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Abstract 

The transportation sector requires an abundant supply of fossil and/or bio-derived fuels, 

which all produce significant quantities of greenhouse gas (GHG) emissions. The 

transportation sector is expected to account for nearly 55% of liquid fuel demand in the next 

two decades, with a majority share occupied by gasoline powered light duty vehicles. To 

mitigate emissions and increase engine efficiency, it is critical to understand the impact of a 

fuel’s combustion properties on internal combustion engine performance. The potential future 

fuels considered in this thesis include alcohols (prenol), cycloalkanes (cyclopentane), ketones 

(cyclopentanone), esters (methyl and ethyl acetate) and un-saturates (di-isobutylene) that can 

be produced from biomass and can also be blended with conventional liquid fuels to tailor the 

fuel properties required to optimize advanced internal combustion engines. These 

hydrocarbons can also act as ‘surrogate’ molecules. Since the complex molecular structures 

of real fuels result in many obstacles for carrying out auto-ignition experiments in laboratory 

scale facilities, and in the development of chemical kinetic models, the ‘surrogate’ molecules 

are selected to represent the physical and chemical properties of real fuels of interest and can 

reproduce critical engine phenomena of interest. In addition to the fuels mentioned above, 

critical intermediates which are almost ubiquitously formed in the decomposition of higher 

hydrocarbons, such as acetylene, iso-butene and iso-butane were also studied in this work. An 

extensive experimental campaign leading into investigations of a physiochemical fuel 

property i.e. ignition deal time (IDT) of these hydrocarbons were carried out in two 

independent but complimentary experimental facilities namely a high pressure shock-tube 

(HPST) and a rapid compression machine (RCM). These measurements were carried out 

covering a wide range of conditions, including T = 600 – 1400 K, p = 10 – 40 bar for fuel in O2 

and N2 mixtures covering equivalence ratios of, φ = 0.5 – 2.0 relevant to internal combustion 

engine operation. In addition, detailed kinetic models were also developed in external 

collaboration to describe the oxidation mechanism of the fuels and validated against the 

experimental data generated in this work and also with a wide range of data available in the 

literature. 
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Chapter 1 

General Introduction 

1.1 Background and Motivation 

Fossil energy derived from the combustion of hydrocarbons such as, coal, oil and gas triggered 

the industrial revolution in Great Britain in the 18th century which impacted global socio-

economic development and will continue to dominate as the primary source of energy for the 

foreseeable future. Fossil fuels are considered a non-renewable source of energy as they take 

millions of years to form, and the reserves are being depleted at a much more rapid rate than new 

ones are being formed. Fossil fuels are a unique blend in that they are an extraordinary energy 

source but also produce harmful emissions. The process of harnessing energy from hydrocarbon 

fuels ultimately produces carbon dioxide (CO2), water vapor (H2O) and many other secondary 

harmful emissions such as nitric oxides (NOx), unburned hydrocarbons and carbon monoxide 

(CO). Carbon dioxide comprises 74% of greenhouse gases (GHG) emissions, and the majority 

(89%) coming from the use of fossil fuels. Several combustion exhaust gases have been 

demonstrated as GHGs including CO2, methane (CH4) and N2O [1]. The GHGs present in the 

atmosphere reflect the trapped radiation back to the surface of the earth, increasing the surface 

temperature. Scientists attribute this ‘greenhouse effect’ as an increase trend in the global 

warming phenomenon that results when the atmosphere traps the radiation transmitted from 

earth. The impacts of climate change such as desertification, increase in droughts, glacier 

disappearance, are global in scope and unprecedented in scale. Moreover, the climate change 

trends threaten rising sea levels that increase the risk of catastrophic flooding. Some low-lying 

atoll island nations in the Pacific region are under threat of disappearance due to the impacts of 

climate change, especially from rising sea levels. Kiribati is one of the countries that will be 

most affected and is on the front line of the climate-change crisis.  
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In 2016, 190 countries signed the Paris Agreement which sets out a legal framework to limit 

the global average rise in temperature to well below 2 °C. Limiting global warming to 2 °C 

requires a rapid, far-reaching plan of action in various sectors such as energy, industry, 

construction, transportation, with global CO2 emissions needing to be reduced by ~45% in the 

coming two decades [2]. Major sources of the CO2 emissions are highlighted in Fig. 1.1, relative 

to the average of the period between 1997 – 2040. By 2040 the majority of emissions from 

transportation will stem from the continuing use of oil (45 Mb/d), Fig. 1.1. Increased travel by 

automobiles is the predominant reason transportation emissions are on the rise. More than half of 

this consumption stems from the use of oil derivatives in cars and light and medium-duty trucks. 

The European Union (EU) introduced exhaust emission standards for new light motor vehicles 

(LMV) for the first time in 1992 (EURO 1), quoting the fact that the transportation sector has a 

significant contribution to pollutant emissions that impact the overall state of air quality in 

Europe. The Euro emissions standards aims to improve the air quality by gradually reducing the 

levels of harmful exhaust emissions such as NOx, CO, particulate matter (PM) and hydrocarbons 

(HCs) [3]. The depletion of fossil fuel reserves and the threat of irreversible climate change 

challenges are coupled with increasing energy demand/prices and an associated risk of global 

geo-political scenarios threatening the local energy markets. Alternatives to fossil fuel 

combustion (hydroelectric, nuclear, wind, solar) are gaining attention in sectors such as industry, 

power generation but are not very effective for the transportation sector [4]. Advances in electric 

vehicles (EVs) such as power battery, electric motor and electronic control continually improve 

and have demonstrated as alternatives to internal combustion (IC) engines in light-duty vehicles. 

However, heavy-duty trucks, aviation, and marine modes of transport are challenging to 

electrify. Energy density and size of onboard energy storage are some of the key fuel 

characteristics to be considered for transportation. Compared to gasoline and diesel fuel, other 

options may have more energy per unit weight, but none have more energy per unit volume and 
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hence the low energy density of current batteries means that they are not the most attractive 

alternative for heavy duty ground/water or aviation operations [5]. 

 

Figure 1.1: Major sources of CO2 emissions, Data retrieved from the British Petroleum (BP) 

energy outlook 2019 [6]. 

 

Figure 1.2: Major sources of world energy consumption, Data retrieved from U.S. EIA, 

International energy outlook 2019 [7]. 

The recent energy outlook 2019 report from BP [6] predicts that the world’s gross domestic 

product (GDP) is expected to double in the coming two decades and about two-thirds of the 

increase in energy demand will come from India and China. As presented in Fig. 1.2, world 
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energy consumption is also expected to grow by nearly 50% in the next three decades and 80% 

of the energy demand is expected to be met by fossil fuels [7]. Given the scenario, CO2 

emissions from energy production could increase by approximately 7% by 2040. Hence the 

demand for liquid fuels, dominated by the transportation sector, is expected to increase with its 

share of consumption being around ~55% [6], with the majority coming from the aviation fuels 

required to power large-scale commercial jets and diesel fuels to power cargo ships/trucks. 

Therefore, the adaptation of sustainable reforms in the transportation sector is necessary to 

reduce its environmental footprint and the need to explore alternatives to fossil fuels to mitigate 

these problems is a key incentive for the development of sustainable engine technologies. 

The Co-Optima program [8,9] is a US Department of Energy (DOE) initiative bringing 

teams from industry, academia and national laboratories together, with the objective to 

simultaneously optimize fuels and engines to achieve maximum performance and carbon 

efficiency by 2030. The optimization of fuels and engines requires an in-depth understanding of 

the underlying chemical kinetics controlling fuel oxidation in developing advanced combustion 

strategies that can minimize emissions while maximizing fuel efficiency. The main targets of 

this program are to (i) reduce per-vehicle petroleum consumption by 30% via improved engine 

and fuel combinations (ii) identify blend-stocks with key fuel properties from a variety of bio-

resources such as forestry, agriculture waste, that can be blended with conventional liquid fuels 

to tailor the fuel properties required to optimize advanced internal combustion (IC) engines. A 

fuel’s chemical (and physical) properties and its composition can affect its performance, and 

these are an important first metric to understand the potential environmental impacts of selected 

fuels [10]. Research into fuel properties that impact on engine performance relates to changes in 

the values of key fuel properties such as research octane number (RON), octane sensitivity (S = 

RON – MON), heat of vaporization (HV), laminar burning velocity (LBV) [11]. The research 

octane number (RON) and the motor octane number (MON) reflect the knock resistance/octane 
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quality of gasoline fuels. Knock is referred to the noise associated with the auto-ignition of a 

portion of the fuel/air mixture ahead of the propagating flame front and high-frequency pressure 

oscillations are observed, which may result in engine damage. Knocking combustion is a 

complex phenomenon which depends mainly on fuel chemistry and engine operating conditions 

[12]. Much of the efficiency improvements come from mitigating engine knock while operating 

at higher loads and relatively higher values of RON and S mitigate knock and allow engines to 

operate at higher compression ratios (CR). To identify improved fuels, the Co-Optima program 

is taking a fuel property-based approach, in that if the target values for the critical fuel properties 

that maximize efficiency and emissions performance for a given engine architecture are 

identified, then employing those fuels can provide comparable performance to existing fuels. 

However, after an efficient screening of more than 400 blendstocks, the shortlisted top-

performing blend-stocks, from four different chemical families [13] have been relatively under-

studied by the combustion research community. Hence, a major portion of this thesis focuses on 

investigating the fundamental combustion kinetics via extensive auto-ignition experiments and 

development of detailed kinetic models of the selected fuel candidates. 

1.2 Experimental facilities  

A fuel’s auto-ignition is one of the primary combustion phasing control mechanisms in 

compression ignition (CI) technologies. Testing these fuels for chemical kinetic properties in an 

engine is a difficult task, since physical processes such as charge mixing and heat transfer, are 

associated with fuel chemistry. Shock tubes (STs) and rapid compression machines (RCMs) are 

two independent, but complementary lab scale kinetic reactor facilities widely used to 

investigate fuel auto-ignition characteristics at engine like thermodynamic conditions. In this 

thesis, these two facilities, were extensively used to study the autoignition of various fuels over a 

wide range of conditions. Details about STs, RCMs and their associated non-idealities during the 

normal operation can be found in refs. [14-17]. Experimental data from other kinetic reactors 
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discussed in this thesis, such as spherical bombs to measure laminar burning velocities and jet-

stirred reactors (JSRs) for species concentration profiles, were provided by external 

collaborators. 

1.2.1 Shock-tube 

 

Figure 1.3: A schematic representation of the NUIG HPST facility. 

A shock-tube is a laboratory device with no moving parts, extensively used in the fields of 

aerodynamics, physics and chemistry, to study short duration phenomenon and to investigate 

compressible flow characteristics. Shock tubes have been widely used by the combustion 

community to investigate chemical kinetic behavior in reactive gas mixtures, from ignition delay 

times to elementary rate constant measurements. In this study, the reflected shock technique was 

implemented to measure ignition delay times of various reactive fuel/air mixtures. 

Briefly, the shock-tube facility at NUIG is a long tubular reactor with uniform internal 

diameter of 63.5 mm and a total length of 8.76 m, divided into three parts: a 5.73 m long driven 

section, a 3.0 m long driver section and a 3.0 cm long double-diaphragm section, Fig. 1.3. The 

incident shock velocity is determined using six pressure transducers (PCB, 113B24) installed in 

the sidewall, and another pressure transducer (Kistler 603C) installed in the endwall is used to 

determine the ignition delay time (IDT). To perform an experiment all sections are evacuated, 

with the driven section evacuated to approximately to 0.01 bar. This section is then filled with 

the test gas. The compressed gas (light weight and inert) is fed into both the high-pressure 

(driver) and diaphragm sections. A typical distance-time indicating the shock front position, 
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plotted in an x-t diagram for successive longitudinal time-pressure distributions, is shown in Fig. 

1.4. At time zero, t = 0, the diaphragm is ruptured, and a series of compression waves rapidly 

collapse into a normal shockwave. The incident shockwave propagates at supersonic speed 

through the test gas raising its temperature and pressure levels almost instantaneously, while a 

rarefaction wave travels in the opposite direction through the driver gas, at the speed of sound. 

The test gas and the driver gas make contact at the contact surface, which moves along the tube 

behind the shock front. 

 

Figure 1.4: Distance time diagram in a shock-tube [18].                                                  

Region 1 – unshocked test gas, Region 2 – shocked test gas (incident shock), Region 3 – 

expanded driver gas, Region 4 – unexpanded driver gas, Region 5 – shocked test gas (reflected 

shock). 

The contact surface between the driven and driver gases moves at a velocity Ucs. The difference 

between the incident velocity (Us) and Ucs permits the test gas to achieve the target pressure and 

temperature (T5, p5) conditions required in an experiment, as shown in Region 5, Fig. 1.4, where 

the incident wave is reflected at the endwall of the driven section and causes a further increase in 

temperature, pressure, and density. The test gas, near the endwall behind the reflected shock, is 

considered to have negligible flow under ideal conditions. The time interval (∆𝑡𝑚𝑠) between the 
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arrival of the reflected shockwave and the arrival of the contact surface is the time available to 

measure the ignition delay. 

1.2.2 Modelling of flow behind shock waves 

Two frames of reference are considered when understanding the gas dynamics during an 

experiment. These are (i) the shock-tube laboratory timeframe (𝑡𝑙) and (ii) the gas-particle 

timeframe (𝑡𝑝). The time recorded on an external recording device is referred to as the laboratory 

fixed time and the time with respect to the movement of flowing gas particles through a static 

shock front is the gas-particle time or shock fixed time. Understanding the relationships between 

these two timeframes is important in interpreting the experimental data and application of the 

gas dynamic equations. To relate the pressures and temperatures across the shock, it is 

conventional to consider the gas motion in relation to the shock front [19]. In such a frame of 

reference, the gas enters the shock at a relative velocity u1 and leaves with a relative velocity u2. 

The incident shock velocity in 𝑡𝑙 is Us, while the gas velocity after passage of the shock front in 

𝑡𝑝 is U2. These variables for the incident shock initial conditions are related by the relations (1.1, 

1.2) and again are illustrated in Fig. 1.5. 

 

Figure 1.5: Laboratory fixed and shock fixed relations for incident and reflected shock wave 

conditions [19]. 
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 𝑢1 =  𝑈𝑠 1.1 

 𝑢2 =  𝑈𝑠 −  𝑈2 1.2 

The set of equations whose solutions describe the concentration, velocity and 

temperature distributions associated with the shock wave can be derived from the classical 

conservation laws of mass, linear momentum, and energy for gas phase reactive flow. The shock 

Mach number (M) and the ratio of specific heats (γ) are also required for the calculation of the 

post-shock conditions. Assuming an ideal gas and near adiabatic process, and neglecting mass, 

heat, and linear momentum diffusion, and using the 1-D mass, momentum and energy 

conservation equations the normal shock relations can be calculated. Since the measuring times 

downstream to shock waves are typically of the order of a few hundred microseconds, the effect 

of molecular transport on the flow field can be neglected. 

Mach number 𝑀 =  
𝑢

𝑎
 1.3 

Isentropic ratio 
𝛾 =  

𝐶𝑝

𝐶𝑣
 

1.4 

Mass 𝜌1𝑢1 =  𝜌2𝑢2 1.5 

Momentum 𝑝1 + 𝜌1𝑢1
2 = 𝑝2 + 𝜌2𝑢2

2 1.6 

Energy 
ℎ1 +  

𝑢1
2

2
= ℎ2 +  

𝑢2
2

2
 

1.7 

 𝑝𝑉 = 𝑛𝑅𝑇 1.8 

 

𝑎 = √
𝛾𝑝

𝜌
 

1.9 

where, 

u – local flow velocity ρ – density of the gas 

a – local speed of sound h – enthalpy of the gas 

Cp – heat capacity at constant pressure Cv – heat capacity at constant volume 
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The initial conditions for the governing equations are derived from the Rankine-Hugoniot 

relations using real gas thermodynamic properties for the test gas mixture for flow across a 

normal shock. State 1 refers to the initial conditions upstream of the incident shock front and 2 

represents the down-stream conditions. Solving these equations to obtain the ratios of pressure, 

temperature, velocity, and density as functions of γ and upstream Mach number (M1) as shown 

below. M1 depends on 𝑈𝑠, the incident shock speed reported during an experiment. 

 𝑝2

𝑝1
= 1 +  

2𝛾(𝑀1
2 − 1)

(𝛾 + 1)
 

1.10 

 𝜌2

𝜌1
=  

(𝛾 + 1)𝑀1
2

2 + (𝛾 − 1)𝑀1
2 

1.11 

 𝑇2

𝑇1
= [1 +

2𝛾(𝑀1
2 − 1)

(𝛾 + 1)
] [

(𝛾 + 1)𝑀1
2

2 + (𝛾 − 1)𝑀1
] 

1.12 

 𝑢2

𝑢1
=  

2 + (𝛾 − 1)𝑀1
2

(𝛾 + 1)𝑀1
2  

1.13 

 

𝑀1 =  𝑈𝑠 (√
𝜌1

𝛾𝑝1
) 

1.14 

Similarly, for the reflected shock conditions, Fig. 1.5, the shock-fixed coordinates refer to 

the reflected shock, which moves at velocity 𝑈𝑟𝑠. The velocities in the two coordinates can be 

related (eq. 1.15, 1.16) by considering the reflected shock to be at rest, gas at condition 2 flows 

into the shock front and gas at condition 5 flows out.  

 𝑢2
′ =  𝑈𝑟𝑠 +  𝑈2 1.15 

 𝑢5 =  𝑈𝑟𝑠 −  𝑈5 1.16 

The gas velocity, measured in shock-fixed coordinates with respect to the reflected shock, is 𝑢′. 

The gas conditions associated with the reflected shock in the two coordinate systems (2,5) are 

again employed following the conservation equations 1.5, 1.6, 1.7 to obtain the relations for 
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properties across the reflected shock and two new density ratios ‘η’ and ‘ξ ’ are defined in 

equations 1.17, 1.18. Combining the equation of the state (1.8) and conservation equations 1.5, 

1.6, 1.7 for reflected shock coordinates, the pressure and temperature conditions in the 

unshocked, low-pressure test gas (Region 1) and the reflected shock gas (Region 5) are related as 

shown in equations 1.19 and 1.20. 

 𝜂 =  
𝜌2

𝜌1
 1.17 

 𝜉 =  
𝜌5

𝜌1
 1.18 

 𝑃5

𝑃1
= 1 +  

𝛾1𝑀1
2 (𝜂 − 1)(𝜉 − 1)

(𝜉 − 𝜂)
 

1.19 

 𝑇5

𝑇1
= 1 +  

𝑀1
2 (𝛾1 − 1)(𝜂 − 1)(𝜉 − 1)

𝜂(𝜉 − 𝜂)
 

1.20 

 
𝑈𝑟𝑠 =  

𝑈𝑠(𝜂 − 1)

(𝜉 − 𝜂)
 

1.21 
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1.2.2 Rapid compression machine 

 

Figure 1.6: A schematic representation of the NUIG RCM facility. 

The rapid volumetric compression of a test gas is achieved by employing a traveling-piston-

cylinder arrangement in a rapid compression machine (RCM). RCMs have gained significant 

attention in the combustion community to study relatively low-temperature fuel oxidation 

chemistry at thermodynamic conditions relevant to IC engines. The RCM at NUI Galway was 

originally designed by Affleck and Thomas [20] and constructed at the Shell Thornton research 

centre in the 1960s and was re-commissioned at NUI Galway in the 1990s to perform state-of-

the-art chemical kinetic experiments [21]. This facility is an opposed twin-piston design, with 

each piston attached to a connecting rod with a pneumatic driver piston on the opposite end and 

a hydraulic piston in-between. A chemical reaction chamber, where a test gas is compression 

heated via traveling pistons. Each hydraulic and pneumatic piston is housed in their respective 

pneumatic chambers, Fig. 1.6. The RCM is fitted with a time-resolved Kistler 6045A 

piezoelectric pressure transducer, which enables time-resolved measurements of heat losses and 

pressure rise due to ignition. The IDT measurements collected during an experiment are 

documented in the experimental sections of Chapters 2 – 8 and their corresponding Appendices. 

To successfully compare IDTs measured in the RCM to a kinetic model, non-reactive pressure 

profiles are collected in tandem with the reactive pressure traces. These non-reactive profiles are 
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measured by replacing O2 with N2 in the mixture composition. The non-reactive pressure/time 

profiles are converted into volume/time profiles for use in simulations. 

RCM experiments are actuated by setting the pistons into motion and accelerating the 

pistons to a high compressive velocity relative to the test gas. The process initiates by fully 

retracting the pistons and pressurizing the hydraulic chamber to 40 bar with oil. This provides a 

large net force on the piston assembly in the retracting direction, which allows high pressure 

driver gas (compressed air) to be supplied to the pneumatic chamber without causing an 

acceleration of the pistons into the reaction chamber. At this point, the test gas is introduced into 

the reaction chamber at the desired initial conditions, and the chamber is then isolated. The 

compression process is initiated by removing the retraction force by venting the high-pressure 

oil to atmospheric pressure using a solenoid valve, allowing the driver gas to push the pistons 

forward. Near the end of the compression process, the pistons are rapidly accelerated to rest and 

mechanically locked at the trajectory end point. This process typically takes 14 – 16 ms. The test 

gas is subsequently held at a constant volume after compression, where the high-energy state of 

the gas slowly relaxes into thermal equilibrium with the cooler cylinder walls. At the end of 

compression, a series of chain reactions initiate reaction, and the reactive radical pool builds up 

and its chemical energy is released, resulting in an ignition event. The time interval between the 

two sharp pressure rises, one at the end of compression (pC) and other due to the onset of 

ignition is defined as the IDT. Although the test gas suffers from heat losses thereby rendering 

the compression process non-isentropic, we use the isentropic compression/expansion relations 

here, equations 1.22 and 1.23 to highlight the controllable physical parameters that influence the 

final compressed thermodynamic state properties of the test gas. The final compressed 

conditions (pc, Tc) can be varied (i) by adjusting the compression ratio (𝐶𝑅 =  
𝑉𝑖

𝑉𝑐
), (ii) by 

adjusting the initial pressure and temperature of the test gas and (iii) by adjusting the γ of the test 

fuel mixture by changing the diluent gas composition.  
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𝑝𝑐 =  𝑝𝑖 (

𝑉𝑖

𝑉𝑐
)

𝛾

 
1.22 

 
𝑇𝑐 =  𝑇𝑖 (

𝑉𝑖

𝑉𝑐
)

𝛾−1

 
1.23 

1.3 Chemical kinetic mechanisms for combustion applications 

The experiments performed in this work or the ones adopted from the literature are centered 

around those conditions of operating gasoline and diesel engines. To simulate the practical 

processes for various fuels over a wide range of conditions at much lower cost relative to a direct 

experimental approach, predictive chemical kinetic models are valuable. A kinetic mechanism 

file contains a list of elements and species and their associated elementary reactions and rate 

constants. In addition, thermochemical and transport properties are also required for simulation 

[22]. These models are developed in a hierarchical way starting from H2/CO kinetics by 

considering all possible fundamental chemical reactions that may take place during combustion. 

Chemical kinetic mechanisms coupled with CFD codes lead to more efficient designs and to 

optimal operation of practical combustors. In addition to more relevant practical issues in 

engines such as auto-ignition and flame inhibition, the kinetic models are also used to simulate 

various fuel formulations, harmful emissions [23]. Conventional fuels include hundreds of 

compounds which can be segregated into chemical families based on their structural 

similarities/functional groups such as aromatics, alcohols, iso-alkanes, alkenes [24]. In addition 

to there being very limited experimental data available in the literature it is not practical to 

simulate a detailed kinetic model with all of the constituent compounds present in a commercial 

fuel. To circumvent this problem and provide realistic simulations of the combustion of these 

commercial fuels, ‘surrogate fuels’ are thus formulated to represent these real fuels by 

incorporating at least one compound from each a chemical family to specifically target fuels’ 

characteristics such as auto-ignition delay time, flame speed, vaporization [25]. A model can be 
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deemed successful if it can successfully reproduce a variety of experimental targets over wide 

range of conditions. 

1.3.1 Simulation and analytical methods 

Various experimental targets were simulated by utilizing the appropriate modules available 

in Ansys Chemkin PRO [26]. To simulate the chemical changes that occur after the shock 

heating of a reactive gas mixture in the high-pressure shock-tube, a zero-dimensional constant 

volume reactor module was used and adopting the reflected pressure and temperature conditions 

(pC, TC) as the initial conditions for the corresponding simulation. The ‘adiabatic core’ 

assumption and corresponding heat loss profiles were used as input files to simulate the 

experiments performed in a rapid compression machine. Pyrolysis and oxidation species profiles 

experiments from shock-tubes were simulated by assuming frozen chemistry at an effective 

heating time. Laminar burning velocity simulations were performed using a pre-mixed flame 

speed calculation module and adopting the values of adaptive mesh parameters (GRAD and 

CURV as 0.1), which control the number of grid points inserted in regions of high 

gradient/curvature. Smaller values of these mesh parameters cause more grid points to be used. 

To determine the gas mixture properties from pure species properties, the mixture-averaged 

transport properties was selected including the thermal diffusion with all solutions attained at a 

minimum of 400 grid points to confirm grid independence. To simulate the species profiles 

attained from a jet-stirred reactor, the perfectly stirred reactor module was used. 

To understand the fuel oxidation phenomenon and the underlying pathways leading to final 

products at various conditions of temperature, pressure and concentration, flux analyses were 

carried out at the time of ~20% fuel consumption. To identify the controlling kinetics (sensitive 

reactions) of fuel oxidation, sensitivity analyses were performed for global reactivity targets 

such as IDTs and LBVs. Such analysis often provides important information regarding the 

dominant mechanisms occurring in complex systems and acts as the first step in improving a 



16 
 

model’s agreement with the measurements, by varying the sensitive rate constants within their 

experimental/theoretical uncertainty. In the case of LBVs, the first order sensitive rate constants 

for a predicted mass flow rate were calculated using an in-built Chemkin PRO module. 

However, for IDTs, brute force sensitivity analyses were carried out for each elementary 

reaction in the mechanism by increasing and decreasing the rate constant by a factor of two with 

the corresponding effect on the IDT predictions notifying the sensitivity coefficient (S) of that 

specific reaction as represented below. In this instance, a positive coefficient indicates a 

promoting reaction and vice-versa. 

 
𝑆 =

𝑙𝑛(𝐼𝐷𝑇+ 𝐼𝐷𝑇−⁄ )

𝑙𝑛(𝑘+ 𝑘−⁄ )
=

𝑙𝑛(𝐼𝐷𝑇+ 𝐼𝐷𝑇−⁄ )

𝑙𝑛(2.0 0.5⁄ )
 

1.24 

1.4 Thesis Layout 

The focus of this thesis is on the collection of the essential combustion kinetic data via 

ignition delay time experiments in a high-pressure shock-tube and in a rapid compression 

machine. The list of hydrocarbons and corresponding experimental conditions studied as part of 

this thesis are shown in Fig. 1.7 and in Table 1.1. These data are vital in developing accurate 

surrogate mechanisms or in improving the predictability of existing kinetic models to describe 

the highly complex combustion processes involved in practical combustors. More specifically, 

Chapter 2 and 3 focuses on the important findings of acetylene and isobutene oxidation studies 

which are regarded as crucial intermediates formed in the decomposition of higher-order 

hydrocarbons. New acetylene IDT experiments were performed at elevated pressures (10 – 

30 bar) and at temperatures of 700 – 1300 K at NUIG. As commercial cylinders commonly 

contain acetylene gas dissolved in acetone, we have also tested the influence of acetone on 

acetylene reactivity and other key findings in the acetylene chemistry are highlighted. The 

importance of an accurate kinetic description of iso-butene oxidation in modelling higher 

hydrocarbon compounds such as di-isobutylene and iso-octane is discussed in Chapter 3. 
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Moreover iso-butane (iC4H10) kinetics are also updated as part of this study with significant 

improvements in its IDT predictions are discussed. 

 

Figure 1.7: Experimental and/or kinetic modelling studies conducted in this thesis. 

Table 1.1: List of experimental conditions studied in this thesis. 

Fuel φ HPST RCM pC (bar) TC (K) 

Acetylene 0.5, 1.0, 2.0, 

2.5, 2.6 

✓ ✓ 10, 20, 30 750 – 1250 

Cyclopentanone 0.5, 1.0, 2.0 ✓ ✓ 15, 30 800 – 1350 

Ethyl acetate 0.5, 1.0, 2.0 ✓  15, 30 1000 – 1400 

Methyl acetate 0.5, 1.0, 2.0 ✓  15, 30 1000 – 1400 

Cyclopentane/DME 0.5, 1.0, 2.0 ✓ ✓ 20, 40 650 – 1450 

Di-isobutylene 0.5, 1.0, 2.0 ✓ ✓ 15, 30 650 – 1400 

Prenol 0.5, 1.0, 2.0 ✓ ✓ 15, 30 600 – 1400 
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Chapter 4 focusses on 2,4,4-trimethyl-1-pentene, a highly branched C8 alkene, one of the 

isomers of di-isobutylene (DIB), which has received significant attention as an alkene 

representative in a multi-component surrogate models in the past decade. DIB-1 is also a 

promising fuel blend-stock, which is currently blended in market fuels and is also a short-listed 

molecule for the Co-Optima program, reflecting its high RON and S (106 and 19, respectively). 

DIB can be produced through the dimerization of isobutene using solid acid catalysts, wherein 

isobutene can be synthesized from bio-derived alcohols and microbial fermentation routes. New 

IDT measurements from this study, along with an updated model to validate these experiments, 

and with the available literature experiments is presented. 

Chapter 5 focusses on cyclopentane, the smallest naphthene and a suitable representative of 

the cyclo-alkane class of compounds in a multi-component gasoline surrogate model. 

Cyclopentane is a relatively un-reactive fuel at low temperatures and was blended with di-

methyl ether (DME), a relatively reactive fuel, to probe/understand the blending behavior and 

the low temperature kinetics of cyclopentane. The auto-ignition of these blends were studied 

over a wide range of temperatures (650 – 1350 K) and elevated pressures of 20 and 40 bar at 

equivalence ratios of 0.5, 1.0 and 2.0 in air for two blending ratios (30/70 and 70/30 

cyclopentane/dimethyl ether mixtures) and the kinetic model was revised to capture these new 

experiments and also the available experimental targets in the literature. 

Chapter 6 reports new IDT experiments for cyclopentanone, a 5-membered cyclic ketone, 

and an attractive biofuel and/or a fuel additive for SI engine applications, as it has a relatively 

high RON (101) and S (12). Cyclopentanone can be produced through a variety of 

thermochemical and biological processes, however it has been little studied a potential fuel. In 

this study, IDT experiments were carried out at engine relevant conditions of p =15 and 30 bar, φ 

= 0.5, 1.0 and 2.0 over the temperature range of 800 – 1400 K, along with a detailed chemical 

kinetic model to describe its oxidation. 
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Chapter 7 presents a chemical kinetic model for the oxidation of small esters i.e., ethyl 

acetate (C2H5COOCH3) and methyl acetate (CH3COOCH3) together with IDT measurements at 

φ = 0.5 – 2.0, p = 15 and 30 bar in the temperature range 1000 – 1450 K. Due to their 

advantageous physical and chemical properties and various biological synthesis pathways, these 

esters were among the fuel molecules shortlisted for further studies in advanced SI engines for 

the Co-Optima program. 

Chapter 8 investigates combustion kinetics of an unsaturated alcohol, 3-methyl-2-butenol 

(prenol) experimentally in both the HPST and RCM and a kinetic model was also developed. 

Neat prenol has a relatively low RON of 93.5, hence was not the subject of much research as a 

blend-stock in SI engines (criteria for Co-Optima molecules RONs > 98), however recent results 

reported a high RON of 122 – 145 at 10% v/v blending of prenol with gasoline blend-stocks. 

This unique behavior exhibited by prenol by exceeding the RON of both neat prenol and the 

blend-stock is termed ‘octane hyper-boosting’. Prenol can be produced from biological processes 

such as microbial production pathways in engineered Escherichia coli strains and via microbial 

fermentation processes. 
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Abstract 

The oxidation of acetylene is central to the oxidation of virtually all hydrocarbon fuels. It is also 

important for commercial industry, due to its wide range of applications such as flame 

photometry, atomic absorption, welding. In this study, ignition delay times (IDTs) for acetylene 

oxidation were measured at elevated pressures (10 – 30 bar) and temperatures (700 – 1300 K) in a 

high-pressure shock tube (HPST) and in a rapid compression machine (RCM). The range of 

pressures, temperatures and mixture compositions studied are at conditions never previously 

investigated in the literature. The new measurements highlight some major shortcomings in our 

understanding of the oxidation mechanism of acetylene. The importance of these findings is 

accentuated, considering the fundamental nature of acetylene chemistry in modelling larger 

hydrocarbons. These data are complemented by new laminar burning velocity (LBV) 

experiments, independently performed in two different laboratories. As commercial cylinders 

commonly contain acetylene gas dissolved in acetone, we have also tested the influence of 

acetone on acetylene reactivity. It was found that the measured LBVs in both laboratories 

decreased when acetylene dissolved in acetone was used versus when the pure acetylene was 

used. The IDTs displayed no such sensitivity. When compared to the literature data, the new 

LBVs for pure acetylene displayed a pronounced increase in the fuel-rich regime, and the peak 

flame speeds from TAMU and RWTH increased by about 21 and 14 cm/s, respectively. The 

kinetic models, with one exception, over-predict the measured IDTs by an order of magnitude at 

temperatures below ∼1000 K. The reaction of acetylene with hydroperoxyl radicals is critical in 

accurately predicting the low-temperature, high-pressure IDT data. The experimental findings 

together with the interpreted models highlight the need for further work to better understand 

acetylene oxidation. 

  



25 
 

1. Introduction 

Understanding, and accurately predicting, the oxidation of small gaseous compounds is essential 

in hierarchically developing accurate kinetic models of heavier hydrocarbons [1]. Acetylene 

(C2H2) is one of the major intermediates produced in the oxidation of larger hydrocarbons and is 

a prominent precursor in soot formation, especially at fuel-rich conditions [2]. Previous C2H2 

oxidation studies were conducted in shock tubes (ST) [3-8], with species versus 

temperature/time studies performed in jet-stirred reactors (JSRs) [2, 9, 10] and LBVs also 

measured [11-16]. Most of the studies have focused on C2H2 flames due to its very high flame 

temperature compared to other hydrocarbon fuels, since one of its main applications lies in 

welding and cutting [17]. 

ST studies of acetylene have focused on pyrolysis chemistry [6, 18-20] and, despite its 

importance oxidation studies have been limited to low pressures. Eiteneer et al. [3] reported IDT 

experiments by varying compositions of acetylene (i.e., 0.25, 0.50, 1.0%) and oxygen diluted in 

argon, at equivalence ratios (φ) of 0.06 – 1.66, at temperatures of 1150 – 2132 K and at pressures 

of 0.9 – 1.9 atm. Fournet and co-workers [4] studied acetylene oxidation at 1.0 and 3.0% 

acetylene at temperatures of 1000 – 1650 K and pressures in the range 8.5 – 10 bar. Gardiner et 

al. [5] used CH* and OH* emission to measure IDTs, which were performed for various 

mixtures at 1.0% acetylene composition and temperatures of 1500 – 2500 K at pressures of 0.006 

and 0.013 bar. Hidaka et al. [6] studied acetylene oxidation for various compositions of 

acetylene ranging from (0.5 – 4.0%) in the temperature range 1100 – 2000 K at pressures of 1.1 – 

2.6 atm. Homer et al. [7] investigated 0.5% acetylene + 0.8% O2 diluted in Argon at 

temperatures of 1580–2300 K and at pressures of 0.6 – 0.7 bar. Jachimowski [8] used a ST to 

investigate acetylene ignition behind incident shock waves by measuring the radiation profiles 

from carbon monoxide and carbon dioxide using acetylene compositions of 1.0, 1.5, 1.94%, at 

temperatures in the range 1815–2365 K and at pressures of 1.1 and 1.7 atm. 
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Early modelling work by Varatharajan and Williams [21] predicted the presence of a 

negative pressure dependence for acetylene IDTs. Using constant-volume predictions at the 

conditions of interest to this study (Fig. 2.1), we show that four widely used chemical kinetic 

models also predict an inverse pressure dependence for acetylene IDTs. However, there are no 

experimental data available to verify the predictions of this atypical ignition behaviour, which is 

only verified previously for H2/O2 mixtures [22]. 
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Figure 2.1: Predictions of acetylene oxidation in air at φ = 1.0 using AramcoMech2.0 [23], San 

Diego Mechanism [24], GRI-Mech 3.0 [25], Glarborg Mechanism [26]. Solid and dashed lines 

correspond to 10 and 30 bar respectively. 

Egolfopoulos et al. [13] studied LBVs of C2 hydrocarbons at room temperature for fuel-lean 

to fuel-rich mixtures at pressures ranging from 0.25 – 3.0 atm, but acetylene was limited to 

pressures below 1 atm and diluted in air due to safety concerns. Jomass and co-workers [14] 

performed experiments for three C2 and two C3 hydrocarbons in air, at pressures of 1, 2 and 5 

atm, at equivalence ratios of 0.6 – 2.0, but limited acetylene experiments to pressures below 2 

atm. LBV data for C2H2/air mixtures at 1 atm and 298 K by Egolfopoulos et al. [13] and Jomass 

et al. [14] reasonably agree in the fuel-lean regime, while a pronounced divergence is seen in the 

fuel-rich regime (20% difference at φ = 1.4). Jomass et al. [14] stated that the reason for the 
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over-prediction of LBVs by Egolfopoulos et al. [13] is due to the linear extrapolation method 

employed for data extraction. The Park et al. [15] data for C2H2/(13% O2 +  87% N2) mixtures 

agree with those of Egolfopoulos et al. [13] at 1 atm and 298 K, although the LBV data 

extraction methods are different. Ravi et al. [11] concluded that their LBV data for acetylene/air 

mixtures at 1 atm and at an unburned temperature of 298 K agree with those of Jomass et al. 

[14]. Shen et al. [12] concluded that their data agree within 10% of Jomass et al. [14] for 

C2H2/air at 1 atm and 298 K over the entire equivalence ratio range. Rokni et al. [16] 

investigated LBVs of various mixtures of acetylene in air over a wide range of equivalence 

ratios 0.6 – 2.0, at unburned gas temperatures of 300 – 590 K and at pressures from 0.5 – 3.3 atm. 

Consistency in experimental data is highly important, as it is widely used to validate the 

predictions of kinetic models. Despite the existence of such a wide range of literature data at the 

same conditions (1 atm and 298 K), there remains an outstanding question of the discrepancy of 

LBVs for acetylene at φ > 1. 

The aims of this study are three-fold, (i) to provide a new set of experimental IDT data for 

acetylene oxidation over a wide range of temperatures and equivalence ratios, at elevated 

pressures; (ii) to provide reliable LBV data for acetylene/air at 1 and 2 atm and 298 K; and, (iii) 

to interpret the experimental results with available chemical kinetic models from the literature. 

By doing so, we have found that only the Glarborg mechanism [26] is able to reproduce the 

newly measured IDT data with a reasonable degree of accuracy. The main reason for this lies in 

the different models’ treatment of the reaction of acetylene with hydroperoxyl radicals, as is 

explained in detail later. Furthermore, the effect of acetone, in which acetylene is commonly 

dissolved, is considered and found to measurably influence LBVs, resulting in decreased laminar 

burning velocities. This decrease in LBVs is found to align with a number of literature 

measurements. However, when LBVs of pure acetylene are measured in two independent 
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laboratories, the measurements are faster relative to the reported literature. Hence, experiments 

were performed to help unravel these discrepancies. 

2. Experimental methods 

Two independent facilities have been used to measure IDTs of acetylene at pressures of 10, 20 

and 30 bar and at φ = 0.5, 1.0 and 2.0 at different dilutions. Faster IDTs (0.02 – 2.0 ms) were 

measured in the HPST at NUIG and relatively slower IDTs (3 – 100 ms) are measured in the 

RCM at PCFC, RWTH Aachen University. These facilities complement each other, covering a 

relatively wide temperature range. The experiments performed in these two facilities are listed in 

Table 2.1. A new set of LBVs was measured in a constant-volume vessel at TAMU at 1 and 2 

atm and 298 K for φ = 0.6 – 2.0. These data are complemented by the LBV experiments 

performed in a spherical combustion chamber at ITV, RWTH Aachen University. 

Table 2.1. Synopsis of experimental conditions studied at NUIG HPST and RWTH RCM. 

*Repeated to check influence of acetone. 

φ C2H2  O2  N2  Ar  p (bar) % dilution 

1.0 0.077 0.194 0.729 0.000 10, 20 & 30 73 

1.0 0.040 0.100 0.430 0.430 10 86 

1.0 0.010  0.026 0.482 0.482 10 96 

0.5 0.040 0.202 0.758 0.000 10 76 

2.0* 0.144 0.180 0.676 0.000 10 68 

2.1. High pressure shock tube (NUIG) 

The NUIG HPST was described previously [27] and is only briefly discussed here. The 9 m long 

stainless-steel tube with uniform cross-section of 63.5 mm inner diameter is divided into three 

sections; a driver (3 m), driven (5.7 m) and double-diaphragm section (30 mm). The double-

diaphragm section, with inserted pre-scored aluminium discs of appropriate thickness, separates 

the driver and driven sections and enables improved control of the shockwave. Helium is used as 

the driver gas for these experiments. Six PCB 113B24 piezoelectric pressure transducers 

mounted at different locations on the driven section to measure shock velocity and one Kistler 
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603B transducer on the endwall, to record pressure-time profiles simultaneously during 

experiments. The measured velocity is used to calculate the post-shock conditions using 

‘reflected shock’ routine from Gaseq [28]. The acceptable error for the measured pressures 

behind the reflected shock wave was limited to ± 1 bar of the target pressure and uncertainties in 

the IDT measurement is ∼20%. No pre-ignition pressure rise was observed in the experimental 

results. Acetylene dissolved in acetone (min 98.5%) was purchased from BOC Ireland. Initially, 

the experiments were performed at all conditions without purifying the fuel. Subsequently an 

acetone filter was used, and the experiments were repeated at φ = 2.0 and p = 10 bar. The other 

gases used for the experiments O2 (99.99%), N2 (99.99%), Ar (99.99%) and He (99.96%) have 

been purchased from BOC Ireland and used without further processing. 

2.2. Rapid compression machine (PCFC RWTH Aachen) 

The PCFC RCM used in this study is a single-piston machine where the creviced piston is 

pneumatically driven and hydraulically stopped at the end of compression. The details on the 

construction, measurement procedure and the sensors used (dynamic: Kistler 6125C, type ‘T’ 

thermocouple, static pressure: STS ATM 1.ST) are available in the study of Hemken et al. [29] 

with the exception of the dynamic pressure sensor. The gases N2 (≥ 99.95%), Ar (≥ 99.996%), 

and O2 (≥ 99.995%) used for mixture preparation were supplied from Westfalen AG and Praxair. 

The fuel, acetylene dissolved with acetone, has a purity of 99.0% (Westfalen AG) and the 

acetylene without acetone has a purity ≥ 99.6% (Linde AG). The compressed temperature 

conditions were calculated using the isentropic compression and expansion routine from Gaseq 

[28]. For a given condition, the measured IDTs are reproducible within 15%, and the 

experimental uncertainty in the compressed temperature is within ± 5 K, as calculated using the 

procedure explained in [30]. As in previous studies [29-31], the IDTs are simulated with an 

effective volume profile accounting for the compression phase and heat loss after compression.  
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2.3. Constant-volume vessel (TAMU) 

Centrally ignited spherical flame tests for acetylene-air mixtures were conducted at 1 and 2 atm 

at room temperature for equivalence ratios of 0.6 – 2.0. The experimental facility is a constant-

volume cylindrical vessel with 5-inch-diameter (12.7 cm) viewing windows for Schlieren 

imaging. Further details on the new facility are provided by Morones et al. [32]. A high-speed 

camera recorded each test at 25,000 fps. LBV was extrapolated using nonlinear method I. 

Representative Schlieren images from this study are shown in Appendix A. The stated 

uncertainty in the LBV measurements for the present study is ±5%. Gas mixtures were prepared 

according to Dalton's law of partial pressures. The mixtures were composed of atomic 

absorption grade acetylene and air, using a ratio of 21% O2 to 79% N2 to represent atmospheric 

air at standard conditions. To ensure that the acetylene did not become unstable and decompose 

during the filling process, each component of each mixture was added to the vessel at a low flow 

rate. The rate of pressure rise on filling was maintained below approximately 1 Torr s–1 

throughout each test. The temperature of the gas inside the vessel was monitored and maintained 

within 1.5 °C of the initial temperature throughout the entirety of the filling process for each test. 

The acetylene used in this study was dissolved in 5 mol% acetone in the cylinder, as has been 

the global standard in the gas supply industry for decades. The method of purifying acetylene 

using activated carbon purifiers has been implemented previously with success [33]. As the 

activated carbon adsorbed acetone, the effectiveness of the purifiers to remove acetone vapor 

from the acetylene decreased. Therefore, the purifiers were regularly replaced between tests to 

maintain a pure supply of acetylene. 

2.4. Spherical combustion vessel (ITV RWTH Aachen) 

A spherical vessel with 100-mm internal diameter equipped with 50-mm diameter quartz 

windows for optical access, was employed to measure LBVs for pure acetylene and acetylene 

externally doped with 5 mol% acetone at 1 atm and 298 K for φ = 0.8 – 2.0. The outward location 
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of the propagating flames is Schlieren imaged using a dual-field-lens arrangement. Images were 

taken using a LaVision High-SpeedStar 6 CMOS camera, at 25,000 fps with a resolution of 

10.67 pixel/mm and a shutter speed of 1/338,000 s. LBV was extrapolated using nonlinear 

method by Kelley et al. [34]. The representative Schlieren images from this study are provided 

in Appendix A. The fuel mixture for several consecutive measurements is externally prepared in 

a mixing vessel using the partial pressure method and transferred to the combustion chamber via 

tubing. The whole arrangement is maintained at a temperature, to ensure no condensation of the 

fuel. Fuel/air mixtures were prepared with compressed air, which consists of 20.94% O2, 78.13% 

N2 and 0.93% Ar, and solvent free acetylene, as used in the RCM measurements. Partial 

pressures are tracked during mixture preparation using temperature-compensated pressure 

transducers of type Keller Series 35 X HTC. Acetone-doped mixtures were prepared by 

measuring the amount of acetone gravimetrically and injecting the fuel into the mixing vessel 

using a syringe. Thus, the risk of fuel decomposition due to the heated mixing environment can 

be reduced by shortened residence times. The overall mixture composition remains partial 

pressure controlled by adjusting the acetylene and air partial pressures according to the pressure 

difference of injected acetone. After the mixture is allowed to settle in the combustion chamber, 

it is ignited at the mid-point of the vessel, using an external spark plug. The experimental 

uncertainty in the LBV is found to be less than 5%. 

3. Results and discussion 

The experimental conditions were selected to provide new IDTs for acetylene/air oxidation at 

elevated pressures over a range of conditions never reported previously. The LBV experiments 

were performed at TAMU and RWTH Aachen, at 0.6 ≤ φ ≤ 2.0 and p = 1 and 2 atm and 

T = 298 K. Moreover, the influence of acetone contamination on acetylene IDTs and LBVs has 

been explored. For all simulations, Chemkin-Pro [35] was used. 
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3.1. Influence of the presence of acetone on acetylene IDTs and LBVs 

Table 2.2 summarizes the various methods employed in different laboratories to study pure 

C2H2. Figure 2.2(a) compares IDTs for pure C2H2 and C2H2 dissolved in acetone, for the φ = 2.0 

at 10 bar. No variation in IDTs is observed among the two fuels, which is further supported by 

the model predictions (acetone sub-mechanism from AramcoMech2.0 is combined with the 

Glarborg Mechanism). Figure 2.2(b) compares the LBVs of pure C2H2 and C2H2 dissolved in 

acetone, at 1 atm and 298 K, from two laboratories. 

Table 2.2: The purification methods employed in different laboratories to study pure acetylene.  

 

The pure acetylene LBVs from TAMU are consistently higher than those from RWTH for 

0.6 ≤ φ ≤ 2.0 (peak LBV difference of 14.8 cm/s at φ = 1.4). However, the LBVs for acetylene 

dissolved in acetone agree well with one another in 1.0  ≤  φ  ≤  2.0. The difference in the 

measured peak LBVs of pure acetylene and acetylene dissolved in acetone at φ = 1.4 is 11.5 and 

23.9 cm/s for RWTH and TAMU respectively. The experimental findings in this study confirm 

that the presence of acetone affects acetylene LBVs, which is reaffirmed by the modelling 

results. As shown in Fig. 2.2(b), the LBVs predicted by AramcoMech2.0 [23] decrease as the 

molar concentration of acetone (1.0, 5.0 and 8.0%) increases in acetylene. 

Experiment  Lab Purification method % pure acetylene 

 

IDT 

 

NUIG 

Balston filter 

(N9301399) 

99.9 % 

RWTH Aachen (PCFC) Solvent free acetylene > 99.6 % 

 

LBV 

 

TAMU 

Activated carbon 

purifiers (450B) 

99.5 % 

RWTH Aachen (ITV) Solvent free acetylene > 99.6 % 
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Figure 2.2: Influence of dissolved acetone on acetylene IDTs and LBVs, respectively. 

3.2. Influence of pressure on acetylene IDTs 

Figure 3 depicts the influence of pressure for stoichiometric acetylene/air mixtures for T = 700 – 

1300 K at p = 10, 20 and 30 bar in a HPST and a RCM. The IDTs measured in the HPST show a 

minimal effect of pressure, but in the RCM regime IDTs show a greater dependence on pressure. 

At lower temperatures, the IDTs can be seen to decrease with increasing pressure. The acetylene 

IDTs show a strong Arrhenius behavior across the temperature range investigated, with no 

negative temperature coefficient (NTC) at low-to-intermediate temperatures. 
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Figure 2.3: Influence of pressure on acetylene IDTs at φ = 1.0. Solid and open symbols 

correspond to HPST and RCM data respectively. 
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Of particular interest is the lack of any negative pressure influence as predicted by three of 

the kinetic models [23-25]. With the exception of the Glarborg mechanism [26], all other models 

cannot predict the trend or the absolute IDTs of this study. Therefore, we use the Glarborg 

mechanism [26] for further interpretation of the data. Figure 4 presents a rate of production 

(ROP) analysis. 

 
Figure 2.4: Rate of production analysis for stoichiometric acetylene/air at 20% fuel conversion 

using Glarborg mechanism [26] at T = 1021 K and p = 10 bar (black), p = 30 bar (red).  

The analysis was performed for a stoichiometric acetylene/air mixture at a temperature of 

1021 K and at pressures of 10 and 30 bar. The ROP analyses using other models [23-25] at the 

same conditions are provided in Appendix A. As expected, the quantity of unimolecular 

products formed from the consumption of acetylene increases with pressure. Secondly, there is 

an increase in the amount of acetylene consumed through reaction with hydroperoxyl radicals to 

form triplet formylmethylene and hydroxyl radicals. Kéromnès et al. [22] previously showed an 
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inverse dependence of hydrogen IDTs with pressure at intermediate temperatures (900 – 1250 K) 

which was attributed to competitive branching versus propagation pathways in the reaction of Ḣ 

atoms with molecular oxygen. The branching pathway forms two reactive radicals (Ö and ȮH), 

while propagation leads to the formation of one hydroperoxyl radical. These reactions are known 

to affect the prediction of all hydrocarbon IDTs. 

In acetylene the existence, or not, of a branching versus chain-propagation mechanism also 

affects the simulations shown in Fig. 2.3 in which the Glarborg mechanism [26] is the only 

model to include the reaction of acetylene and hydroperoxyl radical forming triplet 

formylmethylene and hydroxyl radicals. This pathway promotes reactivity by producing two 

highly reactive radicals, with triplet formylmethylene subsequently reacting with molecular 

oxygen producing Ö atoms which further react with acetylene, increasing reactivity. The absence 

of this reaction in the other models means that the IDTs are over-estimated compared to the new 

experimental data. The prominence of the inverse pressure dependence predictions by all other 

mechanisms is accentuated due to the over-reliance of the acetylene chemistry on the underlying 

hydrogen oxidation reactions. 

3.3. Influence of fuel-air equivalence ratio on IDTs 

The influence of equivalence ratio on acetylene in air reactivity was investigated at 10 bar for 

fuel-lean to fuel-rich equivalence ratios, i.e., 0.5, 1.0 and 2.0, and is presented in Fig. 2.5. The 

two models closest to predicting the IDTs in Fig. 2.3 are used to predict the effect of equivalence 

ratio on acetylene IDTs in Fig. 2.5. The IDT decreases as the equivalence ratio increases for 

temperatures ranging from 715 – 1250 K. In this case, both models capture the trend of IDTs 

decreasing with increasing equivalence ratio. However, similar to the prediction of the effect of 

pressure, the Glarborg mechanism [26] best predicts the absolute IDTs at all three equivalence 

ratios. Both models predict that IDTs decrease with increasing equivalence ratio. This trend is a 

kinetic effect and is due to the increasing concentration of acetylene with increasing equivalence 
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ratio in the temperature range 715 – 1250 K, as the controlling chemistry depends on fuel 

concentration and not on O2 concentration (which it does at high temperatures due to the 

importance of the reaction Ḣ + O2 = Ö + ȮH). 

 

Figure 2.5: Influence of fuel-air equivalence ratio on Acetylene IDTs at 10 bar. 

 

Figure 2.6: Influence of dilution on acetylene IDTs at φ = 1.0 and 10 bar. 
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3.4. Influence of dilution on acetylene IDTs 

IDT experiments for acetylene at 86% and 96% dilution were performed in the HPST and the 

RCM. Figure 2.6 compares the effect of the dilution on acetylene reactivity. As expected, IDTs 

increase with increasing diluent concentrations. The Glarborg mechanism [26] better reproduces 

the absolute measured IDTs, while AramcoMech2.0 [23] displays no effect of dilution at 

temperatures above 1000 K. For the two levels of dilution, AramcoMech2.0 [23] over-predicts 

IDTs at temperatures below 1100 K. This over-prediction is due to the omission of the reaction 

of acetylene with hydroperoxyl radicals, which appears to be important over the range of 

dilutions studied. 

3.5. Laminar burning velocities 

Figure 2.7(a) and (b) show the data from the current study (denoted as TAMU and RWTH) at 1 

and 2 atm, plotted with the corresponding literature [12-14,16]. As depicted in Fig. 2.7(a), the 

pure C2H2 experiments performed independently at TAMU and RWTH report higher LBVs 

compared to the literature data. The current data for C2H2 dissolved in acetone agree well with 

the data reported by Shen et al. [12], Jomaas et al. [14] and Ravi et al. [11] at 1 atm as shown in 

Fig. 2.7(a). Also note that the previous data measured at TAMU [11] were recorded without 

using an acetone-removal filter. This comparison strengthens the claim that the presence of 

acetone decreases the LBVs of acetylene. Moreover, the peak LBV for the literature data is 

around φ = 1.3, while for the new data it is observed at φ = 1.4. When compared to the literature 

data, the peak LBVs for pure acetylene taken at TAMU and RWTH increased by about 21 and 

14 cm/s respectively. We conclude that the reason for the discrepancy with the literature data in 

the new experimental LBVs for pure C2H2 is due to the presence of acetone. AramcoMech2.0 

generally under-predicts the TAMU data for pure C2H2 and this divergence is seen to increase 

with equivalence ratio. This model agrees well with the RWTH data at 1.4 ≤ φ ≤ 2.0 for pure 

C2H2. However, the Glarborg Mechanism predictions for pure C2H2 are slower when compared 
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to the LBVs from TAMU, but agrees well with the LBVs from RWTH, throughout the 

conditions investigated. As depicted in Fig. 2.2(b), the difference in the peak LBV for this study 

and the existing data at 2 atm is about 27 cm/s. Similar to the 1 atm condition, AramcoMech2.0 

predictions agree with the current study at 2 atm on the fuel-lean side, while they are slower on 

the fuel-rich side. The stark differences between the measured values in the literature and the 

present ones warrants a more detailed investigation of acetylene-air LBV studies. 
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Figure 2.7: Laminar burning velocities of acetylene/air at 1 and 2 atm, respectively. 

4. Conclusions 

This study presents new experimental measurements of IDTs and LBVs for acetylene oxidation 

using four independent experimental facilities. This is the first study to present IDTs for 

acetylene/air mixtures at pressure of 10, 20 and 30 bar. The effect of equivalence ratio (0.5 – 2.0) 

was tested at a pressure of 10 bar. A wide range of temperatures (700 – 1300 K) was covered by 

using an RCM and a HPST. These IDTs were compared to predictions of four widely used 

literature kinetic models. Only the Glarborg mechanism was capable of reproducing the 

measured IDTs. A subsequent kinetic analysis using the Glarborg mechanism identified that the 

primary reason for the discrepancy between model predictions is due to the absence of the 

reaction of acetylene with hydroperoxyl radicals to form triplet formylmethylene and hydroxyl 
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radicals. The IDTs exhibited no sensitivity to the presence of acetone, which is further supported 

by the modelling results. 

LBVs were measured independently at TAMU and RWTH Aachen. The measurements 

were performed with and without dissolved acetone. It was found that acetone affects LBVs, and 

this effect is reaffirmed by the modelling results. The LBVs measured in both laboratories for 

pure acetylene are faster compared to existing literature data, particularly at fuel-rich conditions. 

For the measurements of acetylene dissolved in acetone, the new data agree well with those 

reported in the literature. This finding will impact upon the development of detailed chemical 

kinetic models for larger hydrocarbons as acetylene is produced as an intermediate for all larger 

hydrocarbons, and its abnormally fast LBVs means that it is a key component in the prediction 

of laminar burning velocities for larger hydrocarbons. 

Both AramcoMech2.0 and the Glarborg Mechanism cannot accurately predict the current 

IDT and LBV results across all of the conditions investigated. The Glarborg Mechanism predicts 

the current IDT data reasonably well but is slower compared to the experimental data across the 

conditions investigated. Meanwhile, AramcoMech2.0 does not predict the current IDT and LBV 

data at fuel-rich conditions but predicts LBVs at fuel-lean conditions. Further work needs to be 

performed to improve the model predictions of the new data presented here. 
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Abstract 

The continuous development of a core C0 – C4 kinetic mechanism generally involves updating it 

using reliable kinetics, thermodynamics and may also involve the inclusion of missing pathways 

to improve the integrity, prediction accuracy and applicability of the mechanism over a wider 

range of combustion relevant conditions. Accurate kinetic description of the core mechanism can 

be substantial in accurate predictions of higher hydrocarbon combustion models as the 

consumption of these species rely heavily on the core mechanism. This study was motivated by 

severe under prediction in the reactivity of the high temperature experimental targets of di-

isobutylene (DIB), an important component used in surrogate fuel formulations. It is worth 

noting that isobutene (iC4H8) laminar burning velocities are also severely under-predicted in the 

recent publication of Zhou et al. [1], which is regarded as a critical fragment formed in the 

decomposition of DIB, that dictates its fate. We discuss the latest developments to the isobutene 

kinetics and illustrate the influence these updates have on the oxidation of higher order 

hydrocarbons, such as DIB and iso-octane (iC8H18). Improving the kinetic accuracy of the C0 – 

C4 core mechanism improved not only the iC4H8 predictions but also the predictions of higher 

hydrocarbons which hierarchically rely on it, for instance, the peak flame speeds for specific 

cases of iso-octane, iso-butene and di-isobutylene have improved by 3, 6, 12 cm s–1, 

respectively. In addition, the new iC4H8 model is in excellent agreement with the new laminar 

burning velocity measurements taken in this study at 1 atm and 428 K. Contribution of the new 

iC4H8 kinetics alone for the improvement in the LBV prediction is significant, in particular 

Ċ3H5-t + ĊH3 = iĊ4H7 + Ḣ and iC4H8 = iĊ4H7 + Ḣ reactions are very sensitive at high 

temperatures. In addition, the new isobutene model is in very good agreement with experimental 

ignition delay times and species profiles measured during pyrolysis and oxidation conditions. 
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1. Introduction 

A surrogate fuel model usually contains one or more representative elements from important 

classes of compounds (alkane, alkene, aromatic, etc.) to represent the physical and chemical 

properties of real fuel that are of interest in engines. A reliable surrogate model used in CFD 

simulations can lead to a better understanding of the highly complex combustion processes 

involved in practical combustors, ultimately leading to combustor performance optimization [2]. 

2,4,4-trimethyl-1-pentene (DIB-1), a C8 iso-alkene, is one of the isomers of DIB that has gained 

significant attention as a representative of the alkene class of compounds in multi-component 

surrogate mechanisms [3-8]. A high-temperature chemical kinetic model describing DIB 

oxidation was published by Metcalfe et al. [3]. In the past decade, most surrogate models which 

include DIB have used the sub-mechanism proposed by Metcalfe et al. to simulate conditions 

outside the range of validation of the original DIB model. Thus, there is a need to update it. 

In developing a detailed kinetic mechanism to describe DIB oxidation, there is a significant 

hierarchical dependence on the underlying isobutene chemistry on simulating high temperature 

experimental ignition delay times (IDTs) and laminar burning velocities (LBVs). The present 

authors started with the iC4H8 mechanism from Zhou et al. [1] to assess and address any 

deficiencies in this mechanism. Motivation leading to further development in iC4H8 kinetics is 

evident from Fig. 3.1(a), which shows poor quantitative predictions using the iC4H8 sub-model 

from Zhou et al. [1] compared to experimental data for DIB-1 from Hu et al. [9] at p = 1 atm and 

T = 373 K and iC4H8 from [1] at p = 1 atm and T = 358 K, the peak flame speeds are under-

predicted by 12 and 6 cm s–1 respectively. A recent iso-octane model from the literature [10] 

containing the previous iC4H8 model [1] exhibits relatively better agreement compared to iC4H8 

and DIB-1, however the peak flame speed data for iso-octane from Ji et al. [11] is slightly under-

predicted by ~1.5 cm s–1. Particularly interesting are the experimental similarities in LBVs 

exhibited by iC4H8 and DIB-1 at 1 atm from Zhou et al. [1] and Hu et al. [9] respectively, 
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indicates the strong dependence of DIB-1 kinetics on the underlying iC4H8 chemistry at high 

temperatures. Moreover, the kinetic analyses on the preliminary DIB model, as shown in the Fig. 

3.2, suggested that the important decomposition pathways of DIB-1 at relatively higher 

temperatures produce either iC4H8 or its related radicals. 
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Figure 3.1: Performance of the kinetic models of iC4H8 [1], iso-octane [11] and DIB-1 (this 

study) using the iC4H8 kinetics from [1] for (a) LBV (b) DIB-1 IDT targets at various 

experimental conditions. 

A similar under-prediction in the reactivity of DIB-1 is observed in Fig. 3.1(b) when 

validated against the IDTs at φ = 0.5, 1.0, 2.0 at p = 30 bar and at T = 900 – 1350 K. These new 

experiments were performed as part of a DIB-1 oxidation study in a high-pressure shock-tube 

(HPST) at NUIG and the data is attached in Appendix B. This consistent under-prediction in the 

reactivity of the preliminary DIB model served as the prime motivation to revisit iC4H8 kinetics. 

Moreover, we also aim to address several shortcomings in the previous iC4H8 model [1] to 

justify the completeness of the new detailed mechanism, since rate constants of several iC4H8 

sensitive reactions, such as 2-methyl allyl (iĊ4H7) radical recombination, are available in the 

literature [12]. The new iC4H8 model has been re-validated against the new LBV measurements 

taken at UCF at 1 atm and 428 K and against various other targets available in the literature. In 

addition, to determine the influence of the updated iC4H8 kinetics on the higher hydrocarbon 
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model’s performance, the high temperature targets of DIB-1 and iso-octane were also re-

simulated. 

 

Figure 3.2: Various pathways in the current preliminary DIB-1 mechanism producing iC4H8 

and/or its corresponding radicals. 

2. Experimental 

High pressure shock-tube (NUIG): The high-pressure shock-tube facility at NUIG was 

discussed in detail by Nakamura et al. [13]. In the preparation of test mixtures, the fuel (DIB-1), 

O2 and N2, which were obtained from Sigma Aldrich and BOC Ireland, were added in the order 

of increasing partial pressure. The mixing tank and connecting manifold lines were maintained at 

50 °C to prevent fuel condensation and the mixtures could mix diffusively for at least six hours 
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to achieve homogeneity. The HPST facility at NUIG is a 9 m long steel tube with a uniform 

cross-section of 63.5 mm inner diameter. The test mixture is sent into the ‘driven section’ which 

is a 5.7 m long and a lighter non-reactive gas, helium is pressurized into a 3 m long ‘driver 

section’, which are separated by a 30 cm double-diaphragm section. A shock wave, formed by 

expansion of the driver gas due to the pressure difference created by the sudden evacuation of 

the He gas in the diaphragm section, propagates at supersonic speeds into the driven section, 

thereby heating and compressing the test mixture to the desired thermodynamic conditions 

before reaching the end wall. The arrival of the incident shock is monitored by six PCB pressure 

sensors mounted on the sidewall of the driven section to extrapolate the shock velocity to the end 

wall. The pressure history and the IDT of the test mixture are measured via a Kistler 603B 

pressure sensor mounted on the end wall. The compressed pressure and temperature conditions 

are calculated using the “reflected shock” routine in Gaseq [14] and the average uncertainties in 

TC and in IDT measurements are 13 K and 25%, respectively [15]. 

Spherical bomb (UCF): The spherical experimental setup mainly consists of a combustion 

reaction environment, a mixture preparation system, optical instrumentation, data acquisition 

system, and ignition system, with details published elsewhere [16, 17]. The combustion reaction 

environment consists of a combustion chamber, a furnace, K-type thermocouples on the 

combustion chamber, and a dynamic pressure instrument. Briefly, the mixing tank was 

evacuated to less than 0.15 Torr before mixture preparation. Using the partial pressure method, 

isobutene (Sigma-Aldrich, 99%) and synthetic air (21% O2 (Praxai, 99.999%) and 79% N2 (Air 

Liquide, 99.999%)) mixture was prepared. The mixture was kept for five minutes to ensure 

stagnant status before the ignition. A minimum of three experiments were conducted for each 

equivalence ratio to verify repeatability. The constant volume method with a multi-zone 

thermodynamic model was used to calculate LBV. The detailed model was presented in [18, 19], 

with a brief explanation is provided here. Cantera [20] with AramcoMech3.0 [21] was used in 



49 
 

equilibrium to calculate the thermodynamic properties of each burn zone during combustion. 

Following the solving properties of burned gases, LBV can be calculated from the measured 

pressure trace. Previous studies [22, 23] showed that the stretch effect is negligible in the 

constant volume method. Experimental data and flame propagation images are provided in 

Appendix B. To calculate the LBV, linear extrapolation was used to get LBV at the initial 

temperature. To extrapolate, authors used two data in a stretch-free region before flame 

instability occurred. The average uncertainty in measured LBVs was found to be around 2.1%. 

3. Kinetic Modelling 

The DIB model used in this study was developed in a collaborative effort between NUIG and 

LLNL and its kinetic description and analysis is beyond the scope of this paper, hence a paper 

focusing on detailed DIB kinetic model development and validation is currently under progress. 

In this section, we discuss the important updates done to the kinetics, thermodynamics and 

newly added pathways that were not present in the previous work of Zhou et al. for iC4H8 [1]. 

The foundation of the C0 – C3 base model used here is based on several prior mechanisms 

developed at NUI Galway. The kinetic parameters have been re-assessed by incorporating the 

rates and thermochemical properties from recent advances in the ab-initio studies and 

experimental diagnostics. The updated iC4H8 mechanism files, species dictionary and the high 

temperature version of the detailed C0 – C4 mechanism for LBV simulations can be found online 

which are attached as Supplementary material with the paper.   

3.1 Thermochemistry 

Thermochemical data of the species in a mechanism are essential to estimate the reverse rate of 

the reactions and species properties such as enthalpy, entropy, heat capacity. In this study, the 

thermochemistry has been re-evaluated for all of the species that are of interest to iC4H8 

combustion model using Benson’s group additivity method in THERM software [24] based on 
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the recent publication by Li and Curran [25] and Burke et al. [26]. Table 3.1 compares the 

thermodynamic properties of certain key species involved in the iC4H8 kinetic model and the 

updated THERM data for all species in this work are in good agreement compared to the 

literature data [27]. 

Table 3.1. Comparison of thermodynamic properties of key iC4H8 species. 

Species Zhou et al. [1] this work 

Hf  

(kcal/mol) 

S  

(cal/mol) 

Cp/ R Hf  

(kcal/mol) 

S  

(cal/mol) 

Cp/ R 

iĊ4H7 31.73 70.57 10.07 33.37 70.33 9.81 

H15DE25DM 1.92 104.6 19.80 4.82 108.1 19.40 

tC4H9Ȯ2 –23.56 86.96 15.90 –25.92 85.12 15.35 

iC4H8O –58.54 40.93 12.04 –30.20 71.35 12.69 

cC4H8O –52.07 42.07 11.24 –26.98 70.55 10.89 

iC4ketii –70.71 99.15 15.79 –70.71 99.01 15.70 

iĊ4H8O2H-t –7.15 94.29 15.09 –6.31 96.91 14.59 

tĊ4H8O2H-i –9.24 88.92 15.38 –7.73 93.58 16.28 

iiĊ4H7Q2-i –25.88 115.3 19.61 –20.30 113.2 18.46 

 

3.2 Newly updated reaction classes in the iC4H8 mechanism 

Pyrolytic reactions: Unimolecular decomposition reactions involving C–C, C–H bond cleavage 

producing 1-methyl-vinyl (Ċ3H5-t), methyl (ĊH3) and methyl allyl (iĊ4H7-i1) or 2-methyl allyl 

(iĊ4H7) radicals and other bimolecular channels are included assuming analogous pressure 

dependent rates calculated at CCSD(T)/cc-pVTZ level of theory on propene potential energy 

surface by Ye et al. [28]. A comparison of rate constants for two key pyrolytic reactions between 

the two models is presented in Figs. 3(a) and 3(b). This class of reactions had a significant 
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influence on the LBV predictions of iC4H8, which in turn influenced DIB-1 LBV predictions, 

will be discussed in detail in the following sections. 
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Figure 3.3: Rate constant comparison of pyrolytic and oxidation reactions for iC4H8 (a) iC4H8 = 

iĊ4H7 + H; (b) iC4H8 = Ċ3H5-t + ĊH3; (c) allylic H-atom abstraction by ȮH; (d) allylic H-atom 

abstraction by O2. 

H-atom abstraction reactions: Rate constants for H-atom abstraction from primary allylic sites 

by ȮH, O2 have been updated in this version. Figure 3(c) compares the rate constants for the H-

atom abstraction by ȮH radicals which includes the direct measurements by Khaled et al. [29] 

and the theoretical calculations from Zhou et al. [1] and Tian et al. [30]. The H-atom abstraction 

rate constant by O2 was re-fitted following the measurements by Ingham et al. [31] as shown in 
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Fig. 3.3(d), which is approximately a factor of three higher in the temperature range 600 – 900 K 

compared to the theoretical calculations of Zhou et al. [32], whereas abstraction by hydroperoxyl 

(HȮ2) radicals remains unchanged and is taken from the calculations by Zádor et al. [33]. Rates 

for abstraction by Ḣ and Ö atoms and ĊH3 radicals are not available in the literature and hence 

analogies with propene [34-36] were taken and multiplied by two taking account of multiplicity. 

iĊ4H7 reactions: Pressure dependent rates for the recombination and dissociation reactions of 

resonantly stabilized iĊ4H7 radicals were updated from the recent experimental study reported by 

Tranter et al. [12]. These reactions are significant inhibiting at low temperatures (650 – 950 K) 

and promoting at high temperatures (> 1200 K). A brief comparison of the allyl (Ċ3H5-a) and 

iĊ4H7 recombination rates in the forward direction is depicted in Fig. 3.4(a). The iĊ4H7 self-

recombination rate in the previous model [1], is based on an analogy with allyl (Ċ3H5-a) radicals 

from Fridlyand et al. [37] with the A-factor is further reduced by a factor of 2.3 to accurately 

predict the IDT data at low temperatures (600 – 850 K). However, the direct measurements for 

the recombination of iĊ4H7 [12] suggests that this rate is higher by at least a factor of 2 – 4 at low 

temperatures compared to Ċ3H5-a recombination rates [37-39]. 

The cycloaddition reactions of alkenyl-peroxy radicals are one of the important promoting 

channels in the LTC of olefins and the rate constants for cycloaddition of allylic iso-butenyl 

peroxy (iC4H7Ȯ2) radicals were updated from a recent high level calculation from Sun et al. [40] 

and the rate constant comparison plots are provided in Appendix B. 

Vinylic radical addition reactions: ȮH and HȮ2 radical addition reactions were unchanged 

from the previous version [1]. However H-atom addition rates have been updated based on a 

recent ab-initio study (wB97XD/aug-cc-pVTZ) published by Power et al. [41], compared to the 

analogous propene rates from Miller et al. [35] in the previous model [1].  Figure 4(b) compares 

the rates for Ḣ atom addition. 
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Figure 3.4: Rate constant comparison for (a) allylic radical recombination of iĊ4H7 and Ċ3H5-a 

(b) Ḣ-atom addition to iC4H8. 

Waddington mechanism: The Waddington mechanism, proposed by Ray et al. [42], is a 

significant two-step alkene-specific rate promoting pathway at low to intermediate temperatures 

(600 – 950 K). In the previous iC4H8 model [1], the rates for the decomposition reactions 

involving the alkoxy radical (iQC4H8Ot) H2OOHCȮC2 producing CH3COCH3 + CH2O + ȮH 

and CH3COCH2OOH + ĊH3 were assumed by alkane analogy to Ċ3CCOOH => iC4H8 + CH2O 

+ ȮH and Ċ2CCOOH => H2C=CHCH2OOH + ĊH3 from Villano et al. [43] respectively, to 

increase the reactivity to match IDT experiments at low temperatures. The previous iC4H8 model 

[1] estimates the allylic H-atom abstraction by O2 rate to be a factor of 3 – 6 higher in the 

temperature range of 650 – 800 K, compared to the direct measurements of Ingham et al. [31]. 

This reaction inhibits reactivity in this temperature range and hence to counterbalance reactivity, 

the analogous alkane rates were employed for the alkoxy radical decomposition pathways. In 

this update, the alkane analogy has been revoked and the specific Waddington-related rates from 

Sun et al. [44] were adopted to describe the Waddington mechanism. The rate constant 

comparison plots for the reactions discussed here are provided in Appendix B. 
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iĊ4H7-i1 reactions: Pressure dependent rate constants for the methyl-allyl (iĊ4H7-i1) + O2 

reaction are adopted by analogy with a recent ab-initio study at the CCSD(T)-F12a/cc-pVTZ-

F12//B2PLYPD3/cc-pVTZ level of theory for 2-methyl-vinyl (Ċ3H5-s) + O2 by Chen et al. [45]. 

A sub-set of 11 elementary reactions were included in the current model compared to three 

pathways in the previous version [1] for which the rates were analogous to vinyl (Ċ2H3) + O2 by 

Goldsmith et al [46]. This sub-set of reactions has very little influence on the iC4H8 model 

performance. However, it is important to note that proper kinetic treatment of these reactions is 

critical in simulating higher order alkenes. 

At intermediate temperatures (750 – 1000 K), HȮ2 radical concentrations are relatively high 

[33], and thus rates of recombination of HȮ2 with allylic radicals are fast. Thus, we include the 

reactions of iso-butenyl hydroperoxyl (iĊ4H6OOH-i) and methyl-acrolein (iĊ3H4CHO-a) radicals 

with HȮ2 in the mechanism with rate constants adopted by analogy with Ċ3H5-a + HȮ2 as 

calculated by Goldsmith et al. [47]. 

3.3 iso-Butane sub-mechanism 

The iso-butene kinetic mechanism is a subset of iso-butane chemistry, but the iso-butane model 

has not been validated in our previous iC4H8 model [1]. In this study, we updated all the kinetics 

and validated it against IDT experiments in ST, RCM as shown in Fig 3.5. 
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Figure 3.5: iso-Butane IDT experiments from [49] at 10 and 30 bar, compared against the 

current model as solid lines and that from [1] as dashed lines. 
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Additional validation plots of iso-butane oxidation, such as LBVs and species profiles data from 

Baker et al. [48] using the current updated model are attached in Appendix B. The agreement of 

the new model proposed in this study with the experimental results is excellent. 

3.4 Simulation methods 

The IDTs and species profiles were simulated using appropriate CHEMKIN PRO modules. 

LBVs were simulated maintaining the values of GRAD and CURV at 0.1 and using the mixture-

averaged transport properties including the thermal diffusion (Soret effect) and all of the 

solutions were attained at a minimum of 400 grid points to confirm grid independence. 

4. Results and discussion 

4.1 Laminar burning velocities 

Experimental and comparison of model performances for LBVs of iC4H8, iC8H18 and DIB-1 are 

shown in Figs. 3.6(a) and 3.6(b). Of particular interest is the case of iC4H8, Fig. 3.6(a), the peak 

LBV predictions are improved by 1.5 – 3.5 cm s–1 at 1 atm and at unburned temperatures of 298 

– 398 K compared to the previous model and experimental data [1]. In addition, the new iC4H8 

model could well reproduce the new LBV experiments (presented as stars) performed for this 

study at 1 atm and an unburned temperature of 428 K. However, experimental data on much of 

the fuel-lean side is absent because it was difficult to ignite the iC4H8 mixture (without using 

other strategies for ignition). Notable in Fig. 3.6(b) are the improved DIB-1 LBV predictions 

with updated iC4H8 kinetics from this work, however iso-octane LBVs are over-predicted by ~1 

cm s–1 at the peak. In addition, iC4H8 validation plots against the new LBV data from Movaghar 

et al. [50] at 8 – 30 atm and 400 – 520 K can be found in Appendix B. 



56 
 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

10

20

30

40

50

60

70 Nancy  298 K

PU        298 K

TAMU   298 K

  

L
B

V
 /

 c
m

 /
 s

Equivalence ratio

 Nancy 358 K  

 Nancy 398 K

 UCF    428 K

(a)

iC4H8 at 1 atm

Solid - this work

Dash - Zhou et al. [1]

 

 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

10

20

30

40

50

60

         Data at 1 atm

 iC
4
H

8     358K [1]

 DIB-1     373K [9]

 iC
8
H

18    353 K [11]

L
B

V
 /

 c
m

 /
 s

Equivalence ratio

  

Solid line - this work

Dash line - Zhou et al. [1]
(b)

 

 

 

Figure 3.6: Improvement in LBV predictions using the updated iC4H8 kinetics (solid lines) and 

Zhou et al. [1] (dashed lines) for (a) iC4H8 (b) iC8H18, DIB-1 and iC4H8 at various conditions. 
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Figure 3.7: Comparison of the kinetics responsible for the improved LBV predictions of iC4H8 

(black solids) and DIB-1 (blue circles). Dotted lines indicate iC4H8 model [1], Dashed lines are 

the updated iC4H8 kinetics from this work coupled with model from [1] and Solid lines are the 

updated C0 – C4 kinetics in this work.  

The overall improvement of the LBV model predictions of iC4H8 which in turn influence the 

predictions of DIB-1 and iso-octane is due to the cumulative result of the updated C0 – C4 

kinetics. To verify and highlight the sole effect of the iC4H8 specific kinetics on overall 

improvement of LBV predictions, a series of computational experiments were carried out. As 
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represented in Fig. 3.7, Zhou et al. [1] (dotted line) severely under-predicts iC4H8 and DIB-1. By 

replacing only, the iC4H8 kinetics developed here in the original isobutene mechanism [1], we 

observe a 3 and 6 cm s–1 increase in the peak flame speeds (dashed line) of iC4H8 and DIB-1 

respectively. Interestingly in the case of DIB-1, C0 – C4 core mechanism is solely responsible for 

the overall improvement in the LBV predictions (dot to solid). The most sensitive iC4H8 

reactions responsible for the improvement in LBV predictions are: iĊ4H7 + Ḣ = Ċ3H5-t + ĊH3 

and iC4H8 = iĊ4H7 + Ḣ, whose rate constants are based on analogous propene reactions [28]. 

Considering the sensitivity of the two reactions at high temperatures for iC4H8 LBVs, these 

reactions could well be potential candidates for future work. The further improvement in the 

model performance (dashed to solid) of iC4H8 and DIB-1 is attributed to accurate kinetic 

description of the underlying C0 – C3 chemistry in this study. Additional LBV validation plots for 

DIB-1 from Hu et al. [9] are provided in Appendix B. 
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Figure 3.8: (a) Sensitive reactions in the previous [1] and current iC4H8 kinetics controlling 

LBVs at φ = 0.8 and 298 K (b) Rate constants comparison for the updated H2/HĊO kinetics. 

Figure 3.8(a) compares the sensitive reactions using the latest and the previous iC4H8 model 

[1] that dictate flame speed reactivity and most of the reactions correspond to C0 – C1 chemistry. 

The updated iC4H8 kinetics highlighted in Fig. 3.8(a) are iĊ4H7 + Ḣ = Ċ3H5-t + ĊH3 and iC4H8 + 
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Ḣ = iĊ4H7 + H2. Few key H2/CO reactions that were updated and highlighted in the sensitivity 

are Ḣ + ȮH + M = H2O + M, HĊO + O2 = CO + HȮ2 are represented in Fig. 3.8(b). Updating 

the H2/CO kinetics is not only to improve iC4H8 flame speeds, but to attain consistency in the 

predictions of other key compounds in the base mechanism such as H2, CH4, C2H4, C2H6, C3H6, 

C3H8, etc. The rates of  HĊO + O2 = CO + HȮ2 and Ḣ + ȮH + M = H2O + M were updated to 

theoretical studies of Hsu et al. [51] and Sellevåg et al. [52], which are in good agreement with 

the experiments of Timonen et al. [53] and Srinivasan et al. [54] respectively. 

4.2 Ignition delay times  

The previous [1] and current iC4H8 models could reproduce well the iC4H8 IDT experiments. 

However, it is evident from Fig. 3.9(b) that improving the kinetic accuracy and consistency of 

iC4H8 kinetics had a positive effect on the IDT predictions of DIB-1, where iC4H8 is a critical 

intermediate. As shown in Fig. 3.9(a), the new model can well reproduce the experimental data 

[1] as well as the trend particularly in the low-temperature chemistry regime and the updated 

thermochemistry is responsible for between 5% and 10% of the total improvement in the model 

performance for specific IDT datasets. In the case of DIB-1 IDTs in the temperature range 900 – 

1100 K, the new iC4H8 sub-model performs better than the previous model [1]. Additional iC4H8 

[1] and DIB-1 [6] validation plots at several combustion relevant conditions are attached in 

Appendix B. 

The addition of methyl-allyl radical to O2 is simulated according to the calculations of Chen 

and Bozzelli [55]. An abridged version of the iĊ4H7 + O2 potential energy surface (PES) 

investigated by Chen and Bozzelli [55] is shown in Fig. 3.10, and it can be seen that 

isomerization of iĊ4H7Ȯ2 to iĊ4H6OOH-i proceeds through a barrier which is below the entrance 

channel, and the unimolecular decomposition channels of iĊ4H6OOH-i exhibit very high 

activation energy barriers (~50 kcal mol–1). Considering the similarities between the iĊ4H7 and 

iĊ4H6OOH-i radicals, we have treated the kinetics of iĊ4H6OOH-i radical consistent with those 
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for 2-methyl allyl radical chemistry and include reactions of iĊ4H6OOH-i with O2 and HȮ2 

radicals. 
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Figure 3.9: (a) Updated iC4H8 model validation for IDT targets (b) Influence of updated iC4H8 

kinetics on DIB-1 IDT predictions. 

 

Figure 3.10: Potential energy diagram for 2-methyl allyl (iĊ4H7) radical + O2 reactions from 

Chen and Bozzelli [55]. 

Figure 3.11 presents a comparison of the controlling chemistry for IDT predictions at φ = 

1.0, p = 30 bar and T = 850 K for the previous [1] and the current iC4H8 models. Interestingly, 

the major promoting pathway in the new model is the updated cycloaddition channel of methyl 

allyl peroxy radical (iC4H7Ȯ2) producing CcyCCOOC-t1 from ref. [40], since its decomposition 
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pathways produce CH2O, CH2CO, HĊO and ĊH3 radicals that promote reactivity. According to 

the previous model [1], Ċ3H5-t oxidation reactions were very sensitive for iC4H8 IDT predictions 

in the temperature range 750 – 900 K, as the addition reactions of iC4H7 with HȮ2 proceeds via 

formation of Ċ3H5-t. The two C3H5-t reactions highlighted in the previous iC4H8 model, are 

Ċ3H5-t + O2 producing CH2O + CH3ĊO and CH3COĊH2 + Ö, are found to be insignificant 

according to the current iC4H8 model, as the current model adopts the rates calculated at a high-

level theory for Ċ3H5-t oxidation by Chen et al. [45]. They noted that the major product channels 

of the reaction of  Ċ3H5-t with O2 are CH2O + CH3ĊO, and the rates of formation of CH2O + 

CH3ĊO and CH3COĊH2 + Ö are an order of magnitude lower than the estimated rates from 

Laskin et al. [56] assigned in the previous iC4H8 model [1]. Chen et al. verified the effect of 

these pathways on propene combustion using the mechanism published by Burke et al. [57] and 

found that implementing the calculated rates in the mechanism changes LBV predictions by 

approximately 10% at p = 1 and 50 atm in the temperature range of Tu = 300 – 900 K. These 

rates also alter IDT predictions by approximately 10 – 20% at p = 1 and 50 atm in the 

temperature range 700 – 1200 K at φ = 0.5 – 2.0 in air. The smaller effect of these reactions on 

propene combustion is due to the more favorable pathways at low temperatures, including H-

atom abstraction from the allylic site producing methyl-allyl radicals and ȮH addition to the 

double bond and the subsequent reactions of the Waddington mechanism. However, in the case 

of C4 iso-alkenes and larger ones, the dominant low temperature channels are the reactions of the 

daughter allylic radicals with HȮ2 which ultimately produce Ċ3H5-t radicals. Thus, an accurate 

kinetic description of Ċ3H5-t radical is very important in predicting the high temperature kinetics 

of iso-olefins larger than C3. It is interesting to note that Ċ3H5-t radical is not seen to be sensitive 

for propene kinetics [57]. Several other key reactions in the C0 – C3 model that employed 

estimates due to lack of availability of specific rates have been updated in the current version. A 
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detailed flux analysis comparing the two models for iC4H8 oxidation can be found in Appendix 

B at φ = 1.0, 850 K, 10 atm and 20% fuel consumption. 
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Figure 3.11: Sensitive iC4H8 reactions controlling IDTs for previous [1] and new iC4H8 

models at φ = 1.0, p = 30 bar and T = 850 K. 

4.3 Speciation data 
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Figure 3.12: iC4H8 oxidation species profiles from Dagaut et al. [59] for 0.15% iC4H8, 4.5% O2, 

95.35% N2 and φ = 0.2, at p = 1 atm and τ = 0.15 s. 

The new model has been re-validated against the stable species profiles measured by Yasunaga 

et al. [58] for iC4H8 pyrolysis and Dagaut et al. [59] for iC4H8 oxidation, the model is in very 

good agreement with most of the species over wide range of experimental conditions provided in 
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the respective papers as shown in Figs. 3.12 and 3.13, additional validation plots can be found in 

Appendix B.  
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Figure 3.13: iC4H8 oxidation species profiles from Dagaut et al. [59] for 0.30% iC4H8, 0.9% O2, 

98.8% N2 and φ = 2.0, at p = 1 atm and τ = 0.15 s. 

5. Conclusions 

This paper emphasizes on the importance of accurate description of the C0 – C4 kinetics to model 

higher hydrocarbons. Improving the kinetic accuracy of iC4H8 model improved not only iC4H8 

predictions but also resulted in significant improvement in predictions of iso-octane and DIB-1. 

The updated iC4H8 model no longer under-predicts the iC4H8 LBV experiments from ref. [1], 

furthermore, the new iC4H8 LBV experiments performed at UCF at 1 atm and 428 K are well 

reproduced by the current model. In addition, the current model is in very good agreement 

against variety of experimental targets over a wide range of conditions. The critical reactions 

responsible for majority of improvement of LBVs are Ċ3H5-t + ĊH3 = iĊ4H7 + Ḣ and iC4H8 = 

iĊ4H7 + Ḣ. However, the rates were based on propene analogy and fundamental studies in their 

rates would be useful especially noticing its sensitivity on the LBVs. 

A sensitivity analysis of IDT predictions highlighted the over-dependence of previous iC4H8 

model [1] on the Ċ3H5-t oxidation, which has been rectified by adopting specific rates from Chen 

et al. [45]. In addition, the importance of cycloaddition pathways of alkenyl-peroxy radicals in 
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the low temperature combustion of alkenes is highlighted. Several kinetic issues in the previous 

iC4H8 model [1] have been addressed in this article. Future work will be directed towards an 

updated and extensively validated kinetic mechanism for DIB isomers using the iC4H8 base 

chemistry developed in this work. 
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Chapter 4 

An experimental and kinetic modelling study of 2,4,4-
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Abstract 

Di-isobutylene (DIB) is sometimes used to represent the alkene chemical class in engine studies 

of gasoline fuels. However, there is limited experimental ignition delay time data available in the 

literature for neat DIB at engine-like conditions, and hence most existing DIB models have not 

been extensively validated, particularly at lower temperatures (< 1000 K). Most gasoline 

surrogate models include the DIB sub-mechanism published by Metcalfe et al. [1] with little or 

no modification. This study is undertaken to produce the experimental data needed at low 

temperatures to validate the chemical kinetic mechanism in that range. Ignition delay time 

measurements for 2,4,4-trimethyl-1-pentene (DIB-1) were performed at pressures of 15 and 30 

bar, at equivalence ratios of 0.5, 1.0 and 2.0 diluted in air and in the temperature range 650–1350 

K using both a shock tube and a rapid compression machine. Discussions based on the kinetic 

model to interpret the fuel’s oxidation are presented. The dependence of DIB-1 oxidation on an 

accurate isobutene mechanism at high temperatures is also discussed. 

1. Introduction 

Alkenes are key intermediates formed during the oxidation of heavier saturated hydrocarbons 

and also constitute a significant portion of commercial transportation fuels. Short-chained 

alkenes are known to have much higher knock resistance than their alkane counterparts [2]. In 

contrast to alkanes, the combustion kinetics of alkenes are less well studied and understood. 

Commercial fuels are complex mixtures of hydrocarbons and hence modelling these real fuels 

remains challenging. For this reason, surrogate fuels, which usually contain one or more 

representative components from various classes of compound, including alkanes, alkenes, 

aromatics, etc., to represent the real fuel are used to predict the fuel’s physical and chemical 

characteristics. By conducting a thorough literature survey on recently published multi-

component gasoline surrogate mechanisms [1, 3-11], it is evident that 2,4,4 trimethyl-1-pentene 

(DIB-1), one of the isomers of DIB, has received significant attention as an alkene 
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representative. In addition, studying DIB-1 offers kinetic insights into the effect of the presence 

of an unsaturated bond in iso-octane.  

Moreover, most gasoline surrogate models include the DIB-1 sub-mechanism published by 

Metcalfe et al. [1] which was only validated for temperatures above 1200 K and does not include 

low temperature reaction chemistry. Also, the experimental data of ignition delay times (IDTs) 

for neat DIB-1 is limited to low pressures and high temperatures. Metcalfe et al. [1] also reported 

IDT experiments at low fuel concentrations (0.375% and 0.75%) in the temperature range 1200 – 

1500 K and at pressures of 1 – 4 atm. Hu et al. [6] conducted IDT experiments for neat DIB-1 at 

fuel concentrations ranging from 0.5 to 1.0%, at temperatures in the range 1110 – 1500 K, and at 

pressures in the range of 2 – 10 atm. For experiments where DIB-1 is included in a surrogate 

component in a mixture, Mittal and Sung [12] performed IDT experiments in an RCM in the 

temperature range 750 – 1050 K and at pressures of 35 and 45 atm. Due to the limited data at low 

temperatures and high pressures, most of the literature multi-component gasoline surrogate 

models have not been extensively validated for DIB-1 at engine-relevant pressures and 

temperatures. Recognizing the lack of fundamental autoignition studies at high pressures and 

low temperatures, this study is undertaken to provide a wide range of reliable experimental IDT 

data for DIB at pressures of 15 and 30 bar, at equivalence ratios of 0.5, 1.0 and 2.0 diluted in air 

and in the temperature range 650–1350 K. Simulated results from the kinetic models in the 

literature are compared to the new experimental IDT data as shown in Fig. 4.1. Poor quantitative 

predictions of several multi-component surrogate models is observed compared to the new high-

temperature experimental data in the range of 900–1350 K, with the exception of the models 

proposed by Metcalfe et al. [1] and Li et al. [7]. However, none of the models could reproduce 

the experimental data at low temperatures (650 – 900 K), as they lack low temperature oxidation 

(LTO) chemistry. The development of a LTO DIB-1 chemical kinetic mechanism is the main 

objective of the current study. Recently, Lokachari et al. [13] highlighted the significant 
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hierarchical dependence of DIB-1 oxidation on the underlying isobutene chemistry, which is a 

critical fragment formed in the decomposition of DIB-1, particularly at high temperatures (> 

1000 K). The influence of isobutene kinetics on the predictions of IDTs and LBVs for DIB-1 

oxidation has also been reported and it was concluded that isobutene kinetics largely controls the 

high temperature oxidation of DIB-1. 

2. Experimental methods 

All IDT measurements in this study were taken in both the HPST and RCM facilities at NUI 

Galway. Relatively short IDTs (0.02 – 3.0 ms) were measured in the HPST while longer IDTs 

(5.0 – 300 ms) were measured in the RCM. These facilities complement each other by permitting 

the measurement of a wide range of IDTs as a function of temperature. The details of the 

conditions pertaining to the experiments performed are listed in Table 4.1. For the experiments, 

the test fuel (DIB-1 98.5%) was supplied by Sigma Aldrich. The other gases used in this study, 

nitrogen (99.99%), oxygen (99.99%), argon (99.96%) and helium (99.97%) were purchased 

from BOC Ireland and used without further purification. Fuel-air mixtures were prepared in an 

external stainless-steel vessel maintained at a temperature (~50 °C) to ensure no fuel 

condensation by employing partial pressure method and allowing the fuel-air to diffusively mix 

for at least 12 h before the experiments. 

Table 4.1: List of experimental conditions studied at 15 and 30 bar at T = 650–1350 K in the 

HPST and the RCM at NUIG. 

φ DIB-1 (%) O2 (%) N2 (%) 

0.5 0.87 20.82 78.31 

1.0 1.72 20.64 77.64 

2.0 3.38 20.29 76.33 
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Figure 4.1: Literature multi-component surrogate models validation against new DIB-1 IDT 

experimental data for fuel in air mixtures at φ = 1.0 and (a) p = 15 and (b) p = 30 bar. 

High pressure shock tube (HPST) 

The HPST at NUIG has been described in detail previously [14] and is only discussed briefly 

here. This HPST with uniform cross-section area of 63.5 mm inner diameter consists of a 3 m 

long driver section to hold high pressure gas, 5.7 m long driven section that contains the test 

mixture and a 30 mm double diaphragm section with pre-scored aluminium discs of appropriate 

thickness, that separates the driver and driven sections and enables improved control over the 

shock wave generated.  

By varying Mach number of the shock wave, the final compressed conditions of the test gas 

are also varied. Helium driver gas is partly replaced with a heavier inert gas (nitrogen) to delay 

the arrival of the contact surface at the endwall and to increase the measuring times (≥ 1.5 ms). 

Six PCB 113B24 piezoelectric pressure transducers are mounted on the sidewall of the tube and 

one Kistler 603B sensor on the endwall are used to extrapolate the shock velocity at the endwall. 

The Kistler sensor is also used to record pressure profiles that are used to record/measure the 

IDTs. The measured shock velocity is used to calculate the compressed pressure and temperature 

using the ‘reflected shock’ routine in Gaseq [15]. The tolerance on the calculated pressure was 
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limited to ± 0.5 bar of the target pressure and no pre-ignition pressure rise was observed during 

the experiments. A sample pressure trace for a DIB-1 experiment is depicted in Fig. 4.2. 

Rapid Compression Machine (RCM) 

The RCM at NUIG is employed to complement the HPST experiments to measure IDTs in the 

low to intermediate temperature regime (650–840 K). It has an opposed twin-piston arrangement 

with 38 mm bore and 168 mm stroke. Briefly, the pre-mixed fuel/air mixture is introduced into 

the reaction chamber and is rapidly compressed (~16 ms) by the pistons. Creviced piston heads 

were used to largely limit the turbulence/ roll-up vortices generated in the test gas. The pistons 

are pneumatically driven and locked at the end of compression, creating a constant condition. 

After compression the pressure drops due to heat loss from the gas mixture to the reaction 

chamber walls. Thus, to isolate the chemical effects, pyrolytic pressure profiles are recorded by 

replacing O2 with N2, to account for the heat loss effects in the simulations. 

A range of compressed gas temperatures are achieved by varying the initial temperature of 

the RCM system to temperatures not greater than 150 °C, to avoid damaging the seals within the 

system. To further achieve higher compressed temperatures a 50% N2/50% Ar diluent ratio was 

used. IDT and compressed pressure are measured using a Kistler 603CAB sensor mounted on 

the side-wall of the reaction chamber. To calculate the compressed temperature, the ‘adiabatic 

compression/expansion’ routine in Gaseq [15] was used. A sample experimental pressure trace 

for DIB-1 is depicted in Fig. 4.2. Pre-ignition pressure rise was not observed for the reported 

experiments. 
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Figure 4.2: An example HPST and RCM pressure trace for DIB-1 auto-ignition. 

3. Kinetic Modelling 

The chemistry of alkenes at low and intermediate temperatures is more complicated than 

alkanes due to the presence of the C=C double bond. H-atom abstraction forming allylic and 

vinylic radicals and addition of radicals to double bond becomes possible, especially for 

molecules such as DIB-1. Moreover, the low temperature mechanism describing alkene 

combustion contains hundreds of species and thousands of elementary reactions, most of which 

have very little or no experimental data. Thus, kineticists rely largely on the theoretical studies to 

study the low temperature oxidation of alkenes, and further to develop rate rules for various 

reaction classes necessary to describe alkene low temperature combustion.  

DIB-1 model was developed in a collaborative effort between NUIG and LLNL. The small 

hydrocarbon (C0 – C4) base chemistry has been adapted from the recent study by Lokachari et al. 

[13], whereas the C5 and C6 species chemistry is adopted from are from Bugler et al. [16] and 

Zhang et al. [17] respectively. Since DIB-1 is an intermediate from iso-octane, a recent 

mechanism is adopted from Fang et al. [18]. The high temperature chemistry of DIB-1 is 

majorly dependent on accurate kinetic description of isobutene chemistry, whose kinetic 

parameters have been re-assessed [13] by incorporating the rates and thermochemical properties 

from recent advances in the ab-initio studies and experimental diagnostics. The description of 
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the kinetic model development in here will mainly focus on the key reaction classes. In this 

study, the thermochemical data has been calculated for all of the species that are of interest to 

DIB-1 oxidation using Benson’s group additivity method in THERM software [19] based on the 

group values from the recent publications [20, 21]. 

3.1 Uni-molecular decomposition reactions 

Unimolecular decomposition reactions involving C – C bond cleavage producing methyl and C7 

olefin tertiary radical and retro-ene reaction producing two isobutene molecules are adapted 

from [22] and [23] respectively. Other bimolecular channels are included assuming analogous 

pressure dependent rates calculated at CCSD(T)/cc-pVTZ level of theory on propene potential 

energy surface by Ye et al. [24]. The rate constant of DIB-1 forming 2-methyl allyl (iĊ4H7) and 

tert-butyl (tĊ4H9) radicals was estimated from [1]. 

3.2 H-atom abstraction reactions 

H-atom abstraction from an allylic carbon atom is the most facile at low temperatures due to its 

relatively low C – H bond energy. Abstractions of vinylic hydrogen atoms are generally not 

considered, due to their higher bond energies. 2,4,4-trimethyl-1-pentene (iC8D4) has five allylic 

hydrogen atoms and nine primary hydrogen atoms. The analogous propene rate constants were 

used for DIB-1 primary allylic H-atom abstraction by Ḣ, Ö, ȮH, HȮ2, and ĊH3 radicals and O2 

from various studies [25-29]. To simulate H-atom abstraction reactions from secondary allylic 

site, respective 1-butene (C4H8-1) analogies were used [27, 29, 30]. The rate constants for 

abstraction from primary hydrogen site were adapted analogous to iso-octane kinetics [31, 32], 

since the presence of C=C has no influence. 

3.2.1 DIB-1 radical decompositions 

The primary allylic radical (iC8D4-5R) decomposes via β-scission to allene (C3H4-a) and neo-

pentyl radical (neo-Ċ5H11) for which analogous iĊ4H7 radical decomposition rates were used 
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from Tranter et al. [33]. The β-scission reaction rate coefficients of primary radical (iC8D4-1R) 

and secondary allylic radical (iC8D3-5R) are taken from Wang et al. [22]. 

3.2.2 Intra-molecular H-shifts of DIB-1 radicals 

H-atom abstraction from an olefin can occur at an alkyl site or an allylic site, and these radicals 

can inter-convert through intra-molecular H-atom shift reactions which occur during alkene 

pyrolysis and oxidation. In the current model, high-pressure rate constants of intra-molecular H-

atom shift reactions of both alkenyl and allylic radicals were adapted from a recent theoretical 

investigation using CBS-QB3 electronic structure calculations [34].  

3.2.3 O2 addition to the radical site 

The presence of a C=C double bond in the fuel molecule inhibits low temperature reactivity, as 

allylic fuel radicals do not readily add to molecular oxygen compared to non-allylic radicals 

[35]. However, radical addition reactions to molecular oxygen to form DIB-1 alkenyl-peroxy 

radicals are included in the mechanism adapting rate constants by analogy with isobutene from 

Chen et al. [36]. The following set of reactions which include intra-molecular H-atom shift 

reactions to form hydro-peroxy alkyl radicals (Q̇OOH) and the second radical addition reactions 

to O2 are adapted from Chen et al. Non-allylic radicals, that can readily add to O2 at low 

temperatures forming alkyl-peroxy (iC8D4-1Ȯ2R) radicals can eventually produce carbonyl-

hydroperoxides and ȮH radicals through a series of internal H-atom isomerization and radical 

addition to O2 reactions. This combined low temperature reaction sequence is expected to 

contribute to the low temperature reactivity of 2,4,4 trimethyl-1-pentene and the relevant 

reaction rate coefficients were derived from reaction rate rules developed for alkanes [37]. 
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3.2.3.1 Cyclo-addition reactions of alkenyl-peroxy radicals 

The cyclo-addition reactions of alkenyl-peroxy radicals had negligible influence on the DIB-1 

LTC. However, for the completeness of the model, these reactions were included using the rate 

constants from a recent high-level calculation from Sun et al. [38].  

3.2.4 HȮ2 addition to the radical site 

At low to intermediate temperatures, the consumption of allylic radicals via β-scission is not the 

most favoured pathway. Meanwhile, the addition of allylic radicals to O2 contributes little to its 

consumption. However previous studies [35, 39, 40] have suggested that allylic radicals can 

react with HȮ2 radicals and then decompose or undergo chemically activated channels to 

produce peroxy and hydroxyl radicals. These reactions convert less reactive HȮ2 radicals into 

reactive ȮH radicals, thus promoting reactivity at low and intermediate temperatures. The 

kinetic model developed in this work has adopted both the recombination-decomposition and the 

chemically activated pathways, the reaction rates of which are taken by analogy with propene 

oxidation kinetics [39]. 

3.3 Radical addition to the double bond 

3.3.1 ȮH addition 

In the low-to-intermediate temperature regime, the presence of the C=C double bond can enable 

an ȮH radical addition to the double bond, producing alcoholic radicals that can then add to O2 

to form hydroxy alkyl-peroxy radicals. The RȮ2 radical so formed can proceed through the 

Waddington mechanism, which involves an internal H-atom transfer from the hydroxyl site, 

followed by decomposition into two aldehyde molecules and one ȮH radical. However, the H-

atom may also be transferred from a carbon atom other than the OH group, which is similar to a 

typical RȮ2 isomerization reaction in the low temperature oxidation of alkanes. In this way the 

addition of ȮH radicals to a double bond in alkenes can initiate alkane-like low temperature 
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reaction pathways [37]. Analogies of rate constants from propene were employed from [41] with 

a branching ratio of 75:25 favouring addition to the terminal carbon atom. The following O2 

additions on the radical site, internal isomerization, dissociation reactions and alternate 

Waddington pathways were modelled using analogous rate coefficients from Sun et al. [42]. 

3.3.2 HȮ2 radical addition reactions 

HȮ2 radical concentrations are relatively high at intermediate temperatures (750 – 1000 K) [27], 

and these can recombine with allylic radicals or can also add on to the double bond forming 

hydroperoxy alkyl radicals. To describe HȮ2 radical additions to the double bond, analogous 

ethylene and isobutene rate constants were taken from calculations of Zádor et al. [27] for 

internal and terminal additions, respectively.  

3.3.3 Ḣ atom addition reactions 

H-atom addition to C=C double bond in DIB-1 forming isooctane radicals was modelled as the 

decomposition of isooctane radicals adopting the rates from Wang et al. [22]. 

4. Results and discussion 

The IDTs for DIB-1 were measured at pressures and temperatures relevant to practical 

applications. The IDT data exhibited no negative temperature coefficient (NTC) behavior in the 

temperature range investigated and the logarithm of IDTs vary non-linearly with the inverse 

temperature and the model could well capture the auto-ignition behaviour, Figs. 3(a) and 3(b). 

Moreover, the current model is in good agreement with the first set of DIB-1 LBVs published by 

Hu et al. [43] at 1 atm and Tu = 298 – 453 K as shown in Fig. 4.3(c). 
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Figure 4.3: The current model predictions for DIB-1 IDTs at φ = 0.5, 1.0, 2.0 fuel in air at 15 

(a), 30 bar (b) and (c) LBVs at 1 atm and various unburned temperatures. 

4.1 Dependence of DIB-1 model on isobutene kinetics 

The dependence of the DIB-1 high temperature experimental targets such as IDTs and LBVs on 

the accurate kinetic description of underlying isobutene chemistry was highlighted previously 

[13]. An extended discussion is presented here based on kinetic analyses of DIB-1 oxidation. 

The flux analysis as shown in the Fig. 4.4 at φ = 1.0 in air and at 30 bar and 20% fuel consumed 

indicates that the important decomposition pathways of DIB-1 at 1200 K produce either 

isobutene or its related radicals. The unimolecular decomposition reaction producing 2-methy 

allyl (iĊ4H7) and tert-butyl (tC4H9) radicals accounts for 36% of DIB-1 consumption. H-atom 
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abstraction reactions at primary allylic and alkyl sites resulting in 12% and 20% of the fuel’s 

consumption respectively, undergoes β-scission to form iC4H8 and iĊ4H7. 

 

Figure 4.4: Flux analysis using the current model for DIB-1 at φ = 1.0 in air, 30 bar at 1200 K 

and 20% fuel consumption, proceeds via various pathways producing isobutene and/or its related 

radicals. 

Ḣ atom addition reactions to the C=C double bond and a chemically activated channel contribute 

7% and 3% of the fuel conversion to isobutene and its radicals, respectively. At this condition, in 

total, about ~65% of DIB-1 consumption proceeds via the formation of isobutene and hence it is 

a critical fragment in modelling the IDTs and LBVs of DIB-1. 



83 
 

 

Figure 4.5: Brute force sensitivity analysis representing reactions controlling DIB-1 IDTs using 

the new model at φ = 1.0 in air, p = 30 bar and T = 1200 K. 

Figure 5 depicts the controlling chemistry for DIB-1 IDT predictions at the same conditions as 

flux (Fig. 4.5) i.e., φ = 1.0 in air, p = 30 bar and T = 1200 K and only two reactions from the 

DIB-1 chemistry are found to be sensitive and the majority of the reactions correspond to 

isobutene chemistry. Unimolecular decomposition of DIB-1 (iC8D4 = tĊ4H9 + iĊ4H7) 

significantly promotes the system’s reactivity. Thus, iĊ4H7 radicals react with HȮ2 and CH3Ȯ2 

radicals thereby converting less reactive radicals to relatively more reactive ȮH and CH3Ȯ 

radicals, promoting reactivity. In addition, the recently updated cycloaddition channel [13] of 

alkenyl peroxy radical (iC4H7Ȯ2) producing CcyCCOOC-t1 from ref. [38], promotes reactivity, 

since its decomposition pathways produce reactive species such as CH2O, CH2CO and HĊO and 

ĊH3 radicals. In addition, the small radical reactions, Ḣ + O2 = Ӧ + ȮH, Ḣ + O2 (+M) = HȮ2 

(+M), significantly promote reactivity. H-atom abstraction from the alkyl site on DIB-1 (forming 

iC8D4-1R) exhibits a positive sensitivity coefficient, since it consumes Ḣ atoms and produces 
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resonantly stabilized radicals. The representative chain termination reactions, iĊ4H7 + ĊH3 = 

aC5H10 and ĊH3 + HȮ2 = CH4 + O2 reduces reactivity. 

4.2 DIB-1 low temperature oxidation 

Figure 6 depicts the DIB-1 consumption pathways at φ = 1.0, 800 K, 30 bar at 20% fuel 

consumption. In total, 72% of DIB-1 is consumed via H-atom abstraction reactions of which 

35%, 25% and 12% of the fuel abstraction respectively form secondary allylic, alkyl and primary 

allylic radicals from DIB-1. Radical addition reactions to the C=C double bond corresponds to 

approximately 28%, of which 18% comes from ȮH radicals with 10% from Ḣ atoms. The 

majority of the flux (~70%) of the secondary allylic radical of DIB-1 (iC8D3-5R) proceeds via β-

scission forming a C7 diene and methyl radicals. Other minor channels (~6%) include HȮ2 

radical addition to the allylic site followed by dissociation to form allyloxy and ȮH radicals. 

Interestingly, 68% of the primary allylic radicals formed from DIB-1 (iC8D4-5R) undergo an 

intra-molecular H-atom shift to form alkyl radicals (iC8D4-1R) as this process involves a much 

lower energy barrier compared to HȮ2 radical addition.  The alkyl radicals can undergo β-

scission (~70%) to form isobutene and 2-methyl allyl radicals or addition to O2 (20%) to form 

alkenyl peroxy radicals. These alkenyl peroxy radicals undergo typical low temperature kinetics 

at these temperature and pressure conditions, including internal isomerization, a second addition 

to O2, further isomerization leading ultimately to low-temperature chain branching. 

Generally, addition reactions have smaller activation energies compared to abstraction 

reactions and hence addition reactions tend to dominate at low to intermediate temperatures, 

with abstraction reactions dominating at high temperatures. About 10% of DIB-1 forms a tertiary 

iso-octyl radical (iC8-4R) via Ḣ atom addition to the terminal C=C bond. 40% of iC8-4R 

dissociates via β-scission forming isobutene and 2-methyl-allyl radicals and 60% of flux forms 

iso-octyl-peroxy radicals which dissociates into smaller species following typical alkane low 

temperature oxidation, which is part of the iso-octane sub-mechanism. Terminal and internal ȮH 
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radical addition to the C=C bond accounts for 13% and 5% of DIB-1 flux, and the hydroxy alkyl 

radicals so generated form adducts by reacting with molecular oxygen. The hydroxy alkyl 

peroxy radicals follow the Waddington mechanism via an internal H-atom shift from the ȮH site 

to the peroxy site followed by the prompt dissociation of the alkoxy radical to two carbonyl 

species and ȮH radicals. An alternate pathway, involving an intra-molecular H-atom shift 

forming a 6-membered TS, can compete with the Waddington mechanism. As seen in Fig. 4.6, 

for the DIB-1 hydroxy alkyl peroxy species with internal ȮH addition and terminal O2 addition 

(iC8OH4-5O2R), alternative pathways are found to be dominant as it involves a H-atom shift 

from a secondary carbon site and hence a smaller energy barrier compared to a H-atom shift 

from the hydroxyl radical. The radicals produced ultimately dissociate to form propenol, CO and 

tert-butyl (tĊ4H9) and ȮH radicals and thus contribute to the low temperature reactivity of DIB-

1. 

Figure 4.7 presents the sensitive reactions controlling IDTs at 800 K, the self-recombination 

of HȮ2 radicals inhibits reactivity at these conditions, as it consumes two radicals to form two 

stable (H2O2 and O2) molecules. Also, the β-scission reactions of DIB-1 radicals (iC8D4-1R and 

iC8D3-5R) inhibit reactivity, as they compete with addition to O2 and the HȮ2 addition pathways 

which contribute to greater reactivity at low temperatures. At these conditions, methyl radicals, 

mainly produced from the β-scission of DIB-1 radicals (iC8D4-1R and iC8D3-5R), accumulate 

and can add to O2 forming methyl peroxy (CH3Ȯ2) radicals. H-atom abstraction by CH3Ȯ2 and 

HȮ2 radicals tend to increase reactivity at these conditions. This is due to the prompt 

dissociation of CH3O2H and H2O2 to CH3Ȯ + ȮH and ȮH + ȮH, producing reactive radicals. 

The ȮH radical addition channel to the double bond is also one of the reactions promoting 

reactivity as subsequent reaction pathways produce ȮH radicals as shown in the flux analysis 

presented in Fig. 4.6. 
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Figure 4.6: Flux analysis using the current model for DIB-1 oxidation at φ = 1.0 in air, 30 bar at 

800 K and 20% fuel consumption. 
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Figure 4.7: Brute force sensitivity analysis representing reactions controlling DIB-1 IDTs using 

the new model at φ = 1.0 in air, p = 30 bar and T = 800 K. 

6. Conclusions 

This study presents wide range of experimental IDT measurements for DIB-1, a gasoline 

surrogate fuel, which can be a direct validation target of the multi-component surrogate models 

featuring DIB-1. Major discrepancies were noted in the IDT predictions of various surrogate 

models, when validated against the new DIB-1 data from this study. The current model can well 

capture the global reactivity targets of DIB-1 such as LBVs and IDT behaviour from low to high 

temperatures at various conditions. The prominence of isobutene chemistry to accurately model 

DIB-1 high temperature is highlighted via sensitivity and reaction pathway analyses. The kinetic 

analyses performed at 800 K shows the DIB-1 reaction pathways of (i) hydroxyl radical addition 

and (ii) abstraction reactions by hydroperoxyl and methyl-peroxy radicals are the major reactions 

promoting reactivity at these conditions.  
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Abstract 

Cyclopentane is a suitable naphthene, or cycloalkane, in a palette for multi-component gasoline 

surrogate fuels due to its presence in market fuels and its relevance to alkyl substituted 

cyclopentanes also present. However, the previous oxidation studies of cyclopentane have 

primarily focused on neat mixtures. Blending cyclopentane with dimethyl ether in this work 

therefore serves to inform our understanding of, and improve predictive models for, multi-

component mixtures. In this work, the auto-ignition of cyclopentane/dimethyl ether blends was 

studied in a high-pressure shock tube and a rapid compression machine. A wide range of 

temperatures (650 – 1350 K) and elevated pressures of 20 and 40 bar were studied at equivalence 

ratios of 0.5, 1.0 and 2.0 in air for two blending ratios (30/70 and 70/30 mole % cyclopentane/di-

methyl ether mixtures). A detailed kinetic model for cyclopentane was revised to capture the 

measured ignition delay times and apparent heat release rates in this study. Literature ignition 

delay time, jet-stirred reactor, and laminar burning velocity measurements of neat cyclopentane 

were used as additional validation. Improvements to the kinetic model were based on recent 

literature studies related to sub-models including cyclopentene and cyclopentadiene which 

allowed the removal of previous local optimizations. Low temperature reactivity of cyclopentane 

was found to be controlled by the branching ratio between concerted elimination of HȮ2 and the 

strained formation of Q̇OOH radicals in agreement with previous studies. In this study, the low 

branching ratio of Q̇OOH formation increases the influence of a competing consumption 

pathway for cyclopentyl-peroxy, CPTȮ2j. The sensitivity of the simulated ignition delay times to 

the formation of cyclopentyl hydroperoxide (CPTO2H), from CPTȮ2j and HȮ2, is discussed. 

The current model is used to analyze the influence of dimethyl ether on the reactivity of 

cyclopentane in the context of previous literature studies of dimethyl ether binary blends with 

ethanol and toluene. 
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1. Introduction 

Cyclopentane (CPT), the smallest typical cycloalkane compound present in commercial fuels, 

can be used to represent the naphthene class in multi-component surrogate fuels. The 

concentration of cycloalkanes in commercial ground and aviation fuels varies from 5 – 40% by 

volume [1]. However, as the utilization of non-conventional resources such as oil sands and 

biomass increase, the concentration of cycloalkanes may be significantly higher in comparison 

to those derived from crude oil [2, 3]. Such changes in fuel composition may also impact other 

regulated emissions such as soot. It is likely that cycloalkanes generate more intermediates, 

including aromatics and polycyclic aromatics that lead to soot formation relative to acyclic 

alkanes [4, 5]. Hence, cyclopentane is of interest to the combustion community. 

Recently, Al Rashidi et al. [6] measured intermediate species during cyclopentane oxidation 

in a jet-stirred reactor (JSR), reported fundamental ignition delay times (IDTs), and developed a 

kinetic model for neat CPT [7]. Randazzo et al. [8] and Khandavilli et al. [9] have studied the 

pyrolysis of cyclopentane at various conditions in a shock-tube (ST) and in a continuous flow 

tubular reactor. Various literature studies that have provided valuable insights into the 

combustion behavior of neat cyclopentane and are listed in Table 5.1. 

It is evident from the available literature that the blending behavior of cyclopentane is not 

well established. It is important to understand the auto-ignition behavior of cyclopentane in fuel 

mixtures given its relevance to market fuel components and as a palette component for multi-

component surrogate fuels [17, 18]. Cyclopentane has also seen interest as a blending 

component in gasoline fuels as an octane enhancer. As a neat component, CPT has a research 

octane number (RON) of 103 and an octane sensitivity (OS = RON – MON) of 18 which are 

partially explained by the longer ignition delay times reported in the literature [7, 15]. In this 

study, we attempt to understand (i) the low temperature auto-ignition of neat CPT and (ii) the 

auto-ignition behavior of CPT in binary mixtures containing dimethyl ether (DME). 
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Table 5.1. Experimental measurements of neat cyclopentane data available in the literature. 

Experiment Conditions Composition Reference 

Flame speed 

(counterflow twin flame) 

1 atm 

Tu = 298 – 453 K 

CPT in air 

φ = 0.7 – 1.7 

Davis et al. [10] 

Flame speed 

(spherically propagating 

flame) 

1, 2, 5 atm 

Tu = 403 K 

CPT in air 

φ = 0.7 – 1.6 

Zhao et al. [11] 

Ignition delay time 

(ST) 

1, 10 atm 

T5 = 1150 – 1850 K 

1% CPT/O2 in Ar 

φ = 0.57, 1.0, 2.0 

Tian et al. [12] 

Ignition delay time 

(ST) 

7, 9 atm 

T5 = 1230 – 1840 K 

0.5–1.0% CPT/O2 in 

Ar 

φ = 0.5 – 2.0 

Sirjean et al. [13] 

Ignition delay time 

(ST) 

11 – 61 atm 

T5 = 1230 – 1840 K 

CPT in air 

φ = 0.5 – 2.0 

Daley et al. [14] 

Ignition delay time 

(RCM) 

20, 50 bar 

TC = 700 – 980 K 

CPT in 12 – 21% O2 

φ = 1.0 

Fridlyand et al. 

[15] 

Ignition delay time 

(ST & RCM) 

20, 40 bar              Tc 

= 675 – 1300 K 

CPT in air                    

φ = 0.5 – 2.0 

Al Rashidi et al. 

[7] 

Species measurements 

(JSR) 

1 atm 

T = 900 – 1250 K 

CPT = 1000 ppm 

φ = 0.5 – 2.0 

Dayma et al. [16] 

Species measurements 

(JSR) 

10 atm 

T = 750 – 1250 K 

CPT = 1000 ppm 

φ = 0.5 – 3.0 

Al Rashidi et al. 

[6] 

Pyrolysis                     

(Flow reactor) 

τ = 0.5 s 

T = 973 – 1073 K 

1.7 bar Khandavilli et al. 

[9] 

DME is a suitable component to blend with unreactive fuels such as CPT because it has a 

reactivity that is representative of compounds in gasoline like n-heptane. Also, DME is a small 

volatile component whose combustion chemistry is relatively well understood while exhibiting 

negative temperature coefficient (NTC) behavior characteristic of reactive compounds. The 

interaction of CPT with the ȮH radical pool generated from the low temperature chemistry of 

DME is also relevant to understanding the role of CPT in gasoline mixtures which typically 

exhibit NTC behavior. 

Previously, Zhang et al. took a similar approach to probe the low temperature reactivity of 

ethanol [19] and toluene [20] in blends with DME. These studies provided additional insights 

into the reactivity of these components and their mixtures while also improving the predictability 
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of their respective kinetic models. The IDT experiments in this work were performed in high-

pressure shock tube (HPST) and rapid compression machine (RCM) facilities at NUI Galway 

(NUIG), over a wide range of conditions, covering three equivalence ratios φ = 0.5, 1.0 and 2.0 

in synthetic air (i.e. the mol. ratio of N2:O2 = 3.76), in the temperature range 650 – 1350 K at 

pressures of 20 and 40 bar for two binary compositions of 30/70 and 70/30 CPT/DME by mole 

percentage. The following manuscript is organized by first providing a brief overview of the 

experimental methodologies in Section 2, followed by a detailed description of our kinetic 

modelling updates to the CPT chemistry in Section 3. A discussion of the important findings 

from this study follows in Section 4 and a summary along with recommendations for future 

work are presented in Section 5. 

2. Experimental Methodologies 

Fuel-air mixture preparation 

The binary mixtures prepared for this study had fixed concentrations of O2 and N2 as found in 

air. Cyclopentane (99%) and DME (99.5%) were obtained from Sigma-Aldrich, while O2 

(99.99%), N2 (99.99%) and helium (He) (99.97%) were supplied by BOC Ireland. The 

experimental conditions are listed in Table 5.2. For the mixture preparation, both fuels, O2 and 

N2 were added in the order of increasing partial pressures. The temperature of the mixing tank 

and the connecting lines was maintained at 50 °C to prevent fuel condensation. The partial 

pressures of the fuels were maintained at a pressure at least a factor of three lower than the 

corresponding saturation vapor pressure at a given temperature. Fuel mixtures were diffusively 

mixed for at least 6 h to achieve homogeneity. Both the shock-tube and rapid compression 

machine facilities have some uncertainties. The major uncertainties in the HPST experiments are 

attributed to shock velocity measurements, the diaphragm bursting mechanism, and boundary 

layer formation behind the incident shock wave, which is a facility effect. Petersen et al. [21] 

quantified the uncertainty in the temperature behind the reflected shock wave (T5) using an 
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estimated uncertainty in the measured incident shock velocity. A similar approach, using a 1-D 

equation for reflected shock temperature, which is a function of the initial temperature (T1), the 

gas specific heat ratio (γ) and Mach number (M), was adopted for uncertainty quantification of 

the reflected shock temperature in the HPST experiments performed at NUIG [22]. It was 

reported that uncertainties change with operational conditions such as the compressed 

temperature and pressure conditions. The uncertainty in the time interval recorded by the 

pressure sensors was estimated to be 1 µs and the uncertainty in the position of the pressure 

sensor was estimated to be ± 0.1 mm. The average uncertainty in the IDT measurement using the 

NUIG HPST is ~20% in the temperature range 1000 – 1500 K. Similarly, to estimate the 

uncertainty in the calculated compressed temperature in RCMs Weber et al. [23] developed a 

Monte Carlo method. The python scripts developed by Weber et al. were used and the 

uncertainties in TC and IDT measurements were reported to be in the range of ± 5 – 10 K and 20 

– 25%, respectively, in the temperature range 650 – 950 K. More details regarding the 

uncertainty measurements in the NUIG facilities have already been published [22]. 

High Pressure Shock Tube (HPST) - NUIG 

High temperature (900 – 1350 K) IDTs of the CPT/DME blends were measured behind reflected 

shock waves, where the auto-ignition time scales range from 0.03 – 6.5 ms.  

Table 5.2. Experimental conditions of the binary mixture compositions (in mole fraction) 

investigated in this study. 

φ CPT DME O2 N2 pC (bar) TC (K) Facility 

0.5 0.012 0.005 0.206 0.777  

 

 

20 and 40 

 

 

 

650 – 1350 

 

 

 

 

RCM & HPST 

0.5 0.007 0.016 0.205 0.771 

1.0 0.023 0.010 0.203 0.764 

1.0 0.014 0.032 0.200 0.754 

2.0 0.045 0.019 0.197 0.739 

2.0 0.026 0.062 0.192 0.720 
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A 30 cm double-diaphragm section separates the 9 m long steel tube of uniform cross-section of 

63.5 mm inner diameter into a 3 m driver section and a 5.7 m driven section. The driven section 

is filled with the CPT/DME binary gas mixture and the driver section with a lighter non-reactive 

gas, helium. However, for the tests involving longer ignition times (2 – 6 ms), He is partly 

replaced with N2 to optimize the interaction of the reflected shock with the contact surface at the 

endwall. When the double diaphragm bursts, a shock wave, formed by expansion of the driver 

gas, propagates at supersonic speeds through the driven section. This propagating front rapidly 

compresses and heats the test gas to the desired thermodynamic conditions at the endwall before 

auto-ignition. By varying the Mach number of the shock wave, the final compressed pressure 

and temperature conditions of the test gas are varied. Six piezoelectric pressure transducers 

(PCB 113B24) are mounted on the sidewall of the driven section to record the time of arrival of 

the incident shock, which are required to measure the shock velocity at the endwall. The 

compressed pressure and temperature are calculated using the “reflected shock” routine in Gaseq 

[24]. A dynamic pressure transducer (Kistler 603B) mounted at the endwall records the pressure 

history of the test gas from which the IDTs are measured. The pressure signals are recorded 

using Tie-pie handyscope HS4-50 digital oscilloscopes at 12-bit resolution and the acceptable 

uncertainty for the measured pressures behind the reflected shocks are limited to 5%. 

Rapid Compression Machine (RCM) - NUIG 

The low temperature (650 – 900 K) IDTs of CPT/DME blends were measured in an RCM at 

compressed pressures of 20 and 40 bar. This RCM facility has a 38 mm bore and 168 mm stroke 

and uses opposed twin pistons to quickly compress (12 – 14 ms) the test gas mixture to the 

desired thermodynamic states. The creviced pistons, that largely limit the turbulence/roll-up 

vortices generated in the test gas, are pneumatically driven and mechanically locked at the end of 

compression. Having a homogeneous temperature of the compressed fuel/air mixture inside the 

reaction chamber (RC) is critical, as the rate of reaction depends exponentially on temperature, 
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and in-homogeneities can complicate the interpretation of experimental results. A recent 

computational study [25] characterized the flow fields inside the RC of the NUIG RCM, and the 

results indicated that the piston crevice suppresses the roll up vortex and produces a largely 

uniform temperature field in RC at the end of compression, to post-compression times of 

approximately 150 ms. After compression, the pressure drops due to heat transfer from the gas 

mixture to the reaction chamber walls. Time-resolved pressure measurements are recorded using 

a piezoelectric pressure sensor (Kistler 6045A) mounted on the sidewall of the reaction chamber. 

The initial temperature and pressure, mixture composition and compressed gas pressure of each 

experiment are all used to determine the compressed gas temperature using the “adiabatic 

compression/expansion” routine in Gaseq [24]. Pyrolytic experiments are conducted by 

replacing O2 in the test mixture with N2 to create effective volume histories as input for 

simulations to capture compression and heat transfer effects. 

3. Chemical kinetic modelling 

3.1 Preliminary model formulation 

The current chemical kinetic model for cyclopentane was developed from the basis of a small 

hydrocarbon (C0 – C4) kinetic model from NUIG [26] and previous kinetic model of 

cyclopentane by Al Rashidi et al. [27]. Aromatic chemistry stemming from cyclopentadiene and 

cyclopentadienyl pathways was required and included from the study by Kukkadapu et al. [28]. 

As part of this work a critical re-evaluation of the cyclopentane, cyclopentene, cyclopentadiene 

and dimethyl ether sub-models was undertaken and will be discussed in the following sections. 

Additional comments and citations can be found next to each relevant reaction in the kinetics file 

for those not explicitly discussed in the main text. 

If available and accurate, thermochemistry of a species was taken from the references 

above. If new thermochemistry was needed for a species, Benson’s group additivity methods as 

implemented in THERM [29] were applied to estimate properties (i.e. enthalpy, entropy, heat 



102 
 

capacity). Group values used in this work come from the review and optimizations by Burke et 

al. [30] and Li et al. [31]. Additional groups, such as ring corrections, from Ritter and Bozzelli 

[29] were also used. Transport properties for the small hydrocarbon species were included from 

the NUIG model [26]. New transport properties for larger species unavailable from previous 

work were estimated using the approach described in Wagnon et al. [32] with correlations from 

Dooley et al. [33] and Bosque and Sales [34]. Simulations of IDTs utilized the Lawrence 

Livermore National Laboratory (LLNL) developed software ZeroRK [35], including non-

reactive volume histories for the RCM experiments and a constant volume for ST experiments. 

Additional literature experiments (e.g. jet-stirred reactor, flame speeds) were simulated using the 

appropriate CHEMKIN-Pro modules. 

3.2 Cyclopentane sub-model  

Unimolecular fuel decomposition via the carbon-carbon bonds in cyclopentane has long been 

thought to proceed primarily via the formation of a di-radical and prompt H-atom transfer 

forming 1-pentene [8, 36, 37]. An alternative unimolecular decomposition involving the carbon-

carbon bonds leads to the formation of ethylene and cyclopropane [8, 36, 37]. In the current 

study, the CBS-QB3 rate constants calculated by Sirjean et al. [36] were adopted for both 

pathways which are generally in reasonable agreement with other literature studies as noted by 

Randazzo et al. [8]. Further resolving and refinement of these unimolecular pathways and 

reaction rates likely requires calculations utilizing multi-reference methods, as applied in the 

ring-opening of cyclohexane [38]. Loss of an H-atom from cyclopentane to form a cyclopentyl 

radical is written in the reverse direction using an estimated rate constant of 1 × 1014 cm3 mol–1 

s–1, which is common for such termination reactions. 

H-atom abstraction reactions from cyclopentane by small radicals such as Ḣ, Ö, and ȮH 

were taken from previous experimental and theoretical studies [39-41]. Rate coefficients for the 

H-atom abstractors O2, HȮ2, and ĊH3 have not been studied experimentally or computationally 
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for cyclopentane to the authors’ knowledge and are excellent candidates for future work. 

Currently, H-atom abstraction by molecular oxygen was estimated using a rate rule of the A = n 

× 9 × 1013 cm3 mol–1 s–1 and E = ΔH + 2⋅R⋅(1000 K) cal mol–1. For the rate rule, A is the pre-

exponential factor, E is the activation energy, n is the number of equivalent hydrogen atoms 

available, ΔH is the enthalpy of the reaction, and R is the molar gas constant. Abstraction of H-

atoms by HȮ2 radicals was assumed to be analogous to abstraction from secondary alkyl sites as 

calculated by Aguilera-Iparraguirre et al. [42] multiplied by the number of equivalent hydrogen 

atoms available. The current work adopts the LLNL alkyl rate rule for abstraction by HȮ2 

radicals which is higher than the rate constant proposed in ref. [42] by a factor of 1.5. H-atom 

abstraction by methyl radicals was assumed to be analogous to secondary alkyl abstractions and 

the current LLNL rate rule was applied accounting for available equivalent hydrogen atoms. 

Calculations by Al Rashidi et al. [27] were used for the unimolecular decompositions of the 

cyclopentyl radical and modified based on comparisons to the more recent experimental 

measurements and high-pressure limit calculations by Manion and Awan [43]. Loss of a H-atom 

from cyclopentyl was increased by a factor of 1.08, while the ring opening reaction leading to 

the penten-5-yl radical was increased by a factor of 2.51. The rate constant for cyclopentyl ring 

opening reaction adopted in this work is very close to the logarithmic average rate between the 

studies by Al Rashidi et al. and Manion and Awan and is in reasonable agreement given their 

uncertainties. Additionally, increasing the ring opening rate constant provides much better 

agreement between simulations and measurements of the species selectivities measured in a 

shock tube by Manion and Awan [43] and of species concentrations in a jet-stirred reactor. 

The low temperature pathways resulting from the interaction of cyclopentyl radicals and 

molecular oxygen were largely taken from the work Al Rashidi et al. [27] after removing the 

local optimizations, or “tunings,” because the tunings were not needed in the present kinetic 

model to obtain good agreement with the experimental validation data. Calculations by Al 
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Rashidi et al. [27] where typically fit to cover the range of 300 – 1200 K, however for some 

negligible pathways the fitted rates progress to unphysical values beyond 1200 K. These 

negligible pathways were removed in the current work to avoid adverse impacts of unphysical 

rate constants on the computed results and the performance of the numerical solvers. One 

example of such a pathway is the formation of PT1N4Q5J (4-hydroperoxypent-5-yl-1-ene 

radical) from cyclopentyl + O2. At temperatures above 2000 K the 100 atm rate constant from 

this channel alone can quickly exceed the high-pressure limit of cyclopentyl + O2, ~ 3 × 1012 s–1, 

given in Table 3 of Al Rashidi et al. [27] due to a large exponent, n, in the modified Arrhenius 

format. 

3.3 Cyclopentene sub-model 

In addition to the loss of H-atoms, there are two well-known unimolecular decomposition 

reactions of cyclopentene, which is a major intermediate in the oxidation and pyrolysis of 

cyclopentane. The first unimolecular reaction is the dehydrogenation to cyclopentadiene and 

molecular hydrogen, and the current work uses the rate coefficients from Lewis et al. [44]. 

Manion and Awan [43] also provide the most recent assessment of the cyclopentene 

dehydrogenation reaction which is in good agreement with the value of Lewis et al. [44]. The 

other unimolecular reaction is the peri-cyclic formation of vinyl cyclopropane [45], and the 

current rate constant was adopted from Lewis et al. [46]. It should be noted that vinyl 

cyclopropane can then further undergo rapid unimolecular isomerization to the linear pentadiene 

isomers, and the corresponding rates in this study were adopted from Wellington et al. [47]. The 

rate constant for the termination reaction involving the addition of a Ḣ atom to a cyclopenten-4-

yl radical was estimated to be 1 × 1014 cm3 mol–1 s–1. For the resonantly stabilized cyclopenten-

3-yl radical, an estimation was made via analogy to the high-pressure limit calculation by 

Harding et al. [48] for the termination reaction of a hydrogen atom with an allyl (Ċ3H5-a) radical. 
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Analogies to the cyclopentane rate constants discussed in Section 3.2 were applied for H-

atom abstractions of cyclopentene by small radicals (O2, Ḣ, Ö, ȮH, HȮ2, ĊH3) forming the 

cyclopenten-4-yl radical. H-atom abstractions by Ḣ, Ö, ȮH, and HȮ2 leading to the formation of 

the resonantly stabilized cyclopenten-3-yl radical were estimated by analogy to literature 

calculations for other C3 – C5 resonantly stabilized radicals [49-52]. For H-atom abstraction by 

O2, the analogous rate rule discussed in Section 3.2 was applied with a corrective multiplicative 

factor of e–2 to the pre-exponential factor to account for resonance. This pre-exponential factor, 

e–2, is similar to the effective loss of a single rotor as discussed by Wang et al. [53, 54] for H-

atom shift and ring-closure reactions. Wang et al. [55] calculated the abstraction from 

cyclopentene by methyl radicals leading to cyclopentene-3-yl radical formation and this rate 

constant is used in the current work. Abstractions of the vinylic hydrogen from cyclopentene 

were considered minor pathways and were not included in the current work. 

Chemically activated Ḣ atom addition pathways for cyclopentene were adopted from the 

calculations of Wang et al. [56]. Ḣ atom addition to cyclopentene forming cyclopentyl radical is 

the reverse reaction of cyclopentyl radical decomposition, discussed in Section 3.2. Reactions 

involving the addition of Ö, ȮH, HȮ2, and ĊH3 radicals have not been extensively studied for 

cyclopentene and further studies are warranted. 

Unimolecular reactions of cyclopentenyl radicals were included using calculations from 

Wang et al. [56]. While it is known that allylic radical self-recombination reactions [57, 58] 

occur, the self-recombination of cyclopenten-3-yl radicals has not been studied to the authors’ 

knowledge and therefore this pathway was neglected in the current work. Similarly, limited 

information is available regarding the reactions of cyclopenten-3-yl radicals with molecular 

oxygen or hydroxyl radicals, and these pathways were neglected. Reactions of cyclopenten-3-yl 

radicals with atomic oxygen were estimated as irreversible reactions using the calculations of 

Ghildina et al. [59] for the cyclopentadienyl radical system. 
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A possibly important reaction in the oxidation of cyclopentene is the reaction of 

cyclopenten-3-yl and HȮ2 radicals. Two sets of products were considered, stabilization to 3-

hydroperoxycyclopentene and the chemically activated formation of cyclopenten-3-oxy and 

hydroxyl radicals. In this work, the rate constants are adopted from the calculations by 

Goldsmith et al. [60] for the Ċ3H5-a + HȮ2 system. Ring opening of the cyclopentene-3-oxy 

radical was estimated using the work of Wang et al. [61] and written as a ring closing reaction. 

3.4 Cyclopentadiene sub-model 

For the unimolecular decomposition of cyclopentadiene, only the loss of a H-atom was 

considered in this work. The high-pressure limit calculated by Harding et al. [48] was used to 

write the termination of atomic hydrogen with cyclopentadienyl radicals. H-atom abstractions 

forming cyclopentadienyl radicals by atomic hydrogen and methyl radicals were modelled using 

the calculations of Robinson and Lindstedt [50] and Wang et al. [55] respectively. Abstraction 

by O2, Ö, ȮH, and HȮ2 producing cyclopentadienyl radicals were estimated using the rate rule 

described in Section 3.2 or analogous reactions [49, 51, 52]. Due to the limited number of weak 

C – H bonds in cyclopentadiene, abstractions from the vinylic sites were considered in this work 

for their potential importance primarily at high temperature (>1000 K) conditions. Rate 

constants for the H-atom abstraction by small radicals (O2, Ḣ, Ö, ȮH, HȮ2, ĊH3) leading to 

vinylic cyclopentadienyl radicals were estimated by a combination of rate rules and analogy [62-

64]. 

Ḣ atom addition to cyclopentadiene, including stabilization and chemically activated 

pathways, was included in this work using the calculations of Wang et al. [56]. Ö-atom addition 

to cyclopentadiene forming 1,3-butadiene and carbon monoxide [65] was included using the rate 

constant for propene and atomic oxygen going to products given by Cavallotti et al. [66]. 

Addition reactions of other small radicals (ȮH, HȮ2) were not included in this work as the 

authors are unaware of studies related to these reactions. 
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The decomposition of resonantly stabilized cyclopentadienyl radicals to either 1-

vinylpropargyl, or propargyl and acetylene was considered using the calculations by Da Silva. 

Several recent computational studies from the Mebel group have been adopted in this work to 

model the oxidation of cyclopentadienyl radicals by O2, Ö, and ȮH [59, 67, 68]. Pathways 

related to methylcyclopentadienes were adopted from Sharma et al. [69] and Dubnikova et al. 

[70]. Self-recombination of cyclopentadienyl radicals was considered using the rate coefficients 

given by Cavallotti et al. [57]. For the addition of HȮ2 to cyclopentadienyl radicals, the 

analogous rate constants for the stabilization and chemically activated products from Goldsmith 

et al. [60] were used. The rate constants for HȮ2 radical addition were increased by a factor of 

2.5 for the number of equivalent resonance sites, and further increased by a factor of two as a 

local optimization. Unimolecular reactions of the cyclopentadien-5-oxy radical were modelled 

using the barrier heights from the potential energy surface calculated by Ghildina et al. [59] and 

pre-exponential factors were estimated. 

3.5 Dimethyl ether sub-model 

The dimethyl ether sub-model was developed based on the recent study of ethanol and dimethyl 

ether binary blends by Zhang et al. [20]. Zhang et al. modified the rate constant for carbonyl 

hydroperoxide decomposition to A = 2.5 × 1016 s–1 with an Ea = 43 kcal mol–1 to achieve better 

modelling agreement with their experiments of ethanol/DME mixtures. This modification was 

adopted in the current kinetic model. 

4. Results and Discussion 

The IDT measurements of the binary mixtures investigated during this study were carried out in 

two independent experimental facilities at NUIG. The relatively fast IDTs (0.06 ~ 6 ms) were 

carried out in a HPST and the slower IDT (3 ~ 300 ms) measurements in an RCM. 

Representative experimental and simulated pressure profiles of the CPT/DME blends are shown 

in Fig. 5.1 at 20 bar and 40 bar. The experimental IDT data and the volume profiles in a 
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Chemkin input format for all conditions studied are available in Appendix C. As depicted in Fig. 

1, the model developed in the current study can well reproduce the overall IDT measurements 

and adequately captures the associated heat release measured experimentally at all conditions 

investigated. The heat release manifests itself as a pressure increase due the reacting fuel-air 

mixture relative to the non-reactive pressure history. In Fig. 5.1, it is interesting to note the lack 

of significant heat release measured in the 70/30 CPT/DME experiments prior to ignition and 

this will be discussed later as it relates to the ignition delay results. 

 

Figure 5.1: Representative experimental and simulated pressure profiles of 70CPT/30DME at   

φ = 1.0 in air, a) 20 and b) 40 bar using the current kinetic model. 

Over the entire range of conditions and mixtures overall IDT are well reproduced by the 

current model, as shown in the Figs. 5.2(a) – (f), with simulations typically within 50% of the 

experimental measurements. The trends of pressure and equivalence ratio on the binary fuel 

reactivity are provided in Appendix C. In addition to the current model validation against IDT of 

neat and DME doped mixtures, the available laminar burning velocity (LBV) measurements 

from Davis et al. [10], Zhao et al. [11] and speciation data from Al Rashidi et al. [6] and 

Herbinet et al. [71] were also simulated and presented in in Appendix C. The current model 

performance against the auto-ignition data available in the literature for neat DME [72], 

cyclopentane [12-14] and cyclopentene [73] are also available in Appendix C. 
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As with most other hydrocarbon fuels, elevated pressures lead to enhanced reactivity for all 

mixtures at all temperatures since reaction rates are directly dependent on the absolute 

concentration of the reactants. Regarding trends in equivalence ratios, the IDTs for all blends 

exhibit a strong sensitivity to the mixture stoichiometry in the negative temperature coefficient 

(NTC) regime. This trend can be understood by noting that the mixture equivalence ratios were 

controlled by keeping the nominal oxygen concentration constant while varying the fuel 

concentration.  Therefore, for leaner mixtures the amount of reactive DME (and CPT) was 

reduced in both binary blends at fuel-lean equivalence ratios, limiting the amount of chain-

branching low temperature chemistry. 
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Figure 5.2: Influence of doping DME on the reactivity of CPT and comparisons to the model 

developed in this work. The binary CPT/DME blends compared were measured as part of this 

study. Neat CPT and DME measurements are shown from refs. [7], [74], and [75]. 

Despite the strong non-Arrhenius or even negative temperature coefficient (NTC) behavior 

in Fig. 5.2, there is limited low temperature heat release (LTHR) associated with first stage 

ignition. For most alkanes, non-Arrhenius plots of IDTs are indicators of chain-branching low 

temperature chemistry which typically manifests itself as two-stage ignition. For mixtures with 

higher concentrations of CPT at all conditions, the experimental measurements show there is 

very limited LTHR. Furthermore, when LTHR does occur, it is very close to the overall ignition 

event, which agrees well with the observations of Fridlyand et al. [15]. These measurements 

suggest that CPT oxidation proceeds through low temperature pathways that are not as net 

exothermic as acyclic alkanes. When CPT is blended with DME, any ȮH radicals from the chain 

branching reactions of DME are scavenged thereby suppressing LTHR and chain branching. 

However, for the fuel-lean mixtures with higher DME concentrations, measurable LTHR was 

observed and is well captured by the model. 

Due to the unusual behavior of mixtures with high concentrations of cyclopentane, the 

reactions controlling the low temperature heat release were investigated for the 70/30 CPT/DME 

mixture at 750 K and 20 bar. Low temperature exothermicity in the high cyclopentane 
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concentration simulations is primarily derived from addition of cyclopentyl radicals to O2 (with 

~22% exothermicity), analogous to the important low temperature heat release reactions for 

alkyl mixtures. Additional, but less significant exothermic contributions, stem from H-atom 

abstraction (CPT + ȮH = cyĊ5H9 + H2O and HȮ2 + HȮ2 = H2O2 + O2) reactions, among others. 

Competitive endothermic reactions include the concerted elimination of HȮ2 from cyclopentyl 

peroxy radicals (~20% endothermicity). The combined RO–OH bond breaking of 3-

hydroperoxycyclopent-1-ene and hydroperoxymethyl formate account for less than 18% of the 

simulated endothermicity. In this system it is likely the concerted elimination reaction is 

important as a primary source of HȮ2 radical generation and for endothermicity that suppresses 

LTHR. The following analysis primarily focuses on the influence of DME doping on the low 

temperature reactivity of CPT. 

4.1 Effect of DME addition on CPT reactivity 

The reactivity of CPT is significantly enhanced with the addition of DME at low temperatures 

(650 – 850 K) as depicted in Fig. 5.2 for all pressures. For example, in Fig. 5.2(c) at 750 K the 

30% DME mixture increases the reactivity by a factor of five and the 70% DME mixture by 

approximately two orders of magnitude relative to neat CPT mixtures. To kinetically interpret 

the observed CPT/DME trends, a flux analyses at φ = 1.0, p = 20 bar and T = 725 K is presented 

in Fig. 5.3 and the molar consumption yields are expressed in relative amounts. For all mixtures, 

the CPT chemistry is initiated by H-atom abstraction, primarily by ȮH and HȮ2 radicals, 

generating cyclopentyl (cyĊ5H9) radicals. However, as the DME concentration increases in the 

binary blends, CPT scavenges ȮH radicals that are generated from the DME low temperature 

chain-branching pathways, Fig. 5.3. This scavenging is in part due to the number of H-atoms in 

CPT (10) compared to DME (6) and the relatively limited production of ȮH from neat 

cyclopentane. CPT does possess a larger C–H bond dissociation enthalpy (BDE) than DME by 

~3 kcal mol–1. However, H-atom abstraction rate constants by ȮH radicals tend to be relatively 
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insensitive to small BDE changes. For instance, in this work, the rate constants for H-atom 

abstraction by ȮH radicals for CPT are within a factor of 1.3 of those for abstraction from DME 

on a per H-atom basis. Therefore, the number of available H-atoms in CPT contributes to the 

radical scavenging predicted by the kinetic model. 

After addition of cyclopentyl radicals to O2, the branching ratio of the cyclopentyl peroxy 

(CPTȮ2j) radical is critical in accurately simulating all mixtures containing CPT. The concerted 

elimination of HȮ2 from CPTȮ2j radicals forming cyclopentene (cyC5H8) and HȮ2 (R1) 

dominates for both neat CPT and its mixtures with DME.  

CPTȮ2j = cyC5H8 + HȮ2 (R1) 

Measurements of cyclopentane oxidation in the Orleans jet-stirred reactor from Al Rashidi et al. 

[6] also support the significance of cyclopentene as an intermediate at temperatures below 1000 

K. Unlike linear or branched alkanes, the six-membered 1,5 RȮ2 radical isomerization is 

hindered due to relatively high ring-strain energy in CPT. According to theoretical calculations 

of the cyclopentyl peroxy radical reactions by both Miyoshi [76] and Al Rashidi et al. [27], 

barrier heights for the concerted elimination are lower (28.2 vs. 30.8 kcal mol–1) than acyclic 

alkanes. However, barrier heights are significantly higher (25.1 vs. 20.8 kcal mol–1) for 1,5 RȮ2 

radical isomerization reactions. This change in branching ratio in favor of higher HȮ2 radical 

production over RȮ2 radical isomerization and subsequent chain branching largely explains the 

overall low reactivity of cyclopentane relative to its acyclic counterparts at low temperatures. 

The relatively large concentration of HȮ2 radicals generated from concerted elimination 

reactions at low and intermediate temperatures (< 1000 K) contribute to H-atom abstractions of 

neat CPT mixtures. However, the flux of the concerted elimination channel decreases from 74% 

for neat CPT to 48% for 30/70 CPT/DME mixtures, respectively. This is due to the increased 

production of ȮH and the onset of a competing HȮ2 reaction with CPTȮ2j (R2) in the binary 

mixtures. Formation of hydroperoxycyclopentane (CPTO2H) for these mixtures is the reverse 
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reaction of H-atom abstraction by O2 at the hydroxyl site from CPTO2H. This pathway, R2, 

accounts for 3 – 37% of the consumption of CPTȮ2j as the concentration of DME increases in 

each mixture.  

CPTȮ2j + HȮ2 = CPTO2H + O2     (R2) 

Ḣ + O2 (+M) = HȮ2 (+M)   (R3) 

Figure 5.3: Flux analysis at 20% fuel consumption and φ = 1.0, p = 20 bar, T = 725 K in air for 

neat CPT and two binary blends with DME using the kinetic model developed in this work.  
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At first this trend might appear counter intuitive. In neat mixtures of DME, 58% of HȮ2 

production is from addition of Ḣ to O2 (R3) while in neat mixtures of CPT this pathway accounts 

for less than 1% of HȮ2 production. As the concentration of DME increases for these binary 

mixtures, the source of HȮ2 radicals shifts from R1 (accounting for 54% of HȮ2 production for 

neat CPT) to R3. At the same time, the production of ȮH radical increases due to the low 

temperature DME chain-branching pathways. Since H-atom abstraction by ȮH is faster than by 

HȮ2, CPT scavenges the ȮH radicals generated from DME leaving HȮ2 to react with other 

species such as the CPTȮ2j radical as shown in Fig. 5.3. The influence of R2 on IDT predictions 

is depicted in Figs. 5.4(a) and 5.4(b) for φ = 1.0 in air at 20 bar and 40 bar, respectively. For the 

conditions of this study, this pathway has a significant effect on the neat CPT and 70/30 

CPT/DME mixtures because the product from ring-opening of the cyclopentoxy radical in Fig. 

5.3 promotes low temperature chain branching. When the concentration of CPT is further 

reduced in mixtures, the simulations are controlled by the DME chain-branching pathways. 

Considering the sensitivity of R2, further theoretical and/or experimental studies are warranted 

of this pathway and its products. 
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Figure 5.4: Influence of R2, CPTȮ2j + HȮ2 = CPTO2H + O2, when included (solid) and 

excluded (dashed), on the current model performance of neat and DME doped CPT. 
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HȮ2 radicals can also add to the resonantly stabilized radicals produced from cyclopentene, 

leading to the production of adducts for all mixtures as shown in Fig. 5.3. These adducts 

eventually undergo RO – OH bond scission and subsequent ring opening. At high temperatures, 

resonance stabilized radicals can consume HȮ2 radicals through chemically activated pathways 

producing reactive hydroxyl and allyloxy radicals. Either reaction sequence converts the 

abundant and less reactive HȮ2 radicals produced from CPT oxidation to relatively more 

reactive ȮH radicals. 

 

Figure 5.5: Flux analyses at 20% fuel consumption and φ = 1.0, 20 bar, 1100 K in air for neat 

CPT and two binary blends with DME using the kinetic model developed in this work. 

At higher temperatures (> 1000 K) the experimental measurements of the neat and blended 

fuels exhibit similar reactivities, Fig. 5.2. To further analyze this trend in reactivity, the fuel 

oxidation scheme for the major pathways at T = 1100 K, p = 20 bar, φ = 1.0 and 20% fuel 

consumption is provided in Fig. 5.5. The oxidation of CPT at high temperatures is also initiated 
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by H-atom abstraction by ȮH, HȮ2, and Ḣ radicals which account for 65%, 20%, and 10% 

respectively of the fuel flux. Approximately 55% of cyclopentyl radicals undergo β-scission to 

yield cyC5H8 + Ḣ while 35% of cyclopentyl radicals undergo ring opening to form linear pent-1-

en-5-yl radicals via C–C bond cleavage. Subsequently, pent-1-en-5-yl radicals undergo β-

scission to form ethylene (C2H4) and Ċ3H5-a radicals. The major consumption pathway of 

cyC5H8 is through H-atom abstraction at the allylic sites and is followed by β-scission to form 

cyclopentadiene (C5H6). The remaining cyclopentyl radicals, ~10%, are converted to CPTȮ2j 

which ultimately forms cyC5H8 via concerted elimination of HȮ2 radicals. 

4.2 Blending slopes with DME addition  

Two recent studies have considered binary blends of DME with ethanol and toluene, both 

relatively unreactive fuels at low temperatures. These studies provide additional context for the 

current IDT measurements of CPT/DME mixtures. Figure 6 compares the reactivity trends for 

CPT, ethanol and toluene mixtures with increasing fractions of DME for φ = 1.0, 20 bar at three 

temperatures using kinetic models from this study and ref. [19], and [20]. 

The blending slopes of the three fuels are relatively insensitive to DME addition at 

temperatures ≥ 1100 K. However, adding DME increases the reactivity of all fuels (CPT, 

ethanol, and toluene) with the effect being strongest at low temperatures (< 900 K). Compared to 

ethanol and toluene blends, the blending slope of CPT in Fig. 5.6 is not significantly perturbed 

until more than 50% molar DME addition at all temperatures, since CPT chemistry has both low 

temperature chain branching and propagation pathways, such as R2 and R1 respectively. With 

20% DME addition to the fuel, the blending slope of toluene is steepest followed by ethanol and 

CPT at all temperatures in Fig. 5.6. This ordering can be explained by following the flux of the 

respective fuel radicals at 800 K. In the case of CPT and ethanol, there is significant generation 

of chain propagating HȮ2 radicals via major pathways such as R1 and CH3ĊHOH + O2 = 

CH3CHO + HȮ2, respectively. Ethanol likely has a shallower blending slope than CPT due to 
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abstraction reactions from the beta carbon forming hydroxyl-ethyl radical (ĊH2CH2OH). The 

hydroxyl-ethyl radical can react with O2 and form a stable peroxy adduct which proceeds 

through the Waddington decomposition, producing one ȮH radical and two formaldehyde 

molecules. However, as discussed in detail earlier, the CPTȮ2j radical primarily produces HȮ2 

via R1. In the case of toluene the primary fuel radical at low temperatures, benzyl (C6H5ĊH2), 

does not readily react with O2 to generate ȮH or HȮ2 radicals and in the absence of abundant 

HȮ2, benzyl self-recombines to form bi-benzyl significantly inhibiting its reactivity. Therefore, 

toluene lacks pathways that efficiently produce ȮH and/or HȮ2 radicals in the absence of a 

radical generator. Hence, when blended with DME, toluene’s blending slope is steeper compared 

to CPT and ethanol. 

 

 

Figure 5.6: The constant volume simulations representing the reactivity trends of CPT, ethanol, 

and toluene kinetic models with DME addition at φ = 1.0 in air, 20 bar and 800 – 1000 K. 
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5. Conclusions 

This paper discusses the development of a reliable cyclopentane mechanism that can accurately 

perform in a multi-component gasoline model over a wide range of combustion relevant 

conditions. New IDT measurements were recorded that focused on probing the low temperature 

oxidation of CPT via the addition of DME. The current measurements provide valuable insights 

into the low temperature heat release of these binary blends. The new kinetic model developed 

for cyclopentane also focused on accurate kinetic description for the cyclopentene and 

cyclopentadiene sub-models. The model can simulate the measurements of this work well, 

despite the identification of reaction pathways which would benefit from future targeted 

experimental and theoretical studies. Particularly interesting is the potential influence of the 

reaction of cyclopentyl-peroxy with HȮ2 (CPTȮ2j + HȮ2 = CPTO2H + O2) on the IDT 

predictions and further studies looking into this reaction are recommended. The effect on IDTs 

of DME addition to CPT, ethanol and toluene were compared at different temperatures. CPT was 

found to be relatively insensitive to DME addition up to about 60% addition compared to 

ethanol and toluene. The measurements and modelling presented in this study should inform and 

aid in the validation of predictive models for gasoline surrogates containing cycloalkanes such as 

cyclopentane. 
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Abstract 

The ignition delay times of cyclopentanone in air were measured using a high pressure shock 

tube (HPST) and a rapid compression machine (RCM) over the temperature range of 794 ~ 1368 

K at p = 15 and 30 bar and at equivalence ratios of 0.5, 1.0 and 2.0. To provide more insight into 

the oxidation of cyclopentanone, CO time-histories during cyclopentanone oxidation in a shock 

tube at high temperatures and various pressures were also measured. In addition, quantum 

chemistry calculations have been performed to calculate the reaction rates for the olefin + HȮ2 

elimination reactions of fuel peroxyl radical decomposition reactions, which were suggested as 

critical reaction pathways for the oxidation of cyclopentanone in previous studies. Based on 

these experimental and theoretical investigations, a detailed kinetic model has been developed 

and validated using the experimental data. The model has satisfactorily reproduced the ignition 

delay times in the RCM and shock tube, and CO histories in the shock tube over the wide range 

of temperature, pressure, and equivalence ratio. Rate of production and sensitivity analyses were 

performed to determine the important reaction pathways and critical reactions that affect the 

predicted reactivity of cyclopentanone at the condition investigated. 

1. Introduction 

Cyclopentanone has been proven to have a strong resistance to auto-ignition, making it attractive 

for applications in spark-ignition engines [1]. Moreover, it can be easily produced through 

bioprocesses, namely the breaking down of cellulose by fungi [2] and the pyrolysis of biomass 

[3]. Therefore, cyclopentanone is a promising bio-derived fuel that can be used as an alternative 

for fossil fuels in many practical combustion devices, with lower greenhouse gas emissions or be 

used as a surrogate fuel for engine research purposes. However, the oxidation mechanism of 

cyclopentanone needs to be better understood before it is applied. 

As a representative cyclic ketone, cyclopentanone have been studied both theoretically and 

experimentally. Scheer et al. [4] investigated the low temperature oxidation pathways of 
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cyclopentanone experimentally in a quartz flow tube reactor with a multiplexed photoionization 

time-of-flight mass spectrometer. Low temperature reaction pathways were analyzed based on 

the experimental and theoretical calculations and indicated that cyclopentanone shows a low 

reactivity at low temperatures. Zaras et al. calculated the unimolecular decomposition of 

cyclopentanone using the compound G3B3 method [5]. Relevant reaction rate constants were 

calculated using RRKM theory over the temperature range of 800 – 2000 K. Thion et al. 

measured mole fraction profiles of major products and intermediates formed during the 

oxidation of cyclopentanone in a jet-stirred reactor at 1 and 10 atm [6]. Reaction rates of the H-

atom abstraction reactions from the fuel by Ḣ atom and ȮH and ĊH3 radicals were also 

calculated. A kinetic model was proposed and validated using the experimental data, showing 

satisfactory agreement. More recently, Zhou et al. performed quantum chemistry calculations of 

the H-atom abstraction reactions of cyclopentanone by ȮH, Ḣ, Ö, HȮ2, and ĊH3 radicals [7]. 

The high-pressure limit rate constants of the ring opening reactions were also calculated at a 

high level. The laminar flame characteristics of cyclopentanone, including stretched flame 

propagation speed, unstretched flame propagation speed and laminar burning velocity have been 

reported by Bao et al. [8]. 

The previously reported studies have provided valuable insights into the oxidation 

mechanism of cyclopentanone. However, the ignition characteristics of cyclopentanone, which 

are closely related to its application as an alternative fuel, have not been comprehensively 

investigated. This work presents a detailed experimental and kinetic modelling study of the auto-

ignition of cyclopentanone. Ignition delay times of cyclopentanone/air mixtures were measured 

over the temperature range (T5) of 794 ~ 1368 K, at pressures of 10 and 30 bar and at φ = 0.5, 

1.0 and 2.0, respectively. CO time-histories during the ignition of cyclopentanone (φ = 1.0, 0.1% 

fuel in O2/Ar) were also measured in shock tube at pressures p5 = of 1, 6 and 8.5 atm. In 

addition, theoretical studies were carried out to calculate the rates of olefin + HȮ2 elimination 
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reactions of cyclopentanone peroxyl radicals, which were previously suggested to be important 

[4]. A detailed kinetic model was developed and validated using the experimental data sets. 

2. Experiments 

2.1. High Pressure Shock Tube (HPST) at (NUIG) 

The NUIG HPST has been discussed in detail previously [9]. Briefly, it is a 9 m long stainless 

steel tube with uniform cross-section of 63.5 mm internal diameter, divided into a driver section 

(3 m), a driven section (5.7 m) and a double-diaphragm section, which separates the two sections 

and enables improved control over the generated shock wave. In this study, high temperature 

(950 – 1350 K) ignition delay data for cyclopentanone was measured in the NUIG HPST. The 

inlet manifold and the driven section of the shock tube were heated sufficiently (~70 °C) to 

ensure no fuel condensation. In this study helium or a mixture of helium and nitrogen is used as 

the driver gas. The incident shock velocity at the end wall was calculated by extrapolating the 

linear velocity equation calculated using six pressure transducers (PCB 113B24) mounted at 

different positions on the sidewall of the driven section. The error for the measured pressures 

behind the reflected shock wave was limited to ±0.5 bar. Ignition delay times are defined as the 

timed interval between two maximum pressure rises, the first due to the arrival of the shock 

wave at the endwall and the second due to ignition, which is measured using a Kistler 603B 

pressure transducer at the centre of the endwall. 

2.2. Rapid compression machine (RCM) at NUIG 

The NUIG RCM employs an opposed twin piston arrangement and is used to measure ignition 

delay times in the low- to moderate-temperature regime (850 – 960 K). The RCM used for the 

cyclopentanone experiments is the newest of the existing two reactor facilities, which has been 

described previously [9]. Briefly, the fuel/air mixture is introduced into the combustion chamber, 

which is rapidly compressed in 14 – 16 ms by the pistons which are locked at the end of 
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compression. Once the pistons are locked, though reactions in a constant-volume environment, 

the pressure drops due to heat losses to the surroundings. To account for heat loss effect in 

simulations of these experiments, non-reactive pressure histories are recorded for every 

experimental condition, in which identical mixtures are prepared but O2 is replaced by N2. 

Ignition delay time is measured from the pressure trace obtained by the Kistler 601A transducer 

mounted on the sidewall of reaction chamber. 

For all the ignition delay time measurements at NUIG, cyclopentanone (>99%) was 

obtained from Sigma-Aldrich, O2 and N2 (99.99%) were supplied by BOC Ireland. For the RCM 

and HPST experiments in this work, the estimated uncertainties in ignition delay times are ± 

15% and ± 20%, respectively. There was no evidence of a two-stage ignition in RCM conditions 

as indicated by the experiments. 

2.1. High Pressure Kinetics Shock Tube at University of Central Florida (UCF) 

Carbon monoxide (CO) time-histories were measured in a double-diaphragm, heated, electro-

polished high-pressure shock tube facility at the University of Central Florida (UCF) with an 

internal diameter of 14.17 cm (details in [10]). The test pressure in these experiments was 

monitored via a Kistler 603B1 piezoelectric transducer, and the emission signal captured with a 

Thorlabs PDA25K detector. For these experiments, time zero is defined as the minimum of the 

laser Schlieren spike due to the reflected shock wave. Ignition delay times in this study are 

defined from time zero to the peak of the broadband emission profile and were calculated to 

have an uncertainty of ±20%. From the measured velocity, the test temperature (T5) and pressure 

(p5) are obtained through quasi 1-D normal shock relations [10]. Uncertainty in T5 and p5 were 

calculated to be ± 1.1% and 1.8%, respectively. Depending on the test time requirement, driver 

gas tailoring was implemented using two Teledyne-Hastings HFC-D-303A mass flow controllers 

to regulate the flow of driver gases (He and N2; 0.643 ≤ XHe ≤ 1.000). 
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A continuous wave distributed feedback quantum cascade laser (Thorlabs DFB QCL) was 

used to monitor CO at 2183.22cm–1 and mole fractions were obtained using the Beer-Lambert 

law, XCO=αRT/σLp where α = –ln(I/Io) is the absorbance, R is the universal gas constant (J mol–1 

K–1), T is the temperature of the species (K), σ is the cross section of the absorbing species (m2 

mol–1), L is the path length (m), and p is the total pressure of the mixture (Pa). Cross section data 

was obtained from the HITRAN 2016 database [11] at each test temperature and pressure (T5 

and p5, respectively). According to estimates using kinetic simulations, the top intermediates in 

the exothermic reaction studied were H2O, CO2, and C2H4 (none of which absorb at the chosen 

CO wavelength). Uncertainty in measured CO mole fractions was calculated to be no greater 

than ± 2.5%. 

Cyclopentanone/O2/Ar mixtures were prepared manometrically inside a heated (to 43°C for 

preventing condensation) mixing tank [10]. In order to verify the initial concentration of fuel in 

each prepared mixture, the cross section of cyclopentanone was measured using FTIR 

spectroscopy [12] and the initial mole fraction determined using laser absorption at 2938.32 cm–1 

(Nanoplus DFB IC laser) at the beginning of each shock tube test, with an uncertainty of ± 1.1%. 

3. Theoretical studies 

3.1. Quantum Chemistry Calculation 

To derive the reaction rates for olefin + HȮ2 elimination reactions of cyclopentanone peroxyl 

radicals, geometry optimizations of reactants, products and Transition States (TS) were 

computed at the CBS-QB3 level of theory [13]. Intrinsic reaction coordinate (IRC) calculations 

[14-16] were performed to ensure connection between the TSs and the desired reactants and 

products. First-order saddle points were characterized by one imaginary frequency. Harmonic 

frequencies computed at the B3LYP/CBSB7 level of theory within the CBS-QB3 method were 

scaled by a factor 0.99. All electronic calculations were carried via the Gaussian09 program 

[17]. Both peroxy radicals (C5H7O3α and C5H7O3β) exhibit intra hydrogen-bond between the 
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peroxy O and the opposite HCH with H···O distances of 2.9 Å, as shown in Fig. 6.1. The peroxy 

group O is pointing directly towards the hydrogen. 

 

Figure 6.1: Intra hydrogen-bonds in peroxy radicals studied in this work (left: C5H7O3α, right: 

C5H7O3β). 

Potential energy surfaces (PES) of α, β, and β_down olefin + HȮ2 elimination reactions are 

represented in Fig. 6.2. For each stationary point on the PES, zero-point corrected Energies 

(ZPE) computed at the CBS-QB3 level are plotted relative to C5H7O3. One can note that the 

barrier height (BH) follows the order: BHβ_down > HBβ > BHα. Particularly, the barriers 

involved in α and β channels only differ by 1.5 kcal mol–1 whereas the β_down olefin + HȮ2 

elimination requires 5.3 kcal mol–1 more than the corresponding β pathway. The olefin + HȮ2 

elimination reactions are characterized by 5-membered ring (C–O–O–H–C) transition states 

(TS). These reactions also involve the formation of molecular complexes on the product side 

(MCPα, MCPβ, and MCPβ_down) that are 4 kcal mol–1 more stable than the products. 

 

Figure 6.2: Potential energy surface at 0 K for (a) channel α, (b) channels β and β_down at the 

CBS-QB3 level of theory. 
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Thermodynamic parameters and rate coefficients were computed using CanTherm [18]. Rate 

coefficients were calculated using conventional RRHO Transition State Theory [19-21] with a 

one-dimensional Eckart tunnelling correction [22]. Hindered rotor corrections were included by 

performing relaxed scans with dihedral angle increments of 10° at the B3LYP/CBSB7 level. The 

reactants (C5H7O3α and C5H7O3β) and some TSs (TSα, TSβ, and TSβ_down) are optically active 

introducing a factor of two in some computed rates. C5H6Oα and C5H6Oβ are Cs symmetric 

molecules with σ = 1, while C5H6Oβ_down belongs to the C2 point group. High-pressure limit 

(HPL) rate coefficients of the peroxyl fuel radicals forming cyclic enones + HȮ2 were fitted over 

500 K < T < 2000 K to the modified Arrhenius equation, as shown in Table 6.1. More details for 

the calculations can be found online which are included in the Supplementary material of the 

paper.   

Table 6.1. HPL rate coefficients for the olefin + HȮ2 elimination reactionsa. 
 

  A factor n Ea 

kα (4.01 ± 0.27b) ×108 1.27 22.7 

kβ (6.31 ± 0.37) ×108 1.21 23.8 

kβ_down (7.91 ± 0.53) ×108 1.29 28.9 

    
aThe units are s-1(A factor), kcal mol-1 (Ea). 

bFitting errors. 

3.2. Kinetic modelling 

A kinetic model of cyclopentanone oxidation has been developed based on the recently 

published n-heptane mechanism [23], which contains the well validated AramcoMech2.0 for 

species from C0 to C4 [24] and the previously published mechanisms for pentane isomers [25]. 

The thermodynamic data for species involved in the olefin + HȮ2 elimination reactions are 

adopted from the quantum chemistry calculations in this work, while those for other species in 

cyclopentanone sub-mechanism were estimated using THERM software and updated group 
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values [26]. The reaction pathways were considered according to those of alkanes [23, 25] in 

general. 

For the high temperature mechanism, the unimolecular decomposition reactions were 

adopted from Thion et al. [6], with the pressure dependent reaction rates calculated from 

Quantum-Rice–Ramsperger-Kassel/Modified Strong Collision (QRRK/MSC) theory [27]. The 

Lennard-Jones parameters for cyclopentanone were estimated using Reaction Mechanism 

Generator (RMG) [28]. For the hydrogen abstraction reactions and the sequent decomposition of 

fuel radicals the reaction rates were adopted from the ab initio calculations by Zhou et al. [7]. 

The pressure dependence of the ring opening, and subsequent decomposition reactions were also 

derived from QRRK calculations [27], using L-J parameters from RMG estimations [28]. Other 

high temperature reactions were adopted from the mechanism proposed by Thion et al. [6]. 

The reaction rates for low temperature reactions that initiate by the addition of fuel radicals 

to alkyl peroxyl radicals (RȮ2) were adopted from analogous reactions of cyclopentane [29]. 

Some modifications of key rate constants were made within their uncertainty to improve the 

performance of the model. For the isomerization of peroxyl radicals via inner molecular 

hydrogen transfer from α carbon atoms, the activation energies were reduced by 1 kcal mol-1 to 

reflect the weakened C–H bond on the α sites [7]. The reaction rates of the aforementioned 

olefin + HȮ2 elimination reactions were adopted from the calculations in this work. The A-factor 

has been multiplied by a factor of two and the activation energies have been increased by 2 kcal 

mol–1 to reproduce the low reactivity of cyclopentanone observed at low temperatures in 

experiments. As indicated by the sensitivity analysis, the branching ratio of fuel radical 

production influences the reactivity of cyclopentanone, with varying sensitivity coefficients 

depending on the temperature. Relevant reaction rates are therefore slightly modified to achieve 

better agreement between experimental and simulating results over certain temperature ranges. 

For hydrogen abstraction on the β site of cyclopentanone by ȮH radical, the A-factor is 
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increased by 30%; and for hydrogen abstraction by HȮ2 radicals, the activation energies were 

reduced by 0.5 kcal mol–1 to increase the reactivity at high and intermediate temperatures. 

Similarly, the branching ratios of ring opening channels, which have been indicated to affect the 

high temperature reactivity by flux analysis, have been modified. The ring opening of β 

cyclopentanone radical has two potential product channels leading to pent-4-enal-1yl and 4-

penten-2-one-1yl radical. In this work, the A-factor for the production of 4-penten-2-one-1-yl 

radical was increased by 50% to slightly change the branching ratio, since this channel only 

makes a minor contribution [7]. The current model consisting of 444 species and 2269 reactions 

is available in the Supplementary Material (attached with the online version of paper) with a 

comprehensive species glossary. Comparisons showing the effect of these adjustments, as well 

as the comparison of the current model and model from [6] can also be found in Appendix D. 

4. Results and discussion 

4.1. Experimental results and model validation 

Figures 6.3(a) and 6.3(b) show the ignition delay times of cyclopentanone in air measured using 

the NUIG HPST and RCM at φ = 0.5, 1.0 and 2.0, p = 15 bar and 30 bar, respectively. 

According to the experimental results, cyclopentanone show little reactivity at low temperatures. 

No pronounced negative temperature coefficient behavior is observed, which is consistent with 

the observation of Thion et al. [6] that no consumption of cyclopentanone was observed at low 

temperatures. These observations indicate that the chain branching process in the low 

temperature chemistry of cyclopentanone, such as the isomerization of fuel peroxyl radicals, are 

not competitive compared to the chain propagating process such as the olefin + HȮ2 elimination 

of fuel peroxyl radicals, as has been suggested by Sheer et al. [4]. 
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Figure 6.3: Experimental and simulated ignition delay times of cyclopentanone in air at φ = 0.5, 

1.0 and 2.0, p = 15 bar (a) and 30 bar (b). Solid and open symbols are HPST and RCM 

experimental results, respectively. 

These ignition delay times have been simulated using the current kinetic model with the 

Chemkin Pro [30] software, with the ignition event in the simulation defined as the maximum 

pressure rise. For HPST measurements, the simulation used constant volume assumption, while 

for RCM measurements the heat loss has been taken into consideration in the simulations by 

using effective volume histories derived from non-reactive experimental results [31], which are 

available as the Supplementary material (attached with the online version of paper). In general, 

the current model can well reproduce the ignition delay times over the entire temperature range. 

However, some deviations can be observed. The ignition delay times at the highest temperature 

at φ = 1.0, p = 15 bar are under-estimated, as shown in Fig. 6.3(a). Also, the ignition delay times 

at low temperature at φ = 2.0, p = 30 bar are under-estimated, which means that the pressure 

dependence in the high-temperature mechanism, as well as the ratio between low-temperature 

chain branching and chain propagating pathways, can be further improved. Meanwhile, more 

experimental data is needed to provide targets for model validation, especially those from stage-

of-the-art diagnostic technologies [4, 32]. 



138 
 

Examples of experimental CO time-histories are shown in Fig. 6.4(a) using solid curves. 

Also, ignition events were detected in some cases as suggested by the peaks in the CO 

concentrations. Figure 6.4(b) presents an overview of the measured ignition delay times as solid 

symbols. The results suggest that the reactivity of cyclopentanone at high temperatures has 

limited pressure dependence. The simulations of CO time-histories were conducted using 

Chemkin Pro [30], with the ignition event in the simulation defined as being the peak in ȮH 

concentration. Several of the experiments performed at 1 atm (and ignition delays greater than 2 

ms) in the UCF shock tube showed evidence of a constant linear pressure rise, dp5/dt prior to 

ignition, where the linear pressure rise was quantified in terms of %/ms to obtain pressure 

profiles for input into Chemkin PRO. The current model has well reproduced the CO 

concentration profiles measured in the experiments shown in Fig. 6.4(a). Figure 6.4(b) shows 

that at 6 and 8.5 atm, the simulated ignition delay times agree well with the experimental results.  

 

Figure 6.4: (a) Examples of experimental and simulated CO time-histories, solid lines are 

experiments; dashed lines are current model simulations; (b) Experimental and simulated 

ignition delay times at φ = 1.0, p = 1, 6 and 8.5 atm, solid symbols are experiments; solid and 

dashed lines are linear fits of simulations by Thion et al. [6] and current models, respectively. 

However, the ignition delay times are over predicted at 1 atm, which indicates that more 

accurate pressure dependent reaction rates may be required to improve the model performance at 
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lower pressures. Detailed experimental data of CO time-histories are available as Supplementary 

material (online version of paper). 

4.2. Reaction pathway and sensitivity analysis 

A rate of production analysis has been performed for the auto-ignition of cyclopentanone/air 

mixture at φ = 1.0, p = 15 bar, T = 880 K and 1100 K, respectively. Based on the results at fuel 

consumption of 20%, a reaction pathway diagram has been generated to present the important 

reaction pathways in the oxidation of cyclopentanone (Fig. 6.5). The contributions of each 

reaction pathway at T = 880 K and 1100 K are marked with black italic numbers and red 

numbers respectively. At both conditions, the branching ratio of hydrogen abstraction pathways 

leading to α and β fuel radicals remains similar. The production of β fuel radical is favored as 

predicted by Zhou et al. [7]. At 880 K, some low-temperature propagating reactions have 

reasonable contributions, such as the isomerization of fuel peroxyl radicals to hydroperoxyl alkyl 

radicals. However, the overall flux via the low-temperature chain branching pathways, which 

initiates with the formation of ketohydroperoxides species, is quite low. This is because of the 

strong competition from other chain propagating reactions, including olefin + HȮ2 eliminations, 

the formation of cyclic ethers and the decomposition of hydroperoxyl alkyl radicals via β-

scission reactions. The reaction rates for the cyclic ether formation were adopted from analogous 

reactions of cyclopentane [29]. There have been no theoretical studies on the reaction rates of 

cyclic ether formation from Q̇OOH radicals of cyclopentanone. However, Scheer et al. [4] 

calculated the potential energy surfaces of cyclopentanone radicals + O2 reactions. Their results 

indicated that the formation of 4-membered ring cyclic ethers had to overcome high energy 

barriers, which may result in low reaction rates. These reaction pathways for cyclopentanone 

need to be investigated in the future. 

As the temperature rises, the high-temperature pathways become dominant for the oxidation 

of cyclopentanone, while the low-temperature chain branching pathways become negligible with 
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stronger competition from the decomposition of hydroperoxyl alkyl radicals. Other reactions via 

β-scission are also enhanced at high temperatures, as indicated by the consumption of fuel 

radicals. For example, the ring opening reactions account for 52.1% of the consumption of β fuel 

radical, compared to only 8.5% at T = 880 K. The α fuel radical is mainly consumed through 

dehydrogenation generating 2-cyclopentenone, which is similar to the observations by Thion et 

al. in their reaction flux analysis at intermediate temperature [6]. However, further investigation 

may be needed to reveal if this is caused by the thermodynamic stability of 2-cyclopentenone or 

whether the kinetic consistency among the competing reactions needs to be improved, because 

the reaction flux analysis by Thion et al. showed a low branching ratio of α fuel radical going 

through dehydrogenation at high temperature [6]. The branching ratio between the ring opening 

reactions leading to different radicals are determined by the reaction rates adopted from the 

calculation of Zhou et al. [7].  

 

Figure 6.5: Reaction flux for cyclopentanone constant-volume auto-ignition at φ = 1.0, p = 15 

bar, T = 880 K and 1100 K, and 20% fuel consumed. Percentages of contribution are marked in 

black italic (880 K) and red normal numbers (1100 K). 

The most favored consumption channel for cyclopentanone at T = 1100 K is hydrogen 

abstraction on the β site and the sequent ring opening that breaks the C–C bond between the 



141 
 

carbonyl group and α carbon. The product of this ring opening reaction readily decomposes into 

CO and 3-buten-1-yl radical, which were also identified in the experimental work of Scheer et 

al. [4]. Another reaction that is enhanced at high temperature is the lumped Ö atom 

addition/elimination reactions, which are adopted from the work of Thion et al. [6]. 

A brute-force sensitivity analysis was performed for the auto-ignition of 

cyclopentanone/air mixture at φ = 1.0, p = 15 bar, T = 880 K and 1100 K, and the top 10 most 

sensitive reactions are shown in Fig. 6.6. At T = 880 K, the most sensitive reaction is the 

decomposition of H2O2 into ȮH radicals, which greatly promotes the reactivity. The fuel + HȮ2 

reactions are also sensitive because they produce H2O2 that decomposes into ȮH radicals. The 

self-recombination chain termination reaction of HȮ2 radical inhibits reactivity since it 

consumes two HȮ2 radicals to form just one H2O2 molecule. While at these temperatures H2O2 is 

the main chain-branching species, a low T channel (isomerization of β fuel peroxy radical to 

form a hydroperoxide, and that group’s subsequent decomposition to ȮH + an alkoxy radical) 

also significantly promotes reactivity. The reactions that compete with this sequence inhibit 

reactivity, including olefin + HȮ2 elimination from RȮ2 radicals and the corresponding 

chemically activated reactions between fuel radicals and oxygen yielding HȮ2, which have been 

suggested by Zhou et al. [7] to be important in the low- to intermediate temperature regimes 

below 1000 K. 

 

Figure 6.6: Sensitivity analysis to ignition delay time at φ = 1.0, p = 15 bar, T = 880 K (a) and 

1100 K (b). 
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With increasing temperature, β-scission reactions become more important, including the 

ring opening reactions and sequent decomposition of the products into smaller radicals. This 

trend can be seen in Fig. 6(b). Compared to Fig. 6(a), the ring opening, and fuel radical 

dehydrogenation reactions become sensitive. The H-atom abstraction by oxygen on the α carbon 

of cyclopentanone, which has a high activation energy, also show reasonable sensitivity. The 

most inhibiting reaction is the lumped Ö atom addition/elimination, indicating that the 

interaction of cyclopentanone with active radicals and atoms is critical at high temperature, 

which requires further investigation. 

5. Conclusions 

The oxidation of cyclopentanone has been investigated experimentally by measuring ignition 

delay times and CO time-histories over a wide range of conditions. These results show little 

effect of low temperature chemistry. The reaction rates of olefin + HȮ2 elimination of fuel 

peroxyl radicals have been derived using quantum chemistry calculations and adopted in the 

kinetic model developed here. The model predicts well, not only the ignition delay times but also 

the CO time-histories measured in the experiments. The reaction pathways based on rate of 

production analysis indicate that at low temperature the reactivity of cyclopentanone is largely 

inhibited by the competitive chain propagation processes, especially from the olefin + HȮ2 

elimination. Therefore, HȮ2 related chain branching and chain terminating processes dominate 

the reactivity of cyclopentanone in this region. At higher temperature, ring opening reactions and 

sequent decomposition become important, which contributes to the radical pool and enhance its 

reaction with cyclopentanone. The experimental data and the kinetic model have provided 

further insight into the ignition related chemistry of cyclopentanone, yet the current model could 

be further improved by refining the reaction rates adopted and their pressure dependence. 

Meanwhile, more experimental data is needed for model validation. 



143 
 

Acknowledgements 

The work by authors at LLNL was performed under the auspices of the U.S. Department of 

Energy (DOE), Contract DE-AC52-07NA27344. The work at LLNL, UCF, and MIT was 

conducted as part of the Co-Optimization of Fuels & Engines (Co-Optima) project sponsored by 

the U.S. Department of Energy (DOE) Office of Energy Efficiency and Renewable Energy 

(EERE). Also, this material is based upon work supported by the U.S. Department of Energy’s 

Office of Energy Efficiency and Renewable Energy (EERE) under the Bioenergy Technologies 

Office Award Number DE-EE0007982. The authors at NUI Galway recognize funding support 

from Science Foundation Ireland via their Principal Investigator Program through project 

number 15/IA/3177. 

  



144 
 

References 

[1] Y. Yang, J. Dec, Bio-Ketones: Autoignition Characteristics and Their Potential as Fuels 

for HCCI Engines; SAE 2013-01-2627l; Society of Automotive Engineers, (2013). 

[2] G.A. Strobel, B. Knighton, K. Kluck, Y. Ren, T. Livinghouse, M. Griffin, D. Spakowicz, 

J. Sears, Microbiology 154 (2008) 3319–3328. 

[3] A. Demirbas, Fuel Process. Technol. 88(6) (2007) 591–597. 

[4] A.M. Scheer, O. Welz, S.S. Vasu, D.L. Osborn, C.A. Taatjes, Phys. Chem. Chem. Phys. 

17 (2015) 12124−12134. 

[5] A.M. Zara, S. Thion, P. Dagaut, Int. J. Chem. Kinet. 47(7) (2015) 439−446. 
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Abstract 

Small esters represent an important class of high octane biofuels for advanced spark ignition 

engines. They qualify for stringent fuel screening standards and could be synthesized through 

various pathways. In this work we performed a detailed investigation of the combustion of two 

small esters, MA (methyl acetate) and EA (ethyl acetate), including quantum chemistry 

calculations, experimental studies of combustion characteristics and kinetic model development. 

The quantum chemistry calculations were performed to obtain rates for H-atom abstraction 

reactions involved in the oxidation chemistry of these fuels. The series of experiments include: a 

shock tube study to measure ignition delays at 15 and 30 bar, 1000–1450 K and equivalence 

ratios of 0.5, 1.0 and 2.0; laminar burning velocity measurements in a heat flux burner over a 

range of equivalence ratios [0.7-1.4] at atmospheric pressure and temperatures of 298 and 338 K; 

and speciation measurements during oxidation in a jet-stirred reactor at 800–1100 K for MA and 

650 – 1000 K for EA at equivalence ratios of 0.5, 1.0 and at atmospheric pressure. The 

developed chemical kinetic mechanism for MA and EA incorporates reaction rates and pathways 

from recent studies along with rates calculated in this work. The new mechanism shows 

generally good agreement in predicting experimental data across the broad range of experimental 

conditions. The experimental data, along with the developed kinetic model, provides a solid 

groundwork towards improving the understanding the combustion chemistry of smaller esters. 

Keywords: Esters, ignition, laminar burning velocity, Jet Stirred Reactor, kinetic mechanism 

1. Introduction 

Co-Optima is a U.S. Department of Energy program for improving the performance and 

efficiency of vehicles by synergistically re-designing fuels and engines. Its major goals include 

improving engine and fuel technology while catering to the market requirements of automotive 

and oil industry. To address the challenges of fuel optimization, several promising fuels [1] have 

been identified based on stringent screening criteria that includes fuel properties, health hazard 
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assessments, bio-degradability, feasibility of synthesis. Because of their advantageous physical, 

kinetic, and chemical properties (Table 7.1), small esters, i.e., methyl acetate (CH3C(O)OCH3) 

and ethyl acetate (CH3C(O)OCH2CH3), are among the fuels shortlisted for advanced spark 

ignition engines. 

Methyl acetate (MA) and ethyl acetate (EA) have received significant attention recently, due 

in part to increased interest in biofuels. To this end, several fundamental flame studies have been 

conducted with these smaller esters [2-6] to investigate parameters including speciation in low-

pressure oxidation and pyrolysis. There are also a few studies reporting laminar burning 

velocities for EA [3, 7] and for MA [8]. Autoignition studies of MA and EA have been reported 

by Zhang et al. [9] and Kumegh et al. [10], but no data was presented for high pressure and 

undiluted conditions. The high-temperature oxidation of MA in a jet-stirred reactor (JSR) has 

been reported [11] for fuel-lean to fuel-rich conditions; while EA does not appear to have been 

studied in a JSR. A few studies have explored blends of EA in an engine for performance and 

emission characteristics [12, 13], while no such studies were reported for MA. Furthermore, 

some studies report the rates of H-atom abstraction and unimolecular decomposition for MA [4, 

14-16] and EA [5, 17-19]. Additionally, detailed chemical kinetic mechanisms for smaller esters 

including MA and EA [2, 4-6] have been presented with validation primarily against high 

temperature flame and pyrolysis studies. 

Table 7.1: Properties of methyl acetate and ethyl acetate [1]. 

Fuel RON MON 
Density LHV 

[kg/m3] [kJ/kg] 

methyl acetate (MA) 120 120 927.4 17.9 

ethyl acetate (EA) 118 120 894.6 21.34 
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In the present study, comprehensive approaches have been adopted to advance the 

understanding of smaller esters combustion chemistry, while addressing the gap in experimental 

and theoretical studies. The investigations performed involve quantum chemistry calculations, a 

wide range of experiments, chemical kinetic modelling, and simulation analyses. Quantum 

chemistry calculations were performed for H-atom abstraction by ȮH and HȮ2 radicals from 

MA and EA. The set of experiments include measurement of ignition delay times, laminar 

burning velocities and species profiles from a JSR for the oxidation of MA and EA. The series of 

experiments performed in this work elucidate the combustion properties of these fuels and also 

provides benchmarks to validate a newly developed kinetic model, which is based on earlier 

work by Westbrook et al. [20]. The developed kinetic model has been updated with more 

accurate reaction rates and pathways from recent theoretical and experimental studies from the 

literature and the quantum chemistry calculations performed in this work. The model is 

compared against the new data from the aforementioned experiments and in general, good 

agreement is observed. 

2. Methodologies 

2.1. Theoretical calculations 

The rate constants for H-atom abstraction from MA by ȮH and HȮ2 radicals have been 

theoretically [14] and experimentally [21, 22] studied in the literature, while for EA only 

theoretical predictions are available for H- atom abstractions by Ḣ and HȮ2 [18, 19]. In this 

work, H-atom abstraction reactions from MA and EA by ȮH and HȮ2 radicals were investigated 

theoretically with detailed considerations of torsional motions and using variational transition 

state theory (TST), as opposed to previous studies which performed simpler hindered rotor 

approximations and conventional TST. Rate constants were determined from master equation 

(ME) calculations performed on a potential energy surface (PES) containing the entrance and 

exit van der Waals (vdW) wells connected by a transition state, whose density of states was 
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estimated using variational transition state theory. The rates of the entrance and exit channels to 

and from the vdW wells were determined using phase space theory. The advantage of using a 

master equation to calculate the rate constant is twofold. Firstly, it permits one to correctly 

account for the effect of the vdW wells and their pressure dependent energy resolved population 

on quantum tunneling, and secondly, it sets a higher limit for the rate constant of the rate of 

formation of the vdW well. Details of the electronic structure calculations used to determine the 

PES for each reaction channel are reported as Supplementary material (can be accessed from the 

online version of paper). Particular care was taken to describe conformational effects, which 

were accounted for using 1- and 2-dimensional hindered rotor models. The use of 2-dimensional 

hindered rotors proved to be of key relevance to the prediction of rates in quantitative agreement 

with experimental data, as described in the Supporting information (SM-4) and in Section 3.1. 

The ME calculations were performed using the MESS solver [23]. Density functional theory 

calculations were performed using G09 [24], while CCSD(T) and DF-MP2 calculations were 

performed with Molpro 2015 [25]. ME input files were generated using a new code, EStokTP, 

designed to automatically investigate the torsional conformation space, to project torsional 

motions from the Hessian matrix, and determine 1-D and multi-dimensional PESs for rotors 

[26]. A comparison between the total abstraction rates from the literature and those calculated in 

this work at different levels of theory for the MA + ȮH reaction is reported in Fig. 7.1. The best 

agreement between calculated and experimental data is obtained when the highest level of theory 

is adopted, that is when using the 2-D hindered rotor model to account for the variation of 

vibrational frequencies along the PES. The calculated total rate constant is in reasonable 

agreement with that determined in Tan et al. [14], which is about a factor of two higher than our 

estimate at high temperatures (greater than 1000 K) and similar at low temperatures. This 

highest level of theory was then used to determine rate constants for all the other reactions. The 

rate constants so determined, fitted in the 500–2500 K temperature range and reported in the 
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Supplementary data (can be accessed from the online version of paper) Table S1, are used in the 

kinetic simulations. The uncertainty in the rate constants is estimated to be a factor of two or 

lower. 

 

Figure 7.1: Comparison between literature rate constants [14, 19, 21, 22] for the CH3COOCH3 

+ ȮH reaction and those computed in this work at different levels of theory. 

2.2. Kinetic model development for MA and EA 

For MA, the initial step in the kinetic reaction scheme involves unimolecular decomposition of 

the fuel, and H-atom abstractions from the methoxy and acetyl sides of the fuel molecules. The 

fuel radicals so produced proceed through radical isomerization and decomposition reactions. 

MA decomposition channels produce methyl radicals, CO2 and a limited quantity of methanol; 

rate constants calculated by Peukert et al. [16] were adapted in the mechanism. For H-atom 

abstraction from MA by Ḣ and Ȯ atoms and ĊH3 radicals, the rate constants calculated in Tan et 

al. [14] were used; however, the frequency factor for H-atom abstraction by ĊH3 radicals on the 

acetyl side is increased by a factor of 2.5 to improve ignition delay data predictions and brings 

the rates closer to those reported by Arthur et al. [27]. This modification did not change the 

branching ratio between the two MA radicals, as only a small fraction of H atoms are abstracted 

by methyl radical (see Fig. 8 in Ref 9).  The abstraction rate constants by ȮH and HȮ2 radicals 



154 
 

have been calculated in this work as mentioned above. The reaction rate constants for fuel 

radical isomerization and decomposition are from the theoretical study of Tan et al. [15]. 

The EA sub-mechanism involves reactions describing unimolecular decomposition, bond 

fission, H-atom abstraction, and fuel radical’s isomerization and decomposition steps. The 

reaction rates implemented in this study for the bond fissions and unimolecular decomposition of 

EA were calculated by Sun et al. [5]. H-atom abstraction from EA was considered from three 

possible sites: from the primary and secondary carbons on the ethyl side and on the methyl side. 

H-atom abstractions from all three sites on EA by ȮH and HȮ2 radicals were calculated in this 

work. The rates for H-atom abstraction on the ethyl side by radicals other than ȮH/HȮ2 radicals 

were assumed to be similar to the rates reported by Wu et al. [28], which were calculated for 

ethyl formate. They were adopted here because of the partial structural similarity to EA, and 

because no other studies have reported these rates for EA. The H-atom abstraction rates on the 

methyl side were taken to be consistent with the methyl side of MA [14]. 

As shown in previous studies [5, 29] the unimolecular decomposition channel leads to 

nearly complete transformation of EA to ethylene and acetic acid. The combustion chemistry of 

ethylene is well documented and is described in detail in the base chemistry [30]; however, 

kinetic studies for acetic acid [31] are limited in the literature and have been adopted from 

Cavallotti et al. [32] (comparisons with rates from [31] are provided in SM-4). Although MA 

and EA share a common ester moiety, their consumption channels are quite dissimilar due to the 

absence of a –CH2- functional group in MA, which inhibits various pathways leading to alkene 

and vinyl acetate formation. These concerted decomposition pathways have been observed in 

larger esters such as propyl acetate and above. Further details about reactions and associated rate 

constants are given in the well-annotated chemical kinetic mechanism available as 

Supplementary data (can be accessed from the online version of paper). 
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The proposed kinetic mechanism comprises 506 species and 2809 reactions; AramcoMech 

2.0 [30] is used as the base mechanism. The thermochemical data is adopted from different 

sources [6, 33, 34] and is retained from the previous work by Westbrook et al. [20]. The 

transport parameters are re-calculated in this work using correlations from Wang et al. [35] and 

Dooley et al. [36]. 

2.3 Experiments 

2.3.1 High pressure shock tube (HPST) 

The high-temperature ignition delay data for MA and EA was measured in the NUI 

Galway (NUIG) high pressure shock tube (HPST) and the compositions of test mixtures are 

reported in Table 7.2. The fuel-oxidizer mixture was prepared in a heated mixing vessel and the 

inlet manifold and the driven section of the shock tube were sufficiently heated to ensure that no 

condensation of the fuel occurred. The incident shock velocity at the endwall was calculated by 

extrapolating the linear velocity equation determined by six pressure transducers (PCB) mounted 

on the sidewall of the driven section. 

Table 7.2: Compositions of test mixtures in mole percentages 

 

Phi = 0.5 

MA 2.91  EA 2.05 

O2 20.39  O2 20.57 

N2 76.70  N2 77.38 

Phi = 1.0 

MA 5.65  EA 4.03 

O2 19.81  O2 20.15 

N2 74.51  N2 75.82 

Phi = 2.0 

MA 10.71  EA 7.749 

O2 18.75  O2 19.37 

N2 70.54   N2 72.88 

In this study, the acceptable error for the measured pressures behind the reflected shock 

wave was ± 0.5 bar. The ignition delay in the HPST is defined as the timed interval between two 

sharp pressure rises, one in response to the shock wave reaching the endwall, the other rise 
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resulting from ignition initiation. The estimated uncertainty in the reported ignition delay times 

is ∼20%, and the estimated pressure rise before ignition is around 3%/ms. Further details 

regarding the NUIG HPST can be found in Nakamura et al. [37]. 

2.3.2 Heat Flux Burner 

Laminar burning velocities of MA/air and EA/air mixtures were measured at Lund University, 

using the heat flux method [38]. Measurements were performed at atmospheric pressure, at 

unburned gas mixture temperatures of 298 and 338 K, and within the range of 0.7 – 1.4 for MA 

and 0.7 – 1.3 for EA. The heat flux method is based on the principle that, at adiabatic burning 

velocity conditions there is no net heat transfer between the flame and the burner plate, keeping 

the temperature of the burner plate uniform. One of the advantages of this method is that the 

measurement of laminar burning velocity occurs in a stretch-free flame under adiabatic 

conditions, so that no corrections for flame stretch are required. The experimental setup and 

measurement method have been described in detail by Alekseev et al. [39]. The estimated 

uncertainty in the measurements is ±1 cm/s; a detailed uncertainty quantification for gas mixture 

composition and laminar burning velocity for this setup is discussed elsewhere [39]. 

2.3.3 Jet Stirred Reactor (JSR) 

The oxidation of MA and EA was studied at atmospheric pressure in a JSR at KAUST at 

compositions described in Table 7.3. The experimental setup consisted of a 76 cm3 spherical 

quartz reactor with four nozzles of 0.3 mm diameter to attain homogeneity of species and 

temperature distribution. Pre-vaporized fuel and O2 were diluted with N2 and mixed at the 

entrance of the reactor to achieve a fuel concentration of 500 ppm. The flow rate to the reactor 

was regulated with a multi-gas controller (MKS) mass flow meter. A sonic probe, attached to a 

vacuum suction pump, was used to sample species from the reactor at low pressure to freeze the 

reactions. Online analysis of the collected sample was carried out by connecting the transfer line 
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(heated to 200 °C) to a refinery gas analyzer (RGA), which is a specially designed gas 

chromatography system coupled with a flame ionization detector (FID) and a thermal 

conductivity detector (TCD). The uncertainty in the measurement of fuel/oxygen concentration 

and intermediates is10% and 20%, respectively. The JSR residence time was set to two seconds 

under atmospheric pressure. Further details about measurement methods and the apparatus are 

provided in Wang et al. [40]. 

Table 7.3: Mixture compositions in mole percentages during JSR experiments 

Phi = 0.5 

MA 0.5  EA 0.5 

O2 3.5  O2 5.0 

N2 96  N2 94.5 

Phi = 1.0 

MA 0.5  EA 0.50 

O2 1.75  O2 2.49 

N2 97.75  N2 97.01 

3. Results and discussions 

3.1. Experiments, simulations and chemical kinetic analyses 

Ignition delay data for MA are shown in Figs. 7.2(a) and 7.2(b) at 15 and 30 bar, respectively. 

The data shows a strong Arrhenius dependence on temperature, with shorter ignition delays at 

the higher pressure. The ignition delay data also shows a weak dependence on φ with a marginal 

increase in reactivity at higher φ’s. Along with the experimental ignition data, simulations using 

the current model are also presented in Figs. 7.2(a) and 7.2(b). The model describes well the 

general trend of ignition delay data, except for slightly longer ignition delay predictions (~20%) 

at lower temperatures (1100 – 1180 K). Further comparisons of ignition data and predictions 

with models from Westbrook [20] and Yang [4] are also presented in Appendix E, Fig. E.5. At 

15 and 30 bar, ignition delay predictions by Westbrook model and Yang model are overall faster 

than the experimental data as well as the proposed model. 
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Figure 7.2: (a-b) Ignition delay data and simulations for MA (c-d) Reaction path analysis and 

sensitivity analysis at 1200 K and 15 bar. 

To gain further insights into the ignition kinetics of MA in a shock tube, a reaction pathway 

analysis was conducted at 15 bar, 1200 K, φ = 0.5, 1.0, 2.0 at 10% fuel conversion, as shown in 

Fig. 7.2(c). The consumption of MA proceeds through H-atom abstraction and bond fission 

pathways, yielding ĊH2C(O)OCH3 and CH3C(O)OĊH2 radicals and a minor quantity of ĊH3 and 

CO2. CH3C(O)OĊH2 radical is produced at more than twice the rate of ĊH2C(O)OCH3 radical 

due to the higher rates of H-atom abstraction at the methoxy site and subsequently decomposes 

at a much faster rate than the ĊH2C(O)OCH3 radical, as also reported by Yang et al. [15]. The 

higher rate of decomposition of CH3C(O)OĊH2 radical stems from the fact that the 

CH3C(O)OĊH2 can directly dissociate to CH3CO + CH2O whereas CH2C(O)OCH3 must first 

transfer an H atom from the CH3 to the CH2 group before dissociation as also observed by Yang 
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et al. [4]. This difference in fuel radical decomposition rates shifts the equilibrium of the reaction 

ĊH2C(O)OCH3 ↔ CH3C(O)OĊH2 towards CH3C(O)OĊH2, thus explaining the direction of 

reaction flux for this isomerization channel. Both the fuel radicals eventually decompose to 

CH3ĊO radicals (further decomposing to ĊH3 and CO), and CH2O. These pathways show 

minimal dependence on φ, providing a preliminary explanation for the weak   φ dependence of 

the ignition delay times. A brute force sensitivity analysis was conducted for the ignition delay 

in the shock tube with MA at T = 1200 K, p = 15 bar and φ = 0.5, 1.0, 2.0. Ignition times were 

found to be sensitive to reactions both promoting (R1, R11, R192, R250) and inhibiting (R142, 

R287) ignition, as shown in Fig. 7.2(d). The overall change in reactivity with φ is diminished 

due to ambivalent change in rates of these reactions and thus MA’s ignition delay demonstrates a 

weak φ dependence. 

 

Figure 7.3: (a) and (b) Ignition delay data and simulations for EA. (c)–(d) Reaction path and 

sensitivity analyses at 1200 K and 15 bar. 
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Ignition delay data for EA are shown as symbols in Figs. 7.3(a) and 7.3(b) at 15 and 30 bar, 

respectively. The presented data shows strong Arrhenius dependence on temperature, similar to 

MA, with shorter ignition delay times at higher pressure. Further comparisons of ignition data 

and predictions with models from Westbrook [20] and Sun [5] are presented in Appendix E, Fig. 

E.6. At 15 and 30 bar, ignition delay predictions by Sun model is very similar to the present 

work, while the Westbrook model is overall faster. The reaction pathway analysis conducted for 

EA at 1200 K and 15 bar, Fig. 7.3(c), indicates that the dominant consumption pathway for EA 

is unimolecular decomposition to ethylene and acetic acid. As acetic acid is produced in 

quantities roughly equivalent to the fuel, its consumption pathway was further examined. The 

major consumption of acetic acid takes place through H-atom abstraction followed by radical 

decomposition, notably producing ketene (CH2CO), methane (CH4) and other intermediates. A 

brute force sensitivity analysis for EA in Fig. 7.3(d), indicates that the most sensitive reactions 

are R341 and R29, which produce the relatively stable vinyl (Ċ2H3) radical and H2O at higher φ, 

thus reducing reactivity of the system. Other sensitive reactions involve HȮ2 and ĊH3 radicals 

(R192, R192, and R297), which are produced readily in EA oxidation at these conditions. 

The laminar burning velocities (LBV) for MA and EA were measured as a function of φ at 

unburned temperatures of 298 and 338 K at atmospheric pressure, Fig. 7.4. Both fuels show an 

increase in laminar flame velocity with an increase in unburned temperature; and the highest 

flame velocity was consistently observed near φ =1.1. The LBVs for both the fuels are close to 

each other at corresponding temperatures, and the maximum difference of 3 cm/s (LBV – MA > 

EA) is observed at φ = 1.3 at 298 K. The predicted laminar burning velocities for MA and EA lie 

within 10 % of the experimental measurements. Comparisons of predicted LBV with literature 

models are presented in Appendix E. In Fig. E.1, Westbrook model [20] consistently over 

predicts LBV while the Yang model [4] accurately simulates LBV for MA. Similarly, in Fig. E.2 
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the Westbrook model over predicts the LBV at both temperatures while Sun model [5] is able to 

reproduce LBV measurements. 

  

Figure 7.4: LBV measurements (symbols) and simulations (lines) for MA and EA. 

MA’s oxidation was studied in the JSR at atmospheric pressure, and species’ profiles for 

fuel, oxygen, intermediates and products were measured in the temperature range 800 – 1100 K, 

at φ = 0.5 and 1.0, Fig. 7.5. The array of measured species included MA, oxygen (O2), carbon 

monoxide (CO), methane (CH4) and carbon dioxide (CO2). Figure 7.5 shows that the oxidation 

of MA rapidly produces CO, along with some minor quantity of CH4. The intermediate species 

(CO, CH4) peak at around 950 – 1000 K, and are quickly consumed with further increases in 

temperature, and higher concentrations of CO2 are produced as an end-product. A comparison 

between experiments and predictions is also shown in Fig. 7.5. At both equivalence ratios (φ = 

0.5, 1.0), the predicted species profiles are in good agreement with the measured species’ 

concentrations, with the exception of marginally higher CO2 at high temperatures at φ =1.0 

(~20%) which is mainly produced by the unimolecular decomposition reaction CH3COOCH3 = 

CH3CȮ2 + ĊH3. The JSR simulations were also conducted with literature models for MA 
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(Appendix E, Fig. E.4). Both the models, Yang [4] and Westbrook [20] predicted higher 

concentration of various intermediates than the proposed model. 

Similarly, speciation measurements were conducted for EA’s oxidation in JSR at 

atmospheric pressure; a range of species were measured at φ = 0.5 and 1.0 in the temperature 

range of 650 – 1000 K, Fig. 7.6. The measured species were EA, ethylene (C2H4), oxygen (O2), 

carbon monoxide (CO) and carbon dioxide (CO2). Figure 6 shows that the EA quickly 

decomposes to produce ethylene by the unimolecular decomposition channel, also seen in Fig. 

7.3(c). Furthermore, ethylene peaks at 850 K and then is rapidly consumed to produce CO, and 

eventually, CO2. A comparison between the experimental data and simulations is also presented 

in Fig. 7.6. The proposed model closely predicts the EA, CO2 and O2 over the entire temperature 

range; however, the predicted concentration of ethylene and CO are slightly higher. The 

concentration profile for acetic acid (CH3COOH) could not be measured due to limitations in the 

experimental setup. The model predicts similar concentrations of CH3COOH, and ethylene as 

expected from R29 in Fig. 7.3(c). Furthermore, JSR simulations with literature models for EA 

and results are presented in Appendix E, Fig. E.3. The Westbrook model was found to be similar 

to the present work in terms of consumption and evolution of species with the exception of C2H4 

and CH3COOH concentrations. The Sun model [5] was found to be more reactive than the 

proposed model and predicted higher concentrations of various intermediates. 
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Figure 7.5: JSR measurements (symbols) for MA oxidation and predictions (lines) with the 

kinetic model. 

 

Figure 7.6: JSR measurements (symbols) for EA oxidation and predictions (lines) with the 

kinetic model. 
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5. Conclusions 

In this work, various experimental measurements were conducted to acquire data for small ester 

combustion chemistry, including ignition delay time, laminar burning velocity and JSR 

oxidation species profiles for MA and EA. Additionally, theoretical calculations were performed 

for certain H-atom abstraction reactions and rate constant expressions were determined. Finally, 

a detailed chemical kinetic mechanism for these species was developed and the simulation 

results were compared with the experimental data. The model generally agreed well with the 

experiments, with only a few exceptions in the ignition delay predictions, which were slightly 

higher in low temperature regions, along with marginally higher reactivity for methyl acetate in 

the JSR at high temperatures and at φ = 1. These measurements, along with the proposed 

mechanism, contribute towards understanding combustion characteristics of smaller esters and 

would also help to predict their behavior in advanced internal combustion engines. 

Acknowledgments 

The authors at KAUST acknowledge funding support from the Office of Sponsored Research 

under the Future Fuels Program. The authors at NUI Galway recognize funding support from 

Science Foundation Ireland via their Principal Investigator Program through project number 

15/IA/3177. Dr. Cavallotti acknowledges the financial support of the Chemical Sciences and 

Engineering Division of Argonne National Laboratories for his sabbatical. The work by authors 

at LLNL was performed under the auspices of the U.S. Department of Energy (DOE), Contract 

DE-AC52-07NA27344 and was conducted as part of the Co-Optimization of Fuels & Engines 

(Co-Optima) project sponsored by the U.S. Department of Energy (DOE) Office of Energy 

Efficiency and Renewable Energy (EERE), Bioenergy Technologies and Vehicle Technologies 

Offices. The authors at Lund University acknowledge financial support from the Centre for 

Combustion Science and Technology (CECOST), and Swedish Research Council (VR) via 

project 2015-04042. Part of this material is based on work at Argonne supported by the U.S. 



165 
 

Department of Energy, Office of Basic Energy Sciences, Division of Chemical Sciences, 

Geosciences, and Biosciences, under Contract No. DE-AC02-06CH11357. The NREL research 

was conducted as part of the Co-Optimization of Fuels & Engines (Co-Optima) project 

sponsored by the U.S. Department of Energy (DOE) Office of Energy Efficiency and Renewable 

Energy (EERE), Bioenergy Technologies and Vehicle Technologies Offices. 

  



166 
 

References 

[1] Co-optimization of fuels-engines available at 

https://fuelsdb.nrel.gov/fmi/webd#FuelEngineCoOptimization, 2016. 

[2] L. Gasnot, V. Decottignies, J. Pauwels, Fuel 84 (2005) 505–518. 

[3] G. Dayma, F. Halter, F. Foucher, C. Mounaim-Rousselle, P. Dagaut, Energy Fuels 26 (2012) 

6669–6677. 

[4] X. Yang, D. Felsmann, N. Kurimoto, J. Krüger, T. Wada, T. Tan, E.A. Carter, K. Kohse-

Höinghaus, Y. Ju, Proc. Combust. Inst. 35 (2015) 491–498. 

[5] W. Sun, T. Tao, R. Zhang, H. Liao, C. Huang, F. Zhang, X. Zhang, Y. Zhang, B. Yang, 

Combust. Flame 185 (2017) 173 –187. 

[6] D. Felsmann, H. Zhao, Q. Wang, I. Graf, T. Tan, X. Yang, E. A. Carter, Y. Ju, K. Kohse-

Höinghaus, Proc. Combust. Inst. 36 (2017) 543–551. 

[7] T. Badawy, J. Williamson, H. Xu, Fuel 183 (2016) 627–640. 

[8] Y.L. Wang, D.J. Lee, C.K. Westbrook, F.N. Egolfopoulos, T.T. Tsotsis, Combust. Flame 161 

(2014) 810 –817. 

[9] Z. Zhang, E. Hu, C. Peng, X. Meng, Y. Chen, Z. Huang, Energy Fuels 29 (2015) 2719–2728. 

[10] B. Akih-Kumgeh, J.M. Bergthorson, Energy Fuels 25 (2011) 4345–4356. 

[11] P. Dagaut, N. Smoucovit, M. Cathonnet, Combust. Sci. Technol. 127 (1997) 275 –291. 

[12] F. Contino, F. Foucher, C. Mounaïm-Rousselle, H. Jeanmart, Energy Fuels 25 (2011) 998–

1003. 

[13] M.P. Ashok, Energy Fuels 24 (2010) 1822–1828. 

[14] T. Tan, X. Yang, C.M. Krauter, Y. Ju, E.A. Carter, J. Phys. Chem. A 119 (2015) 6377–

6390. 

[15] T. Tan, X. Yang, Y. Ju, E.A. Carter, J. Phys. Chem. A 119 (2015) 10553–10562. 

[16] S.L. Peukert, R. Sivaramakrishnan, M.-C. Su, J.V. Michael, Combust. Flame 159 (2012) 

2312–2323. 

[17] Q.-D. Wang, X.-J. Wang, Z.-W. Liu, G.-J. Kang, Chem. Phys. Lett. 613 (2014) 109–114. 

[18] J. Mendes, C.-W. Zhou, H.J. Curran, J. Phys. Chem. A 117 (2013) 14006–14018. 

[19] J. Mendes, C.-W. Zhou, H.J. Curran, J. Phys. Chem. A 118 (2014) 4889–4899. 

[20] C.K. Westbrook, W.J. Pitz, P.R. Westmoreland, F.L. Dryer, M. Chaos, P. Osswald, K. 

Kohse-Höinghaus, T.A. Cool, J. Wang, B. Yang, N. Hansen, T. Kasper, Proc. Combust. Inst. 32 

(2009) 221–228. 



167 
 

[21] K.-Y. Lam, D.F. Davidson, R.K. Hanson, J. Phys. Chem. A 116 (2012) 12229–12241. 

[22] A. El Boudali, S. Le Calvé, G. Le Bras, A. Mellouki, J. Phys. Chem. 100 (1996) 12364–

12368. 

[23] Y. Georgievskii, J.A. Miller, M.P. Burke, S.J. Klippenstein, J. Phys. Chem. A 117 (2013) 

12146–12154. 

[24] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, 

G. Scalmani, V. Barone, H.N. G. A. Petersson, X. Li, M. Caricato, A. Marenich, J. Bloino, B. G. 

Janesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. 

Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, 

T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. 

Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. 

Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. 

Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. 

Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. 

Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. 

Farkas, J. B. Foresman,D. J. Fox, in:  Gaussian 09, revision A. 2, Gaussian 09, revision A. 2, 

Wallingford CT, 2009. 

[25] H.-J. Werner, P.J. Knowles, G. Knizia, F.R. Manby, M. Schütz, Wiley Interdisciplinary 

Reviews: Comput. Mol. Sci. 2 (2012) 242–253. 

[26] C. Cavallotti, M. Pelucchi, Y. Georgievskii, S.J. Klippenstein, J. Chem. Theory Comput. 

15(2) (2019) 1122–1145. 

[27] N. Arthur, P. Newitt, Aust. J. Chem. 32 (1979) 1697–1708. 

[28] J. Wu, F. Khaled, H. Ning, L. Ma, A. Farooq, W. Ren, J. Phys. Chem. A 121 (2017) 6304–

6313. 

[29] M.T. Swihart, R.W. Carr, Int. J. Chem. Kinet. 28 (1996) 817–828. 

[30] Y. Li, C.-W. Zhou, K.P. Somers, K. Zhang, H.J. Curran, Proc. Combust. Inst. 36 (2017) 

403–411. 

[31] M. Christensen, A.A. Konnov, Combust. Flame 170 (2016) 12–29. 

[32] C. Cavallotti, M. Pelucchi, A. Frassoldati, Proc. Combust. Inst. 37 (2019) 539–546. 

[33] R. Sumathi, W.H. Green, Phys. Chem. Chem. Phys. 5 (2003) 3402–3417. 

[34] A. Burcat, B. Ruscic, Third millennium ideal gas and condensed phase thermochemical 

database for combustion with updates from active thermochemical tables, Argonne National 

Laboratory Argonne, IL, 2005. 

[35] H. Wang, M. Frenklach, Combust. Flame 96 (1994) 163–170. 

[36] S. Dooley, M. Uddi, S.H. Won, F.L. Dryer, Y. Ju, Combust. Flame 159 (2012) 1371–1384. 



168 
 

[37] H. Nakamura, D. Darcy, M. Mehl, C.J. Tobin, W.K. Metcalfe, W.J. Pitz, C.K. Westbrook, 

H.J. Curran, Combust. Flame 161 (2014) 49–64. 

[38] L.P.H. de Goey, A. van Maaren, R. Quax, Combust. Sci. Technol. 92 (1993) 201–207. 

[39] V.A. Alekseev, J.D. Naucler, M. Christensen, E.J. Nilsson, E.N. Volkov, L.P.H. de Goey, 

A.A. Konnov, Combust. Sci. Technol. 188 (2016) 853–894. 

[40] Z. Wang, D.M. Popolan-Vaida, B. Chen, K. Moshammer, S.Y. Mohamed, H. Wang, S. 

Sioud, M.A. Raji, K. Kohse-Höinghaus, N. Hansen, P. Dagaut, S.R. Leone, S.M. Sarathy, Proc 

Natl. Acad. Sci. 114(50) (2017) 13102–13107. 

 

  



169 
 

  



170 
 

Chapter 8 

An experimental and kinetic modelling study of 3-

methyl-2-butenol (prenol) 

Manuscript under preparation 

Authors and Contributions 

1. Nitin Lokachari (National University of Ireland, Galway, Ireland) 

Contribution: High pressure shock-tube / Rapid compression machine experiments and 

manuscript preparation. 

2. Scott W. Wagnon (Lawrence Livermore National Laboratory, Livermore, CA, USA) 

Contribution: Kinetic modelling. 

3. William J. Pitz (Lawrence Livermore National Laboratory, Livermore, CA, USA) 

Contribution: Project management and manuscript review. 

4. Henry J. Curran (National University of Ireland, Galway, Ireland) 

Contribution: Project management and manuscript review. 

  



171 
 

Abstract 

Longer chain alcohols with four to five carbon atoms are attractive alternative fuels as they can 

also be derived from biological sources and their combustion leads to lower exhaust gas levels of 

NOx and soot compared to commercial fossil fuels. The auto-ignition behavior of fuels that 

contain both a hydroxyl group and a C=C double bond in their molecular structure are not well 

established in the literature. Understanding the influence of these functional groups on the 

ignition behavior of fuels is critical for the development of tailor-made fuels for advanced 

combustors. In this study, ignition delay times of an unsaturated alcohol, 3-methyl-2-butenol 

(prenol) in air are measured using a high-pressure shock tube and in a rapid compression 

machine at pressures of 15 and 30 bar at equivalence ratios of 0.5, 1.0 and 2.0 in the temperature 

range 600 – 1400 K. In addition, a detailed kinetic model has been developed and validated using 

the new experimental data and available literature data. Fuel flux and sensitivity analyses were 

performed using this new model to determine the important fuel consumption pathways and 

critical reactions that affect the reactivity of prenol. 

1. Introduction 

One of the biggest limitations to improve the thermal efficiency of a spark ignition (SI) engine is 

its knock tendency, which keeps it from operating at high compression ratios. Engine knock 

arises from auto-ignition of a portion of the fuel mixture ahead of the propagating flame. The 

higher the octane number the more a fuel is resistant to auto-ignite. To reflect the knock 

resistance of fuels in SI engines, the research octane number (RON) and the motor octane 

number (MON) scales are adopted as the limiting operating conditions for gasoline fuels in 

engines [1]. Both the RON and MON scales are based on alkanes; iso-octane, assigned a value 

of 100 and n-heptane a value of 0, which define the extremes. With advances in the development 

of engine combustion systems, such as homogenous charge compression ignition (HCCI) or 

related strategies that can adapt to a variety of fuels, the use of biofuels as alternate fuels or fuel 
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additives is possible [2, 3]. A fuel’s octane number can be enhanced by blending antiknock 

additives, such as oxygenates to the base fuel [4]. In addition, increase in transportation fuel use, 

shifting demand between gasoline and diesel, and increasingly stringent emissions standards are 

motivating fuel providers to search for new blendstock options that can provide performance 

advantages and market benefits. Many potential blendstocks remain unutilized, as they lack 

comprehensive and consistent set of fuel properties and engine-performance data required to 

assess their potential [5]. One such chemical family that can increase major fuel properties such 

as RON, octane sensitivity (OS = RON – MON) are small alcohols containing four to five carbon 

atoms. Moreover, adding alcohols into the combustion chamber could also increase the time for 

the end gas auto-ignition [6]. 

Co-Optimization of fuels and engines (Co-Optima) project is a U.S. Department of Energy 

(DOE) sponsored initiative, is focused on developing new high-performance sustainable fuels, 

that can boost engine efficiency and cut emissions when combined with advanced combustion 

engines. The opportunity to discover fuel properties such as RON and S, that improve engine 

performance by enhancing the fuel’s resistance to autoignition while operating at high 

compression ratios. This study focuses one such fuel candidate, which is an unsaturated alcohol, 

3-methyl-2-butenol, commonly known as prenol. Autoignition experiments over wide range of 

conditions were studied and a kinetic model was also developed in this work. One of the criteria 

employed in the Co-Optima blendstock selection process was to consider the molecules with 

RON > 98. However, prenol (RON 93.5) was still considered as it exhibits a significantly high 

RON when blended with gasoline blendstocks [7]. Prenol has the unusual property of increasing 

the RON of the mixture to a higher value than either the blendstocks for oxygenated blending 

(BOB) or neat prenol, which was discovered recently by, Monroe et al. [7]. Monroe et al. 

referred to this phenomenon as ‘Octane hyperboosting’ to distinguish it from more commonly 



173 
 

observed synergistic blending of oxygenates to gasoline, in which the RON of the mixture lies 

between the RON of the individual components. 

Conventionally manufactured from petroleum-derived isobutene and formaldehyde, prenol 

is not a largely accumulated compound in natural organisms [8]. Zheng et al. [8] presented a 

promising strategy for high-specificity production of prenol from renewable sugar in a microbial 

fermentation process. In addition, prenol and other C5 alcohols have recently been shown to be 

formed from microbial production pathways in engineered Escherichia coli strains [9-11]. 

Ninnemann et al. [12] presented experimental ignition delay time (IDT) and laminar burning 

velocity (LBV) measurements of prenol and iso-prenol (3-methyl-3-butenol). De Bruycker et al. 

[13] measured species concentration profiles of prenol and iso-prenol at different oxidation and 

pyrolysis conditions and further developed a kinetic model using Genesys [14]. 

2. Experimental 

Prenol (99%) was obtained from Sigma-Aldrich, while O2 (99.99%), N2 (99.99%) and helium 

(He) (99.97%) were supplied by BOC Ireland. The experimental conditions investigated h are 

listed in Table 8.1. The mixing tanks were maintained at ~120 °C, to avoid condensation as 

prenol is relatively a low vapor pressure (0.317 mbar at 298 K) compound. High temperature 

(900 – 1400 K) IDTs for the prenol/air mixtures were measured behind reflected shock waves in 

a high pressure shock-tube (HPST) facility, where the auto-ignition time scales ranged from 0.03 

– 2.5 ms and relatively slower IDTs in the range of 5 – 300 ms in the low temperature (600 – 900 

K) were measured in an rapid compression machine (RCM). The experimental IDTs at various 

conditions are attached in Appendix F. The detailed description of these facilities at NUI Galway 

and their experimental operation can be found elsewhere [15, 16].  
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Table 8.1. Experimental conditions of the prenol/O2/diluent mole fraction compositions 

investigated in this study at p = 15 and 30 bar, T = 600 – 1400 K in both the ST and RCM. 

φ Prenol O2 N2 

0.5 0.0148 0.207 0.778 

1.0 0.0291 0.204 0.767 

2.0 0.0566 0.198 0.745 

3. Kinetic modelling 

Prenol chemistry combines the characteristics of both alcohols (OH moiety) and alkenes (C=C 

double bond). Presence of these functional groups scavenge reactive ȮH, HȮ2 radicals to 

abstract the relatively weaker hydrogen atoms i.e., allylic H atoms and alpha H-atom present 

next to the OH moiety. The α-hydroxy-alkenyl radical can quickly react with molecular oxygen 

to form an unsaturated aldehyde and HȮ2 radical. The scavenging of ȮH leads to lower the 

reactivity at lower temperatures, but at higher temperatures, the HȮ2 radicals produced in the 

aforementioned reaction react with the fuel to form hydrogen peroxide (H2O2), which 

decomposes to two ȮH radicals that promote fuel reactivity. 

AramcoMech2.0 [17] was adopted as the base chemistry which includes C0 – C4 kinetics and 

the C5 species chemistry is adopted from are from Bugler et al. [18]. The description of the 

kinetic model development in here will mainly focus on the key reaction classes. In this study, 

the thermochemical data has been calculated for all of the species that are of interest to prenol 

oxidation using Benson’s group additivity method in THERM software [19] based on the group 

values from the recent publications [20, 21]. 

Pyrolytic reactions: Unimolecular decomposition reactions involving the allylic C–C, C–H 

bond cleavage were included assuming analogous pressure dependent rate coefficients calculated 

at CCSD(T)/cc-pVTZ level of theory on propene potential energy surface by Ye et al. [22]. 

Analogous rate constants for other possible decomposition pathways in prenol via breakage of 

Cα–Cβ and C–O bond were implemented from Tsang et al. [23, 24]. Unimolecular water 
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elimination reaction of prenol proceeding via internal allylic H-shift resulting in isoprene and 

H2O were modelled adopting the calculations at CBS-QB3 level of theory from De Bruycker et 

al. [13]. 

H-atom abstractions reactions: Prenol has six abstractable primary allylic H-atoms, two α 

hydrogens and one from hydroxyl system. The most important radicals that abstract H-atoms are 

OH and HȮ2 radicals at low and intermediate temperatures and Ḣ and ĊH3 at relatively higher 

temperatures. Table 8.2 lists the rate constants adopted from various studies for a variety of 

abstractors. The rate constants were adopted either from computational calculations or estimated 

as listed in Table 8.2, due to the lack of direct measurements for this reaction class at the 

conditions of interest to this study. 

Alcohol radical reactions/isomerization: The hydroxy-alkenyl radical (aĊ5H8-dOH-c) 

undergoes β-scission forming a C5 di-eneol and Ḣ or isoprene and ȮH. The calculated rate 

coefficients for these reactions were adopted from Li et al. [25] and De Bruycker et al. [13], 

respectively. The β-scission reaction of α-hydroxy-alkenyl radical (bC5H8dj-dOH) and alkoxy 

radical (b2e3M1Ȯj) were taken from De Bruycker et al. [13] and Goldsmith et al. [26] 

respectively. The isomerization reaction rate coefficients of aC5H8-dOH-c to form bC5H8dj-dOH 

and b2e3M1Oj were taken from [27] and [13] respectively. 

Reactions of O2 and HȮ2 with alcohol radicals: At relatively low to intermediate 

temperatures, O2 and HȮ2 add on to aC5H8-dOH-c and bC5H8dj-dOH and can contribute to the 

low temperature reactivity. The subset of reactions was modelled by adopting 2-methyl-allyl 

(iĊ4H7) and allyl (Ċ3H5-a) analogies, respectively from Chen et al. [28] and Goldsmith et al. 

[26]. The hydroxy-alkenyl peroxy (RȮ2) radicals can further undergo internal H-shifts and 

further dissociations. The reaction involving α-hydroxyalkyl radicals and O2 to directly form an 

unsaturated aldehyde/ketene and HȮ2 is taken from Da Silva et al. [29].  
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Table 8.2: List of hydrogen abstraction reactions and associated literature. 

H-abs site     

(radical formed) 

Radical Ref. Comment 

 

Primary allylic site 

(aC5H8-dOH-c) 

O2 [30] iC4H8 analogy 

Ḣ and ĊH3 [13] CBS-QB3 

Ö [31] A×2 (C3H6 analogy) 

ȮH – Private communication Sarathy et al. 

HȮ2 [32] A×2 (C3H6 analogy) 

 

Alpha hydrogen site 

(bC5H8dj-dOH) 

O2 – Estimate 

Ḣ and ĊH3 [13] CBS-QB3 

Ö [31] A/1.5 and Ea-2 kcal/mol (for weaker 

BDE) 

ȮH – Private communication Sarathy et al. 

HȮ2 [13] CBS-QB3 

 

OH moiety 

(b2e3M1Oj) 

O2 – Estimate 

Ḣ and ĊH3 [13] CBS-QB3 

Ö [33] Ethanol analogy 

ȮH – Private communication Sarathy et al. 

HȮ2 [34] Ethanol analogy 

RȮ2 radical isomerization: An important step in the low-temperature radical chain branching 

process is the intra-molecular H-shift of hydroxy-alkenyl peroxy (RȮ2) radicals to form 

hydroxy-alkenyl hydroperoxy (Q̇OOH) radicals and the associated rate coefficients were taken 

from [28, 35]. These reactions also involve the β-RȮ2 radical undergoing a six-membered ring 

isomerization by abstracting H-atom from the OH moiety. The Q̇OOH radicals decompose to 
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form an alkene, an aldehyde or ketene, and ȮH or enol and HȮ2. The analogous rate constants 

for the second Q̇OOH radical addition to O2 and the following dissociation reactions (forming 

carbonyl-hydroperoxides and ȮH radicals) were adopted from the work of Chen et al. [28]. 

RȮ2 concerted elimination: The concerted elimination channel of RȮ2 competes with the 

radical isomerization which leads to the low-temperature chain branching and hence inhibits the 

reactivity. This chain propagating reaction is also a major HȮ2 producing channel in the low 

temperature regime and the corresponding rates to describe were taken from [13, 35]. 

Vinylic radical addition reactions: The presence of C=C double bond allows for the radicals 

such as ȮH, H, HȮ2 to add on to them. In the low-to-intermediate temperature regime, ȮH 

radical adds to the double bond, producing di-hydroxy alkenyl radicals that can then add to O2 to 

form di-hydroxy alkenyl-peroxy radicals. Thus, formed RȮ2 radicals proceed through the 

Waddington mechanism, which involves an internal H-atom transfer from the hydroxyl site, 

followed by decomposition into an unsaturated aldehyde, ketone and a ȮH radical. The rate 

constants for the ȮH addition reactions were from a private communication of Sarathy and co-

workers. The H-atom addition on the double bond and other associated activated pathways were 

adopted analogous to 2-butene (C4H8-2) from Li et al. [17] and the rate coefficients for the HȮ2 

addition channels were adopted from Zádor et al. [32].  

4. Results and Discussion 

4.1 Comparisons of the model simulations with experimental data 

Figure 8.1 shows the IDTs of prenol in air measured using the NUIG HPST and RCM at 

φ = 0.5, 1.0 and 2.0, p = 15 and 30 bar. According to the experimental results, prenol exhibits 

little reactivity at low temperatures and no negative temperature coefficient (NTC) behavior is 

observed. These IDTs were simulated using the kinetic model developed in this work using the 

Chemkin PRO software, with the ignition event in the simulation defined as the occurrence of 

maximum pressure rise. 
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Figure 8.1: Experimental and simulated IDTs for prenol oxidation in air at φ = 0.5, 1.0 and 2.0, 

p = 15 bar (a) and 30 bar (b). Solid symbols: HPST results and open symbols: RCM results. 

For HPST measurements, the simulation uses the constant volume assumption, while for RCM 

measurements volume/time histories from non-reactive experiments in which the O2 content was 

replaced with N2, were used. The predictions of the current model are in excellent agreement 

with the measured IDTs over the entire temperature range of 600 – 1400 K for the fuel-lean and 

stoichiometric mixtures but is too slow at lower temperatures for the fuel-rich mixtures. 

4.2 Reaction pathway and sensitivity analyses  

Figure 8.2 depicts a flux analysis to understand the fundamental chemistry for the auto-ignition 

of prenol/air mixture at φ = 2.0, p = 30 bar, and T = 615 and 915 K. Based on these results at 

20% fuel consumption, the important reaction pathways in the prenol oxidation are highlighted. 

The contributions of the reaction pathways at T = 615 and 915 K are presented as black and red 

numbers, respectively. The flux for H-atom abstraction from the allylic α-site to produce 

bĊ5H8dJ-dOH radicals at both temperatures is similar at 28%. However, H-atom abstraction 

from the allylic δ-site (to produce aC5H8-dOH-c) increases from 20% to 37% with temperature. 

At 615 K, major concentration of aC5H8-dOH-c radicals (~65%) proceeds via addition to 

molecular oxygen forming hydroxy alkyl-peroxy radicals (RȮ2), which later isomerize to form 
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Q̇OOH radicals and decompose to aldehydic species and ȮH. At 615 K, a minor flux (~20% and 

hence not highlighted in the flux diagram) of  allylic aC5H8-dOH-c radicals combine with HȮ2 

radicals to form a hydroperoxide adduct which ultimately dissociates to alkoxy and ȮH radicals, 

due to the cleavage of the weak O–O bond. However, at 915 K, 100% of the aC5H8-dOH-c 

radical flux undergoes β-scission to form isoprene (2-methyl-1,3-butadiene) and ȮH radicals. 

The α-hydroxy alkyl radical, bĊ5H8dJ-dOH, reacts with molecular oxygen to form an 

unsaturated aldehyde, iC5D2Y4 (3-methyl-2-butenal) and HȮ2 [29] is the dominant flux at both 

temperatures. iC5D2Y4 undergoes H-atom abstraction reactions at the allylic α-position and 

allylic primary position to produce iC5D2Y4-1J and iC5D2Y4-4J radicals respectively, which 

ultimately produces 2-methyl-acrolein (iC3H5CHO) and 2-methyl-1-propenyl radical (iĊ4H7-i1), 

respectively.  

Hydroxyl radicals (ȮH) add to the double bond at both the β and γ positions, to produce 

C5H9-cdOHbJ and C5H9-bdOHcJ radicals, respectively, with addition to the β-site favoured at 

both 615 and 915 K. However, the flux via addition to the β-site decreases (by about a factor of 

two to three) with increasing temperature as pathways such as H-atom abstraction from the 

allylic site become feasible. These radicals (C5H9-cdOHbJ, C5H9-bdOHcJ) further add to O2 to 

produce C5H9-cdOHbO2 and C5H9-cdOHbO2 adducts, which undergo oxidation through the 

Waddington mechanism [36] by intra-molecular H-atom abstraction from an hydroxyl radical to 

a peroxy radical, due to the relatively lower energy barrier and subsequent decomposition of the 

carbonyl hydroxyalkyl hydroperoxides to form carbonyl radical species and ȮH radicals. This 

contributes to the low temperature chain branching reaction pathways, with the C5H9-CDOHBO2 

radical contributing the most at both 615 and 915 K, respectively. Other minor channels (~5%) 

include HȮ2 radical addition on the C=C bond forming an adduct, hydroxy-hydroperoxyl alkyl 

radical which promptly decomposes to form a 3-membered ring cyclic ether (3,3-dimethyl-2-

methanol-oxirane) and ȮH radicals.  
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Figure 8.2: Flux analyses for prenol/air mixture at φ = 2.0 in ‘air’, p = 30 atm and 20% fuel 

consumption. Numbers represent the molar consumption yields expressed in relative amounts. 

Black numbers represent flux at 615 K and red numbers flux at 915 K. 

A brute-force sensitivity analysis was performed for the auto-ignition of a prenol/air mixture at φ 

= 2.0, p = 30 bar, T = 615 and 915 K, and the top ten most sensitive reactions are shown in Fig. 

8.3. In the analysis, the rate constants all elementary reactions were increased and decreased by a 
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factor of two (k+ and k–), and the corresponding simulations were performed adopting these 

changes to obtain the IDTs (τ+ and τ–). Following the definition above, a reaction with a positive 

sensitivity coefficient inhibits reactivity and vice-versa. At T = 915 K, the most sensitive reaction 

is the decomposition of H2O2 into two ȮH radicals, which significantly promotes the reactivity. 

The H-atom abstraction reactions from fuel involving HȮ2 are also promote reactivity since they 

produce H2O2 that decomposes into ȮH radicals at this condition. With increasing temperature, 

β-scission reactions become more important, as can be noted in Fig. 8.3(b), the adduct di-

hydroxy alkyl radical (C5H9-bdOHcJ) decomposes to sC4H7OH-i + ĊH2OH at 915 K, which 

proceeds via addition of O2 at 615 K. However, H-atom abstraction reactions from prenol by 

ȮH, Ḣ atoms inhibit reactivity at both conditions, as this reaction involves the conversion of 

these reactive radicals to stable species. The self-recombination of HȮ2 radicals is a chain 

termination reaction, which inhibits reactivity at these conditions since it consumes two reactive 

radicals to form H2O2 and O2 molecules. 

 

(a) 
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Figure 8.3: Reaction sensitivity to prenol IDTs at φ = 2.0 in ‘air’, p = 30 bar, T = 615 K (a) and 

915 K (b), respectively. 

At 615 K, the most sensitive reaction that promotes reactivity is the dissociation of the 

hydroxy-keto-hydroperoxide (bC5dyCOHBOOH) to CH3COCH3 + ȮH + HOĊHCHO. Other 

sensitive reactions highlighted in Fig. 8.6(a) at 615 K are the addition reactions of hydroxyl and 

hydroperoxyl radicals to the C=C, the key chain carrying radicals at low-temperatures. The ȮH 

addition to the γ-site producing C5H9-bdOHcJ, promotes reactivity since the following reaction 

sequence after the addition of O2 following an intra-molecular H-shift from both ȮH sites and 

two primary C–H sites has relatively a low energy barrier as it involves a 6-membered transition 

ring isomerization. Thus, formed hydroperoxyl-alkoxy radical can undergo Waddington pathway 

via dissociation of C–O to form an α-hydroperoxyl-keto-alkyl radical. It is unstable and 

decomposes rapidly by O–O β-scission producing a reactive ȮH radical. However, in case of ȮH 

(b) 
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addition onto the β-site producing C5H9-cdOHbJ, only one such intra-molecular H-atom 

isomerization involves a 6-membered transition-state ring and thus inhibits reactivity. 

5. Conclusions 

1. The oxidation of prenol/air mixtures was investigated experimentally by measuring IDTs in 

both a HPST and RCM and a kinetic model has been developed which can accurately reproduce 

the observed auto-ignition behavior. The experimental data also provide important insights into 

trends in reactivity in terms of temperature, pressure, and equivalence ratio. 

2. The flux analyses performed at 615 and 915 K highlighted the importance of ȮH addition 

reaction pathways and the following intermediate steps contribute to the low temperature 

reactivity. In addition, flux analyses reveal that addition of molecular oxygen to the δ-site is also 

responsible for the low-temperature chain branching. However, the addition of molecular oxygen 

to α-site of prenol radicals leads to 3-methyl-2-butenal and a hydroperoxyl radical thereby 

reduce reactivity. 

3. The sensitivity analyses at 915 K highlighted the importance of H2O2 formation via H-atom 

abstraction from prenol, to ultimately dissociate to two ȮH radicals to promote reactivity.  

4. The experimental data and the kinetic model in this study have provided insight into the 

combustion chemistry of prenol, yet the future work understanding of the kinetics of critical 

intermediates such as 3-methyl-2-butenal, 2-methyl-1,3-butadiene is warranted. 
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Chapter 9 

Conclusions and future work 

The focus of this work was to investigate the fundamental experimental data of future 

transportation fuels which include hydrocarbons and oxygenates via ignition delay time 

measurements in a high-pressure shock-tube and rapid compression machine. In addition, this 

study is also concerned with development and/or refinement of the chemical kinetic models that 

describe the oxidation phenomenon.  

An extensive experimental campaign was carried out to measure IDTs of seven 

hydrocarbons which include selective surrogate molecules and critical combustion intermediates 

at various conditions of practical importance. These surrogate molecules studied in this work 

were identified (Co-Optima program) as the potential blendstocks to improve fuel economy, and 

these can also be bio-derived and commercialized in the next 5-10 years. The experimental 

results presented greatly expand the literature database for the models’ development and/or its 

validation. 

New experiments performed for certain key combustion intermediates such as acetylene, 

isobutene and isobutane greatly contributed to improve the existing kinetic models and there by 

the predictions over a wide range of combustion relevant conditions. Briefly, the importance of 

the missing reaction of C2H2 + HȮ2 in a variety of kinetic models is highlighted in this study by 

performing IDT experiments at conditions never previously investigated in literature. 

Furthermore, the role of acetone solvent on the acetylene IDT and LBV measurements at the 

conditions relevant to this study are also established, Chapter 2.  

Accurate kinetic description of isobutene kinetics is substantial in accurate predictions of 

higher hydrocarbon combustion models, such as isooctane and diisobutylene as the consumption 

of these species rely heavily on it. Key reactions that contributed to the improvement in the LBV 

prediction of isobutene are Ċ3H5-t + ĊH3 = iĊ4H7 + Ḣ and iC4H8 = iĊ4H7 + Ḣ. Improving C0 – 
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C4 core mechanism is solely responsible for the overall improvement of diisobutylene LBV 

measurements, for instance the peak burning velocity at φ = 1.1, 373 K and 1 atm improved by 

12 cm s-1. Additionally, isobutane chemistry was also updated as part of isobutene study and re-

validated for IDTs, LBVs and species profiles data with excellent agreement. In chapters 4 and 

5, new experiments were performed for diisobutylene and cyclopentane, which can represent 

olefinic and cyclo-alkane class of compounds in a multi-component surrogate model and 

detailed kinetic models were developed and validated. Also, blending characteristics of 

cyclopentane oxidation at low temperatures were investigated by blending with a reactivity 

enhancer, di-methyl ether, Chapter 5. The combustion kinetics of oxygenated hydrocarbons 

(which include alcohols, esters, and ketones) in Chapters 6, 7, and 8 focus on the molecules that 

can be blended with the commercial fuel which enables operation at higher compression ratios 

for advanced combustion engines. New IDT experiments and detailed chemical kinetic models 

to describe the oxidation of these surrogate molecules were developed and validated. 

 The present work demonstrates the practical relevance of fundamentally studying these 

surrogate molecules and a major portion of our efforts lies in improving our understanding of the 

underlying combustion kinetics. The findings of proposed fundamental work are expected to 

provide useful guidelines of the characteristic auto-ignition features of high-performing 

surrogates / blendstocks and future work should be directed towards understanding of economic 

aspects, environmental and health impacts and relevant engine tests to determine the efficiency 

improvements before adoption in the fuel.  

Future work and recommendations 

The potential reactions for future studies are highlighted in Chapters 2 – 8 and are briefly 

listed below. 

(i) The two critical reactions responsible for improving iso-butene and DIB-1 flame speed 

predictions are Ċ3H5-t + ĊH3 = iĊ4H7 + Ḣ and iC4H8 (+M) = iĊ4H7 + Ḣ (+M). In this study, the 
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rate constants were adopted by taking analogies to theoretical calculations for C3H6. Therefore, 

fundamental studies, both experimental and theoretical, of these reactions are recommended.  

(ii) The rate constant measurements of unimolecular decomposition of DIB-1 forming iĊ4H7 and 

tĊ4H9 radicals and H-atom abstraction reactions at different sites by ȮH radicals should be 

studied.  

(iii) Gaps remain in our knowledge of rate constants for the oxidation of cyclopentene and 

cyclopentadiene. Pressure dependent evaluations of published high pressure limits and new rate 

constants spanning engine relevant conditions (500 ~ 2500 K and 1 ~ 100 bar) are desirable for 

cyclopentane and its intermediates. 

(iv) There are limited studies on the reaction rate constants of cyclic ether formation from 

cyclopentanone Q̇OOH radicals and hence further studies into the low temperature reaction 

pathways of cyclopentanone (or other representatives of cyclic ketones) are required. 

(v) Fundamental kinetic studies of unsaturated alcohols, which are formed as intermediates 

during alcohol combustion are scarce in the literature. Rate constant measurements of 

unimolecular decomposition reactions and H-atom abstraction reactions by ȮH radicals from 

prenol isomers are recommended. 

In addition to the above-mentioned reactions, a few other potential reactions for future 

studies are mentioned below: 

(i) H-atom abstraction reactions at the allylic sites of allylic radicals by O2 resulting in di-enes 

and HȮ2, Fig. 9.1.  
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Figure 9.1: H-atom abstraction reactions of allylic radicals by O2. 

(ii) The reaction of α-alcohol radical with O2 producing an aldehyde and HȮ2 radical is an 

important reaction class at both atmospheric and combustion conditions for alcohols at low to 

intermediate temperatures. For instance, rate constant measurements of a prototype reaction of 

ĊH2OH + O2 = CH2O + HȮ2 at combustion relevant conditions would be valuable.  

  



193 
 

 

 

 

 

 

 

 

Appendices 

  



194 
 

Appendix A 

Table A.1: Experimental HPST IDT data of acetylene at φ = 1.0, 10 and 20 bar. 

% Fuel O2 N2 % Fuel O2 N2 

  0.077 0.194 0.73   0.077 0.194 0.73 

10 bar and φ = 1.0  20 bar and φ = 1.0 

TC 1000/TC IDT pC TC 1000/TC IDT pC 

K K–1 ms bar K K–1 ms bar 

1166.4 0.857 0.025 10.05 1173.2 0.85237 0.01361 19.84 

1204.4 0.830 0.016 9.96 1143.2 0.87474 0.0211 20.24 

1267.7 0.789 0.006 10.28 1066.7 0.93747 0.0523 19.20 

1123.3 0.890 0.040 10.14 1011.6 0.98853 0.1026 18.80 

1049 0.953 0.086 9.54 976.8 1.02375 0.16871 19.26 

1012 0.988 0.131 9.65 947.8 1.05507 0.2754 20.12 

974.7 1.026 0.242 9.85 905.5 1.10436 0.5609 20.45 

929.3 1.076 0.445 9.86 856.2 1.16795 1.408 20.50 

888.4 1.126 0.984 10.00 824.2 1.2133 2.462 21.00 

 

Table A.2: Experimental HPST IDT data of acetylene at φ = 1.0, 30 bar and φ = 2.0 10 bar. 

% Fuel O2 N2 % Fuel O2 N2 

  0.077 0.194 0.73   0.144 0.180 0.68 

30 bar and φ =1.0 10 bar and φ =2.0 

TC 1000/TC IDT pC TC 1000/TC IDT pC 

K K–1 ms bar K K–1 ms bar 

1002.8 0.99721 0.10413 30.35 1162.7 0.86007 0.01235 10.07 

1044.5 0.9574 0.0552 29.90 1113.9 0.89775 0.02422 9.96 

1107 0.90334 0.02667 30.68 1053.8 0.94895 0.0431 9.66 

938.7 1.0653 0.2662 29.30 1021.6 0.97886 0.06138 9.93 

910.7 1.09806 0.4538 30.90 968.2 1.03284 0.1189 9.74 

865.4 1.15554 0.9755 30.90 926 1.07991 0.20674 9.81     
887.6 1.12663 0.38427 10.01     
859.3 1.16373 0.6298 10.56     
819.2 1.2207 1.2 10.85 
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Table A.3: Experimental HPST IDT data of acetylene at φ = 0.5, 10 bar and φ = 1.0 10 bar. 

% Fuel O2 N2 % Fuel O2 N2 + Ar 

0.43 + 0.43   0.040 0.202 0.76   0.040 0.100 

10 bar and φ = 0.5 10 bar and φ = 1.0 

TC 1000/TC IDT pC TC 1000/TC pC IDT 

K K–1 ms bar K K–1 bar ms 

1238.1 0.80769 0.01954 10.5 1219.8 0.8198 10.2 0.02735 

1117.5 0.89485 0.0566 9.94 1149.3 0.8701 9.87 0.05436 

1060.6 0.94286 0.1152 9.73 1089.5 0.91785 9.7 0.08171 

1030.3 0.97059 0.2236 10 1029.5 0.97134 9.5 0.1916 

974.6 1.02606 0.4564 9.82 972.6 1.0282 9.43 0.3733 

930.3 1.07492 1.071 9.85 918.5 1.089 9.45 0.8396 

1174.4 0.8515 0.0299 10.17 
    

 

Table A.4: Experimental HPST IDT data of acetylene at φ = 1.0, 10 bar and φ = 2.0 10 bar. 

% Fuel O2 N2 + Ar 

0.48 +0.4817 

% Fuel O2 N2 

  0.011 0.026   0.144 0.180 0.68 

10 bar and φ = 1.0 10 bar and φ = 2.0 (acetone effect) 

TC 1000/TC pC IDT TC 1000/TC IDT pC 

K K–1 bar ms K K–1 ms bar 

1032 0.969 9.54 0.9065 1165.8 0.85778 0.0121 9.31 

1089.5 0.9175 9.7 0.418 1060.2 0.94322 0.0386 9.13 

1174 0.861 10.2 0.246 961.4 1.04 0.1432 9.15     
985.6 1.0146 0.08281 9.6     
894 1.1186 0.431 9.71     

1105.5 0.9046 0.02571 9.35     
925.5 1.0805 0.224 9.23     
857.5 1.16618 0.803 10.05 
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Table A.5: Experimental RCM IDT data of acetylene at φ = 1.0, 10 and 20 bar. 

% Fuel O2 N2 + Ar 

0.5466 +0.1822 

% Fuel O2 N2 + Ar 

0.5466 + 0.1822   0.0775 0.1937   0.0775 0.1937 

10 bar and φ = 1.0 20 bar and φ = 1.0 

TC 1000/TC IDT pC TC 1000/TC IDT pC 

K 1/K ms bar K 1/K ms bar 

839.89 1.191 2.71 9.93 811.31 1.233 3.91 20.06 

811.60 1.232 8.74 9.87 814.25 1.228 4.40 20.25 

786.44 1.272 27.12 9.85 815.11 1.227 4.30 20.30 

771.37 1.296 57.18 9.77 790.61 1.265 11.92 20.11 

770.69 1.298 53.84 10.02 789.23 1.267 11.62 19.98 

756.88 1.321 119.87 9.72 789.63 1.266 11.30 20.06 

758.16 1.319 100.72 10.07 767.09 1.304 28.71 19.86 

782.99 1.277 32.53 9.63 768.17 1.302 26.77 20.16 

785.06 1.274 27.42 10.20 749.01 1.335 60.05 20.01 

809.72 1.235 9.14 9.99 749.92 1.333 57.54 20.18 

838.90 1.192 2.33 10.13 733.07 1.364 120.08 20.11 

770.12 1.298 63.13 9.83 732.98 1.364 120.58 20.01 

757.86 1.319 112.07 9.94 818.19 1.222 3.68 20.25 

 

Table A.6: Experimental RCM IDT data of acetylene at φ = 1.0, 30 bar and φ = 2.0, 10 bar. 

% Fuel O2 N2 + Ar 

0.5466 + 0.1822 

% Fuel O2 N2 +Ar 

0.5073 + 0.1691   0.0775 0.1937   0.1438 0.1798 

30 bar and φ = 1.0 10 bar and φ = 2.0 

TC 1000/TC IDT pC TC 1000/TC IDT pC 

K 1/K ms bar K 1/K ms bar 

791.54 1.263 7.59 30.31 739.15 1.35290 30.34 9.96 

792.84 1.261 7.44 30.03 740.32 1.35077 29.42 10.13 

769.60 1.299 17.54 30.14 761.49 1.31322 11.50 9.91 

770.29 1.298 16.13 30.23 761.48 1.31322 11.26 10.00 

751.44 1.331 35.09 30.21 786.09 1.27212 3.79 10.01 

752.47 1.329 35.00 30.08 785.95 1.27234 3.84 9.99 

733.70 1.363 68.60 30.31 725.69 1.37799 57.25 10.10 

732.98 1.364 68.81 29.99 724.62 1.38003 63.63 9.97 

719.04 1.391 126.66 30.37 711.69 1.40511 129.30 10.20 

816.60 1.225 2.47 30.12 711.25 1.40597 139.28 10.11 

818.05 1.222 2.36 30.23 
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Table A.7: Experimental RCM IDT data of acetylene at φ = 0.5, 10 bar and φ = 1.0, 10 bar. 

% Fuel O2 N2 Ar % Fuel O2 N2 Ar 

  0.0403 0.2015 0.5686 0.1895   0.0403 0.2015 0.5686 0.1895 

10 bar and φ = 0.5 10 bar and φ = 1.0 

TC 1000/TC IDT pC TC 1000/TC IDT pC 

K 1/K ms bar K 1/K ms bar 

808.25 1.23724 131.74 10.02 793.59 1.26009 66.15 9.79 

828.87 1.20646 50.16 9.54 816.99 1.22401 24.94 9.88 

830.36 1.20429 42.89 10.21 835.60 1.19674 11.47 9.90 

830.27 1.20442 44.72 9.99 860.42 1.16222 4.08 9.51 

856.21 1.16794 14.58 9.59 883.73 1.13157 1.51 9.52 

856.62 1.16738 13.34 9.98 798.96 1.25163 65.26 9.83 

880.33 1.13593 5.52 9.72 817.10 1.22383 28.78 9.73 

880.92 1.13517 5.02 10.13 817.28 1.22358 26.42 10.14 

806.91 1.23930 144.03 10.00 836.60 1.19531 12.15 9.59     
837.88 1.19349 11.39 10.12     
860.60 1.16197 4.39 9.48     
864.54 1.15668 3.65 10.15     
890.18 1.12337 1.39 9.56     
889.15 1.12467 1.36 9.89 

 

 

Figure A.1: C2H2 + Acetone_298K_1atm_phi1.0 (ITV RWTH Aachen). 



198 
 

 

Figure A.2: C2H2 _298K_1atm_phi1.0 (ITV RWTH Aachen) 

Table A.8 LBV experimental data/flame images (TAMU) 

1 atm  pure C2H2 95% C2H2 

Phi SLo (cm/s) SLo (cm/s)  

0.6 66.48372 64.90601 

0.8 111.02374 106.68831 

1 141.00151 124.19331 

1.2 153.33269 132.62111 

1.4 157.78802 133.89267 

1.6 143.96413 107.90762 

1.8 112.77742 83.06537 

2 84.51569 63.35324 
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Figure A.3: C2H2 flame propagation images at various conditions (TAMU). 
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Figure A.4: Rate of production analysis for stoichiometric acetylene/air at 20% fuel 

consumption using AramcoMech2.0 [21] at T = 1020 K and p = 10 bar (black), p = 30 bar (red). 

 
Figure A.5: Rate of production analysis for stoichiometric acetylene/air at 20% fuel 

consumption using San Diego Mech [22] at T = 1020 K and p = 10 bar (black), p = 30 bar (red). 
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Figure A.6: Rate of production analysis for stoichiometric acetylene/air at 20% fuel 

consumption using GRI Mech 3.0 [23] at T = 1020 K and p = 10 bar (black), p = 30 bar (red). 
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Appendix B  

iso-Butene high pressure LBV data validation plots 
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Figure B.1: Additional validation for iC4H8 high pressure LBV experimental targets from    

Movaghar et al. [1] using the current model. 
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iso-Butene speciation data validation plots 

  

   
Figure B.2: iC4H8 pyrolysis species profiles from Yasunaga et al. [2] for 1.0% iC4H8, 99.0% Ar 

and at p = 1.80 atm. Points are experimental results, solid lines are current model predictions and 

dashed are AM 2.0. 
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Figure B.3: iC4H8 oxidation species profiles from Yasunaga et al. [2] for 1.0% iC4H8, 3% O2, 

96.0% Ar and at p = 1.80 atm. Points are experimental results, solid lines are current model 

predictions and dashed are AM 2.0. 

 

Figure B.4: iC4H8 oxidation species profiles from Dagaut et al. [3] for 0.15% iC4H8, 0.45% O2, 

99.4% N2 and φ = 2.0, at p = 10 atm and τ = 1.5 s. Points are experimental results, lines are 

current model predictions. 
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Figure B.5: iC4H8 oxidation species profiles from Dagaut et al. [3] for 0.15% iC4H8, 0.45% O2, 

95.35% N2 and φ = 0.2, at p = 10 atm and τ = 1.5 s. Points are experimental results, lines are 

current model predictions. 

 

 iso-Butene ignition delay time validation plots 

  

  
Figure B.6: iC4H8 IDT plots from Zhou et al. [4] for φ = 0.5 – 2.0, at p = 10 – 50 atm. Points are 

experimental results, lines are current model predictions. 
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iso-Butane species profiles validation plots 

 

 

 

Figure B.7: iC4H8 species profiles from Baker et al. [5]. Points are experimental results and lines 

are current model predictions. 
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Figure B.8: Flux analyses for iC4H8 oxidation at φ = 1.0, 850 K, 10 atm and 20% fuel 

consumption. Red – Current model, Black – Zhou et al. [3]. 
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Figure B.9: Influence of cycloaddition and recombination pathways on the current iC4H8 model. 

Rate constant comparison for current and previous iC4H8 model [4] 
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Figure B.10: Rate constant comparison of certain key reactions such as the cyclo-addition and 

Waddington pathways. 
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Figure B.11: Additional validation for DIB-1 experiments (a) IDTs [6] and (b) LBVs [7]. 

Table B.1: Experimental LBV data for isobutene at 1 atm and 428 K  

Equivalence ratio (φ) LBV (cm/s) 

1.0013 66.371 

1.07771 68.81 

1.2143 65.296 

1.2918 58.905 

1.3822 53.459 

1.4742 37.868 

 

Table B.2: Experimental IDT data for DIB-1 at 30 atm. 

φ = 0.5 fuel in air φ = 1.0 fuel in air φ = 2.0 fuel in air 

p5  

(bar) 

T5  

(K) 

IDT (ms) p5  

(bar) 

T5  

(K) 

IDT (ms) p5  

(bar) 

T5  

(K) 

IDT (ms) 
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Appendix C 

Table C.1: 70% CPT/30% DME blends NUIG IDT experimental data at φ = 0.5 in air at 20 and 

40 bar. 

 
70% CPT + 30% DME 70% CPT + 30% DME 

φ = 0.5 in air at 20 bar φ = 0.5 in air at 40 bar 

1000  

K / T  

T (K) p (bar) IDT (ms) 1000  

K / T  

T (K) p (bar) IDT 

(ms) 

ST ST 

0.909 1100.3 19.76 0.446 0.832 1202.2 39.66 0.1281 

1.045 957.3 20.25 2.8 0.891 1121.8 41.3 0.1995 

0.953 1049.0 20.1 0.824 0.982 1018.4 41.18 0.6045 

1.009 991.2 19.7 1.725 1.082 924.6 41.4 2.693 

0.872 1147.2 19.4 0.375 1.029 971.7 41.6 1.358 

0.798 1253.5 19.66 0.1812 0.938 1066.2 40.8 0.3584 

0.766 1305.4 19.7 0.1107 0.865 1156.0 39.9 0.1468 

0.743 1345.0 19.92 0.07 0.809 1236.6 38.6 0.0718 

0.833 1200.5 19.71 0.2262 0.779 1283.8 38.5 0.0675 

1.073 932.0 21.4 4.5 1.138 878.5 42.5 5.3         

        

RCM RCM 

1.328 753 21.63 172 1.321 757 40 20.5 

1.326 754 21.33 168.7 1.323 756 40 20.5 

1.326 754 20.79 173 1.321 757 40 20.4 

1.282 780 20.62 236.6 1.276 784 40.04 21.6 

1.277 783 20.78 218.8 1.276 784 39.97 21.5 

1.282 780 20.82 234 1.276 784 39.7 21.7 

1.230 813 21.22 166 1.225 816 39.9 29.5 

1.238 808 20.04 163 1.225 816 39.97 28.9 

1.235 810 20.42 164 1.225 816 40.2 29.3 

1.193 838 20.72 59 1.188 842 40.2 16.3 

1.192 839 20.42 58 1.188 842 40.26 16.5 

1.192 839 20.82 61 1.186 843 40.2 15.1 

1.149 870 40.67 31.96 1.441 694 39.5 127 

1.151 869 20.72 31.44 1.443 693 39.53 117     
1.443 693 39.53 104     
1.381 724 39.5 44     
1.383 723 39.8 43.5     
1.383 723 39.14 43.7 
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Table C.2: 70% CPT/30% DME blends NUIG IDT experimental data at φ = 1.0 in air at 20 and 

40 bar. 

 

70% CPT + 30% DME 70% CPT + 30% DME 

φ = 1.0 in air at 20 bar φ = 1.0 in air at 40 bar 

1000  

K / T  

T (K) p (bar) IDT 

(ms) 

1000  

K / T  

T (K) p (bar) IDT 

(ms) 

ST ST 

1.00381 996.2 19.6 1.146 0.83382 1199.3 39.5 0.0927 

1.05574 947.2 19.62 2.163 0.98561 1014.6 40.8 0.4667 

0.93197 1073.0 20.67 0.495 1.07759 928.0 41.8 1.51 

0.86468 1156.5 20 0.238 1.03896 962.5 40.7 0.953 

0.818 1222.5 20.5 0.1626 0.94206 1061.5 40.5 0.2674 

0.89799 1113.6 19.87 0.321 0.86565 1155.2 39.9 0.12384 

1.10988 901.0 21.5 4.5 0.9009 1110.0 40.5 0.154     
0.75415 1326.0 41.1 0.0435     
0.80451 1243.0 39.1 0.0693     
1.16414 859.0 41.2 2.954     
1.15741 864.0 41.2 3.5         

RCM RCM 

1.45349 688.0 19.44 214 1.5015 666 39.1 172 

1.45138 689.0 19.42 214 1.49254 670 39.1 145 

1.45138 689.0 19.42 225.4 1.44509 692 39.1 64 

1.39567 716.5 19.42 70.6 1.443 693 39.1 61 

1.39567 716.5 19.47 71.2 1.44509 692 39.1 64.5 

1.3947 717.0 19.42 76.4 1.3947 717 39 22.1 

1.33869 747.0 19.5 39.9 1.39276 718 39 21 

1.33869 747.0 19.52 38 1.39082 719 39 18.5 

1.33869 747.0 19.62 38.1 1.33869 747 39 9.8 

1.29366 773.0 19.42 45.3 1.34048 746 39.1 9.8 

1.29366 773.0 19.92 43 1.33869 747 38.5 9.6 

1.29366 773.0 19.92 43.3 1.29199 774 38.8 6.1 

1.25 800.0 19.96 51.93 1.29199 774 39.0 6.5 

1.25 800.0 19.92 51.2 1.29199 774 39.4 6.3 

1.25 800.0 19.72 52.2 1.25628 796 38.8 7.3 

1.21212 825.0 19.77 33.8 1.25471 797 38.8 7.5 

1.21359 824.0 19.72 36.32 1.25471 797 39 7.4 

1.21359 824.0 19.92 36.32 1.21507 823 39.9 8     
1.21507 823 38.8 8.6     
1.21507 823 38.5 8.7 
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Table C.3: 70% CPT/30% DME blends NUIG IDT experimental data at φ = 2.0 in air at 20 and 

40 bar 

 

70% CPT + 30% DME 70% CPT + 30% DME 

φ = 2.0 in air at 20 bar φ = 2.0 in air at 40 bar 

1000  

K / T 

T (K) p (bar) IDT 

(ms) 

1000  

K / T 

T (K) p (bar) IDT 

(ms) 

ST ST 

0.89111 1122.2 20.7 0.2599 0.83598 1196.2 39.23 0.07601 

0.83935 1191.4 19.5 0.1875 0.90155 1109.2 40.4 0.11542 

1.04515 956.8 20.12 1.34 0.98367 1016.6 41.1 0.3125 

0.98678 1013.4 20.4 0.6836 1.09565 912.7 40.97 1.18 

0.94029 1063.5 20.4 0.455 1.15075 869.0 41.9 1.984 

0.85911 1164.0 20.4 0.2074 1.03552 965.7 41.1 0.6248 

0.79618 1256.0 20.0 0.1231 0.94073 1063.0 40.7 0.1939 

1.09493 913.3 20.5 2.71 0.8673 1153.0 39.7 0.09442 

1.1325 883.0 21.8 4.55 1.21803 821.0 42.4 2.363 

1.18624 843.0 22.5 6.4 
    

1.1976 835.0 22.7 6.85 
    

        

RCM RCM 

1.49701 668 18.83 290 1.49254 670 39.25 127 

1.49031 671 19.23 238 1.49254 670 39.7 134 

1.43885 695 19.43 82 1.44509 692 39.36 47.6 

1.443 693 19.13 78 1.44509 692 38.6 47 

1.3986 715 18.93 37.4 1.40252 713 38.6 19 

1.40252 713 18.93 36.0 1.3986 715 38.68 18.5 

1.3587 736 18.53 21.52 1.34228 745 38.3 8.2 

1.35501 738 18.33 20.6 1.34228 745 39.0 8.1 

1.31062 763 18.53 19.7 1.30719 765 39.0 4.5 

1.31062 763 18.55 20.1 1.3089 764 39.0 4.3 
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Table C.4: 30% CPT/70% DME blends NUIG IDT experimental data at φ = 0.5 in air at 20 and 

40 bar 

30% CPT + 70% DME 30% CPT + 70% DME 

φ = 0.5 in air at 20 bar φ = 0.5 in air at 40 bar 

1000  

K / T 

T (K) p (bar) IDT (ms) 1000  

K / T 

T (K) p (bar) IDT 

(ms) 

ST ST 

0.84055 1189.7 19.4 0.1818 0.83626 1195.8 39.2 0.1 

0.90613 1103.6 19.9 0.36596 0.89526 1117.0 40.9 0.1945 

0.99039 1009.7 20.2 0.9863 0.96805 1033.0 42.5 0.3847 

0.93659 1067.7 20.5 0.6605 0.97857 1021.9 41.5 0.5344 

0.87642 1141.0 19.43 0.332 1.03338 967.7 41.24 0.95077 

0.76923 1300.0 19.4 0.0975 0.94206 1061.5 40.5 0.3004 

1.04384 958.0 19.76 1.752 0.86453 1156.7 40.01 0.1244 

0.7391 1353.0 20.14 0.051 0.809 1236.1 38.6 0.08 

0.79637 1255.7 19.85 0.1346 0.77435 1291.4 38.98 0.0553 

1.11732 895.0 19.9 3.96 1.09649 912.0 40.5 1.82 

1.126 888.1 21.0 4.8542 1.15075 869.0 40.0 1.52 

1.06724 937.0 21.4 2.56 
    

        

RCM RCM 

1.33333 750 21.28 13 1.33333 750.0 40.92 3.5 

1.33333 750 21.0 12 1.33333 750.0 40.92 3.4 

1.33511 749 20.73 11.4 1.33156 751.0 40.92 3.2 

1.287 777 20.93 10.8 1.28535 778.0 40.92 1.4 

1.28866 776 19.78 10.5 1.28535 778.0 40.62 1.34 

1.28535 778 20.56 10.8 1.28535 778.0 40.62 1.3 

1.24533 803 20.43 16.3 1.24069 806.0 40.62 1.05 

1.24378 804 20.63 16.3 1.24146 805.5 40.62 1.02 

1.24224 805 20.83 16.2 1.38313 723.0 40.54 10.4 

1.20627 829 20.62 15.5 1.38122 724.0 40.5 10.1 

1.20337 831 20.44 16.3 1.38313 723.0 41.53 9.5 

1.20482 830 20.54 16 1.43472 697.0 41.5 40.0 

1.443 693 20.64 108 1.43472 697.0 41.5 30.9 

1.443 693 20.69 106 1.43472 697.0 41.4 31.9 

1.443 693 19.84 97 
    

1.3947 717 20.04 25.6 
    

1.3947 717 20.29 24.5 
    

1.39276 718 20.3 23.5 
    

1.33869 747 20.57 11.2 
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Table C.5: 30% CPT/70% DME blends NUIG IDT experimental data at φ = 1.0 in air at 20 and 

40 bar 

 

30% CPT + 70% DME 30% CPT + 70% DME 

φ = 1.0 in air at 20 bar φ = 1.0 in air at 40 bar 

1000  

K / T 

T (K) p (bar) IDT (ms) 1000  

K / T 

T (K) p (bar) IDT 

(ms) 

ST ST 

0.82939 1205.7 19.96 0.1972 0.83292 1200.6 39.55 0.0963 

0.87489 1143.0 19.5 0.3024 0.87055 1148.7 39.41 0.12682 

0.998 1002.0 20.2 1.018 0.9901 1010.0 40.4 0.3932 

1.04308 958.7 20.2 1.395 1.0337 967.4 41.2 0.59 

1.12208 891.2 19.3 3.051 1.104 905.8 40.1 0.9753 

0.916 1091.7 19.4 0.4937 0.94518 1058.0 40.2 0.2413 

0.75109 1331.4 19.9 0.0667 0.89445 1118.0 40.9 0.1517 

1.15567 865.3 20.6 3.8 0.73475 1361.0 41.0 0.038 

1.22745 814.7 20.7 3.17 0.80192 1247.0 39.4 0.06645     
1.17633 850.1 39.8 0.972     
1.21803 821.0 40.35 0.96     
1.21065 826.0 39.9 0.898         

RCM RCM 

1.39082 719 20.37 11.03 1.50376 665 39.5 67.3 

1.38889 720 20.35 9.9 1.50376 665 39.5 67.23 

1.38889 720 20.35 9.9 1.50376 665 39.5 62.5 

1.34228 745 20.92 4.72 1.45138 689 39.7 18.5 

1.34228 745 20.66 4.18 1.44928 690 39.3 16.5 

1.34409 744 20.13 4.36 1.44928 690 39.3 16.7 

1.29366 773 20.17 3.1 1.3986 715 39.3 6.1 

1.29534 772 20.07 3.09 1.3947 717 39.3 5.2 

1.29534 772 20.14 3.15 1.3947 717 39.0 5.4 

1.5083 663 19.6 190 1.3459 743 39.5 1.93 

1.51057 662 20.25 165 1.34409 744 39.5 1.71 

1.51057 662 20.12 149.2 1.3459 743 40.66 1.97 

1.4556 687 20.2 49.0 
    

1.45349 688 20.71 47.3 
    

1.45985 685 20.87 45.5 
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Table C.6: 30% CPT/70% DME blends NUIG IDT experimental data at φ = 2.0 in air at 20 and 

40 bar 

 

30% CPT + 70% DME 30% CPT + 70% DME 

φ = 2.0 in air at 20 bar φ = 2.0 in air at 40 bar 

1000  

K / T 

T (K) p (bar) IDT (ms) 1000  

K / T 

T (K) p (bar) IDT 

(ms) 

ST ST 

0.82508 1212.0 20.2 0.1495 0.83257 1201.1 39.6 0.0737 

0.90171 1109.0 20.1 0.3105 0.90017 1110.9 40.4 0.1213 

0.99344 1006.6 20.07 0.6473 0.99532 1004.7 40 0.2734 

1.04037 961.2 20.35 0.8988 1.02987 971.0 42 0.337 

0.86386 1157.6 20.07 0.2146 0.93362 1071.1 41.8 0.1535 

1.08108 925.0 21.2 1.227 0.8643 1157.0 41.4 0.0952 

1.10132 908.0 20.2 1.518 1.17869 848.4 40.1 0.6265 

0.78598 1272.3 20.5 0.0963 1.09087 916.7 42.0 0.4952 

0.94967 1053.0 19.9 0.4434 1.15447 866.2 38.8 0.66 

1.16387 859.2 21.0 2.045 1.29534 772.0 41.4 1.05 

1.27226 786.0 20.9 1.69 1.22699 815.0 39.4 0.596 

1.19904 834.0 21.4 1.74 
    

        

RCM RCM 

1.50602 664 18.72 113.6 1.5015 666 38.45 62.05 

1.51057 662 18.62 119 1.5015 666 38.45 64.5 

1.50602 664 18.7 115 1.45138 689 38.45 21.4 

1.4556 687 18.93 32.44 1.45138 689 38.88 21.3 

1.4556 687 19.45 32.4 1.40647 711 38.5 8.2 

1.4556 687 18.75 32.4 1.40647 711 38.5 7.8 

1.41643 706 18.73 12.22 1.36612 732 38.28 2.8 

1.41643 706 18.73 12.2 1.36426 733 38.0 3.1 

1.41643 706 19.23 12.2 1.55521 643 38.0 265.4 

1.36986 730 18.35 4.6 1.55521 643 37.38 271.0 

1.36799 731 18.45 4.8 
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Effect of equivalence ratio on the reactivity of CPT / DME blends 
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Figure C.1: Influence of equivalence ratio on CPT/DME mixtures ignition delay times from                   

this study at 20 and 40 bar. 

CPT model validations against literature experimental targets 

 The detailed CPT model was used to simulate the LBV maintaining the values of GRAD 

and CURV at 0.1 and using mixture-averaged transport properties including thermal diffusion 

(Soret effect) in the premixed laminar flame speed model of CHEMKIN. Final solutions from all 

LBV simulations contained a minimum of 400 grid points to achieve grid independence. As 

presented in Fig. C.2, the agreement is excellent at unburnt temperatures (Tu) ranging from 353 

– 453 K and pressures of 1 – 5 atm over the equivalence ratio (φ) of 0.7 – 1.7.   
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Figure C.2: The current CPT model performance against literature LBVs from (a) Davis et al. 

[1] and (b) Zhao et al. [2] respectively. 
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Figure C.3: Current CPT/DME model simulation against neat CPT IDTs from Tian et al. [3] 
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Figure C.4: Current CPT/DME model simulation against neat cyclopentane and cyclopentene              

IDTs from Sirjean et al. [4] and Yahyaoui et al. [5] respectively. 
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Figure C.5: Current CPT/DME model simulation against neat CPT IDTs from Daley et al. [6] 

 

DME model validations against literature experimental targets 
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Figure C.6: Current CPT/DME model simulation against neat DME IDTs from Burke et al. [7] 

 

CPT JSR Simulations using the current model from this work 
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Figure C.7: CPT oxidation species profiles from Al Rashidi et al. [8] for 0.10% CPT at p = 10 

atm and τ = 0.7 s. Points are experimental results, lines are current model predictions. 
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Figure C.8:  Cyclopentene (CyC5H8) oxidation species profiles from Herbinet et al. [9] for 4.0% 

fuel at p = 800 Torr and τ = 1.0 s. Points are experimental results, lines are current model 

predictions. 
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Appendix D 

Table D.1 Experimental IDT data for cyclopentanone at 15 bar measured at NUIG HPST 

NUIG HPST at pC = 15 bar 

φ = 0.5 φ = 1.0 φ = 2.0 

TC (K) τ_ign (μs) TC (K) τ_ign (μs) TC (K) τ_ign (μs) 

990.4 2121 963.7 1923 959.3 2301 

1031.6 1226 1025.7 838 991.3 1222 

1091.5 502.85 1041.0 752.39 1033.0 705.36 

1132.5 267.986 1081.5 415.65 1083.8 289.8 

1199.8 93.114 1142.0 173.446 1131.3 159.08 

1251.6 52.15 1192.2 101.22 1183.4 84.58 

1308.1 30.113 1251.0 51.87 1232.5 54.58 

1344.4 23.157 1304.6 33.382 1274.1 33.43   
1344.1 23.1 1324.7 23.136   
1398.1 16.936 

  

 

Table D.2 Experimental IDT data for cyclopentanone at 30 bar measured at NUIG HPST 

NUIG HPST at pC = 30 bar 

φ = 0.5 φ = 1.0 φ = 2.0 

TC (K) τ_ign (μs) TC (K) TC (K) τ_ign (μs) TC (K) 

974.2 1765 952.4 1158 919.3 2858 

1003.2 1230 992.1 845 963.7 1317 

1044.2 700.5 1020.4 603.52 1005.8 705.81 

1084.0 337.05 1057.1 331.25 1046.0 335.22 

1144.3 129.954 1109.9 175.6 1092.0 173.26 

1198.1 73.901 1143.5 115.4 1140.2 85.54 

1243.2 41.1 1202.3 53.97 1191.0 44.85 

1291.2 26.23 1241.0 38.62 1234.0 31.506 

1340.0 17.78 1294.1 21.68 1291.5 21.67   
1347.1 12.83 1337.5 15.36 
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Table D.3 Experimental IDT data for cyclopentanone at 15 bar measured at NUIG RCM 

NUIG RCM at pC = 15 bar 

φ = 0.5 φ = 1.0 φ = 2.0 

TC (K) τ_ign (ms) TC (K) τ_ign (ms) TC (K) τ_ign (ms) 

958 10.24 925 4.6 802 122 

953 8.81 926 4.8 803 123 

955 9.1 924 5.4 802 120 

954 9.1 889 25.2 822 63 

987 2.1 887 30.2 823 64 

988 2.3 888 28.4 851 36.2 

989 2.2 860 223 851 34 

920 45.1 859 270 851 32 

922 35.2 860 245 872 13.2     
874 14.5 

 

Table D.4 Experimental IDT data for cyclopentanone at 30 bar measured at NUIG RCM 

NUIG RCM at pC = 30 bar 

φ = 0.5 φ = 1.0 φ = 2.0 

TC (K) τ_ign (ms) TC (K) τ_ign (ms) TC (K) τ_ign (ms) 

921 13.8 889 4.9 805 47.65 

924 13.46 856 36 810 51 

958 2.89 855 38.3 846 27.5 

956 2.64 856 39.1 845 30 

924 13.8 890 4.76 844 28 

924 13.1 825 118.6 794 109.5 

954 2.86 825 105.6 798 109.2 

885 69 889 4.4 
  

890 72 
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Influence of the adjusted rate constant on Ignition delay times: 

Below are some comparisons of the performance of the current model, current model 

without reaction rates adjustments and a previously published model [1]. The ring opening of β 

cyclopentanone radical has two potential product channels leading to pent-4-enal-1yl and 4-

penten-2-one-1yl radical and the A-factor for the production of 4-penten-2-one-1-yl radical was 

increased by 50% to slightly change the branching ratio for a better agreement. In the figures 

below, symbols: experimental data; Solid lines: current model predictions; dashed lines: current 

model predictions without reaction rate adjustments; dash dotted lines: Predictions by model 

from [1]. 

 

Figure D.1: Experimental and simulated ignition delay times of cyclopentanone in air at φ = 0.5, 

1.0 and 2.0, p = 15 bar. Solid and open symbols are HPST and RCM experimental results. 
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Figure D.2: Experimental and simulated ignition delay times of cyclopentanone in air at φ = 0.5, 

1.0 and 2.0, p = 30 bar. Solid and open symbols are HPST and RCM experimental results. 
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Appendix E 

Table E.1: Experimental IDTs of methyl acetate (at p = 15 bar) measured in NUIG HPST 

φ = 0.5 φ = 1.0 φ = 2.0 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

1118 0.89445 1713 1112.5 0.89888 1515 1113.5 0.89807 1354 

1143.6 0.87443 1395 1158.4 0.86326 949.449 1169.0 0.85543 697.689 

1199.2 0.83389 696.63 1189.7 0.84055 712.797 1200.9 0.83271 503.2 

1241.9 0.80522 451.036 1241.1 0.80574 381.943 1262.5 0.79208 233.555 

1300.2 0.76911 201.484 1304.7 0.76646 171.75 1309.1 0.76388 121.812 

1353.0 0.73910 112.101 1343.2 0.74449 108.248 1355.4 0.73779 73.135 

1394.2 0.71726 65.069 1396.9 0.71587 58.727 1414.5 0.70696 42.698 

 

Table E.2: Experimental IDTs of methyl acetate (at p = 30 bar) measured in NUIG HPST 

φ = 0.5 φ = 1.0 φ = 2.0 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

1114.5 0.8973 1075.1 1111.3 0.8998 737.0 1103.6 0.9061 808.6 

1166.1 0.8576 649. 6 1161.8 0.8607 484.2 1165.4 0.8581 365.9 

1199.2 0.8339 445.9 1214.4 0.8235 280.4 1209.6 0.8267 214.5 

1266.3 0.7897 196.9 1252.5 0.7984 179.1 1266.7 0.7895 121.1 

1307.9 0.7646 121.6 1309.4 0.7637 103.9 1309.4 0.7637 73.1 

1347.9 0.7419 79.1 1361.0 0.7348 58.1 1346.8 0.7425 53.7 

1397.0 0.7158 45.8 1404.3 0.7121 35.8 1405.2 0.7116 23.8 

 

Table E.3: Experimental IDTs of ethyl acetate (at p = 15 bar) measured in NUIG HPST 

φ = 0.5 φ = 1.0 φ = 2.0 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

1103.7 0.90604 1426 1115.9 0.89614 1198 1101.9 0.90752 1946 

1148.8 0.87047 829.93 1147 0.87184 828.7 1166.3 0.85741 754.52 

1210.5 0.8261 380.23 1210.5 0.8261 355.833 1189.8 0.84048 590.347 

1252 0.79872 211.58 1238.6 0.80736 255.806 1261.8 0.79252 203.4 

1300.2 0.76911 128.26 1295.3 0.77202 125.025 1295.8 0.77172 142.277 

1351.1 0.74014 65.273 1346 0.74294 71.37 1359.2 0.73573 71.98 

1410.6 0.70892 37.18 1416.1 0.70616 33.695 1424.1 0.70220 39.812 
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Table E.4: Experimental IDTs of ethyl acetate (at p = 30 bar) measured in HPST at NUIG 

φ = 0.5 φ = 1.0 φ = 2.0 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

T [K] 1000/T 

[K–1] 

IDT  

(μs) 

1104.8 0.90514 1093 1103.3 0.90637 862.806 1101 0.90827 881.394 

1155.7 0.86528 601.53 1161.2 0.86118 434.227 1155.5 0.86543 484.686 

1211.3 0.82556 293.46 1197.9 0.83479 279.89 1209.7 0.82665 254.69 

1255.0 0.79681 155.645 1255.5 0.7965 148.08 1252.3 0.79853 148.42 

1318.4 0.7585 66.4 1299.2 0.7697 94.185 1304.1 0.76681 85.526 

1362.3 0.73405 40.896 1350.1 0.74069 49.995 1365.4 0.73239 45.768 

1410.2 0.70912 26.71 1400.9 0.71383 29.338 1404.1 0.71220 31.937 

 

Table E.5: Experimental LBV data for methyl acetate at 1atm 

Equivalence 

Ratio 

Laminar Burning 

Velocity [cm/sec] at 

T_unburned = 298 K 

Equivalence 

Ratio 

Laminar Burning 

Velocity [cm/sec] at 

T_unburned = 338 K 

0.70 16.61 0.70 20.46 

0.80 23.51 0.80 27.45 

0.90 26.98 0.90 33.63 

1.00 30.54 1.00 37.68 

1.10 32.16 1.20 38.82 

1.20 31.59 1.30 35.49 

1.30 28.78 1.40 30.64 

1.40 23.98 
  

1.50 17.28 
  

 

Table E.6: Experimental LBV data for ethyl acetate at 1atm 

Equivalence 

Ratio 

Laminar Burning 

Velocity [cm/sec] at 

T_unburned = 298 K 

Equivalence 

Ratio 

Laminar Burning 

Velocity [cm/sec] at 

T_unburned = 338 K 

0.700 17.323 0.700 22.031 

0.801 23.315 0.801 29.117 

0.900 28.356 0.901 34.966 

1.000 31.399 1.001 38.295 

1.100 32.113 1.101 39.103 

1.201 30.163 
  

1.301 25.740 
  

 

 



238 
 

Table E.7: Experimental JSR data (mol. fraction) methyl acetate at φ = 0.5, 1 atm, τ = 2 sec 

T [K] O2 methyl acetate CO CO2 CH4 C2H6 C2H4 

800 0.035 0.005 2.94E-05 0.0001 0 0 0 

850 0.034641 0.004839 0.000139 0.000333 1.81E-05 0 0 

875 0.034422 0.00442 0.00033 0.000376 5.86E-05 3.43687E-06 0 

900 0.034229 0.004286 0.000827 0.000319 0.000152 1.36962E-05 5.17E-06 

925 0.033555 0.003391 0.002439 0.000316 0.000363 3.73716E-05 1.93E-05 

950 0.032091 0.002621 0.00485 0.000476 0.000607 5.39443E-05 5.34E-05 

975 0.029579 0.001468 0.007413 0.001293 0.000567 4.44742E-05 6.77E-05 

1000 0.023773 0.000565 0.007098 0.005997 0.000144 1.33016E-05 1.68E-05 

1025 0.021641 0.000522 0.003697 0.010359 6.26E-05 9.2768E-06 9.23E-06 

1050 0.02093 0.000426 0.001925 0.011611 3.68E-05 7.58006E-06 5.25E-06 

1075 0.019961 0.000379 0.000906 0.013267 2.62E-05 8.76383E-06 4.93E-06 

1100 0.019889 0.000282 0.000656 0.01326 3.3E-05 8.36924E-06 6.77E-06 

Table E.8: Experimental JSR data (mol. fraction) methyl acetate at φ = 1.0, 1 atm, τ = 2 sec 

T [K] methyl acetate O2 CO CH4 C2H6 C2H4 CO2 

800 0.005 0.0175 0 0 0 0  

825 0.004946 0.017352 2.47E-05 0 0 0  

850 0.004888 0.0175 3.89E-05 3.6E-06 0 0  

875 0.004721 0.017288 8.14E-05 3.23E-05 6.27E-07 0  

900 0.004638 0.017332 0.000185 6.98E-05 1.44E-06 1.51508E-06  

925 0.004122 0.017 0.000628 0.000192 3.29E-05 4.51533E-06 0.000108 

950 0.003338 0.016077 0.002568 0.000504 5.99E-05 3.05009E-05 0.000282 

975 0.002484 0.014725 0.004791 0.000764 7.32E-05 7.2963E-05 0.000593 

1000 0.001697 0.013274 0.006994 0.000812 8.52E-05 0.000107949 0.001274 

1025 0.001399 0.009109 0.003258 0.000339 7.35E-05 7.68503E-05 0.004644 

1050 0.000915 0.006646 0.002248 0.000261 6.31E-05 6.42911E-05 0.007562 

1075 0.000663 0.005053 0.001404 0.000208 5.7E-05 3.94718E-05 0.009837 

1100 0.000346 0.003353 0.000522 0.000147 4.33E-05 1.79417E-05 0.010677 

Table E.9: Experimental JSR data (mol. fraction) ethyl acetate at φ = 0.5, 1 atm, τ = 2 sec 

T [K] ethyl acetate C2H4 CO O2 CO2 

675 0.005 0 0 0.05 0 

700 0.004984 0 0 0.050205 0 

725 0.004195 0.000161 2E-06 0.049511 0 

750 0.003805 0.000325 2.41E-06 0.049562 0 

775 0.003073 0.000835 1.4E-05 0.049562 0.000134 

800 0.002171 0.001659 3.72E-05 0.049538 0.000208 

825 0.000618 0.002071 0.000139 0.04871 0.000551 

850 0.000179 0.002515 0.000355 0.048306 0.000881 

875 0 0.002633 0.001674 0.046793 0.001593 

900 0 0.00192 0.004188 0.043652 0.002646 

950 0 0.000495 0.007171 0.037064 0.006775 

1000 0 5.94E-05 0.003146 0.034396 0.010195 
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Table E.10: Experimental JSR data (mol. fraction) ethyl acetate at φ = 1.0, 1 atm, τ = 2 sec 

T [K] ethyl acetate C2H4 CO O2 CO2 

500 0.005 0 0 0.024877 2.25E-06 

550 0.004487 0 0 0.024813 2.25E-06 

600 0.004646 0 0 0.024852 2.25E-06 

650 0.004248 0 0 0.024805 2.25E-06 

675 0.004952 0 0 0.025121 2.25E-06 

700 0.004642 0 0 0.025 2.25E-06 

725 0.004304 0.00024 0 0.024965 2.25E-06 

750 0.003683 0.00074 0 0.024956 0.000307 

775 0.002753 0.001064 0 0.024913 0.000268 

800 0.002013 0.001554 0 0.024763 0.000304 

825 0.000798 0.002398 0.000112 0.024542 0.000485 

850 0.000327 0.002947 0.000222 0.024098 0.000773 

875 0 0.002947 0.000948 0.02306 0.001424 

900 0 0.002287 0.00303 0.020826 0.002265 

950 0 0.001397 0.006944 0.016877 0.003949 

1000 0 0.001025 0.005123 0.010529 0.009358 

 

 

Figure E.1: Comparison of LBVs using model proposed in this work, Westbrook et al. PROCI 

2009 (CKW) and Yang et al. PROCI 2015 (Yang) 
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Figure E.2: Comparison of LBVs using model proposed in this work, Westbrook et al. PROCI 

2009 (CKW) and Sun et al. Combust. Flame 2017 (Sun) 

 

Figure E.3: Comparison of EA JSR data using model proposed in this work, Westbrook et al. 

PROCI 2009 (CKW) and Sun et al. Combust. Flame 2017 (Sun) 
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Figure E.4: Comparison of MA JSR data using model proposed in this work, Westbrook et al. 

PROCI 2009 (CKW) and Yang et al. PROCI 2015 (Yang) 

 

Figure E.5: Comparison of MA IDTs using model proposed in this work, Westbrook et al. 

PROCI 2009 (CKW) and Yang et al. PROCI 2015(Yang)  
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Figure E.6: Comparison of EA IDTs using model proposed in this work, Westbrook et al. PROCI 

2009 (CKW) and Yang et al. PROCI 2015(Yang)  
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Appendix F 

Table F.1: Experimental IDT data of prenol φ = 0.5 and 15, 30 bar measured in HPST and RCM 

at NUIG 

 

φ = 0.5 and 15 bar φ = 0.5 and 30 bar 

TC / K 1000 K / TC IDT / ms TC / K 1000 K / TC IDT / ms 

955.2 1.0469 1.415 1118.8 0.89381 0.1377 

1205.8 0.82932 0.0914 1016.2 0.98406 0.378 

1251.5 0.79904 0.062 925.4 1.08061 1.245 

1118 0.89445 0.2372 1218 0.82102 0.0516 

1018.7 0.98164 0.7 966.3 1.03488 0.728 

910 1.0989 2.874 1070 0.93458 0.1898 

1066 0.93809 0.4036 1160 0.86207 0.091 

1174 0.85179 0.1414 
   

      

 
RCM 

  
RCM 

 

795 1.25786 48.53 798 1.25313 13.39 

796 1.25628 46.85 797 1.25471 15.08 

820 1.21951 27.07 822 1.21655 8.87 

821 1.21803 25.1 825 1.21212 8.1 

846 1.18203 14.63 847 1.18064 5.3 

707 1.41443 304.41 846 1.18203 5.13 

709 1.41044 295.7 872 1.14679 2.3 

873 1.14548 7.88 708 1.41243 78.04 

873 1.14548 7.2 709 1.41044 74.46 

735 1.36054 158.7 737 1.35685 35.37 

736 1.3587 154 736 1.3587 39.52 

762 1.31234 86.29 737 1.35685 38.22 

762 1.31234 84.32 764 1.3089 25.22    
763 1.31062 24.42    
680 1.47059 168    
679 1.47275 186.6 
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Table F.2: Experimental IDT data of prenol φ = 1.0 and 15, 30 bar measured in HPST and RCM 

at NUIG 

 

φ = 1.0 and 15 bar φ = 1.0 and 30 bar 

TC / K 1000 K / TC IDT / ms TC/ K 1000 K / TC IDT / ms 

1140 0.87719 0.1452 1200.4 0.83306 0.0312 

1081 0.92507 0.2952 1183.5 0.84495 0.0447 

1020 0.98039 0.589 1155 0.8658 0.06 

1270 0.7874 0.0439 1125 0.88889 0.0746 

965.5 1.03573 0.871 1080 0.92593 0.1222 

925 1.08108 1.445 1038 0.96339 0.1978 

1185 0.84388 0.0965 970 1.03093 0.387    
910 1.0989 0.854    
890 1.1236 1.2       

 
RCM 

  
RCM 

 

724 1.38122 53.16 726 1.37741 16 

748 1.3369 37.67 727 1.37552 17.4 

750 1.33333 37.04 751 1.33156 11.45 

772 1.29534 24.25 751 1.33156 10 

773 1.29366 24.5 776 1.28866 7.33 

798 1.25313 16 776 1.28866 6.866 

799 1.25156 16 647 1.5461 131 

824 1.21359 8.3 674 1.48368 52.25 

824 1.21359 7.3 675 1.48148 45.77 

645 1.55039 264.1 697 1.43472 25.76 

649 1.54083 274 699 1.43062 24.8 

671 1.49031 135.7 801 1.24844 3.88 

673 1.48588 122.6 801 1.24844 4.1 

723 1.38313 52.24 
   

698 1.43266 75.64 
   

701 1.42653 77.22 
   

 

 

 

 

 

 

 



246 
 

Table F.3: Experimental IDT data of prenol φ = 2.0 and 15, 30 bar measured in HPST and RCM 

at NUIG 

 

φ = 2.0 and 15 bar φ = 2.0 and 30 bar 

TC / K 1000 K / TC IDT / ms TC / K 1000 K / TC IDT / ms 

1092.1 0.91567 0.1256 1025.8 0.97485 0.1256 

893.4 1.11932 1.543 957 1.04493 0.3302 

859.6 1.16333 2.762 860.5 1.16212 1.158 

908 1.10132 1.556 810 1.23457 1.762 

1047.7 0.95447 0.2278 915 1.0929 0.623 

1032 0.96899 0.22 1087.8 0.91929 0.068 

984 1.01626 0.42 800 1.25 2.835 

1213.5 0.82406 0.0437 1195.5 0.83647 0.0258 

1165 0.85837 0.0584 
   

969.7 1.03125 0.5174 
   

      

 
RCM 

  
RCM 

 

641 1.56006 81.25 647 1.5456 28.5 

642 1.55763 84.6 645.5 1.54919 31.95 

666.2 1.50105 48.38 665 1.50376 18.57 

666 1.5015 50.3 666 1.5015 18.98 

688 1.45349 33.8 689 1.45138 12.05 

615 1.62602 179.9 630 1.5873 38.99 

617 1.62075 161.7 625 1.6 41.38 

617 1.62075 148 691 1.44718 12.5 

708 1.41243 22.46 715 1.3986 6.18 

689 1.45138 31.5 715 1.3986 7.44 

711 1.40647 21.46 604 1.65563 91.17 

711 1.40647 20.07 602 1.66113 70.16 

734 1.3624 15.86 602 1.66113 69.7 

733 1.36426 17.32 
   

756 1.32275 12.15 
   

 


	“Whether you think you can, or you think you can't--you're right.”

