
In the past, researchers considered just a narrow range of combustion property targets (CPTs) which only includes two or three chemical parameters such as chemical composition, molecular weight, and cetane number. However, nowadays, the range has been broadened up to 8 parameters which covers both combustion properties and those physical properties which affect the combustion of jet fuel such as viscosity, density, and distillation [83, 110]. In this study, the considered candidate components are those which met the important seven targets of the main combustion property targets (CPTs) of jet fuel and were used more by researchers for the surrogate formulation. The targets include H/C ratio, molecular weight, lower heating value, cetane number, viscosity, distillation, and density. 
To choose components of the surrogate, some prerequisites were adopted in this study, based on the previous publication [110] and the goals of this research. Firstly, the selection is conducted based on the major component/components of the real fuel, or a representative of the average properties of the major components of the real fuel in terms of hydrocarbon class and molecular size. Secondly, the candidates should have similar property targets (listed above) to the target fuel. Thirdly, reliable and accurate mechanisms should exist for them and also be accessible. To give weight to each component of the surrogate and the number of components in the kerosene surrogate, a recently published gas chromatography–mass spectrometry (GC/MS) report [131] and the report by Edward [182] were used which provided data about the number and type of the dominant chemical groups that constitute the real fuel. Based on the data, the kerosene fuel (jet A) has four major chemical groups including normal alkanes, iso-alkanes, naphthene, and aromatics. To select the components related to the mentioned groups, those which make up the highest proportions in the group were considered. For instance, the percentage of n-dodecane and n-tetradecane are the major contributors for n-alkane in the GC report, and also meet the 4 prerequisites mentioned before.
Previously, researchers usually selected one or two important components of the major groups, due to the limitations on the ability of the models and available tools in the chemical kinetics and also for providing a small mechanism having a low number of species and reactions which is suitable for 3D engine simulation. However, in recent years, surrogates have developed from a range of 3 to 7 components covering all the individual chemical groups, because of the advances in kinetic modelling and related tools and software. It should be noted that how many groups we include in our formulation could be more, the simulation behaviour of the surrogate can be closer to that of the real fuel, although the provided mechanism would be big. Thus, the surrogate formulation proposed in this research was defined based on choosing the components from 4 major groups, their weight, and the similarity of their chemical formula to each major group in the GC/MS report. The final consideration for developing the proposed surrogate was keeping the total number of carbon and hydrogen close to the target jet A fuel (roughly 11 carbons and 22 hydrogens).
Based on researchers’ previous investigations [83, 91, 105-108, 110-112] and especially from the works of Kim et al. [105] who provided a collection of possible candidates from their results and previous works, a number of component representatives of the abovementioned hydrocarbon classes were chosen from the candidates' pool to developed a simplified mechanism for each components and study their functions in Chemkin-Pro. Finally, a surrogate including 30% (by mass) tetradecane, 30% iso-dodecane, 24% n-propylcyclohexane, and 16% toluene was selected for this study. Iso-dodecane [130] and n-propylcyclohexane [183] mechanisms used in this study are in-house mechanisms developed by the author of this study, tetradecane and toluene mechanisms were selected from the published works in the literature [145, 148]. The associated mechanism of the surrogate was completed by coupling a well-validated core mechanism to the provided sub-mechanisms [148]. 
4.1.4. [bookmark: _Toc151551044]Ignition delay time (IDT)
The simulations were conducted for a series of pressures and equivalence ratios where experimental data was available in the literature. Providing simulations for φ=1 at 20 bar is the most important, as most works from other researchers’ mechanisms and surrogates (for jet A fuel) have been conducted under this condition, and thus, it can provide an opportunity for forming a comparison to other works. 
As it can be observed in figure 4.1.2, the simulation in this study has the closest behaviour to the experiment data at all temperature zones (high temperature, NTC, and cool flame) among other developed surrogates and mechanisms, and it has a very good agreement with experimental data. In addition to these conditions, simulations were performed for other equivalence ratios at 20 atm (figures 4.1.3 and 4.1.4) and also other pressures (8 and 12 bar), see figures 4.1.5 and 4.1.6. Although the results are not as good as for φ=1 (at pressure=20 bar), these results are still produce the best agreement to the experiment data when compared to the published results [236] under these conditions. While Narayanaswamy et al. [236] considered 3 hydrocarbon classes and gave the composition (30.3% n-alkane, 21.2% aromatics, and 48.5% cyclo-alkane) based on an optimization process that does not match to the real mass fractions of the target jet A fuel, this study simulated parameters by maintaining approximately the original mass fractions of the jet A fuel and considering all 4 major hydrocarbon classes.   
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[bookmark: _Toc151551118]Figure ‎4.1.2: IDT results of the developed mechanism of this study, against the mechanisms in the literature [104, 111, 148] and the experimental data at P=20 bar for stoichiometric condition [22, 100].
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[bookmark: _Toc151551119]Figure ‎4.1.3: IDT results of the developed mechanism of this study, against the mechanisms in the literature [148] and the experimental data at P=20 bar for lean condition (Φ=0.5) [22].
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[bookmark: _Toc151551120]Figure ‎4.1.4: IDT results of the developed mechanism of this study, against the mechanisms in the literature [148] and the experimental data at P=20 bar for rich condition (Φ=1.5) [22].
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[bookmark: _Toc151551121]Figure ‎4.1.5: IDT results of the developed mechanism of this study, against the mechanisms in the literature [148] and the experimental data at P=12 bar for stoichiometric condition [22].
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[bookmark: _Toc151551122]Figure ‎4.1.6: IDT results of the developed mechanism of this study, against the mechanisms in the literature [148] and the experimental data at P=8 bar for stoichiometric condition [22].
To identify the key reactions in the ignition delay simulations and thus the candidate reactions to which modifications may help to improve the ignition delay at p=20 bar and φ=0.5 where there is discrepancy between the simulations and the experiment at low temperature conditions, a series of sensitivity analyses at three equivalence ratios were performed for the ignition delay time of the developed model at 800 K and 1200 K, as the representatives of the low and high temperature regimes. As can be seen in Figure 4.1.7 for sensitivity at 800 K, a combination of some small species reactions from the core mechanism and the fuel related reactions of the surrogate components sub-mechanisms such as H abstraction reactions, the isomerization of OOQOOH to the ketohydroperoxides, the formation of OOQOOH by oxygen addition, fuel radical decomposition, and the concerted elimination reaction are among the top promoting and inhibiting sensitive reactions. The application of the sensitivity analysis for making improvement in a combustion parameter is a complicated process as there are interconnections between the conditions of a combustion parameter. In this study, the presence of common reactions at different conditions in the sensitivity analysis for the ignition delay is an obstacle to make modification in the reaction rates. For example, a change in the rate coefficients of a reaction affecting the ignition delay at a specified low temperature at p=20 bar and φ=0.5 has a negative effect on the excellent simulation result for the ignition delay at φ=1 (p=20 bar) at that temperature, because of the common reactions that exist in both of these conditions. Moreover, while we need to apply modifications in the common sensitive reactions in order to make the ignition delay longer at around 800 K for φ=1.5, we should make it shorter for φ=0.5 at the temperature point. 
For high temperature, figure 4.1.8 demonstrates that the reactions of small species are the key reactions showing strong promoting and inhibiting effects, dominating the reactivity of the system. The reactions of small species that only produce more active radicals are in the top list as the strongest promoter.
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[bookmark: _Toc151551123]Figure ‎4.1.7: Sensitivity analysis at 20 bar for lean (a), stoichiometric (b), and rich (c) conditions at low temperature (800 K).
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[bookmark: _Toc151551124]Figure ‎4.1.8: Sensitivity analysis at 20 bar for lean (a), stoichiometric (b), and rich (c) conditions at high temperature (1200 K).
4.1.5. [bookmark: _Toc151551045]Laminar flame velocity
The simulations for laminar flame speed were conducted at 1 atm for three unburned combustion temperatures (400, 450, 470 K) and a range of equivalence ratios (0.7 to 1.4). The results were compared to the results of the mechanisms in the literature and the available experimental data as illustrated in figure 4.1.9. In comparison with the mechanism in the literature developed for jet-A fuel, the simulated flame speed variations obtained in this study demonstrated a closer behavior to the experimental data. Discrepancy was observed in lean conditions for 400 and 470 K against the empirical results. Similar to the sensitivity analysis for ignition delay, there are common reactions in the sensitivity analysis for the flame speed presented in figure 10 at 400 and 470 K in comparison with 450 K that prevents further improvements in the lean conditions for 400 and 470 K. Another limitation is that the reactions have a key role in the ignition delay and they could not be selected for the modifications since they would negatively affect the results of ignition delay significantly. It can be seen from Figure 4.1.10 the dominant chain branching reaction of H + O2 ⇌ O + OH and the main oxidation reaction of CO (CO + OH ⇌ CO2 +H) that generate more active radicals of H, O, and OH are the most important elementary reactions having the strongest promoting effects on the laminar flame velocity, respectively. On the other hand, the reaction of H + O2 (+M) ⇌  HO2 (+M) which leads to the termination of the radical chain process demonstrates the highest inhibiting effect and has a suppressing role on the flame speed.
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[bookmark: _Toc151551125]Figure ‎4.1.9: Laminar flame speed simulation results of the developed mechanism of this study at the unburned temperatures of 400 K, 450 K, and 470 K, against the experimental data of jet A fuel at P=1 bar [81, 103, 184].
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[bookmark: _Toc151551126]Figure ‎4.1.10: Sensitivity analysis of laminar flame speed for equivalence ratio=0.7, at 400 K, 450 K, and 470 K.
4.1.6. [bookmark: _Toc151551046]Species mole fraction
Simulation of the species concentration for some important species at lean and rich conditions were extracted with the closed homogeneous batch reactor model in Chemkin-Pro based on the experimental conditions [103] that was conducted for a mixture of jet A and O2 diluted in argon, in a high pressure shock tube (HPST), over a temperature range of 900 to 1700 K, and the nominal pressures of 22.4 bar for lean conditions and 20.6 bar for rich conditions. As can be seen in figures 4.1.11 and 4.1.12, for most species, the modelling results show a close emulation compared to the experimental results. However for some intermediate species, there is a considerable overestimation on the results that have been reported by other researchers as well, where they used surrogates to model the species concentration of real jet fuels [85, 103, 104, 148]. It is a common problem for species simulation of heavy hydrocarbons which have a complicated composition that includes hundreds of species from different hydrocarbon classes. In the oxidation process of the real fuel, specific hydrocarbons intermediates are not formed in significant amounts, as there are an extensive variety of hydrocarbons in the structure of the fuel. While, a surrogate fuel usually consists of only two to four components of the target fuel components, and therefore, the concentration of some intermediates generated by the specific surrogate components is unrealistically higher in the absence of the other components that exist in the real target fuel. 
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[bookmark: _Toc151551127]Figure ‎4.1.11: Species concentration simulation results of the developed mechanism of this study at the equivalence ratio=0.46, the resident time=3s, and p=22.4 bar, against the experimental data at the temperature range of 900 to 1700 K [103].
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[bookmark: _Toc151551128]Figure ‎4.1.12: Species concentration simulation results of the developed mechanism of this study at the equivalence ratio=1.86, the resident time=3s, and p=20.6 bar, against the experimental data at the temperature range of 900 to 1700 K [103].

4.1.7. [bookmark: _Toc151551047]Conclusion
In this study, an investigation was conducted for the development of a well-validated surrogate for jet A, to address the requirement for a surrogate and its associated kinetics mechanism to have a small size and a good prediction ability for the all key combustion parameters in a wide range of temperatures, pressures and equivalence rates conditions. A surrogate consisting of 4 components was developed based on the major components of the real fuel and the similar property targets to the target fuel. Then, a reaction kinetic mechanism consisting of a core semi-detailed mechanism and 4 simplified sub-mechanisms including tetradecane, iso-dodecane, n-propylcyclohexane, and toluene was developed for the proposed surrogate with the aid of a decoupling methodology. Three parameters, including ignition delay time, laminar flame speed, and species concentration are simulated by use of ANSYS Chemkin‑Pro under zero dimensional homogeneous closed reactors, one dimensional freely-propagating laminar flame speed calculations, and zero dimensional perfectly-stirred reactors, respectively. The simulation results for these parameters are validated against the available data in the literature. In general, the results showed a good agreement for ignition delay, laminar flame speed, and most species concentration profiles compared to the experimental data, though discrepancy was observed for a few conditions. The compact model of this study could provide a closer emulation of the empirical data for ignition delay and laminar flame speed, in comparison to the previous developed models for jet A. A series of sensitivity analyses were provided to gain a deeper understanding of the developed mechanism. The compact size and the predictive ability of the developed simplified mechanism of the proposed surrogate make it a good candidate for researchers to use the model for functional kinetic investigations and the combustion investigation of aviation kerosene in some 3-D simulations such as Equivalent Reactor Network Analyses.

4.1.8. [bookmark: _Toc151551048]Supplementary material
Supplementary material including mechanism files is appended to the paper.



4.2. [bookmark: _Toc151551049]Development of a surrogate and its comprehensive compact chemical kinetic mechanism for the combustion of ATJ fuel
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4.2.1. [bookmark: _Toc151551050]Abstract 
 ATJ is an alternative aviation fuel that has been approved to be blended with conventional jet fuels in the aviation sector. So, it is important that the combustion behaviour of this fuel in combustors be well-understood, to improve the efficiency of combustors fuelled with ATJ and reduce the pollutants. Developing a surrogate and its compact chemical kinetic mechanism that can be used in the simulation of the combustion processes in combustors and modelling of global combustion properties are the preconditions to reach the aim. By use of a decoupling methodology, this study develops a compact high-fidelity chemical kinetic mechanism for a proposed surrogate of this fuel, capable of modelling ignition delay time, laminar flame speed, and species concentration. A combination of 85% iso-dodecane and 15% iso-cetane by wt% that is a close approximation to the real fuel composition was selected as the ATJ surrogate to investigate the simulation of the three given combustion properties. A relatively good agreement has been observed for ignition delay, laminar flame speed, and mole fraction of some species, between the simulation by the Chemkin-Pro software package and the available experimental data in the literature. The authors suggest that this proposed surrogate with its compact validated mechanism can be used by researchers to study the combustion behaviour of ATJ fuel including the investigation on the complex geometries of combustion system such as Equivalent Reactor Network Analysis which require a compact accurate chemical kinetic mechanism.

Keywords: reaction kinetics, jet fuels, skeletal mechanism, ATJ fuel, ignition delay, flame speed, species concentration 

4.2.2. [bookmark: _Toc151551051]Introduction 
Today, having a higher efficiency combustion with reduced emissions is a necessity, especially in the field of aviation which is facing a growing demand for the foreseeable future. There has been a huge growth of aviation kerosene (jet fuels) usage in air transportation during the recent decades that has caused serious environmental issues. As an example, the ten percent increment in the proportion of international aviation transport among the other sectors producing GHG emissions from 1990 to 2017 as illustrated in Figure 4.2.1, shows the negative impacts of the usage growth in consumption of the aviation kerosene based fuels. This coincides with the increasing price of fossil fuel and the application of stricter rules for environmental protection worldwide, demonstrating the significance of developing technical solutions to address these issues. In this regard, researchers are focused on the improvement of the combustion efficiency of conventional jet fuels and investigating promising alternative candidates. 
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[bookmark: _Toc151551129]Figure ‎4.2.1: Comparative analysis for greenhouse gas emissions production between 1990 and 2017, reported by European Environment Agency [185].

Using renewable alternative fuels is one of the promising approaches that not only help to improve the combustion efficiency, but also can satisfy the need to reduce or end the application of fossil fuels. By having a higher fuel quality, considerable emissions reduction can be achieved, but it requires to have a deep understanding of the chemical interactions in the combustion process of the alternative fuels. Moreover, for developing a satisfactory computational fluid dynamics (CFD) or large eddy simulation (LES) study of the fuels, as the important techniques of combustion investigation, a vital prerequisite is to have an accurate knowledge of chemical kinetics of combustion and develop a mechanism that successfully simulates the global combustion properties.  
One of the promising aviation alternative fuels is Alcohol-To-Jet (ATJ) which can be extracted by hydrogenation, dehydration, and oligomerisation of alcohol. ATJ is produced commonly from iso-butanol feedstock and mostly composed of highly branched alkanes includes iso-dodecane (~85%) and iso-cetane (~15%). The properties of the fuel and it’s components are given in Table 4.2.1. This renewable drop-in jet fuel has been approved to be used in aviation sector, but can only be blended up to 30% with conventional fuels, mostly because of the lack of aromatic content and also having a relatively long ignition delay time that are not favourable for the engine operation. 

[bookmark: _Toc151912063]Table ‎4.2.1: The physicochemical characteristics of iso-dodecane, iso-cetane, and ATJ fuels [89, 116].
	Fuel
	DCN
	MW(g/mol)
	H/C ratio
	Density(kg m−3) 
	Viscosity(cst)
	Flash point (℃)
	SP(mm)

	Gevo ATJ
	15.5
	175.6
	2.17
	756
	2.1
	48
	35

	iso-dodecane
	16.8
	170.3
	2.17
	745
	1.31
	45
	35.2

	iso-cetane
	15
	226.4
	2.13
	784
	4.7 
	69
	31.2



In spite of its great importance, ATJ is not a well-analyzed fuel and not much attention has been given to the detailed understanding of the combustion process of this promising alternative drop-in fuel which is currently used in the aviation sector [186-189]. A limited number of investigations have been made to study the physical properties of ATJ and developing surrogate representations for these properties [116, 117]. Ignition delay of ATJ at relatively low temperatures were studied by Min et al, [118] where they experimentally investigated ignition delay of a range of jet fuels using a rapid compression machine (RCM) for just a limited number of low temperature points at 20 bar. Zhu et al, [119] investigated ignition delay times of conventional and alternative fuels behind reflected shock waves at 3 and 6 bar, for stoichiometric conditions, and provided data for ignition delay times of GEVO ATJ at just high temperatures. Later in 2016, Hass et al, [120] suggested a surrogate for ATJ fuel by using a 50/50 composition of iso-octane and iso-cetane, and developed a kinetic mechanism for simulation of the ignition delay against the experimental data provided by Zhu et al [119]. The mechanism did not demonstrate a close emulation of the experimental ignition delay at high temperature. A shock tube study was conducted by Flora et al, [121] to provide data for the ignition delay of candidate drop-in replacement jet fuels including GEVO ATJ at 20 bar and a lean condition (0.5). Parise et al, [122] conducted a Shock tube/laser absorption measurement to study the decomposition of ATJ fuel in a shock tube, and obtained a multiple species time-history measurement for temperatures between 1070 K and 1320 K and pressures between 1.3 atm and 1.5 atm. They used an iso-cetane mechanism as the representative of ATJ iso-parafins to simulate the experiments. Ritcher et al, [123] made experimental investigations on laminar burning velocity and ignition delay time of ATJ-SPK and Jet A-1. They reported similar ignition results for both fuel types at the initial pressure pinitial = 1.6 MPa, for two different equivalence ratios of 1.0 and 2.0, and the initial temperature between 800 K and 1700 K. The result of laminar burning velocity at 473 K also showed a similarity between two fuels, at three pressures of 0.1, 0.3, and 0.6 MPa. 
In recent years, a series of investigations were directly dedicated to ATJ fuel, and contributed to improving the combustion understanding of the fuel [124-129]. Guzman et al, [124] conducted Single pulse shock tube experiments to determine the pyrolytic and oxidative decomposition products of an alcohol-to-jet fuel at 4 bar nominal pressure, 2 ms nominal reaction time, and temperatures ranging from 900 K to 1550 K. They developed a detailed iso-alkane kinetic model against the experimental results, and a good agreement was observed between the empirical and simulated data. They continued their research on the species concentration of ATJ fuel by blending it with n-heptane and F-24 fuel [125, 126]. They used various kinetic models in the literature to test the ability of the models to simulate the influence of the test conditions on the evolution of intermediate species. It was also reported that increment of the initial fuel load does not affect the results significantly, while, increasing the pressure reduces the mixture reactivity temperature. The blend of F24/ATJ was also studied by Kim et al, [127] who conducted rapid compression machine (RCM) experiments in order to analyse the effects of chemical composition and blend ratio on ignition delay at the pressures of 10, 20, and 30 bar, equivalence ratios of ϕ= 0.5 and 1.0 in synthetic dry air, over a limited temperature range of 620 K to 720 K. The results demonstrated that autoignition is affected by different chemical structures and reactivity has a non-linear variation with respect to blending ratio, whereas there was no linear correlation between ignition characteristics and blending ratio. The effects of fuel blending on the first stage and overall ignition processes of the blend (F24/ATJ) was investigated by Mayhew et al, [128] at the pressures of 6 MPa and 9 MPa and the temperature of 825 K and 900 K. The results showed a longer ignition delay increasing non-linearly by increased volume fraction of ATJ, where 85% of the increment occurred in an extended first stage ignition duration and 15% of the increase in 2nd stage ignition delay. It is observed that blends consisting of 0–60% by volume of ATJ fuel produced nearly identical first stage ignition delays. Kim et al, [129] developed a data-driven chemical kinetic mechanism based on the HyChem approach to model ATJ ignition delay that they measured in a shock tube and RCM at just 2 MPa and stoichiometric condition. The model could emulate the empirical ignition delay at the certain points with a good agreement. 
In spite of the recently published works dedicated to ATJ fuel, there is a lack of mechanism development that can provide a close simulation of all three important global combustion properties include ignition delay, flame speed, and species concentration, while having a compact size. Thus, this study tries to develop a compact mechanism covering the global combustion properties, with the aid of decoupling methodology, using the Chemkin-Pro software package, and the experimental results in the literature. In this regards, two iso-dodecane (IC12) and iso-cetane (IC16) mechanisms, developed by the authors of this study, have been applied as the surrogate for ATJ fuel, and with a composition of 85%wt IC12, and 15%wt IC16.

4.2.3. [bookmark: _Toc151551052]Mechanism development
[bookmark: bb0070]Regarding current computational resources, the detailed mechanisms including thousands of species and reactions have a limited functionality and application due to their long computational time, even for usage in zero and one-dimensional modelling, or for the complex processes that cover mass, energy and momentum in modelling of an aero-engine with the aid of reaction chemical kinetics. To develop compact high-fidelity mechanism for ATJ fuel which can cover the key combustion properties, an approach should be applied that can cover both aims of having a minimal model and demonstrating a close simulation of the intended combustion parameters in comparison with experimental data. Since the decoupling methodology has been found to be an effective approach to provide a compact mechanism for heavy hydrocarbon fuels [145], it is applied in this study to provide a light weight mechanism for ATJ fuel. The method includes the coupling process of a C0-Cn core mechanism, in a detailed format, to a Cn-Cm sub-mechanism in a simplified format. By using a simplified sub-mechanism of a heavy hydrocarbon that is well-developed, the number of species and reactions in the developed model is considerably reduced through the consideration of the required representative species for the prediction of the fuel combustion parameters.
Therefore, a well-validated core detailed mechanism encompassing C0–C5 chemistry [147, 148] was coupled to the provided sub-mechanisms of iso-dodecane and iso-cetane. The sub-mechanisms are lumped version models with a limited number of species and reactions that can play an important role to produce a small-sized mechanism. 
The validation of the sub-mechanisms have been discussed in our previous works [130, 190]. Indeed, the initial raw sub-mechanisms were extracted from a detailed mechanism in the literature [146] and revised by adding some missing reactions of iso-paraffin kinetic models, and by modifying some reaction rates. The details of the revisions can be found in the published works [130, 190].
4.2.4. [bookmark: _Toc151551053]Ignition delay 
Simulation of the IDT of the developed mechanism for ATJ fuel was conducted at 20 bar and stoichiometric conditions, performed by the closed homogeneous batch reactor model in Chemkin-Pro, and compared to the available experimental data at three regimes of the low, intermediate and the high temperature (from 650 to 1250 K). Typical NTC behaviour was observed, in accordance with the experimental data. In general, the model demonstrates a relatively good agreement with the experimental data, though a discrepancy was observed at the intermediate temperature zone and extending into the cool flame region. Based on figure 4.2.2, considering the disagreement between two experimental results for ATJ fuel at high to moderate temperature zone, and also between the RCM empirical data for iso-dodecane and ATJ fuel (which includes around 90% IC12 in its structure), the discrepancy between the modelling and the experimental data for ATJ can be related to the experimental uncertainty of the measurement in RCM test of ATJ fuel. On the other hand, the lumped reactions and their associated rates in the sub-mechanisms which restrict the performance of a mechanism at some temperature points or pressure conditions, can have a contribution in the issue. The second scenario is more likely to be responsible for the discrepancy at 650 K, where there is not a significant difference between RCM data for iso-dodecane and ATJ fuel. More experimental data could help to reach a certain conclusion. Considering the discrepancy, the proposed kinetic model demonstrated an acceptable and reasonable behaviour in predicting the IDT. 
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[bookmark: _Toc151551130]Figure ‎4.2.2: IDT results of the developed mechanism of this study, against the experimental data at P=20 bar for stoichiometric conditions [123, 129, 142]. 
Reaction pathway analysis is a tool that can provide a better understanding of reaction mechanisms by determining the contribution of each reaction to the production and consumption of every species with the aid of a rate-of-production analysis. Therefore, a reaction pathway analysis was performed based on the rate of production data produced within Chemkin-Pro, in stoichiometric conditions at 20 bar with a closed homogeneous batch reactor at 800 K as representative of low and intermediate temperature regimes, and at 1200 K as representative of the high temperature regime. An overview of the main reaction routes is given in figure 4.2.3. 
                                         a) Main low temperature pathways:
[image: ]
                                         b) Main high temperature pathways:
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[bookmark: _Toc151551131]Figure ‎4.2.3: Main low and high pathways of this study developed mechanism, at (a) 800 K and (b) 1200 K.  
The reaction pathway at low temperature for the model of this study discloses that, the chain branching reaction sequence starts after the generation of iso-paraffins alkylperoxy radicals (RO2) of ATJ fuel due to the first O2 addition to the fuel radicals (R) that are produced by the fuel H-atom abstraction, when most fuel is consumed particularly by the OH radical. The produced fuel radicals including iso-dodecane and iso-cetane radicals which have a heavily branched structure resulting a low reactivity, are depleted through the reaction channel of RO2 production. In comparison with normal paraffins, these iso-paraffins in the structure of ATJ fuel which undergoing impeded H-shifting due to the stable 5-membered transition state rings  and have a very stable type of C-H primary bonds, need a larger amount of energy to break [129]. In the next stage, an intramolecular hydrogen abstraction converts the alkylperoxy radicals to the alkylhydroperoxy radical (QOOH) form of the fuel iso-paraffins which in turn generate peroxy-alkylhydroperoxides (OOQOOH) via a second O2 addition process. The production of cyclic ether and the concerted elimination reaction are the important side reaction channels which have a contribution to the consumption of QOOH and RO2 radicals, respectively. Similar to the iso-dodecane pathways at low temperature [130], the NTC behaviour of ATJ fuel arises due to a competition between the degenerate chain branching reactions and these side reactions. As can be seen from figure 2, ATJ fuel has a more pronounced high temperature regime resulting a narrower NTC region in comparison with conventional jet fuels, since a higher activation energy is needed for the reactions of H atom abstraction and alkyl radical oxidation [129]. Finally, the OOQOOH radical forms an OH radical and ketohydroperoxides of the fuel iso-paraffins which decompose to the β-scission products. 
In the high temperature regime, H atom abstraction has the greatest contribution to the combustion chemistry and the consumption of fuel. Unimolecular decomposition is the other important reaction channel having a significant weight in the high temperature reaction pathway. The produced fuel iso-paraffin radicals in the H abstraction stage generate alkylperoxy radicals through an O2 addition process. The iso-paraffin radicals of fuel also decompose to β-scission products, in which the C-C and C-H bonds of the iso-paraffins radicals are opened via β-scission leading to the production of olefins and alkyl radicals. Finally, through successive β-scission reactions, the olefins and alkyl radicals decompose to small molecules and radicals. The provided core mechanism has the role of depleting these small species, which demonstrates the significant impact of the core mechanism in the high temperature regime. 
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[bookmark: _Toc151551132]Figure ‎4.2.4: Sensitivity analysis at 20 bar for stoichiometric condition at (a) low and (b) high temperatures.

As it can be observed in figure 4.2.4, the key reactions relevant to the ignition of ATJ fuel at stoichiometric conditions for 800 K and 1200 K are identified and listed with the aid of sensitivity analysis.
At low temperature of 800 K, the generation of OOQOOH via the second O2 addition, the isomerization of alkylperoxy, and the formation of ketohydroperoxides have the greatest promoting effect on the ignition delay, respectively. The decomposition of hydrogen peroxide which generates OH radicals is another key reaction with a promoting effect on the ignition delay time. Following the mentioned reactions, the H abstraction reactions are among the most important promoter reactions. The small species reactions producing two radicals also demonstrate a relatively srong promoting effect. On the other hand, the concerted elimination reaction of the alkylperoxy radicals decreasing the overall reactivity via the formation of more stable alkenes, and the formation of cyclic ethers demonstrate the strongest inhibiting impact, respectively. Due to the lower reactivity of the produced HO2 radicals compared to the OH radicals which compensate a part of the decreased reactivity by the reaction of cyclic ethers, the concerted elimination that generates HO2 radicals shows a more inhibiting effect than the cyclic ether reaction. Following the reaction of IC12-OOQOOHO2+IC12-QOOH as the next strongest inhibitor reaction, the reactions of small species radicals that produce a more stable species are the other key reactions having an inhibitor role in the ignition of ATJ fuel.
 As can be seen in figure 4.2.4b, most of the strong promoter and inhibitor reactions at this temperature are the small species reaction of the core mechanism acknowledging the statement that the reactivity of the system in the high temperature regime is dominated by the reactions of the small species in the core mechanism. Those small species reactions producing more active radicals have the strongest promoting effect and the small species generating stable alkenes have the strongest inhibiting impact. The sensitivity analysis at 1200 K also demonstrates that the unimolecular decomposition and the formation of the alkylperoxy radicals have a very strong promoting effect, and the beta-scission of the fuel radicals demonstrates a strong inhibiting effect. While the reactions in the low temperature chain branching pathways that have a significant promoting or inhibiting effect at 800 K are not in the list of the top sensitive reactions at high temperature, H abstraction reactions by HO2 and OH are still demonstrating a promoting and inhibiting effect at 1200 K.
4.2.5. [bookmark: _Toc151551054]Species mole fractions 
Modelling of the mole fractions of the main products of ATJ fuel oxidation was conducted in the closed homogenous batch reactor in Chemkin-Pro using the developed mechanism for this study, and compared against the available experimental results [124] at the nominal pressure of 4 bar, reaction time of 2.2 ms, and over a temperature range of 900 to 1550 K. The experiment was conducted for a mixture of ATJ and O2 diluted in argon, in a low pressure shock tube (LPST), while the initial fuel concentration was 52 ppm at a stoichiometry of 0.27. 
As it is illustrated in figure 4.2.5, similar to the experimental profile of iso-dodecane [130], its consumption begins around 950 K, and continues to decay untill around 1200 K where it is completely consumed, although there may be some subtle differences to the experiment in that experimentally it starts to decay at slightly lower temperature and not be completely consumed until slightly higher temperature. Subsequently, the consumption of IC12 which is mainly responsible for the consumption of ATJ fuel leads to the production of the hydrocarbon intermediates over that temperature range, which in turn react to produce CO and then CO2. The simulations for most species in figures 5 to 9 demonstrate in general a reasonable and in some cases very good agreement with the experimental measurements, and could capture the three parameters of the production, the decay, and the magnitude compared to the experiment. This is to be expected as they are dictated by the behaviour of the fuel itself which is well captured by the model. Discrepancies arise from two principal causes, firstly as a result of the processes are applied for lumping procedure in the mechanism development such as the elimination of the fuel radicals reactions and the lack of enough precision in the approximation used for the lumped reaction rates, and secondly the uncertainty in the reaction rates of the chemical reactions that the less-understood highly branched iso-alkanes undergo. These manifest themselves as subtle differences in species magnitude, such as C3H6 and C2H6 in figure 4.2.6, and/or variation in behaviour with temperature such as for C2H2 and CH4 in figure 4.2.7, and for CO and CO2 in figure 4.2.9.
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[bookmark: _Toc151551133]Figure ‎4.2.5: IC12H26 simulation result of the developed mechanism of this study, against the experimental data at 4 bar over the temperature range of 900 to 1550 K [124].
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[bookmark: _Toc151551134]Figure ‎4.2.6: I-C4H8, C3H6, and C2H6 simulation results of the developed mechanism of this study, against the experimental data at 4 bar over the temperature range of 900 to 1550 K [124].
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[bookmark: _Toc151551135]Figure ‎4.2.7: CH4, C2H2, and C2H4 simulation results of the developed mechanism of this study, against the experimental data at 4 bar over the temperature range of 900 to 1550 K [124].
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[bookmark: _Toc151551136]Figure ‎4.2.8: A-C3H4 and P-C3H4 simulation results of the developed mechanism of this study, against the experimental data at 4 bar over the temperature range of 900 to 1550 K [124].
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[bookmark: _Toc151551137]Figure ‎4.2.9: CO and CO2 simulation results of the developed mechanism of this study, against the experimental data at 4 bar over the temperature range of 900 to 1550 K [124].

4.2.6. [bookmark: _Toc151551055]Laminar flame speed 
The simulations of the laminar flame speed illustrated in figure 4.2.10 were conducted at 1 and 3 bar for the unburned combustion temperature of 473 K and a range of equivalence ratios (0.7 to 1.4). The results were compared to the results of the available experimental data for ATJ fuel [123]. It is observed that the mechanism emulates the laminar flame speed of the empirical data very closely at both pressures. In spite of the good general agreement between the modelling and empirical data, there are a little under-estimation and over-estimation at some points, and the discrepancies are considerable for equivalence ratios of 0.7 and 1.4, at 3 bar. Apart from the experimental uncertainty for the data, the issue demonstrates that the small reactions of the core mechanism which are mostly responsible for the simulation of flame speed can just show an acceptable simulation in a limited range of equivalence ratio, higher than 0.7 and lower than 1.4, for 3 bar or higher pressures.
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[bookmark: _Toc151551138]Figure ‎4.2.10: Laminar flame speed simulation results of the developed mechanism of this study at the unburned temperature of 473 K, against the experimental data of ATJ fuel at a pressure of 1 and 3 bar [123]. 
In order to identify the most important reactions affecting the laminar flame velocity, sensitivity analysis was conducted using Chemkin-Pro for laminar flame speed at equivalence ratio of 1 and the pressures of 1 and 3 bar. As can be observed from figure 4.2.11, the dominant chain branching reaction of H + O2 ⇌ O + OH generating OH and O radicals and having a great contribution to the flame with self-propagation characteristics [172], the main oxidation of CO and the production of CO as the chain propagation and the chain initiation reactions that lead to the production of H radicals, are the most important elementary reactions for the laminar flame velocity of an ATJ/air mixture. As the above mentioned reactions generate many active radicals of H, O, and OH, they have a promoting role on the laminar flame speed and increase it. 
Among the inhibiting reactions for 1 and 3 bar, the decomposition of iso-butene, and the terminating reactions of the core mechanism such as H + O2 (+M) ⇌ HO2 (+M) and HCO + H  ⇌ CO + H2 which have a suppressing impact on the flame speed due to the termination of the radical chain process, and demonstrate a strong negative sensitivity coefficients.

[image: ]
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[bookmark: _Toc151551139]Figure ‎4.2.11: Sensitivity analysis of laminar flame velocity of ATJ/air mixture at 443 K and equivalence ratios of 1, for 1 bar (a) and 3 bar (b).
4.2.7. [bookmark: _Toc151551056]Conclusion 
Using the decoupling methodology and developed lumped sub-mechanisms, a compact reaction kinetic mechanism covering both the low and high temperature regimes was developed for predicting the combustion characteristics of ATJ fuel as an important alternative jet fuel. The produced iso-paraffin sub-mechanisms of iso-dodecane and iso-cetane as the main components in the structure of ATJ fuel were coupled to a well validated core mechanism to simulate ignition delay, laminar flame speed, and species mole fractions. The mechanism could follow closely the experimental data of ignition delay over the low-to-high temperature and it is in reasonable agreement for stoichiometric conditions at 20 bar, in spite of the discrepancy observed for intermediate and cool flame temperature regions which can be related to the experimental uncertainty, since there is discrepancy between the experimental data of different sources and the uncertainty related to the RCM experiment. The simulations of the laminar flame speed at 1 and 3 bar demonstrated a general good agreement with the experimental data. The analysis of the reaction pathways and the sensitivity analyses were provided to gain a deeper understanding of the ATJ fuel developed mechanism. In addition to ignition delay and laminar flame speed, modelling was conducted for species concentration of ATJ fuel oxidation, as the other important combustion property. Simulation for the main species concentration of a mixture of ATJ/O2 diluted in argon was conducted against the experimental results at the nominal pressure of 4 bar, reaction time of 2.2 ms, a temperature range of 900 to 1550 K, φ = 0.27, and the initial fuel mole fraction of 52 ppm, in a low pressure shock tube. The results showed a good agreement between the modelling and the experimental data for the mole fraction of most main oxidation products of ATJ fuel. In regard with the predictive capability of the developed model in the simulation of the three important combustion parameters, and its compact size, the authors suggest the mechanism is suitable for use in functional kinetic investigations and also for more complex applications including the investigation on the complex geometries of combustion system with the aid of the Equivalent Reactor Network Analysis.


4.2.8. [bookmark: _Toc151551057]Supplementary material

Supplementary material including mechanism files is appended to this paper.



[bookmark: _Toc151551058]CHAPTER FIVE
5. [bookmark: _Toc151551059]INTRODUCTION 
In this chapter, an experimental and theoretical investigation are conducted on the qualitative and quantitative measurement of OH radicals of kerosene, ATJ, and methane (as the reference fuel), with the aid of planar laser-induced fluorescence. An experiment is performed via an optimized premixed flat flame burner, under three different air/fuel ratio conditions to provide the empirical data for the temperature profile and the OH distribution of the fuels laminar flames. The temperature measurements of the three fuels is conducted by fine wire type-R thermocouples to provide reliable temperature profiles. A methane/air flame as the reliable reference flame and GRI-Mech 3.0 as the reliable mechanism are utilized in order to calibrate and quantify the measured relative OH of the liquid fuels. Finally, the processed PLIF OH results are compared to the GRI-Mech 3.0 models. 












5. [bookmark: _Toc151551060]PLIF flame study on the qualitative and quantitative measurement of OH species for conventional and alternative jet fuels; Experimental and theoretical investigations
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5.1. [bookmark: _Toc151551061] Abstract
The hydroxyl molecule is one of the most important intermediate species in the chemistry of combustion processes and plays an important role in the chemical reactions of a hydrocarbon-air flame. However, investigation on a laser-based quantitative measurement of OH in heavy liquid hydrocarbon flames remains very scarce. Thus, in this study, OH radicals were measured qualitatively and quantitatively with the aid of planar laser-induced fluorescence in atmospheric pressure condition. An experimental apparatus has been developed to investigate the temperature profile and the OH relative amounts of kerosene and ATJ laminar flames in an optimized premixed flat flame burner, under three different air/fuel ratio conditions. Fine wire type thermocouples were applied to provide reliable temperature profiles for the fuel flames. A methane/air flame as the reliable reference fuel and GRI-Mech 3.0 as the reliable mechanism were utilized in order to calibrate and quantify the measured relative OH of the liquid fuels. Finally, the converted PLIF OH results were validated using reliable models. In general, reasonable agreement were observed between the experimental OH results and the simulations for the target fuel flames. 

Keywords: Hydroxyl molecule, PLIF, flame, chemical kinetics, quantitative measurement, heavy hydrocarbons



5.2. [bookmark: _Toc151551062] Introduction
The requirement to have a more efficient combustion has made researchers to concentrate on in-depth fundamental investigation of hydrocarbon fuels combustion chemistry, especially in the aviation sector that has encountered a huge demand of jet fuel usage. One of the areas that requires serious attention is the analysis of the concentration and distribution of combustion intermediate species, particularly OH radical, since it has a key role in the combustion process and can help to gain a beneficial underlying knowledge into flame structure of hydrocarbon fuels. OH absolute concentration profile of fuels flame is one of the important prerequisites for developing the quantitative combustion models that can help researchers to obtain a detailed insight into a combustion chemistry of a combustor device. Among many methods and tools used to conduct research on OH radical measurement, the planar laser-induced fluorescence (PLIF) has attracted much attention. 
PLIF has become an important tool for combustion investigations, particularly suitable for fuels flame investigations. This spectroscopic method is commonly utilized for OH, NO, and other radicals or temperature measurements, and PLIF has been proven to be highly sensitive even under extreme conditions [21]. Commonly, a dye laser is adjusted so that the laser frequency is in resonance with a specific electronic transition in the species being probed. This excites an electron of the chemical species being probed to a higher energy level, which will then emit light (fluorescence) at certain wavelengths as it relaxes back to the ground state. A laser light sheet is generated by suitable optical components and passed through the flame. An image intensifier and CCD camera are used to observe the fluorescence perpendicularly to the light sheet, the intensity of which is proportional to the concentration in the flame. Data is then extracted from the centreline of the flame above the burner surface, which can then be compared to the one dimensional burner stabilized flame model predictions. 
Although a few studies were previously conducted regarding the PLIF qualitative OH measurement of small hydrocarbons such as methane [191-196], there is a conspicuous paucity of related empirical investigations on the flames of heavy liquid hydrocarbons such as gasoline, diesel, or jet fuels. This scarcity is more serious in terms of quantitative study of OH species concentration, since there are some challenges such as the lack of knowledge and major uncertainties about the quenching cross section calculation. On the other hand, providing a stable flame so that it allows a suitable PLIF recording of OH species in different equivalence ratios of the heavy liquid hydrocarbons flame is very arduous and contributed to a shortage of research in this combustion area.
In this regard, this study aims to deliver a quantitative measurement of OH radical distribution with the aid of PLIF technique in two heavy hydrocarbon liquid fuel flames at atmospheric pressure. Using an optimized burner, a relatively stable flame is provided for the OH PLIF measurement and temperature data of the liquid fuels. A methane/air flame is utilized as the reference fuel to calibrate the results for the target fuels over a range of fuel air ratios. Furthermore, a comparison is made between the PLIF converted quantitative concentration profiles and the simulated profiles via modelling.
5.3. [bookmark: _Toc151551063] Data collection tools and methods
5.3.1. [bookmark: _Toc151551064]Planar Laser-induced Fluorescence 
5.3.1.1. [bookmark: _Toc151551065] LIF Working Principle
The molecules of a target species such as OH which exist in a quantum state transit from a ground energy level to a higher level through the absorption of the laser incident light photon at a specified wavelength. In the process of changing the quantum state of the molecule via the light photon, there are three levels of energy for transition including electronic, vibrational, and rotational which define the total internal energy of the diatomic molecule. While an electronic energy level composes of vibrational energy levels (υ = 0; 1; :::), the vibrational levels also include rotational energy levels (J = 0; 1; :::). For a thermalised system, the population distribution over the energy states is defined by a Boltzmann distribution that is dependent on the molecule characteristics and the temperature. 
A variety of options are available to the excited molecule produced via the absorption of a photon. These consist of emission of a photon of the same wavelength as absorbed, returning the excited species back to its starting point, this is termed "resonance fluorescence". Other options involve emission of a photon at a longer wavelength, "off-resonance fluorescence", which can occur in a variety of ways, such as returning to the ground electronic state but in an excited vibrational energy level, or by processes that involve initial excitation to a higher vibrational energy level in the excited state followed by vibrational energy transfer from this state with subsequent photon emission in returning to the ground electronic state.

In addition to these processes leading to emission of a photon, competing collisional quenching processes can occur that relax the excited molecule to the ground state without any corresponding photon emission. These are not negligible and must be considered for the quantification process of the target species concentration.
Transitions are only possible under the selection rules in quantum mechanics so that the orbital angular momentum, ∆L, and the total angular momentum, ∆J can be equal to -1, 0, and +1, categorised into the branches of P, Q, and R. However, weaker transitions of ∆J = -2 and +2 can be observed (for the O and S bands), against the selection rules. The OH molecules contain an unpaired electron (in a 2pπ orbital [197]), leading to an intrinsic electronic angular momentum of ½, and two possible positive or negative spin quantum number for this electron. 
5.3.1.2. [bookmark: _Toc151551066] PLIF setup
A Quantel Q-smart 850 Nd:YAG laser was used to create a 1064 nm laser beam, and a second harmonic module (2𝜔HG) was applied to double the frequency. A pulsed beam at 10 Hz repetition rate with 5 ns pulse duration at 532 nm in the case of OH PLIF is generated from the Nd:YAG laser and used to pump the Sirah Cobra-Stretch tuneable dye laser. The dye laser is then tuned to a wavelength of approximately 566 nm, and a frequency doubling process by a BBO crystal converts these to the required wavelengths of approximately 283 nm for OH. And finally, a laser sheet created by a light sheet optics device is passed through the centre of the flame. A LaVision intensified charged couple device (ICCD) camera which was controlled by DaVis software was utilized to capture the fluorescence signals. The camera was equipped with a specific interference filter in order to allow the fluorescence signal in the 305 to 320 nm range to pass while eliminating the laser scattering. 
A schematic setup can be seen in figure 5.1, the green lines in the dye laser emulated the laser travel through the cells, and then the generated light sheet is depicted as a transparent cylinder passes through the flame. A photograph of the dye laser can be observed in figure 5.2.
[image: ]
[bookmark: _Toc151551140]Figure ‎5.1: A schematic setup of the laser-induced fluorescence [198].
[image: ]
[bookmark: _Toc151551141]Figure ‎5.2: A photograph of the dye laser (the green beam is the 532 nm pump wavelength).
5.3.2. [bookmark: _Toc151551067]Data collection
𝐴2Σ+ ← 𝑋2Π (1,0) is the transition from the ground state to the first excited state for OH and Q1(6) was preferred as the intended transition to monitor, as it was found from the LIFBASE simulations to have a high intensity and to be relatively insensitive to the expected temperature range of the flames. The spectrum simulation can be obtained by use of the LIFBASE software to work out precisely which electronic transition is being probed. LIFBASE is a free package developed by the SRI international database [198], which can calculate the spectroscopic details of the molecules.
Since the laser wavelength practically does not correspond with LIFBASE precisely, calibration of the transition peak was conducted for the accurate positioning of the target signal via scanning a range of wavelengths by the Sirah Control software. The background signal needs to be eliminated because the flame can emit interfering light itself. The laser wavelength hence is set to an off-resonance wavelength to measure this background. By selecting an off-resonance signal close to the main recorded transition, the effects of any chemiluminescence or scattered laser light can be minimised.
To have a high quality PLIF image, the highest possible intensity of the signal recording is desired that is subject to the safety limitation of the laser power increment and the ICCD camera exposure level. While the target area of the high intensity species detection is 10 mm above the centre of the burner plate surface, signals relatively stronger than the desired area of the flame (at the centre) were observed from the edges of the flames because of the direct contact with the open air. Thus, to have the possible maximised intensity at the targeted area and avoid overexposing of the camera, the flame was covered by a mask that just physically showed the intended area in the middle of the flame and blocked the irrelevant pixels in the edges of the flame.
5.3.3. [bookmark: _Toc151551068]Liquid fuel Flat-Flame burner
In this study, an optimized flat-flame burner was utilized to provide a relatively stable premixed laminar flame for the target heavy liquid fuels which have hard-to-manage flames in terms of stability, mainly due to the pre-atomization process. The optimization process was conducted on a burner that was previously designed by the researchers for hydrocarbons flame studies [199]. The flow rate was controlled by a calibrated Brooks Flomega mass-flow controller to accurately regulate the fuels flow rate. Atomized liquid fuel and air sprays are mixed with a secondary air based on the intended equivalence ratio. The mixture is undergone further mixing by moving through metal shavings, followed by a pipe containing honeycomb straightener to generate a more uniform flow. Finally, the mixture passes through a holed plate and a uniform flame is formed above the plate surface. An electric heater was applied to heat the mixture through the pipe walls that can promote the spray vaporisation and helps to avoid the condensation of the liquid fuels. 
At the first step, modification was applied for the nozzle in order to have a more consistent spray, by moving the nozzle toward the top cap and placing it in an optimum position (5-6 mm above the atomiser bar) through a trial and error process. PTFE tape was used for sealing and was wrapped around the top and bottom nuts. 
It was observed that using the soft sintered metal as the diffuser plate cannot effectively tolerate the high temperature of the intended heavy liquid hydrocarbon flames so that it was deformed and failed to generate a uniform stable flame during a long-term application. Therefore, solid stainless steel was used to forge the diffuser plate including special patterned meshes with the possible best geometry required for the production of a stable flat-flame. A schematic of the liquid fuel burner can be seen in figure 5.3.
[image: C:\Users\Hossein\Desktop\burner.png]
[bookmark: _Toc151551142]Figure ‎5.3: A schematic of the liquid fuel burner [199].
5.3.4. [bookmark: _Toc151551069]Temperature measurement
Providing the temperature profile of the target fuels flame is a prerequisite for the calibration
of the OH distribution and the necessary input for the simulation of OH profile by the CHEMKIN PRO burner-stabilised flame simulation tool as the standard software selected for this study. In this regard, temperature measurement was conducted on the flames with the aid of a P13R-003 type-R thermocouple from Omega Engineering Ltd., at different positions above the burner surface. It is made of platinum and 13/87 per cent rhodium/platinum wires with a diameter of 75 µm that minimises the disruption to the flame. The thermocouple is equipped with a bead in the middle and generates an electric signal when is heated or cooled down. The thermocouple was placed in the flame at 17 positions above the burner surface including 0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, 2, 2.5, 3, 4, 5, 7, and 10 mm. Since the position of the thermocouple bead could shift during the heating, the platinum-rhodium side of the wire which had a better elasticity was shaped like a spring. To prevent any potential catalytic reactions on the surface of the thermocouple bead at high temperatures, a coating process was conducted on the surface by putting a thin layer of silica on the wire. Using a gas-blowing torch supplied by natural gas while poisoned with hexamethyl disiloxane vapour, the wire surface was coated for a short time (to avoid breaking the wire) until the silver colour of the wire changed to a silvery white. The electric signal was collected by an Omega Multiscan 1200 data logger via an extension wire, and processed by the software. 
A radiation correction is required to apply on the raw temperature measurements by the thermocouple wire. The following equation introduced by Kaskan [200] was utilized to be added to the measured temperature (Traw) in order to address the radiation losses:
  ∆Tradiation =       (Eq. 5.1)
Where 𝜀 is the emissivity of the surface of the coated bead (0.2 for silica-coated wire [200]), CSB is the Stefan-Boltzmann constant which is 5.6704 × 10-8 J ∙ s-1 ∙ m-2 ∙ K-4, Traw is the measured temperature by thermocouples (K), D is the bead diameter (187.5 µm), 𝜆 is the thermal conductivity of the gas which is approximately 0.18 J ∙ s-1 ∙ m-1 ∙ K-1 at 1000 K, 𝜂 is the dynamic viscosity of gases (kg ∙ m-1 ∙ s-1) which was extracted from Chemkin Pro software, and U is the total flow rate (kg ∙ m-2 ∙ s-1) that is calculated by a multiplication of the air and fuel flow rates by the area of the burner plate surface (0.000491 m2).

5.4. [bookmark: _Toc151551070] Results and discussion
5.4.1. [bookmark: _Toc151551071]Flames temperature profiles
The results of the raw temperature measurement Tm and its radiation corrected value Tc at three equivalence ratios of 0.82, 1, and 1.3 are presented in Tables 5.1, 5.2, and 5.3 for methane, kerosene, and ATJ, respectively. The actual total flow rates based on the area of the burner plate surface are given in the table 5.4. 
[bookmark: _Toc151912064]Table ‎5.1: Temperature profile of methane flames.
	Height above the burner/mm
	φ = 0.82
	φ = 1
	φ = 1.3

	
	Tm/K
	Tc/K
	Tm/K
	Tc/K
	Tm/K
	Tc/K

	0
	1274.7
	1316.8
	1378.4
	1439.6
	1524.4
	1623.5

	0.2
	1561.6
	1659.9
	1601.5
	1715.8
	1610.4
	1735.0

	0.4
	1655.1
	1780.4
	1759.0
	1928.3
	1677.3
	1824.9

	0.6
	1708.8
	1852.0
	1817.2
	2011.1
	1715.2
	1877.3

	0.8
	1738.0
	1891.6
	1824.8
	2022.0
	1724.1
	1889.7

	1
	1740.8
	1895.5
	1825.8
	2023.5
	1728.3
	1895.5

	1.2
	1732.9
	1884.6
	1810.6
	2001.4
	1718.6
	1882.0

	1.4
	1725.5
	1874.6
	1804.9
	1993.3
	1708.3
	1867.8

	1.6
	1720.0
	1867.1
	1793.6
	1977.1
	1700.0
	1856.2

	1.8
	1715.4
	1860.8
	1789.2
	1970.8
	1693.0
	1846.5

	2
	1711.5
	1855.6
	1784.1
	1963.6
	1687.6
	1839.2

	2.5
	1704.4
	1846.1
	1778.8
	1956.1
	1682.2
	1831.7

	3
	1699.4
	1839.3
	1774.3
	1949.7
	1673.9
	1820.3

	4
	1692.3
	1829.7
	1766.6
	1938.8
	1662.9
	1805.3

	5
	1686.5
	1822.0
	1760.1
	1929.8
	1657.3
	1797.8

	7
	1678.4
	1811.1
	1747.8
	1912.5
	1651.6
	1790.1

	10
	1666.4
	1795.3
	1732.2
	1890.8
	1650.3
	1788.4



[bookmark: _Toc151912065]Table ‎5.2: Temperature profile of kerosene flames.
	Height above the burner/mm
	φ = 0.82
	φ = 1
	φ = 1.3

	
	Tm/K
	Tc/K
	Tm/K
	Tc/K
	Tm/K
	Tc/K

	0
	1139.3
	1162.9
	1383.7
	1439.7
	1491.5
	1572.3

	0.2
	1364.8
	1414.9
	1574.8
	1670.9
	1615.4
	1728.0

	0.4
	1503.8
	1578.9
	1714.6
	1851.5
	1674.4
	1805.2

	0.6
	1612.5
	1713.1
	1794.8
	1960.4
	1721.7
	1868.6

	0.8
	1692.5
	1815.5
	1850.4
	2038.5
	1770.7
	1935.9

	1
	1776.7
	1927.1
	1885.0
	2088.3
	1802.9
	1981.0

	1.2
	1810.2
	1972.9
	1903.6
	2115.4
	1811.1
	1992.7

	1.4
	1826.6
	1995.5
	1897.9
	2107.0
	1809.1
	1989.8

	1.6
	1824.2
	1992.2
	1894.9
	2102.7
	1804.5
	1983.3

	1.8
	1820.2
	1986.7
	1886.2
	2090.0
	1798.9
	1975.3

	2
	1814.2
	1978.5
	1878.7
	2079.1
	1789.9
	1962.7

	2.5
	1803.5
	1963.7
	1870.8
	2067.7
	1777.4
	1945.3

	3
	1794.3
	1951.1
	1856.8
	2047.6
	1767.4
	1931.4

	4
	1786.2
	1940.1
	1859.8
	2051.9
	1759.1
	1919.9

	5
	1781.8
	1934.2
	1850.9
	2039.3
	1751.1
	1908.7

	7
	1773.7
	1923.1
	1850.4
	2038.6
	1740.8
	1894.7

	10
	1764.3
	1910.4
	1844.2
	2029.8
	1731.0
	1881.3



[bookmark: _Toc151912066]Table ‎5.3: Temperature profile of ATJ flames.
	Height above the burner/mm
	φ = 0.82
	φ = 1
	φ = 1.3

	
	Tm/K
	Tc/K
	Tm/K
	Tc/K
	Tm/K
	Tc/K

	0
	1148.2
	1172.6
	1391.4
	1448.4
	1495.8
	1577.7

	0.2
	1371.3
	1422.5
	1660.8
	1780.0
	1629.9
	1747.0

	0.4
	1512.1
	1589.1
	1770.8
	1926.7
	1690.7
	1827.2

	0.6
	1639.5
	1747.3
	1851.7
	2039.5
	1738.1
	1891.2

	0.8
	1748.2
	1889.2
	1906.3
	2118.2
	1778.3
	1946.9

	1
	1820.6
	1987.5
	1929.3
	2152.2
	1804.9
	1984.2

	1.2
	1838.0
	2011.7
	1930.1
	2153.4
	1826.5
	2015.0

	1.4
	1847.0
	2024.3
	1923.8
	2144.0
	1824.7
	2012.3

	1.6
	1845.2
	2021.7
	1918.1
	2135.6
	1821.7
	2008.0

	1.8
	1836.8
	2010.0
	1908.6
	2121.6
	1812.2
	1994.5

	2
	1832.6
	2004.2
	1903.2
	2113.8
	1802.3
	1980.6

	2.5
	1824.6
	1993.1
	1894.1
	2100.4
	1794.2
	1969.1

	3
	1815.8
	1980.9
	1888.0
	2091.6
	1785.9
	1957.5

	4
	1808.9
	1971.3
	1879.0
	2078.6
	1778.8
	1947.5

	5
	1802.2
	1962.2
	1872.0
	2068.4
	1773.2
	1939.7

	7
	1791.4
	1947.4
	1862.8
	2055.2
	1764.9
	1928.2

	10
	1777.0
	1927.8
	1849.4
	2036.2
	1751.7
	1910.0



[bookmark: _Toc151912067]Table ‎5.4: Flow rates of the fuels (kg∙m-2∙s-1).
	Fuel
	φ = 0.82
	φ = 1
	φ = 1.3

	
	Total flow rate

	Methane
	0.189
	0.157
	0.122

	Kerosene
	0.297
	0.239
	0.193

	ATJ
	0.295
	0.244
	0.192



A similar trend are observed for all the fuels flames so that the measurement disclosed the highest temperature roughly around 1 mm above the burner surface after a rapid increment from the zero position which has the lowest temperature. Although it was supposed the measurement displays a value close to the preheat temperature (463 K) at zero position for the fuels, the flames showed different temperatures which can be mainly due to the heat transferred from the flame, relevant to each fuel. The temperature profiles reach to a relatively steady state (after a smooth drop from the peak point) which is an indicator for a significant drop in the heat release rate of the combustion reactions. As can be seen in the tables, the values of Tc are augmented for higher positions above the burner due to the related higher temperatures, mainly as a consequence of the 4th power temperature dependence in the correction equation. As it was expected [201], the flames demonstrated the highest temperature at the stoichiometric condition and a lower amount for lean and rich flames. At lean and rich conditions, the generated heat of the combustion process is used to heat the excess air in the lean mixture and the excess fuel in the rich mixture. By comparing the temperature profile of the fuels flames at a same equivalence ratio, it is found that methane has the lower temperature than the heavy liquid fuels due to the lower C/H ratio compared to kerosene and ATJ which have double-bonded carbons with a more potential energy and use less oxygen for the oxidation of H atom leading to the smaller heat capacity and in turn the higher flame temperature [79]. 
5.4.2. [bookmark: _Toc151551072]PLIF OH concentration
Figure 5.4 shows the original relative OH concentration normalised with the background and laser intensity effects for the target fuels and methane as the reference fuel, and gives an overview for the OH distribution in a 10 mm distance above the burner surface. As can be seen in the figures, OH concentration jumped from the lowest amount at zero position to the peak value around 1 mm above the burner and then drops slowly. After the generation of OH radical via the reaction of oxygen with the H radicals (produced by the H abstraction from the fuels), it is dominated by H2/O2 reactions until the equilibrium point that is the time the OH amount reaches to its peak value and starts to decay.  
  [image: ]        [image: ]         [image: ]
[bookmark: _Toc151551143]Figure ‎5.4: Relative OH concentration of methane (a), kerosene (b), ATJ (c) from Q1(6) transition, at lean (φ=0.82), stoichiometric (φ=1), and rich (φ=1.3).
It is a difficult task subject to many sources of error to directly calibrate the original relative OH concentration. Thus, a calibration strategy can be performed through using a standard reference flame and a simplification process if the signal recording of the fuels flames is conducted under identical conditions including the same detection equipment applied in an identical operational procedure. The relationship of the signal (LIF) to the population of the probed energy level (N) and the total quenching rate (Q) is given by the following expression [202]:   
LIF∝       (Eq. 5.2)
Where Q can be calculated by the sum of the quenching cross section (𝜎), concentration I, and velocity (V) of the collider species:  Q=∑i 𝜎iCiVi        (Eq. 5.3)
And N can be simulated via LIFBASE software as the Boltzmann population faction (bf) of the probed energy level that is provided as a fitting curve plot in figure 5.5. A rewritten form of the equation 3.1 can be expressed as follows:
LIF ∝ [OH]bf√M√T𝜎P      (Eq. 5.4)

[bookmark: _Toc151551144]Figure ‎5.5: Curve fitting plot of the simulated Boltzmann population for OH at J=6.
And finally, using the parameters of the standard methane/air flame (LIFref, bfref, √Mref, √Tref, σref) and the fact that the measurements were conducted at the same environment pressure (P) for all fuels, the absolute concentration of the target liquid fuels ([OHL]) is achieved as follows:
[OH]L =            (Eq. 5.5)
Where the OH mole fraction for methane ([OH]ref) is calculated by GRI-Mech 3.0 as the reliable source for an accurate kinetic model, the molecular weight (M) is extracted from Chemkin Pro, the temperature (T) is provided by the thermocouple measurement, and σ is calculated based on Tamura et al.’s work [203] just for the five major colliders of N2, O2, CO, CO2, and H2O, due to the availability of data. The values in the equation 5.5 can be calculated for a reference point (the maximum or the end point) as the strategy used in this study. By comparing the LIF results of methane with the OH simulation using GRI-Mech 3.0 (figure 5.6) based on the measured temperature profiles, it was observed that there is a relatively close agreement for the position of the OH maximum point at the three equivalence ratios. While, there is a discrepancy between the model and experimental results for the equilibrium position. So, the maximum point seems to be a more reasonable choice for the reference point of the parameter in the equation 5.5. However, the calculations were conducted for both max and end points for the fuels and as it was expected, selection of the max point showed by far a better result than the end point. Thus, the max point results were just included in this study which can be seen in figure 5.7.  
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[bookmark: _Toc151551145]Figure ‎5.6: Simulated OH concentration using GRIMech 3.0 for the methane reference flames by Chemkin-Pro burner stabilised flame simulation tool, at lean (φ=0.82), stoichiometric (φ=1), and rich (φ=1.3).
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[bookmark: _Toc151551146]Figure ‎5.7: Quantified OH concentration for kerosene (a) and ATJ (b) at lean (φ=0.82), stoichiometric (φ=1), and rich (φ=1.3).
In comparison with the relative OH results of the liquid fuels (figures 5.4b and 5.4c), the correction process affected the stoichiometric condition more than lean, in terms of OH mole fraction magnitude. This is mainly due to the higher peak value of GRI-Mech 3.0 result (figure 5.6) for stoichiometric condition compared to the lean condition, which caused a bigger calibration factor in the equation 5.5 at the stoichiometric condition of the liquid fuels.
5.4.3. [bookmark: _Toc151551073]Simulated OH concentration
The OH mole fraction of the liquid fuels was simulated by the burner stabilised flame tool in Chemkin-Pro software through using the previously developed mechanisms of the constructed proposed surrogates for kerosene [204] and ATJ [205] by the authors of this study. Since the mechanisms could successfully predict the key combustion parameters (ignition delay, laminar flame speed, and species concentration) of the fuels with a close agreement compared to the experimental data in the literature, they were also selected as the appropriate sources for OH prediction in this study. As can be seen in figure 5.8, in general, there is a relatively close agreement between the simulations and the quantified results for three equivalence ratios. In terms of the remaining product and the peak value, the burner stabilised flame simulation results of kerosene demonstrates a closer agreement to the quantified experimental results compared to the agreement between the simulation results and experimental data for ATJ fuel. Since the shape of the simulated OH concentration profile is mainly affected by the measured temperature profiles, the simulation results of ATJ fuel showed a higher peak value of OH due to the higher peak temperatures, compared to the respective quantified results. While the only considerable discrepancy for kerosene fuel is the over-prediction of maximum OH at lean condition, the simulation results of ATJ showed an over-prediction for the OH peak values at the three equivalence ratios and for the end points of lean and stoichiometric conditions. Moreover, the model showed a slightly higher OH (after the peak points) at the stoichiometric than the lean compared to the quantified results which obviously demonstrated a higher OH for the lean condition than the stoichiometric. This can be related to the ATJ mechanism utilized in this study and/or the uncertainty of the quantification process. Because of the scarcity of the flame investigations on the PLIF quantitative measurement of the liquid fuels key radicals such as OH, certain levels of errors would be inevitable. 
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[bookmark: _Toc151551147]Figure ‎5.8: simulated (lines) and quantified (symbols) OH mole fraction for kerosene (a) and ATJ (b) at lean (φ=0.82), stoichiometric (φ=1), and rich (φ=1.3).
5.4.4. [bookmark: _Toc151551074]Uncertainty sources identification
The flat-flame burner was utilized in this work provides an open flame with no shrouding gas, while the simulation tool in Chemkin-pro works based on the principle of an adiabatic flame without a mass transfer with the surrounding air. Thus, discrepancy is expected between the simulation and the experimental results. There are also other sources of uncertainty which can affect the results considerably including; the determination of the distance above the burner surface for the processing of the PLIF images, the radiation correction of the measured temperature, the definition of the zero position for thermocouple measurement, and the relatively high temperature of the first point in the temperature profiles of the stoichiometric and lean conditions (possibly due to the total flow rates). In addition, the process of calculating the quenching cross section is just conducted for the major collider species in the flames. While, it was proved that the hydrocarbon colliders such as methane have a considerable quenching cross section [203, 206], particularly at the stoichiometric and rich conditions, where there is still a volume of fuel in the mixture. Therefore, a higher correction would be expected for the stoichiometric and rich conditions due to the higher quenching. These are the most significant uncertainty sources that were identified in this study. Addressing all the significant uncertainties would rise another research topic that is out of the aims of this study.
5.5. [bookmark: _Toc151551075] Conclusion
Planar laser-induced fluorescence is an effective tool to conduct experimental study on the relative measurement of the key species such as OH radicals, even on the quantitative concentration profile of the species, though it is a challenging task with some sources of uncertainty. Regarding the importance of the hydroxyl molecule in the combustion chemistry of the liquid hydrocarbon fuels and the scarcity of works dedicated to PLIF flame study of heavy liquid fuels, an investigation was conducted on a laser-based quantitative measurement of OH in kerosene and ATJ flames. OH radicals were measured qualitatively and quantitatively with the aid of planar laser-induced fluorescence at the atmospheric pressure condition in an optimized premixed flat flame burner, under three different air/fuel ratio conditions. Coated fine wire type thermocouples were applied to provide reliable temperature profiles for the fuel flames. Methane flame as the reliable reference fuel and GRI-Mech 3.0 as the reliable mechanism were utilized in order to calibrate and quantify the measured relative OH of the liquid fuels. Finally, the converted PLIF OH results were validated using reliable models. In general, a reasonable agreement were observed between the experimental OH results and the simulations for the target fuel flames. 













[bookmark: _Toc151551076]CHAPTER SIX
6. [bookmark: _Toc151551077]CONCLUSION AND FUTURE WORKS
6.1. [bookmark: _Toc151551078] Introduction
In this study, it was tried to provide the surrogates and their associated simplified chemical kinetics mechanisms for jet A and ATJ fuels and their single components and were validated through the experimental data in the literature and the empirical investigations in this study. OH radicals of these fuels flames are measured qualitatively and quantitatively with the aid of planar laser-induced fluorescence in an optimized premixed flat flame burner, and are compared to the simulations results provided by the developed mechanisms. 
6.2. [bookmark: _Toc151551079]Theoretical studies
Firstly, three compact simplified mechanisms have been developed for the single components of jet A and ATJ fuels that were delivered in their publication format in chapter three. The mechanisms developed for isododecane, iso-cetane, and n-propylcyclohexane were constructed based on a decoupling methodology in a simplified and compact form. In general, the results showed a good agreement against the experimental data. The significant reactions affecting the combustion parameters were identified through the sensitivity analysis. The mechanisms were analyzed kinetically to discover the low and high temperature pathways. Because of the prediction ability of the developed mechanisms and their compact size, they were used as the reliable sources for the construction of the surrogates for jet A and ATJ fuels in the next stage. Then, the surrogates for the jet fuels were constructed and their respective mechanisms were developed, that were delivered in the publication format in chapter four. In total, both jet-A and ATJ surrogates demonstrated a good prediction ability for the simulation of the three key combustion parameters. Due to their compact sizes, these surrogates and their respective well-validated mechanism are suggested for further chemical kinetic investigations and some 3-D simulation works.

6.3. [bookmark: _Toc151551080] Empirical investigation
A test rig has been developed to measure the temperature and the OH relative distribution of kerosene and ATJ laminar flames including an optimized premixed flat flame burner and a PLIF set-up which an effective tool to conduct experimental study on the relative measurement of the key species. Methane flame as the reliable reference fuel and GRI-Mech 3.0 as the reliable mechanism were utilized in order to calibrate and quantify the measured relative OH of the liquid fuels. The temperature measurements were conducted using a coated fine wire type-R thermocouple, and the radiation corrected temperature profiles were provided for the three fuel flames. At the last step, the relative OH measurement were converted to OH mole fraction through a calibration process and the strategy of selecting a reference point, and the results were compared to the reliable models using the developed mechanisms in the previous chapter. In general, a reasonable agreement were observed between the experimental OH results and the simulations for the target liquid fuel flames. The most significant uncertainty sources were also identified to be considered and addressed in the future works.

6.4. [bookmark: _Toc151551081] Suggestions for future work 
· It was pointed in chapter three that there is no available data for the flame speed of iso-dodecane and the mechanism was compared to ATJ flame speed as it consists of 85-90% iso-dodecane. Although it can give a good view regarding the flame speed prediction ability of the developed mechanism, it is recommended to provide experimental data for iso-dodecane via conducting a flame velocity test on this species. 
· Iso-cetane flame speed was experimentally investigated in one temperature and pressure condition. This important species also suffers from the lack of enough experimental data for the laminar flame velocity. It is suggested to provide experimental data for iso-dodecane by performing a flame velocity test on this species.
· The developed iso-dodecane and n-propylcyclohexane mechanisms were only validated against ignition delay and the laminar flame speed due to the lack of data for the mole fraction of the important species such as the main oxidation products. Thus, there is need to provide experimental data for the species mole fraction to further challenge the prediction ability of the proposed mechanisms and have a comprehensively validated model for these two important fuel species. 
· As it can be observed in chapter four, there is the lack of enough experimental data for the ignition delay of ATJ fuel in various conditions. Currently, there is just one source for the ignition delay that was used in this study and is limited to one pressure condition and one equivalence ratio. Thus, more shock tube and RCM data in a wide range of pressure and equivalence ratio is required to reach an acceptable level of certainty for the validation of a chemical kinetics mechanism for this fuel.
· Regarding the temperature measurement of the fuels, another reliable and measurement method with a high degree of precision such as the two-line thermometry technique is suggested to conduct, since it can help to have a more reliable temperature profile for the fuels.
· As it was discussed in chapter five, the process of calculating the quenching cross section is just conducted for the major collider species in the flames. While, it was proved that the hydrocarbon colliders such as methane have a considerable quenching cross section, particularly at the stoichiometric and rich conditions, where there is still a volume of fuel in the mixture. Therefore, an investigation on the quenching cross section of hydrocarbon colliders can help to have a more precis calibration process.
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In this regard, researchers are focused on the improvement of the combustion efficiency of
conventional jet fuels and investigating promising alternative candidates. Hydrocarbon fuels
productively release energy, causing heat, carbon dioxide and water to be produced from the
oxidation of the carbon and hydrogen, in the ideal condition. To fully understand the process and
improve its efficiency, this phenomena should be extensively studied. However, it is expensive
and time-demanding to just investigate it empirically. So, computational combustion was utilized
" as a way of investigating combustion besides experimental works. Kinetic modelling is one of the
significant aspects of computational combustion that has provided the opportunity of gaining a
deeper understanding and knowledge about the combustion phenomena in different media. It has
a great role to improve the functionality of practical combustion applications, such as the engines
of vehicles. With the aid of kinetic modelling, researchers can survey and analyze the fuel structure
and the fundamental chemistry coupled with direct kinetic measurements of intermediate and

products species, and the rate constants.

b Detailed chemical kinetic model)(_chemistry validation ) ?development of a reduced model) |
L]
> ( CFD simulations ) & improvement of performance

Figure 4.1.1: The schematic of the steps applied for a kinetic model to be utilized in practical applichtions.
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