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Abstract 

Emissions from combustion processes affect air quality, environment and human health, raising 

concerns especially in urban areas due to the extended use of Internal Combustion Engines (ICE). 

Despite the progress in transitioning to cleaner and alternative forms of mobility, e.g. electric-

mobility, it is unlikely that the world will become independent of high energy density liquid fuels 

in the foreseeable future. This motivates the research community, industry and policy makers to 

keep investing in optimizing the design of ICEs towards more eco-efficient modes of operation 

that can comply with stringent pollution control restrictions. For an improved engine-design it is 

required to elucidate the mechanisms that govern the formation of emissions and to yield ignition 

related information, e.g. heat release. Chemical kinetic models are developed for these purposes 

and they constitute an integral part of theoretical and practical combustion research. In this 

context, the present Thesis deals with the analysis, development and optimization of chemical 

kinetic models describing the oxidation process of fuel surrogates of practical transportation fuels 

for ICE applications, by utilizing both computational and experimental tools. The study focuses on 

further developing and adapting a well validated C1-C6 detailed chemical kinetic model to the 

currently trending fuel palette dictated by current engine advancements and novelties, including 

the investigation of: (a) oxygenated hydrocarbons considered as possible bio-fuels and 

oxygenated additives in conventional transportation fuels, (b) important intermediates of 

combustion that are, or lead to the formation of regulated (e.g. benzene, as a precursor to soot) 

and unregulated (e.g. acetaldehyde, as a VOC representative) pollutants and (c) larger paraffinic 

and aromatic species that are considered as fuel surrogate components. In detail, the chemical 

kinetics of acetic acid, ethanol and acetaldehyde are accessed utilizing novel experimental 

speciation data from rich ethylene flames. The study is the first to investigate the behavior of C2 

oxygenates from different families under similar premixed flame conditions. Emphasis is given on 

the role of >C2 species on the overall mechanism behavior. In a similar manner the sub-mechanism 

describing the consumption routes of benzene is reassessed and validated. A mechanism 

generator algorithm is updated and used to generate an n-hexane oxidation model and is applied 

to two different base mechanisms. The effect of the base chemistry on the generation process of 

higher alkane mechanisms is shown, highlighting the impact of the presence of lower alkanes and 

alkenes like butane and butane on the model generation.  
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Besides the study of computational methods and the application of computations tools for the 

analysis and development of chemical kinetics mechanism, an experimental campaign to obtain 

data for mechanism validation was also carried out in the frame of this Thesis. Newly acquired 

Ignition Delay Time (IDT) data of Toluene Reference Fuels (TRF) i.e. mixtures of n-heptane and 

toluene, have been obtained covering a wide regime in terms of pressure, temperature, 

equivalence and blending ratios. Focus is given on increasing the toluene content, covering a 

respective gap in the literature. The obtained measurements allowed (a) the assessment of the 

impact of toluene on the reactivity on n-heptane and (b) the optimization of a state of the art TRF 

model. They also provide the ground for physical evaluation, allowing for significant observations 

regarding the blending behavior, the importance of the equivalence ratio etc.  

Overall the thesis demonstrates the importance of lower hydrocarbon chemistry on the modeling 

process of practical fuels, delivers two mechanisms for such fuels and respective validation 

targets.  
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Prologue  

The scientific effort presented here was completed within the framework of the Marie-

Sklodowska-Curie funded project ECCO-MATE (Experimental and Computational Tools for 

Combustion Optimization in Marine and Automotive Engines). The overall aim of the project was 

to achieve improved operation and reduced emissions from automotive and maritime engines. 

Several research groups as well as industrial partners were involved, epimerizing the work into 

several tasks.  

In this context, the present Thesis deals with the chemistry of chemical compounds used either 

as additives to actual fuels or as representatives of fuels and aims at contributing to the research 

of chemical kinetic modeling. 

The research has been completed within a timeframe of three years and the results presented 

have been obtained in three different research laboratories. 

Most of the work was carried out at the laboratory of Heterogeneous Mixtures and Combustion 

Systems of the NTUA (NTUA.HMCS) under the supervision of Prof. Dr. Maria Founti. This includes 

preliminary computations, planning of the thesis and of the modeling/experimental campaigns 

etc. but also the modeling of C2 oxygenated species described in Chapter 3 and the investigation 

of benzene (C6H6) chemistry described in Chapter 4.  

Chapter 6 describes the experimental investigation of toluene/n-heptane mixtures in a High 

Pressure Shock Tube (HPST) and a Rapid Compression Machine (RCM). This work took place during 

a four months stay in the combustion group of the chemistry department at the National 

University of Ireland in Galway (NUIG) under the supervision of Prof. Dr. Henry Curran. The 

collaboration with Colin Banyon, fellow PhD student at NUIG was critical for the completion of 

the study.  

The development of the n-hexane model described in chapter 5 has been realized during a four 

months stay at Loge AB in Cottbus Germany. For the sake of the study a mechanism generator 

algorithm was further developed and enhanced along with coworker Martin Hilbig and Dr. Lars 

Seidel was utilized, under the supervision and guidance of Prof. Dr. Fabian Mauss.  
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Chapter 1 The need for cleaner transport- thesis context and scope 

1.1 The impact of human activity on the environment ς The role of mobility  

Rising energy demand 

Ever since the industrial revolution, the continuous technological advancements have allowed for 

economic growth, rising living standards and have created new habits, comforts and needs. In 

order to fulfill the latter, the demand for energy has been constantly rising. To put the energy 

consumption in perspective, compared to preindustrial times primary energy supply has risen by 

more than a factor of 11 (Krausmann et al. 2009) while future scenarios for the period 2012-2040 

predict cumulative energy demand growth by more than 30% (IEA,2017).  

Primary energy consumption on a global scale is heavily (more than 81%) based on fossil sources. 

This has currently two negative effects in the spotlight of political and environmental agendas; a) 

energy insecurity, arising from a competition over depleting, geographically unevenly distributed, 

natural resources and b) Green-House Gas emissions (GHG). GHG emissions refer to gaseous 

constituents of the atmosphere with the property to trap the heat; having therefore a Global 

Warming Potential (GWP). Anthropogenic GHG emissions are to a large extend a byproduct of 

fossil combustion. Unsurprisingly, given the economic evolution of the past 200 years energy 

demand, GHGs and temperature are heavily coupled.  

By the end of 2010 concentration of GHG had increased by 40% compared to preindustrial levels 

(IPCC), 2007 while global average surface temperature has roughly increased by 0,85ºC from 1880 

to 2012 (IPCC 2013). This human interference with the carbon cycle has caused man-made climate 

change (IPCC, 2014; Oreskes, 2004). As a response, following a precautionary principle there is 

global consensus towards emissions reduction and a political target to try to keep temperature 

rise bellow 1.5 C (UN-FCCC, 2015). Subsequently, policy makers engage in initiatives such as 

including climate change mitigation in the Sustainable Development Goals (SDGs), set by the 

United Nations as compass for future policies. On a regional scale the European Union has set the 

following targets by the year 2020: 20% reduction in greenhouse gas emissions compared with 

1990, 20% of total energy consumption from renewable energy, 20% increase in energy efficiency. 
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The transport sector  

These emission reduction targets can be propagated to different economic sectors of which 

transport is a focal point. Arguably, since it accounts for 29% of the global total primary energy 

consumption and is heavily (more than 92%) based on oil products (IEA 2015). Due to its fossil 

fuel dependence, the transport sector is GHG emission intensive. Its direct emissions have more 

than quadrupled since the 70s, as seen in  Figure 1.1. 

 
Figure 1.1 Direct GHG emissions of the transport sector (shown here by transport mode) rose 250% from 2.8 Gt CO2eq 

worldwide in 1970 to 7.0 Gt CO2eq in 2010 (IEA, 2012, JRC/PBL, 2013) 

 

Nowadays the transport sector accounts for 14% of global GHG emissions (IPCC, 2014) mainly due 

to road applications (72% share of energy consumption and GHG emissions within the sector) (IEA 

2015). Particularly passenger cars hold the greater share of fuel consumption, as shown in Figure 

1.2, which explains the subsequent targets for emission reduction and fuel optimization. For 

instance in the EU for new passenger cars there is a 27% emission reduction target by 2020 

compared to 2015.  
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Figure 1.2 Final energy consumption of fuels by transport sub-sectors in 2009 for freight and passengers, with heat 
losses at around two thirds of total fuel energy giving an average conversion efficiency of fuel to kinetic energy of 

around 32 %. Note: Width of lines depicts total energy flows (IEA, 2012b) 

Aside GHGs, transport related emissions include volatile organic compounds (VOCs), nitrogen 

oxides (NOx), sulphur dioxide (SO2), carbon monoxide (CO), black carbon, and non-absorbing 

aerosols, that are significant contributors to local pollution inventories with potentially large 

regional impacts (IPCC, 2014). The marine sector is relatively cleaner compared to road and rail in 

terms of transportation per kilogram material (Sims et al. 2014), yet its emissions are mainly (> 

70%) deposited within 400 km of land with succeeding negative effects. E.g. it is estimated that in 

2020 maritime transport will be responsible for more than 50% of sulphur release in EU coastal 

areas which has a high potential for acidification (Eyring et al. 2010; Viana et al. 2014).  

Framework for emission control 

In order to minimize the adverse environmental and human health effects of such hazardous 

emissions, the regulators have historically set legal requirements with near surface focus applying 

for road, air and maritime activities in ports (Timilsina and Dulal 2009). The EU sets maximum 

permissible levels for vehicle emissions such as Carbon Monoxide, Hydrocarbons, Non-Methane 

Hydrocarbons, Nitrogen Oxides and Atmospheric Particulate Matter. Quantitative limits on the 

permissible amount of pollutants, over specific timeframes have been set in the corresponding 

standards. These are defined in a series of evolving Directives signifying different quality tiers. The 

so called "Euro 1" limits were set in 1993 while from September 2015 all new cars have to meet 

the Euro 6 standard (EC, 2017). Similar standards are found around the globe e.g. in the US, Japan 

and China while harmonization across countries and regions is also underway e.g. Australia has 

harmonized its vehicle design rules according to the Euro standards. At a global level, for the 
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marine sector the International Maritime Organization (IMO) through its Convention of 

Prevention of Pollution from Ships (Lethbridge 1991) sets limits for SOx and NOx globally and 

applies even stricter regulations within designated emission control areas (ECAs). The European 

Commission has adopted the IMO prevention measures for instance via the EU sulphur Directive 

33/2012 (EC, 2012; IMO, 2017). Despite the ongoing regulatory efforts the need for further 

limitations and future emission reductions becomes urgent, due to the projected growth in the 

transport sector driven by a continuous rise in the population and the urbanization in emerging 

economies and developing countries (EEA, 2016; UNCTAD, 2016). Indicatively, according to IPCC, 

transport GHG emissions could increase at a faster rate than emissions from the other energy 

end-use sectors (Sims et al. 2014). To reduce the emissions, aside the need for aggressive and 

sustained mitigation policies there is a simultaneous need for engine technology optimization 

since pollutant emission levels greatly depend on it. Corresponding efforts in the sector have 

demonstrated a more than 50 % reduction potential of fuel consumption and GHG emissions for 

all transport applications (Heywood et al. 2015). Yet again, there is a substantial potential for 

further improvements. To achieve these, research is needed in relation to existing and novel fuels 

(e.g. biofuels) and the way they behave in new engine configurations. It is particularly relevant to 

look into Internal Combustion Engines (ICE) since they dominate the transport sector. 

1.2 Redesign of internal combustion engines and fuel behavior 

ICEs hold a share of more than 98% of the total fleet of vehicles worldwide, according to the latest 

report of the International Energy Agency (IEA 2017b) and will most probably continue to do so 

despite the progress in electrical mobility. Although developed in 19th ŎŜƴǘǳǊȅΣ L/9Ωǎ ǇǊƛƴŎƛǇƭŜ ƻŦ 

operation remains the same. Combustion transforms the chemical energy of a hydrocarbon fuel 

into thermal energy, which leads to the reciprocation of a piston causing the rotation of a 

crankshaft.  

For achieving cleaner and more efficient ICEs, there is a shift towards alternative, non-

conventional operating modes at novel regimes embracing new concepts such as low 

temperature combustion (LTC). LTC can be characterized by high miscibility of fuel and air, 

controlled heat release rates and low temperatures, deviating from the conventional modes 

where high temperatures, heat losses and sooty combustion is dominating. The LTC approach 

finds practical application in concepts such as Homogeneous Charge Compression Ignition (HCCI), 

Premixed Charge Compression Ignition (PCCI), Reactivity Controlled Compression Ignition (RCCI) 
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and stratified charge compression ignition (SCCI). The operating principle of these engines is 

beyond the scope of the present Thesis, and the reader is referred to the work of Reitz (2013) for 

a complete overview. However the point is clear:  such engine redesigns set new combustion 

conditions, thus the fuels behavior needs to be understood and simulated under these. 

Consequently, a first challenge is to identify appropriate surrogates.  

Surrogates for conventional and novel fuels  

Liquid commercial fuels are fine-tuned products of the distillation process of crude oil and they 

consist of a large number of hydrocarbons from different families. The amount of compounds 

found in a fuel constitutes any research upon these compounds a very complicated issue with 

tremendous computational and experimental cost. This imposes the need for the development 

of an adequate surrogate fuel that will simplify the campaign, matching the physical properties 

such as lower heating value, stoichiometric air to fuel ratio, pollutants, etc. The aim is to lessen 

the fuel components, ideally to one representative for each chemical family, paraffins, olefins, 

aromatics etc. (Pera and Knop 2012). Indicatively, the distribution of actual fuels (representative 

to gasoline and diesel) to chemical families is shown in Figure 1.3, while the structure of these 

families is shown in Figure 1.4. 

 

Figure 1.3. Approximate ranges of paraffins, naphthenes, aromatics and olefins in commercial U.S. gasoline, Relative 
amounts of various chemical classes in diesel fuel and possible compounds to represent the chemical classes in diesel 

surrogate fuel. 
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Figure 1.4 Indicative types of chemical classes 

These compounds are then blended to create the fuel, which is tested against meeting the design 

properties. A comparison with the target fuel is carried out in experiments and alterations are 

held in case of large discrepancies. Surrogate fuels are very important in the combustion research 

because they provide standardized fuels making experiments reproducible in different locations 

(Pitz and Mueller 2011). 

New engines require new fuel-rating criteria 

For the new engine concepts, since the combustion conditions are different, the criteria for rating 

fuels regarding different properties need to be revisited. This is evident in the case of RON 

(Research Octane Number) and the MON (Motor Octane Number) values, used so far to rate 

engine fuels for their quality to resist ignition. The values are obtained using a Cooperative Fuel 

Research (CFR) engine, run at certain conditions until engine knock occurs. The two values differ 

by the rotations per minute applied in each test, thus RON corresponds to lower rpm and milder 

use of the engine, while MON corresponds to more aggressive driving. For gasoline these two 

experiments are repeated with the use of a blend of primary reference fuels. Primary Reference 

Fuels (PRF) refers to iso-octane and n-heptane, compounds which exhibit 100 and 0 octane rating 

values respectively and are used for benchmarking. Thus, a compound with an octane number of 

90 reproduces the same knocking behavior with a blend of 90% iso-octane and 10% n-heptane. 

For diesel, the fuels used for reference are hexadecane (cetane) and isocetane, hence also the 

name cetane. The utilization of n-heptane and iso-octane as Primary Reference Fuels established 

them as the two main compounds used also as fuel surrogates.  
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Coming back to the new engine concepts that involve LTC, it is clear that the RON/MON values 

cannot be used as criteria for the quality of the fuels tested since they were used as metrics for 

combustion at different conditions. This called for the need of a new metric that could quantify 

the quality of a fuel to auto-ignite at the conditions of interest. Lƴ ǘƘƛǎ ŎƻƴǘŜȄǘΣ ǘƘŜ ŦǳŜƭΩǎ 

sensitivity, a value defined as the difference between the RON and the MON was found to be 

more descriptive of the fuels actual behavior (Mittal et al. 2010). The added value of this property 

was that it could describe the fuels performance throughout the whole temperature regime and 

not only in the regimes of interest for gasoline and diesel applications. In order to match this 

value, a chemical species from another family, e.g. toluene the simplest methylated aromatic 

species was also included in the blend of the surrogates, creating the so-called Toluene Reference 

Fuels (TRF). 

Bio-fuels ς Oxygenated Hydrocarbons 

Aside setting new quality criteria for assessing conventional fuels in the new combustion 

conditions, there is also the need to understand the performance of novel fuels such as biofuels.  

Biofuels are solid, liquid or gaseous fuels that are produced by anaerobic digestion or by biological 

processes like agriculture and utilized in combustion processes and they are substitutes to fossil 

derived fuels.  

Throughout the years, bio-source derived fuels belonging to certain chemical families have been 

very well studied and used in a variety of applications. Alcohols are one such case due to their 

oxygen content, which allows them to burn cleaner producing less hydrocarbon emissions, as well 

as less carbon monoxide and oxides of nitrogen (Guerrieri et al. 1995, Taylor et al. 1996, Kim and 

Dale 2005, Iodice et al. 2016). Ethanol for instance, has a hydroxyl group and an ethyl group, 

bonded to a carbon atom and can thus promote the combustion process when blended with 

gasoline. Ethanol also has a higher heat of vaporization, reducing the Temperature of combustion 

and also the formation of NOx. In addition to that, the fact that they exhibit higher octane rating 

than commercial gasoline allows the operation of the engine at higher compression ratios 

achieving improved efficiency.  Alcohols though do not come without challenges. Their 

combustion has proven to trigger the production of aldehydes (Stump et al. 1996) that are 

controlled as harmful. Other practical issues also occur regarding the use of alcohols in vehicles. 

Methanol for instance, when used in ICE exhibits only a small formation of polyaromatic 

hydrocarbons (PAH) (Guerrieri et al. 1995), its low density and calorific value however require 
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large amounts and therefore large fuel tanks (Agarwal 2007). It is also toxic and its miscibility with 

water creates a very significant hazard.  

There is currently a large growth of biofuel consumption which is expected to continue in the 

future due to environmental and socioeconomic issues. Biofuels respond to the concern regarding 

the depletion of crude oil sources (Sheehan et al. 1998) given its increasing demand; they also 

respond to a more imperative concern in many countries for energy security given the absence of 

fossil fuel reserves (Agarwal 2007). Therefore there is still need for biofuel research and 

development to make best use of their benefits and to minimize their drawbacks.  

1.3 Combustion research and the role of chemical kinetics 

Contemporary combustion research includes a large spectrum of scientific areas that range from 

quantum chemistry calculations on engine relevant hydrocarbon species to in situ diagnostic 

measurements on engines, thus involving large experimental devices, as well as very demanding 

computational software. The joint exploitation of both numerical and experimental applications 

is the single way towards innovations that will enable and achieve improved performance of 

combustion processes. Utilization of the large amount of knowledge gained through the years of 

research, allowed for the further development of prediction tools that can now guide and orient 

future investigations assisting the old-school trial and error approach. In many cases, these tools, 

provide insight into certain processes without the need for the conduction of experiments that 

are an expensive and time consuming task.  

Chemical kinetic models constitute one such predictive tool, not only utilized by academics and 

the industry for research and business decisions but also from governments and organizations for 

public policy decisions. The restriction of halogenated hydrocarbons e.g. ortho-dichlorobenzene 

(ODCB) and 1,2,4- trichlorobenzene (TClBz) for instance, decided with the Montreal Protocol and 

established on fundamental knowledge of the ozone layer, was based on a kinetic modeling study 

by Halligudi et al. (2002). These models provide insight into the prevailing reaction pathways and 

the intermediate species formed prior reaching the end products. When coupled with 

computational fluid dynamics they can be a promising tool for engine optimization as they allow 

the exploration of fuel variability on pollutant formation in a facile scientific manner.   

Numerous free radicals, isomers, and species with structural complexity are involved in an equally 

large amount of reactions constituting their study a very demanding task. Properties and 
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characteristics of the fuels, such as the heat release rate, the auto-ignition, the burning velocity 

etc. are strongly linked to specific elementary reactions. Therefore, in order to build a model that 

reproduces these general characteristics, one needs to accurately define reactions at a 

microscopic level. Each elementary reaction is defined by rate coefficients, which are temperature 

and pressure dependent. What adds to this complexity is the fact that these reactions are strongly 

dependent on the thermodynamic and transport (when simulating a non 0-D system) properties 

of the respective species that also need to be defined. The overall intricacy of a chemical model 

requires a great amount of computational power, thus it becomes apparent that models have 

grown in size, numbers of reactions and species and in parallel with the development of 

computers. Various solvers that deal with the calculation of the respective governing equations 

of each process exist today, allowing for reduced computational time. A detailed description of 

these equations is beyond the scope of the present Thesis and can be found in e.g. Chemically 

Reacting Flow: Theory and Practice (Kee et al. 2003).  

1.4 Scope of the Thesis  

The scope of this Thesis is to investigate the combustion of practical fuels or fuel components 

under conditions related to novel engine applications, including surrogates for commercial fuels 

and bio-fuels. Contrary to a tailor made approach of detailed chemical kinetic model development 

that is largely based on the tuning of rate constants for particular reactions in the context of 

optimizing practical fuel surrogate mechanisms, the emphasis of the present Thesis is given on 

the investigation and the understanding of the effect of the lower hydrocarbons chemistry (C1-

C6) on the effectiveness of the overall detailed kinetic modelling approach for the investigation 

of the combustion in advanced engines operating under novel conditions.  

The approach followed includes the comparative utilization of chemical kinetic mechanisms -

including the in-house developed C1-C6 NTUA.HMCS mechanism, which is further developed and 

enhanced in the frame of this work, as well as other published mechanisms of varying size and 

complexity, and the critical evaluation of their performance.  The evaluation of the computational 

work is supported by utilization of literature experimental data or own acquired data from a 

dedicated experimental campaign on laboratory scale fundamental devices and ideal reactors.  

Common sub-mechanisms for fuels and other important chemical routes are adopted and 

incorporated into these mechanisms. Reaction path analysis and sensitivity analysis are used as 
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algorithmic tools to provide insight into the combustion processes as a whole, and to identify the 

key species and reactions which are crucial for the different mechanism performance.   

The C1-C6 NTUA.HMCS mechanism is further developed via the adoption of chemical kinetic 

models from the literature, either in their original state or after modifications and also the 

finalization and update of an automated mechanism generation algorithm. The effect of the base 

chemistry on the mechanism development process of the generator is assessed.  

The fuels considered in this Thesis correspond to fuels that are currently trending in the 

transportation fuel palette either as surrogates or as oxygenated additives, setting the study in 

the overall picture of engine-related-fuel chemistry optimization. These include C2 oxygenated 

additives i.e. acetic acid, ethanol. Acetaldehyde, C6-7 straight chain alkanes and aromatics i.e. n-

hexane, n-heptane and toluene.  

Specific parts investigated and novelty 

Starting with the oxidation of oxygenated hydrocarbons as fuels, two mechanisms (the C1-C6 

NTUA.HMCS and UCL) are utilized for the study of the effect of ethanol, acetaldehyde and acetic 

acid as additives in rich ethylene flames, paying particular attention on the pollutant formation 

processes. Their ability to accurately describe the formation of aromatic species such as benzene 

and toluene is assessed by utilizing novel speciation measurements from 5 flames. This is the first 

study where C2 oxygenates are evaluated for their ability to reduce aromatics.  

As a follow, up of this study benzene oxidation chemistry of the in-house developed mechanism 

is being revalidated to tackle discrepancy issues. To do so, literature speciation data from various 

benzene flames are utilized.   

The next step is to study the chemical kinetics of fuel surrogates and straight alkanes i.e. the 

kinetics of n-hexane oxidation. The respective chemistry is generated by updating and developing 

an automated mechanism generator algorithm that is applied on two different base mechanisms 

(the generator develops the n-hexane models channeling all the species to the lower hydrocarbon 

chemistry i.e. base chemistry), highlighting how C3, C2 and C1 species influence the performance 

and the channeling of the species. Both mechanisms are validated against flame speed IDTs and 

speciation data from reactors. The generation of an oxidation mechanism using different base 

chemistries is investigated for the first time.  
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The study is further enhanced with the experimental investigation of a large C7 species i.e. 

toluene. The development of novel engines that operate under the Low Temperature Combustion 

(LTC) approach necessitates the determination of new surrogates that will be able to emulate 

actual fuel behavior under these novel conditions. This introduced toluene into the surrogate 

ǇŀƭŜǘǘŜΣ ŎǊŜŀǘƛƴƎ ŀƭǎƻ ŀ ƎŀǇ ƛƴ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ƎƴƻǎǘƛŎ ŦƛŜƭŘ ǘƘŀǘ ƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘƻƭǳŜƴŜΩǎ ƭƻǿ ǊŜŀŎǘƛǾƛǘȅ 

and sooty behavior. The uncertainties in the chemistry of this single methylated aromatic species 

are tackled experimentally by increasing its reactivity after mixing it with the very reactive n-

heptane. The blending behavior of the two has been assessed experimentally behind reflected 

shock waves in a High Pressure Shock Tube (HPST) and a Rapid Compression Machine (RCM). IDT 

measurements of high toluene content in the low temperature regime have never been 

conducted before. Within the framework of this investigation a close collaboration with the 

National University of Galway (NUIG) and the Lawrence Livermore National Lab (LLNL) was 

established, achieving improvements in the respective Toluene Reference Fuel (TRF) mechanism.  

A schematic that describes the hydrocarbons investigated in the present Thesis and its relation to 

the overall context is given in the diagram below. 

 

 Chemistry investigated and outline of thesis 
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Chapter 2 ς Chemical kinetic models ς Development and validation  

2.1 Chapter 2 Summary  

The previous chapter presented the context in which this Thesis is incorporated. Chapter 2 

attempts to present in a clear and simple way some basic concepts related to the task of 

developing chemical kinetic models, in order to explain the contribution of this Thesis to the 

respective field. Initially, a brief reference to the reaction rate and its origin is made. The types of 

chemical kinetic models, as well as the methods used to develop these are mentioned. The 

mechanism, whose further development and improvement is realized by the most part of the 

work carried out in the context of this Thesis, is presented. The modifications made to the 

mechanism are briefly mentioned, while reference is made to the experimental facilities and the 

corresponding values/properties used as validation targets for the development process. Finally, 

references is made to the available solvers of the equations describing the various combustion 

processes 

2.2 Reaction rate  

Although superficially the overall combustion process of a fuel can be expressed by the following 

sole reaction:  

Fuel +Air = CO2 + H2O 

this does not reveal the real events of the process , since it does not provide any insight regarding 

the intermediate species formed, the reactions that lead to these species or the respective 

timescales. In order to achieve improved engine efficiency and reduced emissions, one has to 

obtain this knowledge and this is provided by chemical kinetic models.  

Chemical kinetics is the research field that deals with chemical reactions and the rates at which 

these take place. Such models are utilized in a large spectrum of applications and cover therefore 

a very broad regime in terms of temperature, pressure, concentration etc. 

If we consider the simplest reaction, in which one molecule A forms one molecule B, a uni-

molecular reaction, since it involves only one reactant, then the rate constant at which A is 

consumed- or B is formed can be expressed as:  
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Where [A] gives the ratio between the number of moles of A and the volume NA/V. This rate is 

the cornerstone of the science of kinetics and can vary with temperature and pressure. Initially, 

the temperature dependency of the rate constant was observed by Arrhenius (1889) and 

expressed in the following form: 

Ὧ ὃϽὩὼὴὉȾὙὝ 

Where Ea expresses the activation energy (kJoule/mol) of the reaction, R is the universal gas 

constant, and A is the pre-exponential factor. This equation however, can only express reaction 

rates that pose a linear correlation with temperature and was therefore later modified to:    

Ὧ ὃϽὝ ϽὩὼὴὉȾὙὝ 

n is now used to account for the non-linearity.  

These three parameters A, Ea and n are the ones that kinetic modelers need to define in order to 

determine the rate constant for a reaction. Detailed information on the fundamentals of chemical 

kinetics can be found in respective textbooks e.g."The foundations of chemical kinetics" of Benson 

(1960) or "Chemical Kinetics and Transport" by Jordan (1979). 

The number of reactions involved in a chemical process constitute the assembly of a complete 

chemical kinetic model a very challenging task. A modeler must define a model that captures the 

essential chemistry while maintaining a manageable size that enables fast simulations (e.g. Van 

de Vijver et. al 2014). In other words, although detailed models contain more information and can 

be denoted as more accurate, in many cases compact models are needed for simplicity and 

efficiency. Based on this, one can divide models into the following categories:  

Detailed chemical kinetic models: The mechanism contains a large number of chemical species 

and reactions, spanning from short-lived radicals to slowly formed pollutants. Usually these 

mechanisms consist of thousands of species and reactions. A recently published model by Li et al. 

(2016) for a ternary gasoline surrogate consisting of n-heptane, iso-octane and toluene (TRF) 

includes 1251 species and 5705 reactions. Another well cited model by Faravelli et al. (2012) for 

the pyrolysis, oxidation and combustion of hydrocarbons including also oxygenated fuels and a 

model for NOx, consists of 484 species and 19341 reactions. 
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Skeletal mechanisms: The skeletal mechanism resembles the detailed mechanism in that it 

consists only of elementary steps. A skeletal mechanism is developed by applying a reduction 

method on a detailed mechanism. Reduction methods are approaches in which certain reactions 

and species are excluded from the mechanism after sensitivity-based analyses. Skeletal 

mechanisms can be optimized in terms of the parameters of the reaction rate constants. In a 

recent study by Zheng and Lv (2015) a skeletal mechanism for a TRF fuel with nitric oxide 

formation, consisting of 80 species and 184 reactions was built utilizing a detailed one with 536 

species and 3000 reactions. Significantly shorter compared to the TRF mechanism referenced in 

the detailed models. This mechanism includes the reduced sub-mechanisms of toluene and those 

of TRFs, as well as certain reactions from the NO sub-mechanism that reflect the effect of NO on 

the TRF.  

Reduced mechanisms: In such mechanisms species and reactions that have minor contribution to 

the investigated phenomena are removed, creating a skeletal mechanism. Usually, a reduced 

mechanism comes out from further reduction of a skeletal mechanism: the skeletal mechanism is 

subjected to other methods of reduction, usually time-scale related. Some of these approaches 

are the intrinsic low-dimensional manifolds (ILDM), the quasi-steady-state-assumption (QSSA) or 

the computational singular perturbation (CSP). The QSSA assumption was utilized in a study 

aiming at the formation of a reduced n-heptane mechanism by Hughes et al. (2009). The initial 

mechanism comprised of 810 species and 2411 reactions, the skeletal one of 218 and 810 

respectively, and the reduced after QSSA of 117 and 511. 

Uncertainties and the need for improvement 

Although chemical kinetics have gained a lot of attention, the ongoing changes in emission 

regulation as well as engine development and progress, have altered the status of the available 

fuel palette creating a lack of knowledge and uncertainties in the respective models (Gao et al. 

2016). Ethanol use in engines for instance has been proved to form increased formaldehyde and 

acetaldehyde (Poulopoulos et al. 2001) which are characterized/considered/proved to be 

carcinogenic (Feron et al. 1991). In the same context, embracing new operating approaches as 

the LTC, dictated the establishment of new benchmarking criteria, such as fuel sensitivity, able to 

characterize the behavior of the fuels under these new operating conditions and thus, the 

consideration of toluene as a primary reference fuel. Despite its role as one of the compounds 

ǳǎŜŘ ŦƻǊ ŜƳǳƭŀǘƛƴƎ ŀŎǘǳŀƭ ŦǳŜƭ ǇǊƻǇŜǊǘƛŜǎΣ ǘƻƭǳŜƴŜΩǎ ŎƘŜƳƛǎǘǊȅ ǊŜƳŀƛƴǎ ȅŜǘ ǳƴŎƭŜŀǊΦ  
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2.3 Development of a chemical kinetic model 

The process of developing a chemical kinetic model is very complicated and citing John Simmie 

(нллоύ ƛǘ ƛǎ ŀ άōƭŀŎƪ ŀǊǘέΥ aƻǎǘ ƻŦ ǘƘŜ ƳƻŘŜƭǎ ŀǊŜ ŘŜǾŜƭƻǇŜŘ ƻƴ ŀƴ ŀŘ ƘƻŎ ōŀǎƛǎΣ ǊŜƭȅ ƻƴ ƛƴǘǳƛǘƛƻƴΣ 

rules of thumb and are built on previous models. Traditionally, detailed kinetic models are 

developed by hand in a time consuming process where all relevant species and reactions are 

included into the scheme. Beginning with the simplest species and reactions and sequentially 

adding new ones in order of increasing complexity until every species is channeled to others and 

there are no dead ends. After each step, the new reactions are tested and validated by 

comparison against experimental data, while attention is given to avoid duplicate nomenclature, 

chemistry or thermodynamic parameters between reactions and species (e.g. Dooley et al. 2012). 

This type of modeling requires not only deep knowledge of the underlying chemistry but also the 

respective experience since it can prove to be a tedious, error-prone procedure (Gao et al., 2016).  

Manual Generation of mechanisms  

According to Frenklach et al. (1992), the process of modeling involves: a) creating a model that 

consists of a complete set of elementary reactions, b) assigning values to the respective rate 

constants, c) finding literature experimental data that can be used for validation, d) utilizing 

numerical solvers to simulate the literature data and to highlight the most significant reactions of 

the model, e) finding experiments that are sensitive to a certain part of the mechanism and give 

the opportunity for optimization. A graphical description of the process is found in Figure 2.1. 

 

Figure 2.1: Graphical description of model development 
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Automated Generation of mechanisms 

The modeling of an actual fuel such as gasoline, would typically require a model for a ternary 

surrogate fuel consisting of n-heptane, iso-octane and toluene, i.e. three large hydrocarbons 

containing seven and eight carbon atoms in their molecular structure. It can be assumed that 

building a model for these fuels from scratch would require a lot of effort since as observed by Lu 

et al. (2009) and is depicted in Figure 2.2 the number of reactions increases linearly with the 

number of species in the model, while the model size, increases exponentially with the number 

of heavy atoms in the reactant molecule.  

 

Figure 2.2: Model sizes: number of reactions as a function of the number of species for gas phase kinetic models of 
pyrolysis, oxidation, and combustion processes. The secondary y-axis on the right hand side is the number of heavy 

(non-hydrogen) atoms in the reactant molecule(s). Source: (Van de Vijver et. al 2014)  

These large numbers make clear how difficult and time consuming the modeling process of a 

surrogate fuel can be. Once the basic elementary reactions are defined, the incorporation of new 

species demands only the definition of the primary elementary steps. This modularity is a great 

advantage of kinetic models.  

Classification of reaction classes implemented in mechanism generators 

A classification of these elementary steps has been made by Ranzi et al. (1995) and is given shortly 

here: 

1. Decomposition and isomerization of alkyl radicals R* 

2. O2 H-abstraction to form HO2 and conjugate olefins 
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3. 0F

1Direct and reverse O2, addition to R* to form peroxy radicals ROO* 

4. Internal isomerization between ROO* and hydroperoxyalkyl radicals *QOOH 

5. Decomposition of *QOOH radicals to form olefins 

6. Decomposition of *QOOH radicals to form HO2
* and conjugate olefins 

7. ecomposition of *QOOH radicals to form heterocomponents and OH* 

8. Direct and reverse O2 addition on *QOOH to form hydroperoxyalkyl peroxy radicals *OOQOOH 

9. Decomposition of *OOQOOH radicals to form keto-hydroperoxides 

Another similar classification of reactions is given in Figure 2.3, as reported by Battin-Leclerc et al. 

(2000).  

 

Figure 2.3 Simplified scheme for the primary mechanism oxidation of alkanes (Battin-Leclerc et al. (2000)) 

Taking advantage of the previous classifications of model development, as well as the raise in 

computational power, the opportunity is given to create simplified numerically assisted 

approaches that accelerate the process of modelling i.e. automated reaction generators. Such 

                                                           
1 Reaction class 3 is the main difference between low and high temperature kinetics, while the reduced formation 

of peroxy radicals (ROO*) is the main reason for the Negative Temperature Coefficient (NTC) behavior of alkanes. NTC 
is called the decrease of the overall reaction rate with increasing temperature, it is typical of alkanes and can be 
observed in the respective Ignition Delay Time (IDT) data plots.  
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algorithms have been developed and published by many authors. Some well cited relevant works 

are listed in table 2.1.  

Table 2.1 List of available mechanism generators 

Name Year Developer Reference 

RAIN  1987-1991 Technische Universität München Bauer and Fontain 1987, 

Fontain and Reitsam 1991 

KING  1992 University of Calabria Di Maio and Lignola 1992 

NETGEN     1994 University of Delaware Broadbelt et al. 1994 

MAMOX 1994-2001 Politecnico di Milano Ranzi et al. 1994, 2001 

REACTION 1995-2004 Johannes Kepler University Blurock 1995, 2004a,b 

CASB 1997 Mari State University Porollo et al. 1997 

RMG  1997-2013 MIT Susnow et al. 1997, 

Green et al. 2001, 2013 

EXGAS 2000 University of Nancy Warth et al. 2000,  

Battin-Leclerc et al. 2000 

MECHGEN 2002 Hungarian Academy of Sciences Nemeth et al. 2002 

COGMEN  2003 University of Utah Ratkiewicz and Truong 2003 

CNRS/Genesys 2012 Ghent University Vandewiele et al. 2012 

RING 2012 University of Minnesota Rangarajan et al. 2012 

KUCRS 2012 University of Tokyo Miyoshi 2012 

RNG 2013 Institute of Chemical Technology, Prague Karaba et al. 2013 

 

A comprehensive general description that is followed by most of these generators in four steps is 

given by Tomlin et al. (1997): 

1. The molecular structure of each species should be stored in a clear and unambiguous way 

allowing the generator to manipulate these species in reactions. This interpretation of the 

species must ensure uniqueness so that reactions will not be erroneously repeated.  

2. The algorithm receives as input only one or two chemical species and must be encoded with 

expert chemical knowledge that will include all the possible combinations of reactions 

between the initial and the intermediate reacting species involved. Reactions should not be 

repeated.  

3. The estimation of kinetic and thermodynamic parameters either from a database or with an 

appropriate method. The coefficients of some of the involved reactions might be known from 

previous work and stored in a database. However, it is very likely that reaction parameters will 

need to be defined by empirical prediction rules and by analogy with other similar 

hydrocarbons of different size. In the same way, thermodynamic properties will either be 
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taken from a database or need to be calculated based on the molecular structure and 

ǊŜǎǇŜŎǘƛǾŜ ƳŜǘƘƻŘǎΣ ǎǳŎƘ ŀǎ ǘƘŜ .ŜƴǎƻƴΩǎ ŀŘŘƛǘƛǾƛǘȅ ƳŜǘƘƻŘΦ 

4. After the involved reactions have been defined by the generator, they have to be limited to 

ones that are important. Thus, a certain metric is needed to define which of these reactions 

will be excluded.  

The above steps are carried out iteratively until the initial species are channeled through to the 

final products. These algorithms can be used to accurately generate models, they should not 

however be treated as black boxes that can deliver with just the hit of a button (Van de Vijver et. 

al 2014). To use these algorithms one must be familiar with the underlying chemistry as well as to 

be able to accurately feed into the algorithm the structure of the species and define the 

termination criteria that restrict the size of the mechanism.  

2.4 Description of the model improved and validated in the current Thesis 

The majority of the modeling work in the present Thesis, aims at further enhancing the in house 

developed C1-C6.NTUA.HMCS kinetic model towards currently trending hydrocarbon fuels and to 

validate it against various experimental data from lab-scale configurations (Vourliotakis 2012).  

The in-house developed mechanism (the C1-C6.NTUA.HMCS mechanism) for the combustion of 

small and medium-sized hydrocarbons (up to and including C6 species), has been used as a starting 

point. The mechanism has been extensively validated against experimental speciation data from 

counterflow and premixed flames, laminar flame speeds, shock tubes, ignition delay times, as well 

as from perfectly stirred and plug flow reactors, all under a wide range of temperatures, 

pressures, and stoichiometries and for a variety of C1ςC6 fuels; the mechanism has been shown to 

accurately reproduce methane-rich oxidation (Vourliotakis et al. 2008), and pyrolysis (Keramiotis 

et al. 2012) methane, biogas, methanol, and ethanol reforming (Vourliotakis et al. 2009), 

premixed flames of CH4, C2H2, C2H4 (Gazi et al. 2013), premixed flames of C1ςC2 oxygenated species 

(aldehydes and alcohols: CH2O, CH3OH, C2H5OH, CH3CHO) (Vourliotakis et al. 2015), as well as 

benzene combustion in premixed flames and ideal reactors (Vourliotakis et al. 2011). The C1-

C6.NTUA.HMCS mechanism consists of 145 species and 764 reversible elementary reactions and 

can be found in its previous version before this Thesis, as a supplementary material in the 

publication of Vourliotakis et al. (2015). 
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In the framework of the current Thesis the chemistry of selected hydrocarbons was further 

validated and reassessed. The overall aim of the Thesis was to adjust the model to the new 

operating conditions dictated by new engines and novel fuels. This included the investigation of 

oxygenated hydrocarbons such as ethanol (C2H5OH), acetaldehyde (CH3CHO) and acetic acid 

(CH3COOH), species that can be denoted as bio-fuels or intermediates and products of bio-fuel 

combustion. Furthermore, the modified operational regimes alter the chemical pathways of 

pollutants and intermediates and these need to be revisited. In this regard the chemistry of 

benzene (C6H6), known as a very significant soot precursor, was thoroughly investigated. These 

modifications, updates and enhancements included the utilization of reaction rates from the 

literature, chosen after respective sensitivity analyses etc. Concluding the work related to the C1-

C6 mechanism, a reaction mechanism for a medium chain-alkane i.e. n-hexane was developed, in 

the framework of expanding the model towards surrogates and primary reference fuels, making 

use of a reaction mechanism generator. The resulting model was compared to experimental data 

from the literature.  

Parts of the mechanism that have been investigated within the present Thesis  

The utilization of ethanol has proven to be beneficial for use in ICE due to its soot and emissions 

reduction potential (Sarathy et al. 2014). Previous studies have shown that ethanol-blended 

gasoline leads to improved engine performance while reducing emissions of CO and unburned 

hydrocarbons (Agarwal 2007). This is justified by the higher oxygen content due to the Hydroxyl 

group presence. In Diesel engines the addition of ethanol leads to reduced PM emissions whereas 

NOx emissions appeared to increase (Giakoumis et al. 2013). Despite the beneficial properties of 

ethanol, one of its known products are aldehydes (Stump et al. 1996), recognized as harmful to 

human health. Additional investigations on engine operation have proved that a significant 

amount of the exhaust gases are acids, mainly acetic acid (Zervas et al. 2001). Chapter 3 of the 

current Thesis investigated these three oxygenated species as dopants in low pressure premixed 

rich ethylene flames. Emphasis is given on the paths that govern the formation of intermediate 

species such as ketene (CH2CO) that lead to heavier cyclic hydrocarbons such as benzene.  

Aromatics and polycyclic aromatics (PAH) are found as intermediates and products in combustion 

processes. They are also identified as precursors to the formation of soot (Narayanaswamy et al. 

2010, Wang et al. 2011, Ji et al. 2012). In addition to that, aromatics are found in significant 

amounts in commercial fuels like gasoline, diesel etc. The simplest species of these aromatics, 
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benzene is very often used as a representative of its chemical family. In depth knowledge of its 

kinetics provides a solid ground for the further modeling and prediction of heavier aromatic 

species. Chapter 4 of this work utilizes a wide range of literature experimental data on the 

oxidation of benzene in order to elucidate the paths that lead to its consumption and the further 

buildup of heavier species. The impact of stoichiometry on the formation of important benzene 

products such as the phenyl radical (C6H5), the phenoxy radical (C6H5O) and phenol (C6H5OH) is 

investigated.  

While a lot of attention has been given to smaller important intermediate hydrocarbons as well 

as larger hydrocarbons that are considered to be fuel representatives, a few studies have focused 

on medium size compounds (Simmie 2003). N-hexane for instance, has been used in some studies 

as aviation fuel surrogate due to its high vapor pressure and if not for a late study on its isomers 

by Zhang et al. (2015) the next work investigating its oxidation would date back to 1995 by Curran 

et al. (1995). Despite the lack of relative studies, enough experimental data exist in the literature 

to allow for the validation of a new model. In Chapter 5 of the present Thesis these data are 

utilized in order to validate two newly generated n-hexane models using different initial kinetic 

mechanisms as base mechanism. Both resulting schemes reproduce really well the experiments 

from the literature. Focus of the study is to highlight the importance of the base chemistry on the 

performance of these generated mechanisms.  

2.5 Experimental devices - Utilization and acquirement of experimental data for 

validation 

Chemical kinetic models are developed and used to simulate combustion processes giving an 

accurate prediction of the event. This saves not only time but also resources. The development of 

an accurate model includes also its validation against real measurements taken in laboratory scale 

fundamental devices. A variety of these devices have been developed in order to isolate and 

measure certain properties without the complexity of a real life combustion application process. 

A list with the experimental data utilized within the present Thesis and the respective devices can 

be found in Table 2.2. Similarly, several types of burner configurations exist emulating combustion 

properties of real applications such as engines, combustors or turbines, allowing researchers to 

sample the exhaust gases and monitor their composition. 
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Table 2.2: List of experimental configurations and respective quantities utilized as validation targets in the current 
Thesis 

Configuration Quantities 

Explosion bomb  Laminar Flame Speed ς Burning Velocity  

Shock Tube  

Rapid Compression Massine  

Ignition Delay Time, Speciation Data, Elementary 

Reaction Kinetics  

Jet (Perfectly) Stirred Reactor  Speciation Data  

Plug Flow Reactor (Laminar/Turbulent)  Speciation Data, Elementary Reaction Kinetics  

Low pressure combustion chamber Speciation Data 

 

Among these devices, Shock Tubes (ST) and Rapid Compression Machines (RCM) are used in order 

to quantify the propensity of a fuel to ignite. In other words, they are used to measure the Ignition 

Delay Time (IDT) of a fuel. A full description of their operation is given in chapter 6. These devices 

are used in the framework of the present Thesis to elucidate the combustion kinetics of toluene 

and n-heptane.  

Toluene the simplest methylated aromatic is blended with n-heptane as a state of the art fuel 

surrogaǘŜ ǘƘŀǘ Ŏŀƴ ƳŀǘŎƘ ǘƘŜ ŦǳŜƭΩǎ ǎŜƴǎƛǘƛǾƛǘȅ (see paragraph 1.2) and thus emulate its behavior 

at low temperatures. To tackle tolueneΩs low reactivity, n-heptane a well-studied and very 

reactive fuel has been blended as a radical initiator in order to promote reactivity. This allowed 

the measurement of novel ignition delay time (IDT) data of TRF at low temperatures and high 

concentrations of toluene. The data measurements were completed in the National University of 

Galway utilizing the High Pressure Shock Tube (HPST) and the Rapid Compression Machine (RCM). 

The two complement each other; the HPST is used for high temperature measurements and can 

measure times lower than 10ms, while the RCM for lower temperature measurements and can 

measure times longer than 3ms. The study includes measurements at varying pressures, 

equivalences ratios, as well as mixture composition. In the framework of the study the widely 

known n-heptane model of NUI Galway and the toluene model of the Lawrence Livermore 

National Lab are further developed and validated.  

2.6 Computational tools ς Available algorithms for computations 

Indicative mechanism sizes have been mentioned in section 2.1. The amount of species and 

reactions requires a solver that will be able to run the mechanism for the purposes of each 

application. A number of such algorithms are available: Flamemaster (Pitsch 2017), OpenSMOKE 
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(Cuoci et al. 2015), Cantera (Goodwin et al. 2003), CHEMKIN (2013), LOGEresearch (2015, 2017) 

etc. CHEMKIN and LOGEresearch are used within the framework of this Thesis. 

Table 2.2 listed several laboratory experimental configurations that are commonly used to 

provide information about important combustion parameters. These configurations may differ (in 

geometry, dimensions etc.) from one laboratory to another and can be operated under a wide 

variety of initial conditions such as temperature, pressure, equivalence ratio. The solvers used in 

order to reproduce these experiments as simulations need to take these parameters (device 

characteristics, conditions etc.) into consideration, to create the respective environment and 

solve the continuity equation and the energy and species conservation equations.  

Computations, including sensitivity and reaction path analysis, in chapter 3, 4 and 6 have been 

performed using the CHEMKIN (2013). A comprehensive description about the methodology 

followed by using CHEMKIN in order to solve each environment has been given in (Vourliotakis, 

2012). Computations in chapter 5 have been performed using LOGEresearch (2017).  
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Chapter 3 ςC2 oxygenated species as additives in ethylene flames  

3.1 Chapter 3 Summary 

The present chapter investigates the chemical kinetics of three oxygenated species of different 

fuel classes, i.e. alcohols, aldehydes and acids. The incorporation of a sub-mechanism for acetic 

acid into the C1-C6.NTUA.HMCS and additional modifications to the lower part of the chemistry 

are described. An additional literature model that has been previously validated against C2 

oxygenated species is also utilized in order to investigate the effect of lower hydrocarbon 

chemistry on mechanism performance. The two models are compared in terms of their ability to 

capture the benzene formation chemistry. 

For this purpose, novel experimental data from low pressure rich ethylene flames are utilized. In 

particular, speciation measurements from five rich ethylene flames, three of which doped with 

ethanol, acetaldehyde and acetic acid respectively are utilized. The C/O ratio of the three 

oxygenated flames and the one neat ethylene flame is held constant to make the flames 

comparable, since they have different oxygen content. The other flame is used for benchmarking 

reasons and only few of the respective measurements are shown in the Thesis. Reaction path 

analysis and sensitivity analysis is carried out highlighting the parts of the chemistry responsible 

for intermediate species formation and allowing for the reassessment of the mechanism. 

Comparison of the concentrations of species between flames shows an increased formation of 

benzene in the acetic acid flame in reference to the neat ethylene flame, while the other two 

oxygenates pose reduced formation. The C1-C6.NTUA.HMCS fails to capture this trend, a finding 

that is attributed to the ketene sub-mechanism largely involved in acetic acid consumption. The 

respective part in the C1-C6.NTUA.HMCS fails to channel the C2 species accordingly, thus the 

overall C2 production is higher than the respective consumption, leading to higher hydrocarbons.    

3.2 Background  

Small oxygenated hydrocarbons are increasingly used as fuels or fuel additives in the 

transportation sector. As reported by Suarez-Bertoa et al. (2017) and Battin-Leclerc et al. (2011), 

ethanol is the major biofuel used in spark-ignition (SI) engines in the EU while fuel-flexible vehicles 

can operate on gasoline-ethanol blends with up to 85% ethanol content. Ethanol exhibits a high 
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octane number, allowing operation of SI engines at higher compression ratios and prohibit engine 

knock. It is particularly attractive as an alternative fuel due to its emissions reduction potential. 

Sarathy et al. (2014) and Agarwal (2007) have demonstrated that ethanol-blended gasoline leads 

to improved engine performance while reducing CO and unburned hydrocarbons emissions; this 

is a result of hydroxyl group presence. Similarly, Giakoumis et al. (2013) and Rakopoulos et al. 

(2010) reported that the addition of ethanol, as well as higher alcohols, in diesel engines leads to 

reduced PM emissions whereas NOx emissions appeared to increase slightly. Naturally, 

formaldehyde and acetaldehyde emissions increase substantially. Nonetheless, the addition of 

alcohols in commercial fuels also poses several drawbacks, primarily associated with engine cold 

start due to the higher heat of vaporization (e.g. Gautam and Martin 2000).  

Along with the investigation of ethanol, attention should be given also to acetaldehyde and acetic 

acid. The first is a crucial intermediate of both ethanol and conventional fuels in engine operation 

under lean conditions and a recognized toxic pollutant. Acids on the other hand, can be found in 

the exhaust gases of engines up to 25% according to Zervas et al. (2001, 2004) with acetic and 

proprionic acid having the highest concentration. 

The potential use of liquid biofuels (neat or blended with conventional fuels) in combustion 

devices requires a thorough understanding of their fundamental combustion properties. The 

increased oxygen content and lower energy density can result in overall leaner combustion 

compared with conventional hydrocarbon fuels under similar conditions and will also seriously 

affect their emission characteristics: soot and PM reductions are expected, coupled with possible 

increases in oxygenated intermediates and NOx. An accurate quantification, both experimental 

and numerical, of the combustion chemistry can only be performed in well-controlled 

fundamental experimental configurations that closely resemble the operating conditions of 

practical combustion devices without complications from, for example, complex turbulenceς

chemistry interactions. Such configurations include shock tubes and rapid compression machines 

for ignition time delay measurements, combustion bombs and opposed-flow diffusion flames for 

laminar flame speed determinations, and jet-stirred and flow reactors and premixed flames for 

species measurements. Laminar premixed flames are particularly valuable since they closely 

resemble the flowςchemistry interactions characterizing practical combustion devices.  

There is a vast literature on the combustion chemistry of small oxygenated hydrocarbons, 

particularly ethanol. A good overview of alcohol combustion was given by Sarathy et al. (2014). 
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Acetaldehyde has been less studied in fundamental devices with the Ignition Delay Time study of 

Mevel et al. (2018) and the laminar burning velocities study of Christensen et al. (2015) being the 

most recent ones. There is also a growing body of literature on acetic acid combustion chemistry 

including data obtained in shock tubes (Mackie and Doolan (1984), Elwardany et al. (2015), plug 

flow reactors (Salooja (1966), and premixed laminar flames (Christensen and Konnov (2016), 

Leplat and Vandooren (2012)). 

There is significantly more limited research on the oxidation of oxygenated blends with 

conventional hydrocarbons. Blends with ethylene are particularly attractive since ethylene is a 

key intermediate in hydrocarbon oxidation as well as a very reactive fuel with a high PAH and soot 

precursor tendency (Frenklach 2002). Ethanol addition to ethylene flames has been recently 

studied in detail by Gerasimov et al. (2012a, b) and Yakimov et al. (2012). Yakimov et al. (2012) 

measured product species in a premixed laminar ethylene flame at low pressure, also accounting 

for the addition of ethanol. Results showed a reduction of both major soot precursors, such as 

C3H3 and C6H6, as well as other intermediate species. Further studies have been focusing on the 

addition of alcohols like ethanol and methanol, in low pressure, laminar premixed flames of higher 

hydrocarbons, such as n-heptane/toluene mixtures measured by Xu et al. (2013). The results 

showed minor changes on fuel consumption pathways, but significantly reduced the formation of 

intermediate aromatic hydrocarbons, thus lowering soot emissions. However, there are no 

detailed studies on the addition of other oxygenated molecules, such as aldehydes and acids, in 

hydrocarbon flames. 

3.3 Experimental setup 

The experiments utilized as validation targets within the present chapter have been conducted by 

Leplat (2011) in the facilities of the Université Catholique de Louvain (UCL). Detailed description 

of the experimental setup is given by Detilleux et al. (2009, 2011) and only a brief description is 

provided herein. The experimental setup consists of a gas chromatographer (GC) coupled to a 

combustion chamber (see Figure 3.1). A cooled brass, sintered plate, flat flame burner of 8 cm 

diameter lies in the low pressure combustion chamber. Flames A and B were stabilized at 50 mbar 

whereas measurements in Flame C were made at 75 mbar. This was due to the fact that the latter 

flame was stabilized too far from the burner at 50 mbar and subsequently had a tendency to blow 

off. Simulations at 50 mbar for the respective flame showed only small changes in the species 

profiles of interest. The change in the pressure led mostly to a shifting of the species profiles 
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further from the burner exit. A conical quartz probe allowed sampling from the flame. The 

sampling position was controlled by moving the burner, thus altering the distance between the 

burner and the sampling probe.  

 

Figure 3.1 Experimental setup of low pressure flat flame burner (Leplat 2011) 

An accurately controlled amount of the sampled gases was trapped in a cylinder before being 

compressed by a piston. The compressed gases were introduced into the GC, where separation 

was achieved by using a Molsieve 5A (H2, O2 and CO) and a PORAPLOT Q (other hydrocarbons) 

column provided by Varian Inc. The detection and subsequent quantification was achieved by 

both a Thermal Conductivity Detector (TCD) and a Flame Ionization Detector (FID), previously 

calibrated by the procedure described in an earlier work (Detilleux et al. 2009). Flame 

temperatures were measured using Pt/PtRh10% coated thermocouples of 0.1 mm diameter, 

placed in front of the sampling probe, at a distance of 0.3-0.5 mm. Temperature measurements 

were corrected for radiation losses by the electrical compensation method. The standard 

deviation of temperature measurements is estimated to be ±50 K. The temperature 

measurements were utilized in order to perform the numerical computations, so that the heat 

losses to the burner are explicitly taken into account. Moreover, any uncertainties regarding 

transport properties and thermal conductivity are eliminated. The experimental temperature 

profiles for the three oxygenated flames are shown in Figure 3.2. The measured maximum 

temperatures are between 1750 and 1800 K in all investigated flames, however differences up to 

300 K can be found in the reaction zone, with Flame A featuring the highest value. 
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Figure 3.2 Measured temperature profiles for all flames measured in the present work. 

The composition of the investigated flames is listed in Table 3.1. In all oxygenated flames, the 

initial ethylene, as well as the initial oxygenated additive molar concentration, have been held 

constant at a value of 0.25 and 0.08 respectively. The oxygen content is held constant in the 

acetaldehyde and the ethanol flame but is decreased in the acetic acid flame in order to maintain 

the C/O ratio constant, based on the findings of Dias and Vandooren (2011) previous studies that 

showed a linear correlation between the C/O ratio and the formation of intermediate 

hydrocarbon species and soot precursors such as benzene, toluene etc. In particular, it was shown 

that hydrocarbon quantities in rich flames are mainly governed by the C/O ratio instead of the 

equivalence ratio when oxygenated additives are doped into the fuel mixture. Apparently, the 

diluent (Ar) content rises for balance. Concentration profiles for the following species have been 

measured for all three flames: H2 (molecular hydrogen), O2 (molecular oxygen), CO (carbon 

monoxide), CO2 (carbon dioxide), H2O (water), C2H2+C2H4 (acetylene + ethylene), CH4 (methane), 

C2H6 (ethane), C3H6 (propene), C3H8 , CH2CCH2 (allene), CHCCH3 (propyne), CH3CHO (acetaldehyde), 

CH3COOH (acetic acid), C2H5OH (ethanol), C4H4 (vinylacetylene), C4H6, C4H2, C5H6 

(cyclopentadiene), C6H6 (benzene), C7H8 (toluene). 

Table 3.1 Detailed conditions of investigated flames 

Flame 
Mole fraction 

 Mass 
flow rate 
(g/cm2 s) 

C/O  
Pressure 
(mbar) 

 

C2H4 C2H5OH CH3CHO CH3COOH O2 Ar 

A 0.25 0.08 - - 0.40 0.27 2.835 10-3 0.75 2.475 50 

B 0.25 - 0.08 - 0.40 0.27 2.822 10-3 0.75 2.375 50 

C 0.25 - - 0.08 0.36 0.31 2.954 10-3 0.75 2.527 75 

D 0.30 - - - 0.40 0.30 2.746 10-3 0.75 2.250 50 

E 0.33 - - - 0.40 0.27 2.716 10-3 0.82 2.475 50 
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3.4 Numerical approach 

Studies on acetic acid are scarce in the literature and only a few models exist, the latest of which 

is the one of Christensen and Konnov (2016) validated against laminar burning velocities. The sub-

model incorporated into the C1-C6.NTUA.HMCS mechanism has been developed by Leplat et al. 

(2012). 

All computations have been performed using CHEMKIN. The experimentally determined 

temperature profiles have been imposed to calculations, so that the heat losses to the burner are 

explicitly taken into account. The multi-component diffusion model was mostly used, and grid 

adaptation parameters have been chosen so as to ensure high grid resolution and grid-

independent solutions.  

Reaction path analysis was extensively utilized in order to scrutinize the controlling elementary 

steps and the combustion pathways of the three oxygenated additives among ethylene. 

Deviations from neat ethylene oxidation and additional activated reaction paths are located, 

discussed and reassessed. Parts of the mechanism are identified for further improvement, based 

on critical evaluation of the experimental data and the available specific rate constants.  

3.5 Modifications to the mechanism - Acetic acid sub-model description 

The acetic acid sub-mechanism incorporated to the NTUA mechanism was developed by Leplat 

and Vandooren (2012). The authors were the first after a number of studies, to investigate acetic 

acid consumption routes as a fuel. Their study was based on previous investigations by Zervas et 

al. (2001) Battin-Leclerc et al. (2007) and Gasnot et al. (2005). The first of these studies 

investigated the formation of acids in flames with propane iso-octane and tolune/iso-octane 

mixtures as fuels. Zervas et al. (2001) identified the addition of hydroxyl (OH) to species containing 

the carbonyl functional group, of atomic oxygen (O) to species containing the alcohol group and 

of Hydrogen atom (H) to CH3COO as the main paths leading to the formation of acetic acid. This 

study was the initiating point for Battin-Leclerc et al. (2007) who used the propane flame 

measurements in order to elaborate a mechanism both for the formation and the consumption 

of acetic acid. The modeling results however, failed to capture the values measured by Zervas et 

al. (2005). Following Gasnot et al. (2005) suggested that H abstraction reactions from the methyl 

group as well as thermal decomposition reactions were the dominant routes of acetic acid 

consumption. Leplat and Vandooren (2012) utilized the paths mentioned by the previous studies 
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and validated them against novel experimental data from low pressure flames, finally developing 

the model that is listed in Table 3.2.  

Table 3.2 Acetic acid Mechanism incorporated in the C1-C6.NTUA.HMCS mechanism-developed by Leplat and 
Vandooren (2012) (Units are cm3, s, J/mole) 

Reactions A n Ea Reference 

CH3CO + OH = CH3COOH  1E+14 0 0.00E+00 Gasnot et al. (2005) 

CH3COOH = CH4 + CO2  7.08E+13 0 3.12E+05 Gasnot et al. (2005) 

CH3COOH = CH2CO + H2O  4.47E+14 0 3.34E+05 Gasnot et al. (2005) 

CH3CO2 + M = CH3 + CO2 + M 8.70E+15 0 6.02E+04 Gasnot et al. (2005) 

CH3COOH + H = CH2COOH +H2  8.40E+07 2 3.22E+04 Gasnot et al. (2005) 

CH3COOH + O = CH2COOH  + OH   5.01E+13 0 3.29E+04 Gasnot et al. (2005) 

CH3COOH + OH  = CH2COOH + H2O  1.29E+10 1.1 7.59E+03 Leplat and Vandooren (2012) 

CH3COOH + HO2 = CH2COOH  + H2O2 5.61E+12 0 8.13E+04 Leplat and Vandooren (2012) 

CH3COOH + CH3 = CH2COOH  + CH4  6.60E+11 0 1.16E+04 Leplat and Vandooren (2012) 

CH3COOH + O2 = CH2COOH  + HO2  1.26E+13 0 2.05E+05 Leplat and Vandooren (2012) 

CH2COOH = CH2CO + OH  4.00E+13 0 1.22E+05 Battin-Leclerc et al. (2007) 

CH3COOH + OH  = CH3CO2   + H2O  2.40E+11 0 -1.67E+03 Battin-Leclerc et al. (2007) 

CH3COOH + H = CH3CO2   + H2  5.55E-23 0.6 -1.87E+04 Battin-Leclerc et al. (2007) 

CH3COOH + O = CH3CO2   + OH   1.46E-03 4.7 7.23E+03 Battin-Leclerc et al. (2007) 

CH3COOH + CH3 = CH3CO2 + CH4  6.11E+00 3.5 3.23E+04 Leplat and Vandooren (2012) 

CH3COOH + HO2 = CH3CO2 + H2O2 2.50E+12 0 1.0E+05 Battin-Leclerc et al. (2007) 

  

Along with the reactions listed in Table 3.2 certain modifications to existing rates in the 

mechanism were made in the context of this Thesis in order to optimize its performance. These 

modifications resulted after sensitivity and reaction path analyses for relative species formation. 

Initially, the rate coefficients for the third body efficiency reaction of methyl radical recombination 

(R28), leading to ethane were updated to the ones reported by Wang et al. (2003) in their methyl-

methyl recombination investigation.  

2CH3(+M)<=>C2H6(+M)   (R28) 

The adopted reaction rate accelerates the respective path to C2H6 throughout the whole 

temperature regime, with a more pronounced effect in the regime between 300 and 800K. The 

reaction of methyl radical with vinyl radical forming propene (R34) was also updated to the one 

reported by Laskin et al. (2000) in their flow reactor study of 1,3-Butadiene oxidation. The initial 
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path was in the reverse direction while the updated rate inhibits the formation of C3H6 causing a 

small drop in the respective profiles.  

C2H3+CH3(+M)<=>C3H6(+M)  (R34) 

Finally, the reaction rate for propane unimolecular decomposition (R40) yielding methyl and 

ethyne was updated with the one proposed by Oeschlaeger et al. (2005) in their shock tube study. 

The updated rate accelerates the formation of propane yielding better agreement with the 

measured profile.  

C3H8(+M)<=>CH3+C2H5(+M)  (R40) 

3.6 Model performance  

3.6.1 Primary fuel destruction paths and major products 

The oxidation pathways of ethylene have already been studied, in numerous previous works, e.g 

Dias et al. (2011), Bhargava et al. (1988), Lindstedt and Skevis (2000), Xu and Konnov (2012) and 

will therefore, not be discussed in full detail here. The species C2H2 and C2H4 co-eluted and a 

chromatographic separation was inadequate to quantify these separately. Since there are no 

direct C2H4 measurements in the present dataset, Figure 3.3 presents a comparison between 

computed and measured fuel decay profiles of a previously published rich ethylene flame by Dias 

et al. (2011), where good agreement is achieved. 

In all flames, ethylene is mainly consumed (75% of total ethylene destruction) to the vinyl radical 

by hydrogen abstraction (reactions R1 and R2 at a relative ratio 3:2). A small amount of fuel is 

converted to the oxygenated 2-oxoethyl (CH2CHO) via reaction R3. 

C2H4+H<=>C2H3+H2    (R11F

1) 

C2H4+OH<=>C2H3+H2O   (R2) 

C2H4+O<=>CH2CHO+H   (R3) 

                                                           
1 Note: The reaction rates and the respective numbers mentioned in each chapter do not correspond to the numbering 

of the mechanism, they are only used for reference issues within each chapter. The numbering changes from chapter to 

chapter.  
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Figure 3.3 Comparison between experimental data (Symbols) and computational results (lines) for the reactant species 
in the rich C2H4 flame of Dias et al. (2011) 

The C1-C6.HMCS.NTUA mechanism is shown to accurately reproduce major species profiles across 

the flame domain, as it is depicted in Figure 3.4- Figure 3.6 for Flames A, B, C and D respectively.  

 

Figure 3.4 Comparison between experimental data (symbols), and computational results (lines) for major species in 
Flames A-D 
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Vinyl radical is almost equally consumed to acetylene and CH2CHO, through H abstraction 

reactions (R4, R5) and reactions with O2 respectively (R6). Recent studies have shown the 

importance of the competition among the unimolecular decomposition and the reaction with O2 

for key combustion intermediates such as C2H3 and HCO (Vourliotakis et al. (2015), Matsugi et al. 

(2014) Metcalfe et al. (2013)). Analysis of the mechanism in the present flames, confirmed the 

competitive nature of R5 and R6. As expected, the unimolecular decomposition of vinyl radical is 

the main acetylene formation path (R5). Hydrogen abstraction reactions, occurring after attack 

by hydrogen atoms (R4), also contribute to the acetylene formation with a share of 30%. 

Acetylene is then consumed to the ketyl radical (HCCO), which in turn is consumed to CO and CO2, 

terminating the combustion process. Formation of CH2CHO is due to O2 attack on C2H3, while 

reaction R3 only contributes up to 15%. The destruction of CH2CHO is realized via its isomerization 

reaction to the acetyl radical (CH3CO) and its decomposition to ketene and H2 at a ratio 3:2.  

C2H3+H<=> C2H2+H2    (R4) 

C2H3(+M)<=> C2H2+H(+M)   (R5) 

C2H3+O2<=> CH2CHO+O   (R6) 

C2H3+O2<=>HCO+CH2O   (R7) 

CH2CHO<=>CH3CO    (R8) 

CH2CHO <=>CH2CO+H   (R9) 

The next step would be to examine the fate of each dopant. The sub-mechanism for ethanol 

oxidation has been assembled and extensively validated by Vourliotakis (2012) and will not be 

succumbed to any modifications in the present work. Reaction path analysis shows that ethanol 

is consumed through H abstraction (R10) to the -hhydroxyethyl radical (CH3CHOH) and through 

its unimolecular decomposition reaction to ethylene and water (R11). A second path is activated 

a bit farther downstream in the flame domain. The first path dominates over the latter with a 

branching ratio of 2:1. Note also that direct destruction of ethanol to the other two C2H5O isomers 

( -̡hydroxyethyl and ethoxy radicals) constitutes only a minor part of its destruction rate. 

C2H5OH+H<=>CH3CHOH+H2   (R10) 

C2H5OH(+M)<=>C2H4+H2O(+M)  (R11) 

The a-hydroxyethyl radical is transformed to acetaldehyde (R12) and vinyl alcohol (R13), at equal 

rates while in flame A, about 35% of acetaldehyde breaks to methyl and formyl radical (R14). The 
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the rest is consumed to 2-oxoethyl and acetyl radical through hydrogen abstraction reactions 

(R15-R16).  

CH3CHOH+O2<=>CH3CHO+HO2 (R12) 

CH3CHOH<=>CH2CHOH+H  (R13) 

CH3CHO(+M)<=>CH3+HCO(+M) (R14) 

CH3CHO+H<=>CH2CHO+H2  (R15) 

CH3CHO+H<=>CH3CO+H2  (R16) 

On the other hand, when acetaldehyde is a fuel component, it is primarily consumed to the C2H3O 

isomers by reactions with hydrogen and hydroxyl radicals (R15-R19). Once formed, both C2H3O 

isomers are destructed following the paths described earlier. The branching ratio of reactions 

(R15) and (R16) between acetyl radical and 2-oxoethyl is almost 1, as discussed also by Frenklach 

et al. (2002).  

Acetaldehyde is a major intermediate product of ethanol oxidation and has therefore been 

studied within the framework of constructing the ethanol sub-model by Vourliotakis (2012). The 

description that follows is the result of a reaction path analysis and aims at providing insight into 

its oxidation.  

CH3CHO+CH3<=>CH3CO+CH4  (R17) 

CH3CHO+OH<=>CH2CHO+H2O  (R18) 

CH3CHO+OH<=>CH3CO+H2O  (R19) 

Acetaldehyde levels in the acetic acid flame are of the order of 50 ppm, significantly lower than 

the case of ethanol (see discussion later). The observed trend is followed by the C1-C6.NTUA.HMCS 

mechanism.  

Early in the flame, the consumption of acetic acid starts with H abstraction from the methyl group 

(R20-R21). Consecutively, CH2COOH forms ketene and hydroxyl radical through ̡ -scission 

reaction (R22). The rest of ketene comes from the unimolecular decomposition of CH2CHO.  

CH3COOH+OH<=>CH2COOH+H2O (R20) 

CH3COOH+H<=>CH2COOH+H2  (R21) 

CH2COOH<=>CH2CO+OH  (R22) 

Ketene is then consumed to the methyl radical (R23) and the ketenyl radical (R24), after being 

attacked by a hydrogen atom. The branching ratio of the two reactions is 3:2. Ketene levels in 
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Flame C are substantially higher than the corresponding levels in Flames A and B due to the acetic 

acid decomposition path. However, ketenyl radical levels are almost equal in all three flames. This 

is attributed to the fact that ketenyl fast attains steady state values which are independent of its 

formation kinetics. Leplat and Vandooren (2012) have shown that once formed, ketene will most 

likely follow two decomposition paths. Either the formation of CH3 after reactions with H atoms 

(R23) or the formation of ketenyl. The authors showed that increasing the equivalence ratio 

increases the importance of reaction (R23), due to the increased availability of H atoms, causing 

thus an increase in the CH3 formation. This was observed in the reaction path analysis carried out 

showing that 30% of ketene formed CH3. In the current study the equivalence ratio is significantly 

higher than that of Leplat and Vandooren (2012) justifying that 60% of ketene is consumed to 

form CH3.Despite this augmented reaction path, the formation of methyl radical in the acetic acid 

flame remains at lower levels compared to the other flames where methyl is formed directly from 

acetaldehyde. 

CH2CO+H<=>CH3+CO   (R23) 

CH2CO+H<=>HCCO+H2  (R24) 

CH2O+H=HCO+H2   (R25) 

C2H5OH+H<=>CH3CHOH+H2  (R26) 

CH3CHO+H<=>CH3CO+H2  (R27) 

 

Figure 3.5 shows a graphical interpretation of the reaction path analysis in all flames highlighting 

the consumption route for each of the mentioned dopants and the main fuel (ethylene) as well.  

A comparison between computational results and measured values for the H2 and H2O profiles is 

given in Figure 3.6. In all flames the measured values pose significant scattering, raising concerns 

regarding experimental issues in the current measurements and respective uncertainties. The 

mechanism performance is poor, however due to these fluctuations in the species profile, these 

were neglected as validation targets.  
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Figure 3.5 Major reaction carbon pathways in Flames A (ethanol, acetaldehyde and ethylene) and A (acetic acid).  The 
paths are representative for all flames.  
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Figure 3.6 Comparison between experimental data (symbols), and computational results (lines) for H2 and H2O 

 

3.6.2 Key intermediate species chemistry 

As depicted in Figure 3.7 the mechanism predicts very well the experimental data of ethane in 

both doped and neat flames. However, the acetaldehyde levels are under-predicted. Ethane 

formation occurs almost exclusively due to the methyl radical recombination in all flames. This is 

an important step in the ethylene chemistry, providing a path for less-reactive methyl radicals to 

produce ethane. Ethane will then decompose via H abstraction reactions to highly reactive ethyl 

radicals, accelerating this way the fuel decomposition. In Flame B, the one doped with 

acetaldehyde, a higher peak of ethane is observed. Reaction path analysis showed no additional 

path activated in this flame, thus the higher peak is justified by the presence of more methyl 

radicals due to the decomposition chemistry of acetaldehyde (R14). 

 

2CH3(+M)<=>C2H6(+M)  (R28) 

C2H4+H (+M)<=>C2H5(+M)                      (R29) 
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Figure 3.7 Comparison between experimental data (symbols), and computational results (lines) for C2H6 and CH3CHO 

 

Figure 3.8 Comparison between experimental data (symbols), and computational results (lines) for CH4 
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Farther downstream in the carbon path, methane (see Figure 3.8) formation is due to reactions 

of methyl radical with vinyl (R30). In every flame there is an additional contribution of about 10% 

by the decomposition of each dopant in the total methane formation (R31-R33). In Flames A and 

B the CH4 concentration peak is well captured, whereas in Flame C it is slightly under-predicted. 

Post-flame methane levels are generally over-predicted. This can be attributed to uncertainties in 

the temperature profile leading to an erroneous partial equilibration of the CH3/CH4 system as 

well as to the absence of a mechanism for heavier hydrocarbons. 

C2H3+ CH3<=>C2H2+ CH4   (R30) 

C2H5OH+CH3<=> C2H4OH+CH4  (R31) 

CH3CHO+CH3<=> CH3CO+CH4                      (R32) 

CH3COOH<=>CH4+CO2  (R33) 

 

Propene and propane are depicted in Figure 3.9. The propene formation route is that of 

recombination between vinyl and methyl radicals (R34). It accounts for approximately 90% of 

propene formation in flame A, with similar figures being valid for the other flames. Ethylene and 

singlet methylene radical react to additionally contribute to propene formation with a small share 

(R35). 

C2H3+CH3(+M)<=>C3H6(+M)  (R34) 

CH2(S)+C2H4<=>C3H6   (R35) 

Propene is destructed via H abstraction reactions (R36-R39). The branching ratio between the 

channels leading to the allyl radical and to ethylene is of the order of 4:1. Formation of the other 

two C3H5 isomers, namely the 1- and 2-methylvinyl radical, is also realized through H atom attack 

on propene.  

C3H6 +H<=>a-C3H5+H2   (R36) 

C3H6 +H<=>C2H4+CH3   (R37) 

C3H6 +H<=>(1)-C3H5+H2  (R38) 

C3H6 +H<=>(2)-C3H5+H2  (R39) 
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Figure 3.9 Comparison between experimental data (symbols), and computational results (lines) for C3H6, C3H8 

 

It can be seen that propene levels are decreased by the addition of the oxygenated dopants by a 

factor of 20-50% depending on the dopant. Reaction path analysis showed that in Flames A and B 

R34 strongly dominates over R35 with a ratio of 1:8, while in Flames C and D the difference 

between the two routes is reduced to just 1:2. 

Regarding propane, Flame C poses very good agreement between simulation and experimental 

profiles. In the rest of the flames the mechanism under-predict the measured values. Propane is 

formed solely through the path of ethyl and methyl radical recombination (R40). As described in 

the previous paragraph the acetic acid flame poses lower rates of CH3 production justifying also 

the lower concentration of propane. The under-prediction of the propane levels in the cases of 

flames A and B could be related to issues regarding the pressure dependent third body species 

efficiency of the mechanisms at the respective pressure.  

C3H8(+M)<=>CH3+C2H5(+M)  (R40) 
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3.6.3 Secondary paths in ethylene-oxygenated blends 

In all flames a-C3H4 is produced from a-C3H5 and is channelled mainly to the formation of C2H2. Its 

contribution to the formation of acetylene is however, only minor compared to other species. 

Concentration measurements of a-C3H4 along with its isomer p-C3H4 are shown in Figure 3.10. 

 

Figure 3.10 Comparison between experimental data (symbols), and computational results (lines) for aC3H4, pC3H4 

 

Figure 3.11 presents mechanism performance against measured C4 species, butadiyne and 

vinylacetylene. Vinylacetylene is formed by addition of a vinyl radical to acetylene. The C1-

C6.NTUA.HMCS mechanism is shown to over-predict C4H4 levels by a factor of 2, while it under-

predicts the C4H2 data.  
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Figure 3.11 Comparison between experimental data (symbols), and computational results (lines) for C4H2, C4H4 

 

Figure 3.12 depicts the measured and simulated C4H6 profiles in all flames. Comparison 

between the experimental values among the flames shows that the addition of 

ƻȄȅƎŜƴŀǘŜŘ ǎǇŜŎƛŜǎ ŘƻŜǎƴΩǘ ŀŦŦŜŎǘ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ мΦо- Butadiene (C4H6). Simulated 

profiles agree with the experimental ones posing only a small overprediction in the non-

oxygenated flame (flame D). Reaction path analysis showed common formation paths in 

all flames, with the major one being the recombination of vinyl radical. The discrepancy 

in flame D could be related to an erroneous distribution of the vinyl radical throughout all 

flames, that is however more profound in the case of the neat flame due to the higher 

concentration coming from the excessive amount of ethylene in the fuel mixture.  
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Figure 3.12 Comparison between experimental data (symbols), and computational results (lines) for C4H6 

 

The C5 chemistry is largely initiated by CHx radical species addition reactions to either diacetylene 

or vinylacetylene. For example, the second major formation path for cyclopentadiene which is the 

dominant C5 species in all three flames is triplet methylene addition to vinylacetylene (R41). The 

major formation route is that of hydrogen addition to cyclopentadienyl (R42). Decomposition is 

governed by hydrogen abstraction reaction that leads to cyclopentadienyl formation, giving this 

way a looping character to the two species relation (R44). Computed C5H6 levels are shown in 

Figure 3.13 for all flames. The predicted profiles with the C1-C6.NTUA.HMCS mechanism are below 

the measured c-C5H6 data.  
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Figure 3.13 Comparison between experimental data (symbols), and computational results (lines) for C5H6 

 

C4H4+ CH2(T)<=>c-C5H6  (R41) 

C5H5+H<=>c-C5H6   (R42) 

C2H3+pC3H4<=> c-C5H6+H  (R43) 

c-C5H6+H<=>C5H5+H2   (R44) 

3.6.4 Benzene formation and molecular growth paths 

Benzene formation in hydrocarbon flames has received much attention in the literature e.g. 

(Zhang et al. 2009), and several reaction paths have been considered. These include, addition 

reactions of C4 species with vinyl radical (C2H3) or acetylene (C2H2) and recombination reactions 

of propargyl radical (C3H3) yielding benzene or fulvene. The latter then isomerizes partially to 

benzene. Benzene formation in all flames considered here is governed by the reaction of 

vinylacetylene with the vinyl radical. 

C4H4+C2H3<=>C6H6+ H  (R45) 
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Inspection of the measured benzene concentration, depicted in Figure 3.14, reveals the beneficial 

character of ethanol addition on the reduction of benzene levels. This is in agreement with 

previous studies of ethylene ethanol flames that exhibited reduced benzene levels, justified by 

the reduced formation of vinyl radicals. The main channel supplying vinyl is the one of ethylene 

with hydroxyl radical (OH) and is now inhibited by reactions of ethanol that bind the OH for 

themselves. The same effect is observed in the acetaldehyde flame and can be justified by the 

same reason, e.g. reduced vinyl radical formation.  

In the acetic acid flame (Figure 3.14) benzene levels are increased about 20% compared to Flame 

D (˒  = 2.25) and 60-80% compared to Flames A and B. Although one would expect the vinyl radical 

production in Flame C to be increased, this is not justified by the mechanism. One reasonable 

explanation is that the ketene sub-mechanism fails to channel the ketene consumption to vinyl 

radical, or that vinyl radical is rapidly consumed to produce C4H4 therefore also its over-prediction. 

The respective profiles for all flames are depicted in Figure 3.14. Flame E (˒ =2.475) exhibits the 

highest benzene concentration, thus the increase in Flame C ( ˒= 2.525) could not be justified as 

a simple matter of equivalence ratio.  

Comparison of the measured profiles against the mechanism shows that the mechanism under-

predicts benzene levels. Regarding its destruction, benzene follows the typical hydrogen 

abstraction reactions with OH, H and CH3 as well as unimolecular decomposition that lead to 

phenyl radical at a ratio of 4:1, as described by Gerasimov et al. (2012). 

Computations with literature mechanism 

In order to further investigate the C1-C6.NTUA.HMCS mechanism inability to capture the benzene 

profiles a literature mechanism by Leplat and Vandooren (2012) largely developed and validated 

against the considered ethanol, acetaldehyde and acetic acid flames has been utilized for further 

computations. The agreement of this mechanism is improved, as can be seen in Figure 3.14 

capturing the tendency of acetic acid to form increased benzene. Analysis of the mechanism 

showed that this feature of acetic acid is related to the lower hydrocarbon chemistry. In fact, the 

acetic acid decomposition is mostly channeled to ketene (CH2CO). The ketene sub-mechanism 

channels the fuel decomposition to other C2 species instead of lower hydrocarbons i.e. CH3 and 

HCCO, as was shown for the C1-C6.NTUA.HMCS and can be seen in Figure 3.5. This results in an 

overall rate of production of C2 species being higher than the respective species consumption. In 

other words, the carbon path is moved towards higher species. To resolve this issue a possible 
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tuning of the ketene mechanism of C1-C6.NTUA.HMCS was attempted, leading however to no 

improvements. This is justified by the fact that the two schemes have different thermodynamic 

data for the respective species and thus also different heats of formation, affecting the branching 

ratios. Therefore, even with the ketene sub-mechanism of UCL, the C1-C6.NTUA.HMCS failed to 

reproduce the observed trend.  

 

 

Figure 3.14 Experimental and computational profiles of benzene in all flames 

 

Finally, mechanism performance against toluene data is shown in Figure 3.15, where 

computations bracket the experiments. Toluene, is exclusively formed through recombination 

reactions between phenyl and methyl radical (R46) and breaks directly to a benzyl radical and a 

hydrogen atom (R47). 

C7H8<=> C6H5+CH3   (R46) 

C7H8<=> C7H7+H   (R47) 
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Figure 3.15 Comparison between experimental data (symbols), and computational results (lines) for C7H8 

3.7 Major findings  

To summarize, this chapter described the incorporation of a mechanism for the consumption and 

formation of acetic acid into the C1-C6.NTUA.HMCS and the evaluation of the propensity of three 

oxygenated fuels to promote or inhibit the formation of benzene and other hydrocarbons of 

interest. Additional modifications were made to improve the agreement for smaller species like 

propane (C3H8) and ethane (C2H6). A literature mechanism that adopts the same acetic acid 

mechanism was utilized in order to further investigate how the lower parts of the mechanisms 

affect their performance.  

Overall, the computational results were satisfying. The mechanism under-predicted the benzene 

(C6H6) profiles, while reaction path analysis showed that the formation of benzene is not governed 

by the typical route of propargyl radical recombination (C3H3+C3H3) but by reactions of 

vinylacetylene (C4H4) and vinyl radical (C2H3). Investigation of the literature mechanism showed 

that these discrepancies can be attributed to the C1-C6.NTUA.HMCS ketene part that fails to 

channel its consumption to the formation of C2 radicals.  

Additionally, acetaldehyde formation in the ethanol flame is significantly enhanced justifying the 

concern regarding its utilization as a fuel dopant in practical applications, given the lack in the 

respective technology for aldehyde after-treatment 
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Chapter 4 ς A comparative study of benzene oxidation in flames 

4.1 Chapter 4 Summary 

The present chapter investigates the chemical kinetics of benzene, the simplest and most 

common representative of aromatics, a chemical family that holds a large fraction of commercial 

fuel composition. Aim is to identify the routes that govern benzene consumption and the 

conditions that promote the build-up of larger aromatic species. The performance of the 

mechanism upon varying conditions is evaluated utilizing twelve premixed laminar low pressure 

flames of benzene. The flames haven been obtained from the literature and include concentration 

measurements for a variety of species including also radicals. Reaction path analysis and 

sensitivity analysis were performed in order to elucidate the reaction routes of interest.  

This work highlighted the importance of the antagonistic nature of the phenyl and the phenoxy 

radical. Oxygenation of phenyl leading to phenoxy radical is the major decomposition path in the 

lean flames due to the excess of oxygen. The build-up of heavier species such as naphthalene is 

mainly attributed to recombination reactions of cyclopentadienyl radical, favoured in rich flames. 

Comparison of the mechanism against the experimental data yields satisfying agreement. Over-

predictions of phenol are observed with the initial mechanism, however channeling reactions of 

phenyl radical with oxygen to C5 species improves the agreement.  

4.2 Background 

Incomplete combustion leads both to reduced efficiency and emissions of pollutants, such as 

oxygenated and aromatic species. Considering also the extension of the available fuel palette to 

include oxygenated hydrocarbons as possible bio-fuels, as well as the operation of engines in low 

temperature approaches, the complexity of mapping these emissions increases. Many of these 

species are currently unregulated but the implementation of future regulations will also rely on 

an accurate description of their combustion chemistry (Boot et al. 2009). In addition to that, 

aromatic species are found in large amounts in actual fuels (Violi et al. 2002, W.J. Pitz et al. 2011). 

In many cases they are blended into the fuel in order either to enhance their anti-knocking quality 

or to prevent fuel leakage from aircraft fuel systems (Ji et al. 2012). Benzene is the simplest 

aromatic species and has been used as the indicative species for molecular growth and eventual 
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soot formation (Narayanaswamy et al. 2010, C. Ji et al. 2012). These, constitute its study of great 

importance.  

After the pioneering work of Brezinsky (1986) on benzene oxidation in a plug flow reactor, 

numerous studies have been conducted emphasizing on benzene and related aromatics 

oxidation. These studies include measurements in reactors, shock tubes, as well as speciation 

measurements from low pressure flames, while a variety of kinetic models is available. A detailed 

literature review on these studies has been realized by Vourliotakis et al. (2011) listing available 

mechanisms and experimental data. In the most recent work (Yang et al. 2014) six laminar 

premixed benzene/ oxygen/ argon flames with equivalence ratio spanning from 0.75 to 2.0 were 

measured at 30 Torr. The study supplied a large dataset of speciation measurements including 

radicals and large aromatics. Additional modelling work was conducted utilizing these novel data. 

The significant role of phenyl radical and cyclopentadienyl as precursors for larger species buildup 

was identified by the authors. Despite the large bulk of experimental data, and the variety of 

chemical models, uncertainties still exist in the pathways that describe the oxidation of benzene. 

In this context, twelve experimental datasets of low pressure laminar premixed flames from the 

literature are utilized in order to further validate and reassess a detailed kinetic mechanism for 

benzene oxidation. The conditions of the investigated flames are listed in Table 4.1. 

Table 4.1 Conditions of investigated benzene flames 

Flame ʊ C/O P(Torr) Xfuel Xo2 XAr V(cm/s) m(mg/cm2s) Reference 

A 0.70 0.31 33.75 3.000 29.00 68.00  2.931 Detilleux and Vandooren 
(2009) 

B 0.75 0.30 30.00 5.910 59.09 35.00 36.10  Yang et al. (2015) 

C 1.00 0.45 33.75 3.000 20.00 77.00  2.984 Detilleux and Vandooren 
(2009) 

D 1.00 0.40 30.00 7.640 57.36 35.00 36.10   Yang et al. (2015) 

E 1.25 0.50 30.00 9.270 55.73 35.00 36.10  Yang et al. (2015) 

F 1.50 0.60 30.00 10.84 54.16 35.00 36.10  Yang et al. (2015) 

G 1.75 0.70 30.00 12.32 52.68 35.00 36.10  Yang et al. (2015) 

H 1.78 0.70 30.00 9.500 40.50 50.00  2.100 Yang et al. (2007)  

I 1. 80 0.72 20.03 13.50 56.50 30.00 50.00  Bittner and Howard (1981) 

J 2.00 0.82 33.75 12.00 44.00 44.00  3.102 Detilleux and Vandooren 
(2009) 

K 2.00 0.80 37.50 11.80 44.20 44.00 35.00  Defoeux et al. (2005) 

L 2.00 0.80 30.00 13.68 51.32 35.00 36.10  Yang et al. (2015) 
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4.3 Benzene Chemistry ς Comparison against experiments 

The major benzene consumption routes as they have been obtained for flames E (Yang et al. 2015) 

and H (Yang et al. 2007) are depicted in Figure 4.1. The figure describes the consumption of the 

fuel to smaller species until it reaches the end products. Different colors are used, the black refers 

to flame E that has a lower stoichiometric ratio, 1.25, and the gray to the richer flame H with a 

stoichiometric ratio of 1.78. Although most of the qualitative features are similar there are 

significant quantitative differences particularly at the early stages of the flame development. In 

both flames benzene oxidation leads to the phenyl and phenoxy/phenol paths at a branching ratio 

of 70:30. As the flames get richer the phenoxy path become progressively more dominant. The 

fate of the phenoxy radical is also interesting. In Flame E it forms phenol and decomposes to the 

cyclopentadienyl radical at almost equal rates. In Flame H the phenol path is unimportant and all 

phenoxy is channeled to the C5 chain.  

 

Figure 4.1 Major reaction carbon paths for Flames E (numbers in black) and H (numbers in parentheses) 

Flame stoichiometry also affects the C5H5/C5H6 equilibration. In Flame E most of the former is 

recycled to the latter through hydrogen abstraction reactions but in the more radical-deficient 

richer Flame H the loop is broken and cyclopentadiene feeds promptly to the C3 and C4 chains.  

Changes in carbon pathways are reflected in major and key intermediate profiles shown in Figure 

4.2-Figure 4.4 for selected flames. The performance of the mechanism is generally acceptable and 

the evolution of species profiles with stoichiometry is accurately captured.  
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Figure 4.2 Comparison of experimental (symbols) and simulated (lines) CO profile 

  

Figure 4.3 Comparison of experimental (symbols) and simulated (lines) C2H2 profiles 

 

Figure 4.4 Comparison of experimental (symbols) and simulated (lines) CH3 profiles 

Observation of Figure 4.3 and Figure 4.4 shows that the mechanism is able to capture really well 

the formation of intermediate species, related to lower parts of the chemistry i.e. C1 and C2. 
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However, as can be spotted in all flames, the prediction of the species profile in the post-flame 

zone is significantly higher than the one measured. This effect is more pronounced as the 

equivalence ratio increases (Flame B-->L). The inability of the model to adequately predict the 

consumption of these intermediate species has been observed also in benzene data simulations 

with other mechanisms (Yang et al. 2015, Detilleux et al. 2009). Since this is a common feature of 

many models and is more pronounced as stoichiometry increases, it could be related with the 

possible absence of a soot model that would consume these species for the buildup of heavier 

ones.  

A rate of production analysis was performed in order to highlight the underlying chemistry of 

acetylene formation since it is one major species related to benzene chemistry (Wang et al. 1997). 

Figure 4.5 shows the results of the rate of production analysis for flame G (˒ =1.75) and flame L 

( =˒2.00). All paths decrease significantly with increasing equivalence ratio. In both cases the 

formation is dominant, justifying the over-prediction in the post flame zone. An increased 

ΨƭƻƻǇƛƴƎΩ ƭƛƴƪ ǿƛǘƘ /3 species is also observed by reactions:  

CH + C2H2 = c-C3H2 + H   (R1) 

C3H2O = C2H2 + CO  (R2) 

This reveals the need for further work on parts of the C3 chemistry.  

 

Figure 4.5 Rate of production for acetylene (C2H2) Dotted lines correspond to flame G (˒ ҐмΦтр) -Straight lines 
correspond to flame L (˒ҐнΦллύ 

The mechanism also successfully captures the evolution of naphthalene levels as function of 

stoichiometry, as shown in Figure 4.7. This indicates that the balancing between oxidation and 
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molecular growth paths is accurately represented, however comparing the results of each flame 

individually shows that the mechanism significantly under-predicts naphthalene formation. 

Reaction path analysis showed that its formation can be attributed mostly to the recombination 

of cyclopentadienyl (C5H5) radicals. In this regard certain alterations to the respective paths have 

been made. Cyclopentadienyl is formed through hydrogen abstraction reactions from 

cyclopentadiene, after collision with OH, HO2 and O2. However, other mechanisms include an 

additional third body species reaction. The incorporation of this path in the present scheme 

showed an enhanced formation of C5H5 species. Reaction rate values from different groups were 

used (Robinson et al. 2011, Blanquart et al. 2009, Leplat et al. 2012), yielding better profiles for 

naphthalene.  

c-C5H6 (+M) = C5H5+H(+M)   (R3) 

 

Figure 4.6 Comparison of experimental (symbols) and simulated (lines) of Napthalene profiles using different rates for 
reaction (R1) for flame G 

 

Figure 4.6 shows the agreement between the experimental data and the simulations in the case 

where the additional path of (R3) is adopted in the C1-C6.NTUA.HMCS. The rate of Robinson et al. 

(2011) qualifies as the better choice, however further analysis of the results showed a by a factor 

of two increase in the cyclopentadiene (C5H6) profiles, leading to a severe over-prediction. 

Addition of the respective path in the mechanism was therefore rejected.  
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Figure 4.7 Comparison of experimental (symbols) and simulated (lines) of Napthalene profiles 

4.3.1 Phenyl, Phenol and Phenoxy chemistry 

Reactions of phenyl radical (C6H5) with molecular oxygen (O2) play a significant role in the 

formation of soot. Their chemistry has been explicitly studied by Tokmakov et al. (2005).  

At high temperatures phenyl has been reported to be either oxidized leading to phenoxy C6H5O 

radical, or to undergo reactions with nC2H2 species leading to aromatics. These two routes are 

controlling the fate of the formation of soot. In the first case, phenoxy will then break forming 

cyclopentadienyl (C5H5). The oxidation of phenyl includes also other minor routes that form the 

ortho and para benzoquinones (o-C6H4O2/ p-C6H4O2). 

At low temperatures the most prominent reaction is the one forming phenylperoxy radical 

(C6H5O2), while additional paths involving the direct formation of cyclopentadienyl or pyranyl 

(C5H5O) have also been reported by potential energy surface calculation studies by Fadden et al. 

(2000).  

This part of the chemistry is the most serious drawback of the mechanism and can be observed 

by the severe over-prediction of phenol levels. Vourliotakis et al. (2011) have invoked four 

possible paths for these reactions: 

C6H5 + O2 Ą C6H5O+O   (R4) 

C6H5 + O2 Ą o-C6H4O2 + H     (R5) 

C6H5 + O2 Ą C5H5 + CO2   (R6) 

C6H5 + O2  Ą C5H5O + CO    (R7) 

For reactions R4 and R5 the model in its current state adopts the rate values from the work of 

Frank et al. (1994), measured experimentally behind reflected shocks, while the reaction path 
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leading to the para-quinone (p-C6H4O2), proposed by Frank et al. (1994) has been neglected. In 

the case were the reaction routes R6 and R7 are included in the scheme, the phenyl radical (C6H5) 

is mostly directed to C5 species, improving the agreement between the simulated and the 

measured phenol profiles. The improvement can be observed by comparison of the gray 

(updated) and the black (previous) lines in Figure 4.8.  

 

Figure 4.8 Comparison of experimental (points) and simulated (lines) C6H5OH and C5H6 species data in Flames F (a), L 
(b) and D (c). Grey lines correspond to the revised mechanism 
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Despite the beneficial character of channeling these reactions to C5 species with a branching 

ration of (7:1), the opposite is observed in the lean flames as seen in figure 4.8(c), thus no certain 

conclusions can be drawn and no changes to the mechanism are adopted. A recent theoretical 

work containing potential energy surface calculations by (Tanaka et al. 2012) has identified the 

need for the theoretical calculation of a direct formation path for C5H5, assisting in a more 

accurate determination of the branching ratio of the C6H5+O2 reaction.  

4.3.2 Effect of dilution 

The wealth of flame datasets available in the literature make it possible to quantify experimental 

uncertainties and assess their influence on modelling. Figure 4.9 Figure 4.10 compare 

temperature and species data from the virtually identical Flames J and K ς only differing slightly 

in the temperature profiles. This however is insufficient to explain the (more than a factor of 2) 

differences in key intermediate species profiles (such as C3H4) depicted in Figure 4.10. This can be 

a measure of measurement uncertainty, but complicates modelling efforts. 

 

Figure 4.9 Measured temperature profiles (stars) and comparison of experimental (dots) and simulated (lines) C6H6 
species data 
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Figure 4.10 Comparison of experimental (points) and simulated (lines) C3H4 species data. 

The effects of varying dilution levels can be analyzed by examining Flames C and D which vary in 

the levels of Ar dilution. Lƴ ǎƻƳŜ ǊŜŀŎǘƛƻƴǎ ŀ άǘƘƛǊŘ ōƻŘȅ speciesέ ƛǎ ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ ǊŜŀction to 

proceed. This is common in dissociation and recombination reactions. Third body reactions are 

dependent on the species available in the system (see indicatively Table 4.2), thus changing the 

dilution can affect the availability of species and the rates of these reactions. In addition, using 

dilution changes the overall heat capacity of the mixture. This results in significant temperature 

differences and the rates of fuel (and oxygen) decay. Major species are also affected (at a ratio 

close to the dilution ratio) since their levels are mainly controlled by pressure dependent reactions 

with rates largely determined by diluent levels. On the other hand, stable intermediates are not 

seriously affected. 

Table 4.2  Reactions and respective third body species values 

Reaction  Molecules involved in reactions   

O2 + H + M = HO2 + M H2O/20.00/ O2/2.50/ CO/2.00/ CO2/5.00/ H2/3.00/  

H2O2 + M = OH + OH + M H2O/12.00/ CO/1.90/ CO2/3.80/ H2/2.50/  

H + H + M = H2 + M H2O/0.00/ H2/0.00/ CO2/0.00/  

 

Figure 4.11 shows that flame D that has almost twice the amount of Argon as diluent (77% vs 35%) 

has a significantly higher temperature profile compared to flame C. This causes the fuel 

consumption to be much slower. Reasonably there is a large increase in CO2 concentration, as 

shown in Figure 4.12 increasing also, the availability of third body species. 
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Figure 4.11 Measured temperature profiles (stars) and comparison of experimental (dots) and simulated (lines) C6H6 
species data. 

 

 

Figure 4.12 Comparison of experimental (points) and simulated CO2 species data (lines) 

 

4.4 Major findings 

Possible modifications to the C6 chemistry have been investigated in order to tackle the 

discrepancies spotted in the part describing benzene consumption and formation of the C1-

C6.NTUA.HMCS. The investigation revealed some interesting findings regarding the channeling of 

phenyl i.e. if reactions of phenyl with oxygen leading to cyclopentadiene C5H5 and C5H5O are 

included in the mechanism, the phenol profiles in the rich flames are satisfyingly captured. This is 
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justified by the reduced formation of the orthoquinone (o-C6H4O2) and phenoxy - due to the 

additional paths - that are already oxygenated and can easily form greater amounts of phenol. 

Despite the improved agreement observed in the phenol profiles, the modifications seem to 

influence the mechanisms performance in the lean flames against other species concentrations, 

thus the need for further investigation is identified.  The mechanisms inability to capture the post-

flame profiles of C1 and C2 species e.g. methyl radical and acetylene is also identified. The same 

effect was observed for calculations using literature mechanisms and can be explained by the 

absence of a soot model that would accelerate the species consumption. 
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Chapter 5 ς An-hexane mechanism via a Reaction Mechanism Generator  

5.1 Chapter 5 Summary 

The present chapter investigates the chemical kinetics of n-hexane oxidation. N-hexane is a large 

straight chain alkane, commonly used as a fuel surrogate for aviation and engine applications. A 

reaction mechanism generator is utilized to generate a sub-model for its oxidation utilizing both 

the C1-C6.NTUA.HMCS and an additional C1-C4 literature mechanism, called BTU (developed at the 

Brandenburg University of Technology) mechanism as base chemistry. The present investigation 

aims at: a) Assessing the effect of lower hydrocarbon chemistry on larger mechanism 

performance b) Further developing and updating a reaction mechanism generator with the latest 

reaction classes reported in the literature c) Developing a mechanism for n-hexane oxidation and 

incorporation into the C1-C6.NTUA.HMCS d) Validating the performance of the two mechanisms 

against experimental literature data from High Pressure Shock Tube (HPST), Rapid Compression 

Machine (RCM), Jet Stirred Reactor (JSR) and flame velocities, while sensitivity and reaction path 

analysis highlight the paths of the lower chemistry that affect the oxidation process. 

For the purpose of the study a literature review on previously reported reaction classes that 

describe the oxidation of paraffins was carried out, updating the respective values in the 

algorithm database. The generation steps were performed systematically tracking the differences 

between the mechanisms.  

It is shown that despite the common steps followed during the generation, the existence of 

different species in the two base mechanisms, e.g. butane (C4H10 ) and butene (C4H8) in the BTU 

mechanism, affected the channeling of the secondary fuel chemistry. This was more profound 

during the implementation of uni-molecular decomposition reactions. 

Overall, both mechanisms yield satisfying agreement, especially against the flame velocities and 

the IDT measurements. Both however, fail to capture the negative temperature coefficient (NTC) 

of the fuel, spotted in the JSR measurements.  
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5.2 Background of Reaction Mechanism Generators and scope of the work 

Research upon commercial fuels and their kinetics has been given a lot of attention aiming at 

increased efficiency of the respective applications and yielding a large bulk of kinetic studies. 

These models are a combined effort relying on atomic calculations, empirical models and 

validation against experimental data.  Among these studies, many have focused on the 

establishment of specific rate rules for reaction classes, offering a fertile ground for an automated 

procedure that could generate parts of mechanisms or complete mechanisms on its own. Such 

mechanism generators targeted at combustion chemistry modeling have been developed and can 

be found in the literature (Chevalier et al. 1992, Ranzi et al. 1995, Warth et al. 2000, Van Geem et 

al. 2006, Hilbig et al. 2011). A comprehensive overview about the "best practices, recent advances 

and future challenges in mechanism generation" can be found in the respective study of Van de 

Vijver et al. (2015).  

In the present work, a mechanism generator is utilized in order to develop an n-hexane kinetic 

scheme with two different base mechanisms. The mechanism generator takes into account the 

base chemistry and the existing species creating a model that is channeled to these species.  

The current investigation lies within the framework of further enhancing the C1-C6.NTUA.HMCS 

mechanism. The C1-C4 (including poly aromatic hydrocarbons (PAH) build up) mechanism, 

developed by the Chair of Thermodynamics and Thermal Process Engineering at the Brandenburg 

University of Technology (BTU) serves as alternative base chemistry, generating an additional n-

hexane scheme that is used for the comparison. This mechanism was developed by fellow 

researchers that have participated in this study.  

The purpose of this work is twofold: to further develop the generation algorithm by updating 

reaction classes implemented and to assess the differences that arise from using a different base 

chemistry, highlighting thus the importance of lower hydrocarbon species chemistry regarding 

the oxidation of fuels. The two resulting mechanisms are compared against experimental data of 

n-hexane oxidation from the literature, for ignition delay times (IDT), flame velocities, and 

speciation data from a jet stirred reactor (JSR). 
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5.3 Generation process 

The present paragraph describes how the "essential elements of an automatic kinetic model 

generation code" (Van de Vijver et al. 2015, Broadbelt et al. 2005) are implemented in the 

mechanism generator used. The software is able to generate kinetic reaction mechanisms for the 

decomposition and oxidation of different length n-alkane and n-alkene fuels in the gas phase. 

 

5.3.1 Molecules  

Molecules are represented as undirected mathematical graphs with node and edge labels. The 

node labels depict an atom of the species and the edge labels specify the multiplicity of the bond 

between two atoms/atom nodes using natural numbers. These species structures are stored in 

the document database CouchDB (CouchDB). Species present in the base chemistry are flagged 

as such. Uniqueness is ensured using the general graph isomorphism algorithm NAUTY (Mc Kay 

1981). Multiple forms of resonance structures of species are stored separately in the database. 

When exporting a mechanism, these species are lumped into one resonance-stabilized 

representative. This only concerns certain alkenyl and diene radical isomers. More details on the 

he lumping methodology can be found is the same followed by Seidel et al. (2017). This concerns 

certain alkenyl radicals and Diene radical isomers. 

Thermodynamic and molecular properties are stored externally as they are not produced by the 

generator. Instead, a file is generated and used as input for the molecular and thermodynamic 

properties estimator published alongside with the RMG of Gao et al. (2015) -that is based on the 

group additivity method- that in turn calls MOPAC (Mopac). This is only applied to newly 

generated species structures not yet present in the provided base chemistry. Molecular and 

thermodynamic properties of the base chemistry are not altered, to maintain the original model 

consistency and performance.  

Reactions are represented as lists of links to product and enduct species documents combined 

with kinetic parameters as Arrhenius coefficients and are similarly stored in the database. 

Reactions belonging to the provided base chemistry do not need to be entered into the database. 
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5.3.2 Reaction Families 

Reaction classes and corresponding kinetic parameters are chosen from the literature, 

implemented using the advanced and purely functional programming language Haskell and 

applied using CouchDB's MapReduce mechanism. CouchDB automatically applies the reaction 

class implemented to all species. It then checks that the given species is not part of the base 

chemistry that the functional groups of the species match the reaction class' requirements and 

that it does not produce duplicate reactions from this species. If these conditions are satisfied for 

each species its structure is transformed and the respective reaction is generated (with the 

corresponding Arrhenius coefficients). When new species are added to the database the 

mechanism applies all reaction classes to the new species. 

In the framework of the current investigation 29 reaction classes were selected based on rules of 

the work of Ahmed et al. (2007), Mehl et al. (2011), Pelucchi et al. (2015) and others including 

low-temperature kinetics. Table 5.1 and Table 5.2 provide an overview of the different reaction 

classes implemented in the mechanism generator and applied in this study. A detailed overview 

of each class with the used Arrhenius parameters is provided in the appendix. Rates for classes 1 

to 25 are very similar to those initially suggested by Curran et al. (1998). The rate parameters 

applied in those classes can differ from the suggestion given by Curran. In many cases, the rates 

suggested by Ahmed et al. (2007) for class 1 to 25, based on published rates from different source 

are adopted. Table 5.1 and 5.2 therefor cite the work from Ahmed et al. (2007) and the original 

sources. Several classes (7-9) have been updated with suggestions of more recent publications 

(Mehl et al. 2008, Schenk et al. 2013). Classes 26 to 29 describe the decomposition of typical low 

temperature chemistry intermediates. Neither in the work of Curran et al. (1998) nor in the work 

of Ahmed et al. (2007) was a rule based parameterization developed. The rate rules suggested 

from Westbrook et al. (1984) and Pelucchi et al. (2015) were compiled along with the rest of the 

studies cited. 
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Table 5.1 Reaction classes for high (1-9) and low (10-29) temperature chemistry 

A/A. Description Source 

1  Unimolecular fuel decomposition 2F

1, 2 

2  H-Abstraction from the fuel via H, OH, O, CH3, HO2, CH3O, O2, C2H5, C2H3, CH3O2, RO2 1,2,3,4,5,6,7,8,9,

10,11,12,13 

3  Alkyl radical decomposition 1,13,10 

4   Alkyl radical + O2 (not implemented) 1 

5  Alkyl radical isomerization 1,13 

6  Abstraction reactions from olefin by radicals same as Class 2 1,2,3,4,5,6,7,8,9,

10,11,12,13 

7  Addition of radical species to olefin 14,15 

8  Alkenyl radical decomposition 14 

9  Olefin decomposition 1,2,14 

10 Addition of alkyl radicals to O2 1, 13,
3F

26 

11 Alkyl radicals + alkylperoxy radicals 1, 17, 18 

12 Isomerization of alkylperoxy radicals 1, 13 

13 Alkylperoxy radicals + HO2 1,17 

14 Alkylperoxy radicals + H2O2 1, 13,19 

15 Alkylperoxy radicals + CH3O2 1, 17 

16 Alkylperoxy radicals + Alkylperoxy radicals 1, 13 

17 RO2H = Ro + OH 1, 13, 20 

18 Alkoxy radical decomposition 1, 17 

19 Cyclic ether formation QOOH=QO+OH 1, 13 

20 QOOH = Olefin + HO2 1, 13, 22 

21 QOOH = olefin + carbonyl + OH 1, 13, 23 

22 Addition of O2 to QOOH 1, 13, 16 

23 Isomerization of O2QOOH and formation of ketohydroperoxide and OH 1, 13 

24 Decomposition of ketohydroperoxide to form oxygenated radical species and OH 1, 13 

25 Cyclic ether (QO) reactions with OH and HO2 1, 13 

26 Aldehyde unimolecular decomposition 21 

27 Aldehyde radical decomposition 21, various 

28 Ketone radical decomposition  24 

29 Ketene decomposition various 21 

 

5.3.3 Model Generation 

The model generation is a semi-automatic, iterative process. The fuel molecule is considered the 

seed molecule for a mechanism and therefore the generation process starts with reactions which 

produce fuel radicals (classes 1 and 2). Every reaction can be reviewed before its insertion into 

the reaction mechanism. To aid this process, species structures are presented through a web 

interface. If newly added reactions contain new species structures, they are added to the 

                                                           
1 Ahmed et al. 2007, Tsang 1989, 2 Tsang et al. 1988, 3 Westbrook et al. 1984, 4 Tsang 1988, 5 Droege and Tully 1986, 6 Michael et al. 1983, 

7
 Edelson and Allara 1980, 8 Baldwin et al. 1976, 9 Walker 1975, 10 Allara and Shaw 1980, 11 Sundaram and Froment 1978, 

12 Walker 1989, 13 Curran et al. 1998, 14 Mehl et al. 2008, 15 Schenk et al. 2013 
26 Benson 1988, 17

 Curran et al. 2002,18 Keiffer et al. 1988, 19 Tsang and Hampson 1986, 20 Baulch et al. 1994, 21 Pelucchi 
et al. 2015, 22 Chen and Bozzelli 2000, 23 Pollard 1977, 24Westbrook et al. 2009 
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database and the reaction classes are re-applied. The process is repeated. This is the case for 

instance with Class 3 (alkyl radical decomposition) that is implemented and reviewed after Classes 

1 and 2, but also after Class 5 (alkyl radical isomerization). Furthermore most of the generated 

reactions are specified as equilibrium reactions (notable exceptions are Class 3 and 5). 

The termination criterion are the species of the provided base chemistry, meaning that the 

process ends when all generated species are channeled to the ones of the base chemistry. In other 

words, no reaction rule produces any reaction for species of the base chemistry. Base chemistry 

refers to the chemistry of smaller species (in the present case C1-C6 and C1-C4) which cannot be 

described by reaction classes since similarities are observed only for species larger than C6. 

Furthermore elementary reactions are often well known and can be found in databases (NIST, 

Baulch et al. 1992, Baulch et al. 1994, Baulch et al. 2005). No reaction rule produces reactions for 

species structures which are part of the provided base chemistry, but base chemistry species can 

be products of generated reactions. 

5.4 Description of additional base chemistry 

The mechanism used together with the C1-C6.NTUA.HMCS as an alternative base chemistry in the 

framework of the present comparative assessment was the one developed by the chair of 

thermodynamics at BTU (Brandenburg University of Technology), last published by Moshammer 

et al. (2015). The reaction scheme is a hierarchical model initially based on the model from 

Hoyermann et al. (2004) and updated for the modelling of butane isomers by Oßwald et al. (2011), 

the butene isomers by Schenk et al. (2013) and fulvene by Nawdiyal et al. (2015). This reaction 

scheme was also used in the past as base chemistry for the development of a rule based n-

heptane chemistry by Seidel et al. (2015).  The reaction scheme is composed of 201 species and 

1231 reactions. 

Although the two base chemistries utilized have a similar range of carbons Ci.e C4 and C6, they 

have different validation ranges, as can be obtained by the previous description. The BTU 

mechanism has been mostly validated against C4 alkanes and C3, C4 alkenes, while the NTUA has 

been studied for C2 oxygenated and C3 alkynes. In both the BTU and the NTUA mechanisms, 

benzene oxidation has been investigated, however as a product and as a fuel respectively. 
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5.5 Differences between the two generated n-hexane schemes 

The first reaction class applied by the mechanism generator is the uni-molecular decomposition 

of the fuel that produces six reactions. Given that these reactions include only the fuel on the 

reactants side they are common for every mechanism. As already described the BTU base 

mechanism has been previously validated against butane and butene isomers, thus it includes the 

butyl radical (C4H9-R1) that is among the products of this reaction class. The same reactions are 

reported by the most updated n-hexane scheme by Zhang et al. (2015), with differences in the 

rate coefficients. 

The second reaction class includes H abstraction reactions from the fuel and leads to the 

formation of three hexyl radical isomers. These abstractions occur after reactions with radicals 

such as methyl, ethyl, hydroperoxide, CH3O2 etc. The latter is not present in the C1-C6.NTUA.HMCS 

mechanism, therefore no reactions with it are generated. The respective reactions in the BTU 

mechanism lead to the formation of a new species CH3O2H. 

Next is reaction class 3 that describes alkyl radical decomposition. Among others, the 

decomposition of the butyl radical (C4H9-R1), generated from the first class in the C1-

C6.NTUA.HMCS, is generated now. This leads to three additional reactions in the C1-

C6.NTUA.HMCS. 

Reasonably after the employment of alkyl radical isomerization reactions (reaction class 5) two 

additional reactions for C4H9-R1 are generated in the C1-C6.NTUA.HMCS scheme leading to a new 

butyl radical isomer, C4H9-R2.  

Reaction class 3 is applied once more in order to provide consumption paths for these new alkyl 

radical isomers, leading to new product species e.g. the olefin isomers C4H8-D1 and C4H8-D2. These 

reactions (involving C4H9 isomers, C4H8 isomers) are not generated in the BTU scheme.  

As next comes the implementation of abstraction reactions from olefins by radicals (Class 6). In 

continuation to the previous situation, the generator produces reactions for the newly introduced 

olefins, leading to the formation of three different C4H7 radicals among which two are lumped as 

resonantly stabilized. The BTU mechanism includes also reactions with CH3O2. 

Class 7 generates addition reactions of radical species to olefins with the respective additional 

reactions being generated in the C1-C6.NTUA.HMCS. 
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After application of reaction class 8 for the alkenyl radical uni-molecular decomposition, three 

additional reactions for C4H7 consumption are generated in the C1-C6.NTUA.HMCS mechanism. 

The alkenyl radicals are channeled to various other species, ranging from C1 to C6 and thus the 

mechanism looks up in the base chemistry to generate the paths. The C1-C6.NTUA.HMCS base 

chemistry includes species 

1-C3H5, offering an additional path for C5H9-D2R5 and C6H11-D2R5. The C5H9-D1R3 is already 

included in the BTU scheme. In the C1-C6.NTUA.HMCS 1,3 pentadiene (C5H8-D1D3) is newly formed 

from C5H9-D1R4.  

Olefin decomposition class (class 9) in the C1-C6.NTUA.HMCS scheme generates four reactions for 

the butane isomers that give only products already existing in the base mechanism. A 

decomposition route for C5H8-D1D3 is also generated. 

Reaction classes 8 and 9 are once more applied in order to make sure that olefins and alkenyl 

radicals produced by the previous classes are also consumed. No differences between the two 

mechanisms occur during these steps. No differences were observed either after calling reaction 

classes 10,11,13 and 14,16,17,19,20,22,23,24,25,28,29. Reaction class 15 cannot be applied in the 

C1-C6.NTUA.HMCS mechanism since CH3O2 is not included in its base chemistry.  

Class 21 generates reactions for the thermal decomposition of alkylperoxy radicals that derive 

after application of reaction classes 11 and 12. The same reactions are generated in both schemes 

with the only difference being that propanal (C2H5CHO/C3H6O1-A1) is already in the C1-

C6.NTUA.HMCS mechanism.  

Following, reaction class 26 generates four additional reactions for the decomposition of propanal 

in the BTU scheme. 

Respectively, three new species e.g. C3H5O1-A1R1, C3H5O1-A1R2, C3H5O1-A1R3 are formed. 

The C1-C6.NTUA.HMCS base mechanism includes only one of these three isomers namely 

C2H4CHO. 

Decomposition reactions for these three isomers are generated by reaction class 27.  

Overall, the generation process adds 117 species and 556 reactions to the C1-C6.NTUA.HMCS 

mechanism, and 108 and 539 respectively to the BTU scheme. As seen in the above discussion, 
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these differences in numbers are mostly related to the absence of C4 i.e. butane and butene 

chemistry from the C1-C6.NTUA.HMCS mechanism.  

5.6 Mechanism Performance against literature experimental data 

The generated kinetic schemes were validated against a variety of experimental data from lab 

scale configurations, including ignition delay time measurements from High Pressure Shock Tube 

(HPST) and Rapid Compression Machine (RCM), speciation data from Jet Stirred Reactor (JSR) and 

flame speeds measured in a bomb. The variety of the experimental data found in the literature 

offers the ability to rate the performance of the mechanism in many aspects. The respective 

studies and the experimental conditions against which validation has been performed are listed 

in Table 5.2. 

Table 5.2 Literature experimental data used for validation 

Source Pressure Temperature Phi 
Apparatus/ 

Measured Value 

Zhang et al. (2015)  15atm 627-1365K 1.0/2.0 HPST/RCM 

Zhang et al. (2015) 32atm 800-1365K 1.0 HPST 

Zhang et al. (2015) 10atm 530-1160K 0.5/1.0/2.0 JSR 

Davis and Law (1998) / 
Coronel et al. (2013) 

1atm 298K 0.75-1.7 Flame Speed Data 

Coronel et al. (2013) 0.5bar 353K 0.75-1.7 Flame Speed Data 

Ji et al. (2010)  
/ Kelley et al. (2011)  

1atm 353K 0.75-1.7 Flame Speed Data 

Kelley et al. (2011) 2/5/10atm 353K 0.75-1.7 Flame Speed Data 

 

5.6.1 Comparative assessment  

All computations have been performed using LOGEresearch 1.10. Comparison between simulated 

and measured ignition delay time data yields an overall satisfying agreement as can be seen in 

Figure 5.1. The data include measurements at stoichiometric conditions at 15 and 32 atm, while 

another set of measurements exists at 15atm with phi=2.0. In all three cases the behavior of the 

two models is similar. The BTU mechanism over-predicts the IDT throughout the whole 

temperature regime. On the other hand, the C1-C6.NTUA.HMCS predicts shorter IDTs at higher 

temperatures, but moving towards intermediate temperatures and more specifically to the 

regime where n-hexane poses its paraffinic Negative Temperature Coefficient (NTC) behavior, it 

over-predicts the measurements. Low temperature measurements from the Rapid Compression 
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Machine (RCM) exist only in the stoichiometric 15 atm case, where the agreement of both models 

is very satisfying. 

In general, the mechanisms perform differently in the high temperature regime, while they almost 

coincide at lower temperatures. This can be attributed to the fact that the low temperature 

chemistry employed by the mechanism generator (Class 10-29) did not pose any differences.   

 

Figure 5.1 Mechanism performance against experimental IDT data 

Following, flame speed measurements from the literature are utilized in order to validate the 

performance of the generated schemes. The results can be seen in Figure 5.2 - Figure 5.4. The 

agreement is satisfying given that no targeted modeling has been done in order to fit those data. 

Both mechanisms reproduce the experiments well. Figure 5.2 shows good performance of both 

mechanisms in the lean regime, and an over-prediction of the experimentally measured values at 

stoichiometries higher than 1.3. In Figure 5.3 the flame speed for a higher temperature (353K) for 

a variety of pressures (1, 2, 5, 10 atm) is depicted. The generated scheme of C1-C6.NTUA.HMCS is 

in agreement with the values measured from Kelley et al. (2011) in the rich regime and with the 

values measured by from Ji et al. (2010) in the lean regime. The opposite behavior is shown by 

the BTU scheme. For all the higher pressure cases depicted in Figure 5.3 the BTU mechanism poses 

an excellent agreement, while the C1-C6.NTUA.HMCS model slightly over-predicts the 

measurements.  
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Figure 5.2Mechanism performance against experimental flame speed data at P=1atm, T=298K 

 

Figure 5.3 Mechanism performance against experimental flame speed data at T=353K for various pressures 

Measurements at a lower pressure (50kPa) can be seen in Figure 5.4. The agreement is satisfying 

for all equivalence ratios. Some scattering is observed in the experimental data at higher 

equivalence ratio values. Overall the behavior is common in all cases, namely the C1-

C6.NTUA.HMCS seems to be faster compared to the BTU scheme.  
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Figure 5.4 Mechanism performance against experimental flame speed data at P=0.5bar, T=298K 

Comparison against JSR data shows agreement for the major species but discrepancies at smaller 

C2 hydrocarbons. The main problem can be observed in the models inability to capture the 

magnitude of the NTC throughout all species measured. Both mechanisms are able to capture 

well the fuel consumption for all three equivalence ratios as can be observed in Figure 5.5. The 

BTU generated scheme poses a slower consumption after the Negative Temperature Coefficient 

regime (NTC)(750K), therefore the computed fuel profile declines in delay. This is in agreement 

with the observation of the IDT data, where the BTU mechanism was overall slower, this being 

more significant after the NTC regime. As the equivalence ratio increases, the BTU mechanism 

narrows the gap with the experimental data for H2O and O2 yielding better agreement. The same 

can be observed also regarding the CO profile, where for =˒0.5/1.0 both mechanisms reproduce 

the measured profiles well, with the inherent inability to capture the magnitude of the NTC. In 

the rich case, the C1-C6.NTUA.HMCS mechanism strongly over-predicts the CO profile. CO2 is very 

well captured by the BTU mechanism in all the lean and stoichiometric case, while a small over-

prediction is observed in the rich case. The C1-C6.NTUA.HMCS mechanism over-predicts these 

values for all equivalence ratios. The agreement with C2H4 is satisfying for ˒=0.5/1.0. The 

respective values for the rich case are over-predicted. In the last row of Figure 5.5 formaldehyde, 

methane and hydrogen profiles are depicted. Observation of the CH2O and CH4 profiles shows an 
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over-prediction of the first and an under-prediction of the latter by the C1-C6.NTUA.HMCS 

mechanism. Computations with the BTU mechanism for methane and hydrogen profiles show 

very good agreement, with hydrogen profiles in the rich flame being the sole exception. The 

respective agreement for the C1-C6.NTUA.HMCS mechanism can be described as overall fair.  

In general both mechanisms show weaknesses in the NTC regime. These can be attributed to the 

lower temperature chemistry part. A short comparison of the reaction rates adopted in the 

present study against the reactions reported by Zhang et al. (2015) reveal differences. For 

instance, although the reactions for the oxygen addition to the hexyl radical isomers forming 

hexylperoxide are the same, the ones adopted here are temperature independent, contrary to 

the ones of Zhang. Analysis of these rates showed that the ones of Zhang are significantly faster -

2 and 3 times- in the regime of interest (up to T=800K).  

 

Figure 5.5 Mechanism performance against experimental speciation data from a JSR for lean, stoichiometric and rich 
equivalence ratios 
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5.7 Sensitivity analysis 

The results of the sensitivity analysis showed that both mechanisms at 800K are governed by 

reactions of hydrogenperoxide with third body species leading to the formation of two OH radicals 

(H2O2+(M)<=>2OH+(M) (R1)). In the C1-C6.NTUA.HMCS scheme secondary reaction paths are 

mainly channeled through C1 species like formaldehyde and the methyl radical. In the BTU scheme 

on the contrary, reactions of methyl radical form methane and seem to consume OH radicals. 

Generated hydrogen abstraction reactions from n-hexane are also a source of H2O2, more 

important however, in the BTU mechanism. The detailed list of reaction paths can be obtained 

from Figure 5.6. Moving up in the temperature regime, reactions of formaldehyde with HO2 and 

methyl radical with O2 that were previously important only in the C1-C6.NTUA.HMCS mechanism, 

gain importance as promoting paths in the BTU mechanism as well. The leading paths remain the 

same. At T=1200K, reactions of methyl radical are the main contributors to OH formation in the 

BTU mechanism. In the C1-C6.NTUA.HMCS mechanism formation occurs mainly from the 

Hydrogen/Oxygen part as well as from the reaction of the resonantly stabilized butadyine radical 

isomer (RS-C4H7-D1R3) with H2O that was generated by the RMG. At 1400K, hydrogen abstraction 

reactions from the fuel are no longer important, on the contrary, addition reactions of vinyl radical 

with HO2 and allene with O2 are now dominant. The reaction paths are common in both 

mechanisms, however, with different order of significance. The prediction of a shorter IDT by the 

C1-C6.NTUA.HMCS mechanism can be attributed to the existence of more paths for the formation 

of OH. Additionally, a short analysis of the reaction paths mentioned earlier in this paragraph has 

shown that the C1-C6.NTUA.HMCS mechanism adopts faster reaction rates in many cases. This is 

the case for reaction R1 that is the dominant OH formation path in the temperature regime 800-

1000K. On the contrary, the formation of OH was found less sensitive to other reactions for which 

the BTU adopts faster rates. 
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Figure 5.6 Sensitivity analysis for the IDT data at P=15bar, T=800K, Phi=1.0 

 

5.8 Reaction flow analysis 

The differences between the two generated schemes have been described in the respective 

paragraph, however these have not been correlated to mechanism performance. The conducted 

reaction flow analysis yields an explanatory screen shot of the two mechanisms and reveals how 

the existence of certain species in the base chemistry can affect the channeling of the 

decomposition route to specific paths. Reasonably, both mechanisms follow the same initial 

routes, producing alkyl radical isomers C6H13-R2/R3. Oxygen addition to these radicals follow 

forming alkylperoxy radicals C6H13O2-P2/P3. Following, displacement of one hydrogen atom to the 

Oxygen side forms the hydroperoxyl radicals C6H13O4-HP2R4/HP3R5/HP3R2. These species 

produce C3, C4 and C6 olefins i.e. propene (C3H6), butene (C4H8), and hexene (C6H12), while in the 

C1-C6.NTUA.HMCS consecutive O2 additions to the HP3R5 hydroperoxyl radicals form the C6H13O4-

HP3P5. This path holds only a minor part of the overall fuel consumption in the BTU scheme.  

As discussed previously, butene is a new species in the C1-C6.NTUA.HMCS mechanism, produced 

by the generator as a product of the C4H9 butyl radical decomposition. Its consumption is 

therefore, also produced by the generator, that channels it to C2H5CHO, a species not present in 

the BTU mechanism. Hence, both formation and consumption of this species follows different 

routes in the two schemes as depicted in Figure 5.7. In the BTU scheme, hexene initially breaks to 

C5H8-13, a species from the respective base chemistry and following to a-C3H5. In both 

mechanisms C3H7 will provide an additional consumption path to the (C6H13-R2) alkyl radical. In 

the C1-C6.NTUA.HMCS this will break to smaller C2 and C1 species, while in the BTU scheme it will 

form propene after hydrogen abstraction reactions. Interestingly, the two base chemistries adopt 

the same routes for C3H7 thus the difference could be interpreted as difference in the respective 
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heat of formation of the involved species. At this point the base chemistry takes over the fuel 

consumption. In fact, in the C1-C6.NTUA.HMCS C2H5CHO decomposes to C2H5CO that breaks down 

to smaller C2 species i.e. C2H5, C2H4, C2H3 etc. In the BTU mechanism it forms CH3, HCO and 

CH2CHO. Although, hydrogen abstraction reactions from C3H6 forming a-C3H5 initiate the 

alternative decomposition route for both mechanisms, the next steps are different. In the C1-

C6.NTUA.HMCS propylene oxide radical (c-C3H5O) is formed and later isomerized to C2H5CO 

following the path described previously. In the BTU mechanism a-C3H5 forms C2H3CHO. The latter 

breaks to vinyl radical activating the C2 part of the chemistry.  

 

Figure 5.7 Reaction flow analysis for both n-hexane schemes generated. Red lines and numbers correspond to the BTU 
mechanism, Blue lines and numbers correspond to the C1-C6.NTUA.HMCS mechanism, Black lines and numbers are 
common 
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5.9 Major findings 

The present chapter described the generation process of an n-hexane model utilizing an updated 

in-house developed generator on two base mechanisms i.e. the C1-C6.NTUA.HMCS and the BTU 

mechanisms. The major differences were spotted in the high temperature chemistry, where the 

involvement of base chemistry species was significant. This was more prominent in reactions of 

uni-molecular decomposition of the fuel and of the alkenyl radical, since the products of these 

reactions are Cn-1 and Cn-2, Cn-3, Cn-4. If needed, the mechanism will generate a species to channel 

the uni-molecular decomposition of the fuel, as its chemistry will most probably be known. The 

same however, cannot be done for the alkenyl radical uni-molecular decomposition as it is 

channeled to lower Cn-2, Cn-3, Cn-4 species where no rate rules can be applied. This was reflected 

on the flow chart of the two mechanisms that differ after the formation of the C3 species.  

Comparative assessment against experimental data yielded overall satisfying agreement for both 

generated mechanisms, showing that the generator can be efficiently used. The main 

discrepancies can be observed in the NTC regime and are related to the lower temperature 

chemistry that needs enhancement.  
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Chapter 6 ς Ignition Delay Time measurements of TRF 

6.1 Chapter 6 Summary 

The present chapter deals with the experimental investigation of fuel mixtures of Toluene 

Reference Fuels (TRF) i.e. n-heptane and toluene. In particular novel Ignition Delay Time (IDT) 

measurements were obtained for mixtures of 50%, 75% and 90% (vol. by toluene concentration) 

at fuel-lean (˒  =0.5), stoichiometric (˒=1.0) and fuel-rich (˒  =2.0) conditions at 10 and 30 bar over 

the temperature range 650ς1450 K. The measurements have been performed utilizing the High 

Pressure Shock Tube (HPST) and the Rapid Compression Machine (RCM) of the National University 

of Ireland (NUIG).  

Aim of the present investigation is to obtain measurements that will help tackle the uncertainties 

in the low temperature chemistry of toluene related to its low reactivity and its tendency to form 

soot, constituting its study a somewhat problematic issue. The measurements are also given a 

physical interpretation.  

Due to the absence of n-heptane and toluene from the C1-C6.NTUA.HMCS a literature mechanism 

developed by NUIG and Lawrence Livermore National Laboratory (LLNL) referred to from now on 

as LLNL-TRF was utilized. The mechanism was utilized to reproduce the measured data, while 

reaction path analysis and sensitivity analysis highlighted the governing reaction paths in the 

oxidation of these two very important fuels. The mechanism yields satisfying agreement but 

under-predicts the measurements close to the NTC regime, thus the n-heptane part is reassessed 

giving an overall better performance.   

The mixtures seem to be insensitive to equivalence ratio changes in the high temperature regime, 

while increased toluene content reduces the magnitude of the NTC regime.  

6.2 Background  

Commercial fuels are represented by simplified mixtures called fuel surrogates, used to emulate 

their properties. The most common fuel surrogates consist mainly of the so called primary 

reference fuels (PRFs), i.e. mixtures of iso-octane and n-heptane, which mark the 100 and 0 in the 

octane rating scale, respectively. Matching the octane number of the actual fuel is a measure of 

ŀ ŦǳŜƭΩǎ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ŀǳǘƻ-ignite. As engine development has moved towards non-conventional 

low-temperature combustion (LTC) operating modes, these blends proved to be inadequate to 
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ŘŜǎŎǊƛōŜ ǘƘŜ ŀŎǘǳŀƭ ŦǳŜƭΩǎ ǇŜǊŦƻǊƳŀƴŎŜΦ !ƴƻǘƘŜǊ ŦǳŜƭ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎΣ ƛǘǎ ǎŜƴǎƛǘƛǾƛǘȅ όƛΦŜΦ ŘƛŦŦŜǊŜƴŎŜ 

between RON and MON values) was found to be more important as it described the auto-ignition 

performance throughout a wide temperature regime and not only at the temperatures of interest 

for conventional gasoline and diesel engines. To capture this performance, PRF fuels were 

blended with toluene, the simplest methylated aromatic species, creating the so-called Toluene 

Primary Reference Fuels (TPRF) (Morgan et al. 2010). Toluene has often been used as an anti-

knock measure since it exhibits very high RON and MON numbers, 120 and 109, respectively 

(Morgan et al. 2010).  

Toluene oxidation has attracted a lot of attention which yielded numerous studies, both 

numerical and experimental. A detailed list of the toluene related work has been reported 

previously by Metcalfe et al. (2011). Dagaut et al. (2002) and Brezinsky et al. (1984) measured 

speciation data at atmospheric pressure for fuel-lean and fuel-rich mixtures, in a jet-stirred and a 

flow reactor respectively. These studies have served as validation targets for the development of 

two chemical kinetic models for benzene and toluene developed by Emdee et al. (1992) and 

Dagaut et al. (2002). Burcat et al. (1986) measured Ignition Delay Times in a shock tube for various 

equivalence ratios at pressures varying from 1.95 to 8.85 atm and at temperatures above 1400 K. 

Davidson et al. (2005) expanded the available data to temperatures below 900 K, measured in a 

pressure range of 14ς59 atm.  

Ignition delay times (IDT) for toluene were also measured in rapid compression machines (RCM). 

Roubaud et al. (2000) measured at temperatures between 600 and 900 K and pressures above 14 

atm. Mittal and Sung (2007) measured lean and rich mixtures of toluene in a rapid compression 

machine (RCM) at pressures from 25 to 45 bar and compressed temperatures from 920 to 1100 

K. In addition to the models mentioned previously, another detailed toluene mechanism was 

developed by Lindstedt and Maurice (1996) utilizing a variety of studies such as premixed, 

counter-flow flames, reactors and shock tube studies. These benchmarking models have been, 

and still are, subjected to continued development and validation by latter works such as those of 

Sivaramakrishnan et al. (2004), Klotz et al.  (1998), Bounaceur et al. (2004) and the latest work of 

Yuan et al. (2015a, b) 

Toluene has also been widely studied as a component in fuel blends. Vanhove et al. (2006) 

investigated stoichiometric blends of 1:1 toluene/n-heptane and toluene/iso-octane mixtures in 

an RCM at 4 and 12 bar, reaching temperatures as low as 650 K. Herzler et al. (2007) increased 
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the toluene content to 72% (vol.) against 28% of n-heptane in their HPST measurements that 

focused on both fuel-lean and stoichiometric mixtures at various pressures, offering six sets of 

IDT data in the intermediate temperature regime.  Andrae et al. (2007) utilized this work 

developing a validated a model for a toluene/n-heptane mixture in an accompanying study. 

Moreover, Hartmann et al. (2011) measured mixtures of toluene/iso-octane and toluene/n-

heptane (10/90 and 40/60% vol.) in a shock tube at 40 bar and for ǘǿƻ ŜǉǳƛǾŀƭŜƴŎŜ Ǌŀǘƛƻǎ ό˒ Ґ лΦр 

and 1.0). Recently, Zhang et al. (2017) investigated toluene/dimethyl ether (DME) mixtures at 

several blending ratios ranging from 100% toluene to 100% DME, in both a HPST and in an RCM, 

using DME as a radical pool initiator. 

Despite the systematic effort and the wide range of studies available, accurate predictions of 

toluene oxidation remain challenging. This is related to its low vapor pressure that requires the 

experimental facilities to be heated, in addition to its sooting tendency that causes the equipment 

to need cleaning, effectively imposing measuring limitations. The issue is manifested in the fact 

that most literature models are unable to reproduce experimental data at lower temperatures. In 

this context, the present study focuses on blending toluene with a very reactive and well-

characterized fuel e.g. n-heptane, to increase its reactivity and to extend the available 

experimental data to a wider range of conditions.  

In the framework of the present Thesis, the experimental investigation of toluene/n-heptane 

mixtures in conditions that have not been covered by the literature is carried out. Measurements 

include various mixtures (50%, 75% and 90% vol. by toluene concentration) at fuel-lean (=0.5), 

stoichiometric (˒ =1.0) and fuel-rich (=2.0) conditions at 10 and 30 bar over the temperature range 

650ς1450 K. This three-dimensional experimental matrix offers the opportunity to assess the 

impact of each of these conditions on the propensity of the respective mixture to ignite. Details 

about the mixtures measured can be found in Table 6.1. The experiments were carried out in the 

high-pressure shock tube (HPST) and rapid compression machine (RCM) at the National University 

of Ireland, Galway (NUIG). The experimental data obtained have been utilized to further improve 

the LLNL-TRF model, previously updated by Zhang et al. (2017). Modifications to the mechanism 

yielded an improved performance in the intermediate and lower temperature regime.  
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Table 6.1 Toluene/n-heptane mixtures investigated 

Fuel blend Mix No. Toluene n-heptane O2 Diluent  ʊ 

50%Tol/50 

n-hept 

1 0.010 0.010 0.206 0.774 1 

2 0.005 0.005 0.208 0.782 0.5 

3 0.020 0.020 0.202 0.758 2 

75%Tol/25 

n-hept 

4 0.016 0.005 0.205 0.773 1 

5 0.008 0.003 0.208 0.781 0.5 

6 0.032 0.011 0.201 0.757 2 

90%Tol/10 

n-hept 

7 0.020 0.002 0.205 0.772 1 

8 0.010 0.001 0.208 0.781 0.5 

9 0.039 0.004 0.201 0.756 2 

6.3 Experimental Setup utilized for the IDT measurements  

6.3.1 High Pressure Shock Tube 

The experimental setup has been described previously by Nakamura et al. (2014) and only a short 

description is given in the framework of the present Thesis. The tube consists of two separate 

sections; the driven section, where the mixture sample is loaded, and the driver section where He 

or He/N2 is introduced. A photo of the apparatus is given in Figure 6.1.  

 

Figure 6.1 Picture of the High Pressure Shock Tube (HPST) at the National University of Galway in Ireland 

These sections are 5.73 m and 3 m long respectively, and are separated by a 3 cm long double-

diaphragm (middle) section. The aluminium diaphragms (see Figure 6.2) are pre-scored before 

each experiment. After the mixture is introduced into the driven section, the driver and middle 

sections are filled with the driver gas to roughly half of the final pressure.  Following, the driver 

section is filled to the final driver pressure. The gas from the middle section is evacuated and the 

pressure difference is sufficiently high to burst the diaphragms. The high-pressure driver gas 
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expands rapidly into the driven section creating a reflected shock wave that heats and compresses 

the mixture to the desirable conditions, causing the mixture to ignite.  

 

Figure 6.2 Schematic of the experimental setup of the High Pressure Shock Tube 

The achieved shock velocity is measured by interpolating the shock arrival time at PCB 113B24 

pressure transducers along the driven section. A 603B Kistler pressure transducer is used to 

monitor the pressure of the gas at the endwall. The ignition delay time is defined as the time 

elapsed between the arrival of the shock wave at the endwall and the ignition event. A pressure 

trace is seen in Figure 6.3. The mixture was prepared by controlling the partial pressure of each 

constituent species in a stainless-steel mixing tank. 

 

Figure 6.3 Definition of Ignition Delay Time (Real pressure trace) 

A heating system was installed on the mixing tank and the piping leading to the HPST to ensure 

that the fuel would remain in the vapor phase. The entire experimental apparatus as well as the 

manifolds, piping and mixing vessel were heated to 60 °C but not higher, to avoid overheating 
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damage to the equipment (pressure transducers, gauges, etc.). The mixture was prepared, 

ensuring that the partial pressures of each of the fuels did not exceed a value of at least half of its 

vapor pressure. The Antoine Poisson Eq. (1) was used to determine the quantity of the fuel that 

could be maintained in the vapor phase.  The values for the parameters A, B and C were taken from 

ǘƘŜ ōƻƻƪ ά¢ƘŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ DŀǎŜǎ ŀƴŘ [ƛǉǳƛŘǎέ ōȅ tƻƭƛƴƎ. The respective calculated pressure curves 

are presented in Figure 6.4. 

 

                    ÌÏÇὖ ὃ
ὄ

Ὕ ὅ ςχσȢρυ 
                 ρ  

The NUIG HPST was utilized for Ignition delay times at higher temperatures (800ς1400 K).  

 

Figure 6.4 Vapor Pressure curves according to the Antoine Equation 

6.3.2 Rapid Compression Machine 

 Description 

The RCM used (see Figure 6.5) is one of the twin RCMs currently in operation at NUIG. It is the 

original RCM built at Shell (Affleck et al. 1969) and later re-commissioned at NUIG (Brett et al. 

2001). Two opposite facing pistons are pushed forward to volumetrically compress a fuel mixture. 

At the end of compression (~16 ms), the pistons are locked forward and maintain a constant 

reactor volume, thus allowing a constant volume reaction to take place. The motion of the pistons 

is controlled pneumatically, while a chamber filled with hydraulic oil surrounding the connecting 

rod is used to lock and release the pistons. The pistons used in are creviced leading to a 

suppression of the roll-up vortices that otherwise form within the boundary layer gas and use of 

the crevice offers higher homogeneity in the mixture. The crevices are a modified version of the 

ones proposed by Würmel et al. (2005).The RCM has a 168 mm stroke and a 38.2 mm bore. The 
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position of the pistons is monitored with a Positek P100 linear inductive position sensor that is 

within the hollow connecting rod. The pressure inside the reaction chamber is measured using a 

Kistler 6045a mounted in the reaction chamber wall. A Kistler 5018 is used to amplify the pressure 

trace, while a Sigma 90 oscilloscope by Nicolet Technologies sampling at 20 kHz and 12-bit 

resolution is used for recording the traces. The pressure traces are filtered by a hardware 

Buttersworth low-pass filter with a cut-off frequency of 3 kHz, after amplification. The ignition 

delay time is defined as the time between end of compression and the maximum pressure rise 

due to chemical reactions. The temperatures at the end of compression were adjusted by varying 

the initial temperature of the chamber. This was achieved by the installation of an electrical 

heating system which has been optimized to minimize stratification in the chamber. More 

detailed description of the heating system installation is reported by Darcy et al. (2014). The 

maximum initial temperature used was 105 °C, to avoid degradation of the seals inside the 

machine. Nitrogen was used as a sole diluent for the low-temperature measurements (650ς830 

K), while argon was added in the mixtures to proceed to the higher temperature regime (830ς

1000 K) and couple the RCM data with the ones obtained in the HPST. Throughout the 

measurements the deviation from the desired compressed pressure was maintained below 1%. 

Heptane was supplied by TCI UK with a purity of 99%. Toluene was supplied by Sigma Aldrich and 

came with a purity of 99.9%. None of the fuels was subjected to any further purification process. 

The blended samples were made by mass on a high precision scale. Nitrogen, argon and oxygen 

were provided by BOC Ireland.  

 

Figure 6.5 Picture of the Rapid Compression Machine (RCM) at the National University of Galway in Ireland 
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Experimental difficulties 

One of the challenging issues of measuring toluene experimentally is its propensity to build soot. 

In other words, it can produce contaminants that remain in the experimental chamber affecting 

the conditions and providing unreliable results. During their toluene measurements in an RCM, 

Mittal and Sung (2007) reported an early heat release and the occurrence of pre-ignition. A similar 

issue was confronted by Zhang et al. (2017). In the latter case the authors dealt with this issue by 

performing three consecutive oxygen shots after each experiment in the RCM, cleaning this way 

the chamber and ensuring repeatability. A related problem was faced during the present 

investigation in the fuel-ǊƛŎƘ ƳƛȄǘǳǊŜǎ ό˒ Ґ нΦлύ ŀƴŘ ǘƘŜ ƳƛȄǘǳǊŜǎ ǿƛǘƘ ŀ ƘƛƎƘ όфл҈ύ ǘƻƭǳŜƴŜ 

content. In particular, the measured value kept increasing for the same condition, yielding no 

repeatability. Solving this issue with the method reported by Zhang et al. (2017) did not prove to 

be successful. Due to the low vapor pressure of the mixture, concerns regarding a possible 

condensation in the fuel line affecting the fuel concentration in the chamber, were raised. In order 

to investigate this possibility laser absorption measurements were conducted utilizing the optical 

ports of the chamber. The method for determining fuel concentration in-situ has been described 

by Banyon et al. (2018) and only the concept is described here. The technique exploits the mid-

infrared (IR) activity of generic molecular C-H stretch vibrations which produce absorption bands 

near 3.39 ˃ m (3.2-3.6 m˃) and can therefore be used as a tool for determining species 

concentration. Linearly polarized (500:1), monochromatic light at 3.39 m˃ (2950 cm-1) is 

generated by a 2 mW He-Ne laser (Laser2000, LHIP-0201-339) and directed through the optical 

ports of the chamber (numbered items 31 and 32) as they are depicted in Figure 6.6. A bandpass 

filter (Laser 2000, C2=3420nm) is used in order to remove stray ambient light. To avoid saturation 

of the Pb-Se photodiode (ThorLabs, PDA20H-EC) that measures the light intensity, a diaphragm 

iris and an optical chopper rotating at 300 Hz are used.  
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Figure 6.6 Schematic of the optical chamber used for the RCM measurements 

The absorption of the fuel is determined with the measured intensity through the Beer-Lambert 

law.  

`ὃ ὰέὫρπ
Ὅ
Ὅ 

Here I stands for light intensity, while IO stands for the intensity measured when no gas is in the 

chamber. The methodology was the following: the fuel was loaded into the RCM chamber, 

absorption was measured and a shot was fired in order to measure the IDT. The same procedure 

was continued repeatedly, maintaining the fuel amount the same, while increasing the vacuuming 

time between the shots. As depicted in Figure 6.7  the absorption remains the same with only 

small deviations.  This proves that the fuel inside the chamber remains constant and that no 

condensation in the line is occurring.  
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Figure 6.7 Absorption measurements in the optical RCM chamber 

Interestingly, increasing the vacuuming time causes the measured IDT value to decrease (see 

Figure 6.8), while the correlation between the two seems to be linear. After 25 minutes the IDT 

poses some scattering from 124 to 161 miliseconds that can be justified as a possible drop in the 

operation efficiency of the pump. It should be noted here that the pumps used for vacuuming the 

chamber are oil pumps coupled to cold traps of liquid nitrogen, thus the amount of coolant can 

affect the performance of the pump.  

 

Figure 6.8 Ignition Delay Time measured for different vacuum time 
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Assessment of these findings justifies that small amounts of contaminants remain in the chamber, 

affecting the IDT of the mixture and need longer time to be vacuumed properly. Further 

investigation testing longer vacuuming times (see Figure 6.9) showed that the IDT kept decreasing 

even after 3 hours. It was therefore decided that no repeatable shots can be obtained at these 

conditions with this vacuuming method.   

 

Figure 6.9 Ignition Delay Time measured for longer vacuum time 

 

6.4 Chemical kinetic model  

Description of the model 

Although the C1-C6.NTUA.HMCS model has been subjected to further development and 

modifications in the framework of the present Thesis, it lacks the chemistry of larger chain alkanes 

such as n-heptane. Following the incorporation of an n-heptane mechanism into the C1-

C6.NTUA.HMCS was considered. This however, was not realized as it was found to be non-

beneficial for the purpose of the study. On the contrary a widely validated model, called the LLNL 

TRF model, which is based on the NUIG mechanism for n-heptane and toluene, was utilized in 

order to elucidate the respective chemistry have been made by utilizing the measurements 

obtained. The lower hydrocarbon part of the NUIG mechanism is based on the AramcoMech1.3 

developed by Li et al. (2017) and can very well describe the chemistry of lower hydrocarbon 
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species such as methane, ethane, ethylene, propene, acetylene, formaldehyde, acetaldehyde, 

methanol, ethanol and dimethyl ether. It has been validated extensively against experimental 

data from fundamental lab-scale configurations (e.g. ST, RCM, JSRs, etc.). Bugler et al. (2015) 

updated the C5 part, revisiting the low temperature chemistry of three pentane isomers. In a more 

recent work the hexane isomers were studied and reassessed by Zhang et al. (2015). The 

mechanism in its current state is taken from a work studying toluene/dimethyl ether (DME) 

mixtures by Zhang et al. (2017), and consists of 1313 species and 5604 reactions. The Toluene 

sub-mechanism is largely based on a previous LLNL (Nakamura et al. 2014) model. Simulations 

were carried out utilizing the Aurora module of CHEMKIN-PRO with constant volume conditions. 

Heat loss effects due to the facility for the RCM simulations as described by Sung et al. (2014) 

were taken into consideration in simulations.  

N-heptane chemistry 

N-Heptane oxidation has been given a lot of attention in the past and is very well known, it will 

be therefore only briefly described in the context of this work. In the low Temperature regime 

reactions with hydroxyl radical will cause hydrogen abstraction and the formation of the heptyl 

radical (C7H15) isomers and hydro peroxide. As temperature increases Oxygen molecules replace 

the hydroxyl radicals, until around 850K where most of fuel breakdown is caused by reactions 

with H, O and OH radicals. At the high Temperature regime the majority of the radical pool is 

involved in fuel consumption. Throughout the whole temperature regime the two main isomers 

that are produced are the ones with the missing Hydrogen in the second and third carbon atom. 

Following, the heptyl radical 2-C7H15 will react with oxygen to form the heptyl peroxy radical. The 

heptyl peroxy radical will then form C7H14OOH2-4 or C7H14-1, with the first one being the dominant 

path at low and intermediate temperatures, while the latter gains importance as temperature 

increases. Another oxygen addition to C7H14OOH2-4 will form C7H14OOH2-4O2. This changes above 

750K, where C7H14OOH2-4 will mainly undergo ̡-scission, forming acetaldehyde and C5H10-1. At 

Temperatures above 1000K the addition of oxygen fades out completely. The C7H14OOH2-4O2 

species will react with hydroxyl radicals giving C7KET24. These consecutive additions of oxygen 

lead to the formation of all the aforementioned oxygenated species that have a very low Heat of 

Formation, being therefore very stable and very hard to break. This explains the Negative 

Temperature Coefficient of n-heptane. C7KET24 will decompose exclusively to form C7KET24O and 

a hydroxyl radical, which will in turn form NC3H7CHO and CH3COCH2. NC3H7CHO breaks down to 
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NC3H7CO and C3H6CHO. N-Propyl radical is consecutively formed, as can be seen in Figure 6.10 is 

at the top of the consumption pathway.  At high temperatures this will decompose to ethylene 

and methyl radical, but at low temperatures O2 will add to further form C3 oxygenated species.  

 

Figure 6.10 Reaction flow analysis for n-heptane 

Toluene chemistry 

Toluene oxidation will initiate with OH radicals abstracting Hydrogen from the fuel either from 

the methyl or from the ring group. The first reaction is inhibiting reactivity since it leads to the 

formation of the benzyl radical which is more stable than its isomer. The benzyl radical can then 

react to form either C2H5O, C7H8O2, C6H5CH2O or recombine to form C14H14. While the latter 

reaction paths are important throughout the whole temperature regime the first one loses 

importance as temperature increases.C7H8O2 will decompose yielding C6H5CH2O which after two 

consecutive hydrogen abstractions will form C6H5CO. At low temperatures it will react with 

hydrogen or HO2 reforming back to C6H5CHO, while at higher temperatures it will produce phenyl 

radical and carbon monoxide. Oxygen will be added to the phenyl radical forming C6H5OO. After 








































































































