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ABSTRACT 

Reactivity and Ignition Delay Measurements of Petroleum-based Fuels, Surrogate Fuels 

and Biofuels 

Mohammed Abdullah AlAbbad 

Energy demand is rapidly increasing due to the increase in population and rising living 

standards. Petroleum-based fuels account for the main source of energy consumed in the 

world. However, they are also considered to be the main source of the unwanted emissions 

to the atmosphere. In this context, chemical kinetic studies of combustion processes are 

essential for a better understanding of the underlying reactions and to achieve increased 

combustion efficiency and reduced pollutant emissions. In this study, ignition delay times, 

a global indicator of fuel reactivity, were measured for promising fuels for use in advanced 

combustion engines. Also, rate coefficients were measured for promising oxygenated 

hydrocarbons that can be used as additives to conventional fuels. 

Ignition delay time measurements of four primary reference fuel (PRF) blends, mixtures 

considered to be some of the simplest gasoline surrogates, were measured behind reflected 

shock waves to provide a large experimental dataset to validate PRF chemical kinetic 

models. The kinetic modeling predictions from four chemical kinetic models were 

compared with the experimental data. Ignition delay correlations were also developed to 

reduce the simulation cost of complicated models. 

Recently, naphtha, a low-octane distillate fuel, has been proposed as a low-cost refinery 

fuel. Likewise, a mid-octane blend which consists of low-octane (light and heavy naphtha) 

and high-octane (reformate) distillate fuels has been proposed to power gasoline 
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compression ignition (GCI) engines. In this work, experimental and modeling studies were 

conducted on low and mid-octane distillate fuels (naphtha and GCI blend) and surrogate 

candidates to assess their autoignition characteristics for use in advanced internal 

combustion engines. 

Oxygenated molecules are considered to be promising additives to conventional fuels. 

Thermal decomposition of three esters (ethyl levulinate, ethyl propionate and diethyl 

carbonate) and a five-member cyclic ketone (cyclopentanone) were investigated in this 

work. Laser absorption technique was employed to follow the reaction progress by 

measuring ethylene (C2H4) near 10.532 m using a CO2 gas laser for the decomposition 

process of the three esters. The reaction progress of the decomposition of cyclopentanone 

was followed by monitoring CO formation using a quantum cascade laser at a wavelength 

near 4.556 m. 
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CHAPTER 1: INTRODUCTION 

1.1   Background and Motivation 

Most of the world’s energy is currently being generated from fossil fuels. Meeting the 

energy demand is essential for powering most of the devices needed to maintain the living 

standard we have today. However, many studies have revealed that the rise in average 

global temperature is closely related to cumulative emissions of the greenhouse gases 

emitted [4-6]. Technologies that burn fossil fuel for power generation, transportation, and 

others have significant impacts on the environment. Also, refining processes of these fuels 

have an environmental impact though most of the impact occurs during the end use. Fossil 

fuels mainly consist of carbon and hydrogen. The combustion process of these 

hydrocarbons may produce noticeable amounts of soot, carbon dioxide and other organic 

harmful materials. These harmful materials cause air pollution and global warming. 

Inhaling some of these materials causes risks to human health and pumping these materials 

into the atmosphere causes severe damage to the environment. Figure 1.1 shows the 

greenhouse gas emissions in the USA during 2016. Most of the emissions are in the form 

of carbon dioxide (CO2). Figure 1.2 shows that most of the CO2 emissions are from power 

generation and transportation. These two sectors mainly depend on fossil fuels. 

  

Fig. 1.1. Total USA emissions. [7] Fig. 1.2. Source of CO2 in USA. [7] 
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Current assessments emphasize many effects of global warming such as increasing 

extremes of heat waves, droughts, heavy rainfall, floods, and storms. A series of extreme 

summer weather events have been reported within the past ten years. Heat waves have hit 

Europe (2003), Russia (2011), and the Pacific US (2015) [8-13]. Also, many studies 

conclude that hurricane frequency can be related to climate change due to global warming 

[14, 15]. The increases are approaching a doubling in the frequency of Cat 4 and 5 

hurricanes. Not only has hurricane frequency increased but flooding frequency has also 

increased because of global warming [16]. The increase in the ice melt is another 

consequence of the global warming. Many researches show that the ice melt could lead to 

an increase in the sea level and cooling of seawater near land ice [17-19]. As a result, this 

phenomenon leads to even worse climate change and some cities or even counteries could 

be covered by water due to a rapid increase in sea levels.  

One of the biggest challenges is that some of the environmental damage due to global 

warming may not be reversible [20]. All evidence of the negative impact of emissions on 

the environment including all scientific records, indicate that climate change is real and 

cannot be ignored. Replacing combustion engines with solar panels, wind tunnels, nuclear 

plants and other renewable energy sources could be a solution. However, are these 

renewable energy sources capable of meeting the rapid increase in energy demand? Figure 

1.3 shows that energy demand is increasing and will continue to increase over the next 21 

years. Also, this figure shows that fossil fuels are expected to be the main source of energy 

for the coming decades and that a noticeable decrease in the greenhouse emissions, by 

moving to renewable energy, is not expected in the near future. For the transportation 

sector, the competition is vastly in favor of liquid hydrocarbon fuels. The contribution from 

renewable energy resources is minimal and only small improvements are expected to 2040, 

as shown in Fig. 1.4. 
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Fig. 1.3. Primary energy demand by fuel 

type and region. (2018 BP energy outlook) 

Fig. 1.4. Transport energy consumption by 

fuel type. (2018 BP energy outlook) 

 

The projections of the coming decades show that fossil fuels will remain the main source 

of energy. In order to meet the increase in energy demand and to reduce greenhouse gas 

emissions, more research, investigation and a better understanding of the combustion 

process are required for more efficient and cleaner combustion. As shown in Fig. 1.2, most 

CO2 emissions are from the transportation sector which mainly depends on internal 

combustion engines. Therefore, giving more attention to improve these engines can provide 

a significate impact. Currently, the main internal combustion engines available in the 

market are conventional spark ignition (SI) (gasoline) and compression ignition (CI) 

(diesel) engines. A conventional SI engine has a flame propagation combustion where the 

fuel/air mixture is ignited by a spark. The SI engine uses a homogenous fuel/air mixture as 

the fuel and air are injected in the combustion chamber prior to compression. The 

homogenous mixture leads to lower emissions. On the other hand, the combustion process 

in a SI engine limits the compression ratio and consequently it has a lower efficiency. The 

fuel/ air mixture in the conventional CI engine is stratified. This is because only air is 

injected prior to compression and later the fuel is injected into the combustion chamber at 

the end of compression. The injected fuel is autoignited after a short delay time.  
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In CI engines, only a fraction of the air and fuel is premixed and burns fast, which as a 

result, leads to high emissions. However, conventional CI engines are well known to have 

a high efficiency due primarily to their higher compression ratio relative to SI engines. 

Various advanced internal combustion engines have been proposed with higher efficiency 

and lower emissions. The idea of reducing emissions by moving to advanced internal 

combustion engines is illustrated in Fig. 1.5. This figure shows where the soot and NOx 

islands are located with respect to flame temperature and equivalence ratio. Moving to 

lower temperatures and lean mixtures leads to minimal emissions. Some of the advanced 

combustion concepts, which have the potential to reduce emissions and maintain high 

thermal efficiency are Homogeneous Charge Compression Ignition (HCCI), Stratified 

Charge Compression Ignition (SCCI), Premixed Charge Compression Ignition (PCCI), and 

Partially Premixed Compression Ignition (PPCI). In a HCCI mode of combustion, the fuel 

and air are mixed before the start of compression. The mixture is autoignited due to the 

increase in pressure and temperature. The combustion process takes place under very lean 

and dilute mixture conditions. One of the challenges of HCCI engines is in controlling the 

combustion phasing [21]. The start of combustion here is mainly controlled by the 

autoignition chemistry of the air/ fuel mixture. The ignition process in SCCI is similar to 

HCCI but SCCI does not generate a homogenous mixture. SCCI uses a stratified-mixture 

and fuel with a relatively low cetane number to form a non-homogeneous mixture. PCCI 

combustion is a premixed combustion of a stratified-mixture. The fuel is injected early 

before autoignition to form the premixed mixture with air. The general principle of low 

temperature combustion (LTC) is based on enhancing air/ fuel mixing and reducing the 

combustion temperature as well as emissions. LTC is typically achieved through high 

dilution rates and a low compression ratio. 
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Fig. 1.5. Effect of local temperature and equivalence ratio on NOx and soot emission in 

conventional and advanced internal combustion engines [22]. 

 

Advanced combustion relies on autoignition and hence demands a better understanding of 

the detailed mechanisms of fuels’ chemical kinetics, especially in the low temperature 

combustion regime. There are many detailed chemical kinetic mechanisms for low 

temperatures oxidation of hydrocarbons such as alkanes, alkenes, cycloalkanes, and 

aromatic compounds. Reviews of the modeling of some of these components have been 

published by Simmie et al., Battin-Leclerc et al., and Zádor et al. [23-25]. Real fuels consist 

of hundreds of components and are complex mixtures of hydrocarbon compounds, 

including linear and branched alkanes, cycloalkanes, alkenes, oxygenates and aromatics. 

The composition of real fuels such as gasoline significantly varies based on the geographic 

source of the crude oil and the refining process. The oxidation behavior of real fuels is 

influenced by fuel components, carbon number, and the molecular structure which 

determine the ignition delay time and pollutant formation. The fuel components interact 

with each other differently at different temperature regimes. Until today, having an 

oxidation model with hundreds of components is not feasible. This is due to the fact that 

the oxidation mechanisms of most of the real fuel components are not yet available. Also, 

simulating a fuel with hundreds of components is very expensive and needs a very long 
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time. However, the ignition behavior of these complicated fuels may be reproduced by 

simpler fuel surrogates containing a limited number of components.  

Surrogates formulation can be categorized into three groups based on the number of the 

components the surrogate consists of: two-component, three-component and multi-

component surrogates (MCS). Primary reference fuels (PRF) are very well-known two-

component surrogates for gasoline fuels. A PRF is a binary mixture of iso-octane and n-

heptane. Iso-octane has a research octane number (RON) and motor octane number (MON) 

of 100, while n-heptane a has RON and MON of 0. This means any blend of these 

components results in a fuel surrogate with 0 octane sensitivity (S) (S = RON – MON). 

The octane number of the blend is determined based on the volumetric ratio. For example, 

PRF 70 consists of 70% iso-octane and 30% n-heptane by volume. The standard method 

of measuring the octane numbers of a fuel is in the cooperative fuel research (CFR) engine. 

The relevant octane number is determined by matching the reactivity of a fuel with PRF 

blends by monitoring the knocking onset in a CFR engine. Hence, a PRF can be used as a 

surrogate to simulate fuels at conditions similar to those of CFR engines. Some recent 

studies [26-29] have shown that a PRF is a good surrogate to emulate the reactivity of 

gasoline fuels at high and intermediate temperatures. Furthermore, these works show that 

PRFs are good surrogates for gasolines with low sensitivity and low non-paraffinic 

components, covering low, intermediate and high temperatures.  

Moving to three-component surrogate, toluene primary reference fuels (TPRF) are 

proposed to match both the RON and MON of real fuels. TPRF consist of PRF (iso-octane 

and n-heptane, S = 0) and toluene (S = 15). To obtain the required RON and MON for the 

TPRF mixture, there are many correlation methods to calculate the iso-octane/ n-heptane/ 

toluene ratios [30, 31]. Recent studies by Sarathy et al. [27] show that TPRFs can be  good 

surrogates for gasolines with low to medium octane sensitivity and low non-paraffinic 

content. However, for fuels with high sensitivity, TPRF surrogates fail to mimic the 

reactivity of a fuel. This is obvious as the only sensitive component in the TPRF is toluene 

and as a result to obtain a TPRF with high sensitivity, a very high concentration of toluene 

is required. Consequently, toluene chemistry controls the overall reactivity of a highly 
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sensitive TPRF surrogate. For oxygenated fuel, Lee et al. [32] show that the presence of 

oxygenated components in the surrogate is essential to emulate the fuels’ reactivity. 

To simulate complicated fuels with high concentrations of non-paraffinic components, 

multi-component surrogates (MCS) are needed. Usually, these consist of > three 

components. The idea of a MCS is not only to match the octane numbers but also some of 

the important physical and chemical properties of the real fuels. Different methods of MCS 

formulation have been published to reduce the number of MCS components. This is mainly 

by understanding the most important parameters affecting the oxidation behavior of a fuel. 

Mehl et al. [33] proposed approaching the surrogate reactivity by matching the functional 

group of the real fuels. Mueller et al. [34] proposed 11 carbon types to be replicated by the 

targeted surrogate. This method approaches the desired surrogate from the nuclear 

magnetic resonance (NMR) analysis data. Recently, Sarathy et al. [27] used a similar 

method for gasoline surrogate formulation by extracting the carbon types from detailed 

hydrocarbon analysis (DHA). Ahfaz et al. [35] developed a computational methodology 

for formulating surrogates for gasoline fuels. The aim of this methodology is to determine 

the gasoline surrogate composition by matching some of the important properties of the 

real fuel, hydrogen/carbon (H/C) ratio, density, distillation characteristics, carbon types, 

and RON. Alabbad et al. [36] proposed a methodology focused on matching RON, MON 

and non-paraffinic composition of the real fuel. Matching RON and MON can provide a 

surrogate with similar reactivity to the real fuel in the negative temperature coefficient 

(NTC) regime. However, matching the non-paraffinic composition, in addition to RON 

and MON, is needed to achieve similar reactivity in the low-temperatures regime. 

In general, for alkanes with carbon numbers larger than four, the overall oxidation process 

may be divided into three regimes: low temperature, intermediate temperature, and high 

temperature. At low temperatures, the reaction is initiated through the hydrogen atom 

abstraction from the alkane by oxygen (O2) and hydroxyl (OH) radicals to form alkyl and 

hydroperoxy radicals. Alkyl radicals react rapidly with O2 molecules (first addition to O2) 

to form alkylperoxy radicals (RO2). The RO2 radicals isomerize to produce hydroxyalkoxyl 

(QOOH) radical species and then the QOOH species react via several paths. The second 
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QOOH radicals addition to molecular oxygen, creating hydroperoxyalkylperoxy 

(O2QOOH), can lead to further isomerization and the product decomposes into a 

ketohydroperoxide species and an OH radical. The ketohydroperoxide decomposes to form 

alkoxy and OH radicals leading to chain branching at low temperatures.  

Moving from low to intermediate temperatures, the RO2 radical becomes thermally 

unstable and the reaction can proceed in different paths. The RO2 radical can dissociate 

back to form the alkyl and O2 reactants. Also, the RO2 can produce HO2 which is relatively 

stable and can produce H2O2 which is also stable at low temperatures. This means when 

the temperature increases, the overall reactivity decreases, leading to the appearance of the 

negative temperature coefficient (NTC) regime. At intermediate temperatures, the 

decomposition of H2O2 take place and generates two OH radicals, a chain-branching 

reaction. At high temperatures, decomposition reactions that form small olefins take place. 

The oxidation process can be simplified as shown in the lumped kinetic scheme in Fig. 1.6 

by Curran [37]. Many hydrocarbons are expected to undergo similar chemistry and, 

therefore, it is essential to cover the three temperature regions to investigate the ignition 

behavior of a fuel across a wide range of temperatures. 



29 
 

 
 

 

Fig. 1.6. General schematic mechanism for fuel oxidation. [37] 

 

In the beginning of this chapter, Fig. 1.3 showed that fossil fuels are considered to be 

mainly responsible for greenhouse gas emissions and environmental pollution. In addition 

to improve combustion technologies in modern engines, another approach to reduce 

emissions is by using oxygenated hydrocarbon components as alternative fuels or additives 

to conventional fossil fuels. Using oxygenated fuels as alternatives may be unfeasible as 

they interfere with food stock and this may not keep pace with the rapid increase in energy 

demand. Therefore, the focus should be on using these oxygenated fuels as additives to 

conventional fuels. It has been shown that the presence of oxygenated compounds can 

reduce the formation of soot in diesel engines [38-43]. In addition to using oxygenated 

hydrocarbons to reduce emissions, oxygenates such as methanol, ethanol and butanol can 

be used as octane boosters for gasoline fuels [44-48]. 

Interestingly, the effect of oxygenated hydrocarbons on the combustion of the conventional 

fuels can vary based on the length of the hydrocarbon, the geometry (linear, branched or 
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cyclic hydrocarbon), number and location of additional oxygen atoms. Pepiot-Desjardins 

et al. [49] studied the effect of different oxygenates (alcohol, ethers, esters, ketones and 

aldehydes) on soot tendency of oxygenates/toluene/ n-heptane mixtures. Many studies 

have investigated the effect of the addition of ethanol to diesel in reducing soot emissions 

[50-53]. However, McEnally et al. [54] showed that the addition of a small oxygenated fuel 

such as dimethyl ether (CH3−O−CH3) or ethanol (CH3−CH2−OH) to ethylene can 

increase soot formation. They showed that dimethyl ether causes larger increase in soot 

formation because it decomposes producing methyl radicals. Well-validated detailed 

kinetic models for the combustion of the oxygenated components are needed for better 

understanding the effect of the presence of these oxygenated hydrocarbons on engine 

efficiency and pollutants formation. Ignition delay time is a very important parameter for 

mechanism validation. Many ignition delay time measurements have been reported for 

oxygenated hydrocarbons such as alcohol, ketones and esters [55-66]. A very good review 

of alcohol combustion chemistry was published by Sarathy et al. [67]. Measurements of 

the rate coefficients of important reactions of oxidation and pyrolysis of these oxygenates 

are needed to improve the predictions of kinetic models. Updating models with accurate 

rate coefficients provides better prediction of fuel ignition behavior. Additionally, rate 

coefficient measurements and mechanistic insights can provide a better understanding of 

the combustion chemistry of these oxygenates. 

Recently, there has been an increasing interest in oxygenated hydrocarbons which can be 

obtained from biomass sources which are widely available in nature. These can be 

extracted from agricultural waste, wood, wood waste, bagasse, industrial residues, waste 

paper, municipal solid waste, grass, waste from food processing, animal waste and many 

other resources. Considerable efforts have been devoted to biofuels that can be extracted 

directly from biomass with a high throughput. Due to their interesting ignition behavior, 

many ignition delay time and rate coefficient measurements have been reported for 

promising biofuels such as ethyl levulinate, dimethyl carbonate, diethyl carbonate, 2-

phenyl ethanol, cyclopentanone and cyclohexanone [68-74]. An example of their 

interesting ignition behavior, ethyl levulinate, dimethyl carbonate and diethyl carbonate 
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can be used to reduce emissions on one hand and these can be used as octane boosters on 

the other. This is due to the presence of two oxygen atoms (reducing emissions) and high 

octane number (enhancing the autoignition behavior, RON = 120, 111, and 114, 

respectively). 

 

1.2   Overview of Thesis 

The dissertation is divided into 8 chapters. 

Chapter 2 describes the shock tube (ST) and the rapid compression machine (RCM) 

facilities used in this thesis. Also, it discusses the laser diagnostic techniques utilized here. 

Chapter 3 presents ignition delay time measurements of four primary reference fuel (PRF) 

blends. The measurements have been conducted in the shock tube at two pressures, two 

equivalence ratios and over a wide range of temperatures. Experimental measurements are 

compared to predictions from four chemical kinetic mechanisms. Also, the measured 

ignition delay times are compared with predications from an ignition delay time correlation 

proposed in this thesis. 

Chapter 4 presents ignition delay time measurements of naphtha, a low-octane gasoline, 

which can be extracted from the initial refining process. Ignition delay times are measured 

in the ST and RCM for naphtha and three proposed surrogates. 

Chapter 5 presents ignition delay time measurements of a more complicated fuel which is 

a blend of light naphtha, heavy naphtha and reformate. Measured ignition delay times of 

the blend are compared to two surrogates. The multi-component surrogate proposed in this 

chapter is based on the results of Chapter 4. 

Chapter 6 presents rate coefficients measurements of ethyl levulinate, ethyl propionate and 

diethyl carbonate decomposition using laser absorption technique. This chapter 

investigates the variation of the six-membered ring decomposition process with molecular 

structure. 
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Chapter 7 presents rate coefficient the measurements of the decomposition of a cyclic 

ketone (cyclopentanone) by measuring laser absorption of CO formation. 

Chapter 8 presents a summary of the thesis and proposes future works. 
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CHAPTER 2: EXPEREMENTAL METHODS 

2.1   Shock Tube 

A shock tube is a long tube divided into two sections, driven and driver. The two sections 

are separated by diaphragms; one or two pre-scored aluminum diaphragms in the high 

pressure shock tube (HPST) and a polycarbonate diaphragm in the low pressure shock tube 

(LPST). The driven section is where the fuel/oxidizer/diluent mixtures are delivered. The 

driver section is filled with an inert gas, usually helium or a mixture of helium and nitrogen. 

Helium is used as the driver gas for ignition delay times of less than ~1.5 ms. Driver gas 

tailoring (nitrogen in helium) and a long length of the driver section are used to extend the 

shock tube test times to more than ~10 ms. The pressure of the driver must be higher than 

the driven in order to generate a shock wave. The difference in pressure causes the 

diaphragm to burst and generate an incident shock wave that travels towards the endwall 

of the driven section. The shock wave twice increases the temperature and the pressure of 

the fuel/oxidizer/diluent mixture instantaneously: the first increase is caused by the incident 

shock wave and the second increase is from the reflected shock wave. All of the studies 

reported here have been studied behind reflected shock waves. The reflected shock 

temperature and pressure are denoted by T5 and p5, respectively. Incident shock wave 

temperature and pressure are denoted by T2 and p2, respectively. The reflected shock 

temperature and pressure (T5 and p5 respectively) are calculated using the shock jump 

relations as shown in equations 2.1 and 2.2. 

p5

p1
=  [

2γ1Ms1
2 − (γ1 − 1)

γ1 + 1
] [

−2(γ1 − 1) + Ms1
2 (3γ1 − 1) 

2 + Ms1
2 (γ1 − 1)

] (2.1) 

𝑇5

𝑇1
=

[2(γ1 − 1)Ms1
2 + 3 − γ1][(3γ1 − 1)Ms1

2 − 2(γ1 − 1)]

(γ1 + 1)2Ms1
2   (2.2) 
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2.1.1   HPST @ King Abdullah University of Science and Technology (KAUST)  

The high-pressure shock tube (HPST) is constructed from stainless steel with an inner 

diameter of 10 cm. The driven section is 6.6 m long and the driver section has a modular 

design to vary its length from 2.2 m to a maximum of 6.6 m. The shock tube can be heated 

up to 200 °C to minimize condensation on the internal wall. The mid-section houses two 

pre-scored aluminum diaphragms in a double diaphragm arrangement (DDA) which allows 

better control of the post-reflected shock conditions compared to a single diaphragm 

arrangement (SDA). The main difference between DDA and SDA is the diaphragm rupture 

timing. In an SDA, the gas pressure in the driver section is increased until the diaphragm 

ruptures. The breaking pressure depends on many variables such as diaphragm thickness, 

scoring depth, aluminum grade and rate of pressure increase. This makes it hard to 

precisely control the bursting pressure (driver pressure, p4) and ultimately the conditions 

(p5 and T5) behind the reflected shock wave. In the DDA, the mid-section is filled with the 

bath gas at a pressure that is much lower than the breaking pressure of the diaphragm. The 

driver section is filled to the desired bursting pressure p4. The breaking of the diaphragms 

is activated by venting the mid-section. This procedure allows precise control of the post-

shock conditions and desired conditions can be easily reproduced. 

The incident shock speed is measured using six PCB 113B26 piezoelectric pressure 

transducers (PZTs) placed in the last 3.7 m of the driven section of the shock tube. Incident 

shock attenuation rates vary from 0.5 ˗ 1.8%/m. Shock jump relations and known 

thermodynamic parameters [75] are used to calculate post-reflected shock conditions (p5 

and T5) with an uncertainty of < 1%. The sidewall pressure is measured at 10.48 mm from 

the endwall using Kistler 603B1 piezoelectric pressure transducer. For ignition delay time 

measurements, electronically excited OH* chemiluminescence at 307 nm is monitored 

through sapphire windows at the endwall and at the sidewall (10.48 mm from the endwall) 

using a UV-intensified Thorlabs PDA36A photo-detector. However, for conditions where 

low OH emission is expected, photomultiplier tubes (PMT) are used. Qualitative fuel 

concentration-time histories are measured using a HeNe laser emitting at a wavelength of 

3390 nm. A schematic of the shock tube end-section is shown in Fig. 2.1. 
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For ignition delay times measurements in the shock tube, the ignition delay time is defined 

as the time between the arrival of the reflected shock wave and the onset of the ignition 

near the endwall. The arrival of the reflected shock wave was determined by the step rise 

in pressure at the sidewall (10.48 mm from endwall) observation location. The onset of 

ignition was detected by the maximum slope in the sudden increase of pressure, OH* at 

the endwall, OH* at the sidewall or sudden change in fuel absorbance measured by the 

HeNe laser. All of these methods lead to very similar ignition delay times for all the date 

reported in this thesis. The overall uncertainty in the shock tube ignition delay times is 

estimated to be ~ ±15%. 

 

 

 

 

Fig. 2.1. Schematic of the optical configuration for ignition delay time measurements. 
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2.1.2   LPST @ King Abdullah University of Science and Technology (KAUST)  

The low-pressure shock tube (LPST) is constructed from stainless steel with an inner 

diameter of 14.2 cm. The driven section is 9 m long and the driver section has a modular 

design to vary its length to a maximum of 9 m. The driven section is separated from the 

driver section by a polycarbonate diaphragm. The incident shock speed is measured using 

a series of five PCB 113B26 piezoelectric pressure transducers (PZTs) placed in the last 

1.3 m of the driven section. Similar to the HPST, shock jump relations and known 

thermodynamic parameters are used to calculate the post-reflected shock conditions (p5 

and T5) with a maximum uncertainty of 1%. OH emission, laser diagnostic and a Kistler 

(603B1) PZT are located at a sidewall location, 2 cm from the endwall. 

 

2.1.3   Vibrational Relaxation 

The vibrational relaxation of the carrier gas (N2, O2, ...) must be taking into consideration 

for accurate calculations of T5 and p5 which are essential parameters in defining the 

experimental conditions of ignition delay time, rate coefficients and other experimental 

measurements in a shock tube. Any vibrational relaxation processes could affect the 

experimental conditions. To improve the performance of the shock tube and for accurate 

experimental conditions, argon is used as the carrier gas to avoid vibrational relaxation 

issues and to suppress the bifurcation at the shock tube internal wall. However, some 

experiments require high concentration of O2 and N2. The vibrational relaxation of 

diatomic gas carriers such as O2 and N2 is very long. For example, very diluted mixtures, 

less than 0.1% of a fuel in N2 or air at low temperature and pressure could have a relaxation 

time that exceeds the test time of the experiment [76]. Also, for test mixtures with high 

concentrations of fuel, reflected shock conditions are very sensitive to the vibrational state 

of the incident and reflected shock wave. Gauthier et al. [77] calculated the reflected shock 

wave temperature and pressure of 1.87% n-heptane in air based on three vibrational state 

assumptions; vibrationally frozen incident and reflected shock wave condition (FF), 

vibrationally frozen incident and vibrationally equilibrated shock wave condition (FE) and 
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vibrationally equilibrated incident and reflected shock wave condition (EE). They noticed 

a large variation of the calculated reflected shock wave conditions based on the vibrational 

state assumption, as shown in Table 2.1. Also, they compared the measured and calculated 

reflected shock wave pressure using EE, EF, FF assumptions and found that EE assumption 

gives better results under their experimental condition, as shown in Fig 2.2. Similar 

findings were reported by Vasu et al. [78]. For highly diluted mixtures, monatomic argon 

is often used because of its lack of a vibrational mode and then EE assumption can be valid 

to calculate shock wave conditions. 

Incident 

Ms 

 FF FE EE 

3.34 T5 (K) 1681 1297 1301 

 p5 (atm) 12.32 11.50 13.25 

2.98 T5 (K) 1382 1103 1105 

 p5 (atm) 46.69 43.84 49.27 

Table 2.1. Example of calculated reflected temperatures and pressures. [77] 

 

 

Fig. 2.2. Comparison of measured and modeled reflected shock pressures. 

 



38 
 

 
 

Owen et al. [79] measured the vibrational relaxation time for mixtures of Ar and O2 and 

reported relaxation times of over 100 atm.s, as shown in Fig. 2.3. As a result, for similar 

conditions, EE assumptions could lead to inaccurate calculations of the reflected shock 

condition. Figure 2.4 shows the process of relaxation for shock tube experiments.  

 
Fig. 2.3. Vibrational relaxation time for O2-Ar and O2-O2 mixtures. [79] 

 

 

Fig. 2.4. x-t diagram of incident and reflected show waves. [79] 

 



39 
 

 
 

Recently, Campbell et al. [80] studied the effect of vibration relaxation state assumption 

on the calculated T5 and p5 of mixtures of Ar and O2. For 25% of O2 in Ar and at low 

pressures, they found that FF assumption gives better results as it gives similar results to 

the measured T5 and p5, as shown in Fig. 2.5. Kistler 603B1 pressure transducer was used 

to measured p5 and the laser absorption technique was used to measure T5. 

 

(a) 

 

(b) 

Fig. 2.5. Comparison between measured and calculated reflected shock pressure and 

temperatures. [80] 
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A good way to verify the proper vibrational relaxation state assumption is by comparing 

the measured p5 with the calculation of the three assumptions. This can be done by first 

accurately calibrating the pressure transducer using pure argon. Here the pressure 

transducer is calibrated based on the calculated p5 and using the EE assumption. After the 

calibration, the measured p5 of fuel/oxidizer/diluent mixtures are compared with the 

calculation of the three assumptions (EE, EF and FF). The calculation that leads to p5 

similar to the measurement can be considered as the proper assumption for the experiments. 

All of the reflected shock wave conditions of ignition delay time measurements and rate 

coefficient measurement for this thesis are based on the EE assumption. 

 

2.1.4   Shock tube non-idealities 

Accurate experimental measurements are critical in describing a combustion process. The 

non-idealities of a shock tube can potentially affect the accuracy of the kinetic 

measurements carried out. To evaluate the uncertainty of the measured data, a careful 

investigation has to be carried out on the relevant parameters, such as the pressure profile, 

shock velocity attenuation and the error of the calculated shock velocity. 

 

2.1.4.1 Attenuation 

A common indicator of shock wave ideality is the attenuation rate of the incident shock 

speed. In all of the works reported here, the incident shock speed velocity and attenuation 

were measured using five PZT transducers in the LPST and six transducers in the HPST. 

Attenuation is defined as the normal slope of the axial velocity of the incident shock wave. 

The attenuation of the incident shock wave mainly depends on the buildup of the boundary 

layer, the speed of diaphragm opening, the non-ideality of the diaphragm rupture and the 

internal diameter of the shock tube. Shock tubes with larger internal diameter are expected 

to have smaller attenuation rates. For the ignition delay times reported here, attenuation 

rates varied between 0.5 to 2%/m. 
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To understand the effect of attenuation on shock tube measurements, Petersen and Hanson 

studied the effect of attenuation on temperature increase behind the reflected shock wave 

[81, 82]. They found that the difference in temperature (T5) after 500 s is greater in the 

case of large attenuation, as shown in Fig. 2.6. Thus, better measurements can be achieved 

by reducing shock velocity attenuation. 

 

Fig. 2.6. Predicted temperature increase, ∆T5, after 0.5 ms from the arrival of the reflected 

shock wave. [82] 

 

2.1.4.2 Gradual increase in reflected shock pressure (dp5/dt) 

The pressure behind reflected shock waves is not perfectly constant. There is a slight 

increase in pressure (dp5/dt). This increase in pressure mainly occurs due to the generation 

of pressure waves because of the interaction of the reflected shock wave with the boundary 

layer. Consequently, this phenomenon can accelerate the total reactivity of the fuel and as 

a result, decrease the ignition delay time. Figure 2.7 shows the effect of dp5/dt on the 

simulated ignition delay time of PRF 70 using the Mehl et al. mechanism [1]. The figure 

shows better agreement with the measured ignition delay times for the simulations that 

considered the change in pressure dp5/dt. Also, it shows a clear gap between simulated 

ignition delay times with dP5/dt = 0 and 3%/ms in the negative temperature coefficient 

(NTC) region and at low temperatures. As ignition delay times increase (IDT > 1 ms), the 

effect of dp5/dt on ignition delay time also increases. Hanson and Davidson studied the 
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effect of dp5/dt on ignition delay times [83] for the ignition delay times of propane by 

considering three different dp5/dt (0, 1.5 and 12%/ms). Interestingly, at 1000 K, a 

tremendous decrease in ignition delay times is noticed from ~ 20 ms to 4 ms as dp5/dt 

increased from 0 to 12%/ms, as shown in Fig. 2.8. 

  

Fig. 2.7. Comparison between simulated 

ignition delay times with dp5/dt = 0 and 3 

%/ms. 

 

Fig. 2.8. Measured and simulated ignition 

delay times of propane/O2/argon [83].  

2.1.4.3 Bifurcation 

One of the major phenomenon responsible for the non-idealities in the shock tube is 

bifurcation which occurs when the reflected shock wave interacts with the boundary layer. 

This interaction can lead to the boundary layer not being able to attach to the internal wall 

of the shock tube because of the difference in pressure and temperature (p5 & T5) between 

the boundary layer and the core region. Figure 2.9 shows PLIF imaging with a schematic 

of a shock bifurcation by Ihme et al. [84]. There are two important parameters to be 

considered in order to control bifurcation; shock wave velocity and specific heat. Ihme et 

al. [84] simulated the bifurcation process in a shock tube and found that bifurcation can 

cause the ignition to start at the boundary layer. They explained that the fluctuation in the 

velocity near the wall enhances viscous heating and increases the temperature of the fluid 

near the shock tube wall. Hanson and Petersen [85] investigated the effect of pressure, 
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specific heat ratio and molecular weight on the bifurcation process. Their results show that 

bifurcation is not sensitive to the reflected shock wave pressure (p5), but sensitive to the 

specific heat ratio and Mach number (M) of the shock wave. They expressed the bifurcation 

step height as a function of specific heat ratio and Mach number. Petersen et al. [86] defined 

the bifurcation from a pressure-time history profile, as shown in Fig. 2.10 . 

 

Fig. 2.9. PLIF imaging of shock bifurcation 8% toluene in N2. Bottom figure is a schematic 

of shock-bifurcation structure. [84] 

 

 

Fig. 2.10. Representative pressure trace of a shock with bifurcation. [86] 
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2.1.4.4. Pre-ignition  

Pre-ignition energy release behavior has been noticed in the oxidation of fuels such as 

butanol and toluene [87-89]. Davidson et al. [88] observed a similar phenomenon in the 

combustion of iso-octane/air and toluene/air and considered this behavior to be due to a 

chemical-kinetic process which is not predicted by the chemical kinetic models. Mittal et 

al. [90] presented additional data on toluene/air ignition in a rapid compression machine 

and showed no evidence of pre-ignition activity. They speculated that wall contamination 

might be responsible for producing pre-ignition phenomena. Vasu et al. [91] re-examined 

toluene ignition delays and concluded that contamination was not the source of the pre-

ignition observed by Davidson et al. [88]. They conclude that pre-ignition phenomena can 

be connected to mild, strong, and mild to strong ignition regimes. This conclusion is 

consistent with the observation of localized ignition under conditions in the mild and 

transition regimes in other shock tube studies. Furthermore, Mansfield et al. [92] studied 

the autoignition properties of iso-octane oxidation in a rapid compression machine and 

comprehensive results clearly illustrated the existence of both inhomogeneous and 

homogeneous auto-ignition behaviors for stoichiometric and lean iso-octane mixtures. 

Recently, Troutman et al. [93] used high speed OH* chemiluminescence imaging to study 

pre-ignition during the combustion of n-heptane and assigned pre-ignition events to shock 

tube wall contamination. Under their experimental conditions, they find no effect of pre-

ignition on ignition delay times. 

Some of the pressure and OH* emission-time profiles measured in this work showed 

evidence of pre-ignition energy release. However, in our experiments, pre-ignition was 

weak or absent in the NTC and low-temperature regions. Pre-ignition is defined here as a 

pressure and temperature rise of the test mixture due a flame propagation from a localized 

ignition spot toward the observation location near the end wall. We noticed that the pre-

ignition energy release mostly occurs at higher temperatures, as shown in Fig 2.11. This 

excludes the assumption that the rise in pressure and temperature is due to the cool flame 

heat release at the first stage ignition. Figures 2.12 -2.14 show that the effect of pre-ignition 
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is minimal when pre-ignition energy release starts at times closer to the main ignition delay 

time. The pressure and OH* emission-time profiles in Fig.2.13 shows signs of a slight pre-

ignition starting at ~ 0.5 ms before the overall ignition delay time (last 15% of the IDT). 

This data point is marked with number 1 in the Arrhenius plot shown in Fig. 2.12. The plot 

shows no noticeable effect of pre-ignition on the total ignition delay time measurement. 

However, for longer gaps between pre-ignition and ignition delay times, as shown in Fig. 

2.14, the pre-ignition energy release can have a considerable effect on the ignition process. 

This data point is marked with number 2 in the Arrhenius plot in Fig 2.12. 

 

 

Fig. 2.11. Ignition delay times for PRF 70. 

Open squares represent pre-ignition times. 

 

Fig. 2.12. Ignition delay times for 

stoichiometric mixture of PRF 80 at 10 bar. 
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Fig. 2.13. Pressure and OH* time history 

with evidence of weak pre-ignition energy 

release. 

 

Fig. 2.14. Pressure and OH* time history 

with evidence of significant pre-ignition 

energy release. 

 

We investigated this phenomenon furthermore by including the experimental pressure 

profile in the modelling simulation by providing a volume history. The imposed volume 

history included the pressure rise before ignition but the sudden increase in pressure due to 

ignition is not included. Figures 2.13 and 2.14 show that the ignition delay time from 

modeling. Blue lines, show better agreement with experiments after including the pre-

ignition effect. In addition, they show that the weakness and strength of the pre-ignition 

effect depend on the length of the gap between the pre-ignition and the ignition delay time. 

For example, Fig. 2.13 shows that including the effect of a weak pre-ignition in simulation 

decreases the ignition delay time from ~ 5.2 to 3.2 ms. However, Fig. 2.14 shows that 

including the effect of a strong pre-ignition significantly decreases the ignition delay time 

from ~14 to 4.2 ms. The ignition delay times from the modeling of the previous cases, blue 

lines, appear to be faster than the experiment. The faster ignition delay times may be due 

to the fact that the temperature increase associated with pre-ignition energy release would 

be lower in the shock tube than in true constant-volume apparatus / simulations [87]. 

Although the simulations show that the pressure and temperature rise prior to main ignition 

can decrease the ignition delay time, the experiments show a minimal effect on ignition 
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delay time, as shown in Fig. 2.12. For long ignition delay times and an earlier start of pre-

ignition, both experiments and simulations show a significant effect of pre-ignition on 

ignition delay times. 

Experiments with significant pre-ignition energy release were not considered in this thesis 

for comparison with chemical kinetic models. 

 

2.2   Rapid compression machine (RCM) 

A rapid compression machine (RCM) can be used to investigate the autoignition behavior 

at high pressures and low to intermediate temperatures. The test time can reach hundreds 

of milliseconds, much longer than in the shock tube. The experimental conditions are quite 

repeatable and controllable. 

 

2.2.1   RCM @ King Abdullah University of Science and Technology (KAUST)  

The KAUST rapid compression machine has a twin opposed-pistons configuration. It is 

designed to compress the fuel/oxidizer/diluent mixtures within ~16 milliseconds. Faster 

compression leads to less heat loss during compression. The two pistons are designed with 

creviced heads to eliminate the formulation of roll-up vortex and increases the post-

compression temperature homogeneity. The RCM has a chamber bore of 5.08 cm, a stroke 

length of 16.9 cm and volumetric compression ratios of up to 16.8. Pressure profiles are 

recorded using a Kistler 6045A pressure transducer. 

For RCM experiments, the ignition delay time is defined as the time between the end of 

compression and the maximum slope of the pressure rise due to ignition. Ignition delay 

times are repeated three times for a single thermodynamic condition and the reproducibility 

of measured data is within 5% at similar compressed temperature and pressure. Measured 

ignition delay times are repeated three times for a single thermodynamic condition, and the 

reproducibility of the measured data is within 5% at similar compressed temperatures and 
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pressures as shown in Fig. 2.15. The compressed gas temperature (Tc) is calculated using 

the adiabatic relation from the initial temperature, initial pressure and measured 

compressed gas pressure (pc) as given in equation 2.3. The overall uncertainty in RCM 

ignition delay times is estimated to be ~ ±15%. 

 

ln (
pc

pi
) =  ∫

γ

γ − 1

d𝑇

𝑇

Tc

Ti

 (2.3) 

 

Fig. 2.15. Ignition delay times measurements in the RCM. Details about the fuels measured 

are available in Chapter 5. 
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2.3   Mixture Preparation 

Test mixtures (Fuel/oxidizer/ diluent or Fuel/diluent) are prepared in magnetically stirred 

mixing tanks. After evacuating the mixing tank to pressures below 1 × 10−2 mbar, liquid 

fuel is injected directly into the mixing tank. The injection is made through a septa rubber 

valve that has high sealing properties. Following the fuel evaporation and pressure 

stabilization, the pressure was measured using an MKS pressure gauge. The oxidizer and 

the diluent are added slowly to inhibit condensation of the fuel that can lead to inaccuracies 

in the test mixture composition. Mixtures are left in the mixing tank for at least one hour 

prior to experiments.  

 

2.4   Laser diagnostics 

Laser-based absorption spectroscopy is a powerful technique to qualitatively and 

quantitatively monitor the pyrolysis and combustion species during the reactions process. 

The principle of laser absorption spectroscopy is simple. The frequency of a light beam is 

selected to be close to the transition frequency of the species to be traced. The light beam 

is sent through the studied sample in the shock tube or RCM. The amount of the absorbed 

light, which is related to the concentration of the species, can be determined by the 

difference between the light intensity before and after the sample. The Beer-Lambert law 

is used to calculate the concentration from the measured absorbance, using the following 

equation: 

I

I0
= exp (−S∅XpL) (2.4) 

where I is the transmitted intensity, I0 is incident laser intensity, ∅ is the line-shape function, 

X is the mole fraction of the absorbing species, p is the total pressure, and L is the 

absorption path length. 

The following sections are about the basics of the lasers which were used in the 

experiments of this thesis. 



50 
 

 
 

 

2.4.1   Helium-Neon laser 

A helium-neon laser, which is also known as He-Ne laser, is a gas laser in which a mixture 

of helium and neon gas is used as a gain medium. A gas laser is a type of laser where a 

mixture of gas is used as the active medium. A He-Ne laser is generally a low-power laser. 

The process of emitting the laser beam starts by applying a high voltage across the gain 

medium to excite the helium atoms. The excited helium atoms de-excite via collision with 

neon. This collision with the ground-state neon atoms, transfers the energy to the neon 

atoms and excite them into higher energy levels. The number of excited neon atoms builds 

up as further collisions between helium and neon atoms occur. The excited neon atoms de-

excite by emitting photons and by other relaxation processes, which are illustrated in Fig 

2.16. 

The infrared He-Ne laser at a wavelength of 3.392 m coincides with the C−H bond 

stretching frequency. Therefore, a He-Ne laser at this wavelength is absorbed by many 

hydrocarbons. Takao et al. [94] studied the absorption of a 3.392 m laser beam by 

different hydrocarbons (methane, ethane, propane, n-pentane, n-hexane, n-heptane, n-

octane, n-nonane, iso-octane, methanol, ethanol, butanol, acetone and benzene). The effect 

of the bath gas on the cross-section of different hydrocarbons (methane, ethane, ethylene 

and methanol) was studied at KAUST by M. Alrefae et al. [95] . A He-Ne laser can be used 

to monitor the process of a reaction by tracing the decay of a hydrocarbon [96-103]. Also, 

it can be used to determine the ignition delay time by monitoring the sudden decrease in 

fuel concentration. 
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Fig. 2.16. Energy lever diagram of He-Ne laser [104]. 

 

2.4.2   Carbon dioxide (CO2) laser 

It is generally a high-power gas laser where the active medium is a mixture of CO2 with 

N2 and He. The ratio of the three gases depends on the laser system and the excitation 

mechanism. Usually, for a continuous wave laser, the ratio is 1:1:8 (CO2:N2:He).  

CO2 is a linear molecule having three atoms, two oxygen atoms at the sides and one carbon 

atom in the center. CO2 has three vibrational modes: 1. Symmetric stretch mode 2. Bending 

mode 3. Asymmetric stretch mode. (See Fig. 2.17) 

 

Fig. 2.17. CO2 vibrational modes. 

 

The gain medium in the CO2 laser is excited by an electrical current. The nitrogen 

molecules are excited to a higher vibrational state. As nitrogen retains this vibrational 

energy for long periods, the vibrating nitrogen molecules excite the carbon dioxide 
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molecules. The exited nitrogen molecules also transfer energy to helium via collisions. 

These processes are illustrated in Fig 2.18. 

 

Fig. 2.18. Energy lever diagram of CO2 laser. Image credit to State University. 

 

2.4.3   Quantum cascade lasers (QCL) 

Quantum cascade lasers (QCLs) are semiconductors that emit light in the mid and long IR. 

Semiconductor lasers use ultra-thin layers of semiconductor materials with different 

compositions. The transition between energy bands happens when conduction electrons 

and valence band holes are pumped into the active semiconductor layer. The recombination 

across the material bandgap determines the emission wavelength. Also, due to the fact that 

the electrons and holes populations are broadly distributed in the conduction and valence 

band, the spectrum is broad and it is of the order of thermal energy. Figure 2.19 shows a 

band energy diagram which shows the first demonstration of a QCL by Carlo Sirtori et al. 

[105] 

QCLs are well known for two main features which differentiate them from other 

semiconductor lasers, unipolarity and cascading scheme. Unlike other lasers which have a 

bipolar characteristic and depend on electron-hole recombination to generate the light, a 
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QCL laser is a unipolar device which means that it allows only conduction band electrons. 

Therefore, in a QCL, electrons are the main energy carrier that emit light due to electron 

transition from upper to lower energy level. The other feature of a QCL is the cascade 

scheme where the electrons are recycled from one period to another. This allows the 

electrons above the threshold to generate photons in a number of stages. The emission 

power of the laser is proportional to the number of stages. (See Fig. 2.20). 

 

Fig. 2.19. Conduction band energy diagram for a QCL. [105] 

 

 

Fig. 2.20. Schematic representation of unipolarity and cascade scheme features that 

characterize the QCL. [106] 
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CHAPTER 3: IGNITION DELAY TIME MEASUREMENTS OF 

PRIMARY REFERENCE FUEL BLENDS 
 

3.1   Introduction 

The autoignition phenomenon is critical in improving the efficiency of combustion 

processes in spark ignition (SI) and compression ignition (CI) engines. For internal 

combustion engine design, efficiency and emissions are the two most important design 

parameters [107]. An obvious way to increase an engine's efficiency is to operate the engine 

at higher compression ratios. However, this results in increased probability of knocking, as 

the pressure and temperature of the end gas increases with an increasing compression ratio. 

Knocking has been a key factor in limiting the improvement of efficiency in high 

compression ratio spark ignition engines for more than 60 years [108, 109]. The presence 

and absence of knocking in a given engine depends mainly on the anti-knock quality of the 

fuel [110], which is conventionally defined by the fuel's octane number. Fuels with varying 

octane numbers may provide varying knock-limited compression ratios for an engine. Fuel 

chemistry and auto-ignition characteristics play an even greater role in modern engine 

designs such as homogeneous charged compression ignition (HCCI), partially premixed 

compression ignition (PPCI), and reactivity controlled compression ignition (RCCI). These 

engines are based on low-temperature operation and lean/stratified combustion to minimize 

soot and NOx emissions while simultaneously increasing engine efficiency [111]. 

Fuel auto-ignition quality is commonly specified by research and motor octane numbers, 

RON and MON, respectively. These are determined by comparing the ignition of a given 

fuel with primary reference fuel (PRF), n-heptane/iso-octane, blends in standard knock 

tests. Gasoline consists of a large number of components, and its composition varies 

depending on the fuel's source and production history. Therefore, the ignition 

characteristics of automotive fuels are often represented using surrogate fuels comprising 

of two or more components. One of the simplest surrogates that can be considered is a PRF 

blend. Practical fuels are very different from PRFs because they are complex mixtures of 

paraffins, aromatics, olefins, naphthenes and oxygenates. However, under certain 
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conditions, the oxidation processes of PRFs can adequately represent the ignition and 

combustion characteristics of real fuels [112-114]. Although complex surrogates 

containing three or more components have been proposed in the literature and can better 

represent the chemical and physical characteristics of practical fuels, PRF blends remain 

the first choice of the engine community for modeling real fuel properties [30, 35, 115, 

116]. This is due to the fact that the number of species and reactions increases tremendously 

for multi-component surrogates, making them impractical for use in computation fluid 

dynamic (CFD) simulations. Additionally, kinetic mechanisms of PRFs serve as the base 

mechanisms in the formulation of large multi-component chemical kinetic models. As a 

result, the development of fully validated chemical kinetic mechanism of PRFs is critical 

for engine modeling.  

There have been several experimental and modeling efforts on the ignition characteristics 

of neat n-heptane and iso-octane oxidative mixtures. However, blends of n-heptane and 

iso-octane, PRFs, have not been studied as extensively. Experimental ignition delay studies 

of pure n-heptane, pure iso-octane, pure toluene and toluene blends are listed in Table 3.1, 

whereas experimental studies of pure PRF blends are listed in Table 3.2. In addition, 

modeling studies are listed in Table 3.3. We would like to emphasize that despite the 

development of these many models for n-heptane/iso-octane, the validation data on the 

reactivity of PRF blends are quite limited. 

S/N Reference Fuel Temperature Pressure 
Equivalence 

Ratio 

1 Vermeer et al. 

[117] 

n-Heptane and 

iso-octane 

1200 – 1700 K 1 – 4 atm 1 

2 Coats et al. [118] n-Heptane 1300 – 2000 K 112 – 203 

kN/m2 

0.5 - 4 
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3 Ciezki et al. 

[119] 

n-Heptane 660 – 1350 K 3.2 – 42 bar 0.5 - 3 

2 Davidson et al. 

[88] 

iso-Octane 855 – 1269 K 14 – 59 atm 0.5, and 1 

3 Mansfield et al. 

[92] 

iso-Octane 740 – 1125 K 3 – 30 atm 0.25, and 1 

4 Gauthier et al. 

[77] 

n-Heptane, 

gasoline, and 

TPRFa 

850 – 1280 K 15 – 25, and 

45 – 60 atm 

0.5, 1, and 2 

5 Hartmann et al. 

[120] 

Toluene, iso-

octane and 

toluene/ n-

heptane 

700 – 1200 K 40 bar 0.5, and 1 

6 Minetti et al. 

[121] 

n-Heptane 630 – 880 K 2.7 – 4.5 bar 1 

7 Herzler et al. 

[122] 

n-Heptane 720 – 1100 K 50 bar 0.1 – 0.4 

8 Dagaut et al. 

[123] 

n-Heptane, and 

iso-octane 

550 – 1150 K 10 atm 0.3 – 1.5 

9 Shen et al. [124] n-Heptane 786 – 1396 K 9 – 58 atm 0.25, 0.5, 

and 1 

10 Davidson et al. 

[125] 

n-Heptane and 

iso-octane 

1100 – 1460 K 1.6 – 2 atm Oxidation 

( = 1) and 

pyrolysis 
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11 Davidson et al. 

[126] 

n-Heptane 1300 – 1600 K 2 atm 1 

12 Sakai et al. [127] n-hepane/ 

toluene, iso-

octane/ toluene 

and TPRFa  

blends 

1200 – 1600 K 2.5 atm 1  

13 Javed et al. [128] TPRFa blends 650 – 1250 K 10, 20, and 

40 bar 

0.5, and 1 

Table 3.1. Previous experimental studies of pure n-heptane, pure iso-octane, pure toluene 

and toluene blends. (a) iso-octane, n-heptane and toluene blends. 

 

1 Fieweger et al. 

[109] 

PRF 0, 60, 80 

and 90  

700 – 1200 K 40 bar 1 

iso-Octane 700 – 1250 K 13 – 40 bar 0.5, 1, and 2 

2 Sarathy et al. [26] PRF 84 715 – 1500 K 10, 20, and 40 

bar 

0.5, and 1 

3 This work PRF 70, 80, 91 

and 95 

700 – 1200 K 10, 20 and 40 0.5 and 1 

Table 3.2. Previous and current experimental ignition delay studies of PRF blends. 
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S/N Reference Date Model 

Number of 

species / 

reactions  

1 
Westbrook et al. 

[129] 
1989 

Detailed chemical kinetic reaction 

mechanism for the oxidation of iso-octane, 

n-heptane and their mixtures (PRF) 

212/ 765 

2 
Ranzi et al. [130, 

131] 

1995 

& 

1997 

Semi-detailed kinetic scheme for n-heptane 

oxidation 
145/ 2500!! 

3 
Curran et al. 

[132] 
1998 

Detailed chemical kinetic mechanism for 

n-heptane oxidation 
550/ 2450 

4 
Curran et al. 

[133] 
2002 

Detailed chemical kinetic mechanism for 

iso-octane oxidation 
860/ 3600 

5 
Tanaka et al. 

[134] 
2003 

Reduced chemical kinetic mechanism for 

combustion of PRF blends. 
32/ 55 

6 Jia et al. [135] 2006 
Skeletal Chemical kinetic for iso-octane 

oxidation 
38/ 69 

7 
Agafonov et al. 

[136] 
2007 

Chemical kinetic mechanism for soot 

formation of the pyrolysis and oxidation of 

the parent hydrocarbons, in particular 

toluene and n-heptane. 

210/ 2250 

8 
Ahmed et al. 

[137] 
2007 

Comprehensive and Compact chemical 

mechanism for n-heptane oxidation 
246/ 2309 
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9 
Kirchen et al. 

[138] 
2007 

Skeletal chemical kinetic mechanism for 

PRFs cumbustion 
58/ 120 

10 Ogura et al. [139] 2007 

Detailed chemical kinetic mechanism for 

the oxidation of PRFs in the presence of 

ethyl-tert-butyl-ether (ETBE) and ethanol 

634/ 2390 

11 
Andrae et al. 

[140] 
2008 

Detailed chemical kinetic model of 

gasoline surrogate fuels consisting of iso-

octane, n-heptane, toluene, di-isobutylene 

and ethanol 

1121/ 4961 

12 
Andrae el al. 

[141] 
2008 

Semi-detailed chemical kinetic mechanism 

for PRF oxidation 
137/ 633 

13 Ra et al. [142] 2008 
Reduced chemical kinetic mechanism for 

PRF oxidation 
41/ 130 

14 Sakai et al. [143] 2009 Detailed chemical kinetic model for TPRFa 783/ 2883 

15 Lee et al. [144] 2010 
Reduced chemical kinetic mechanism for 

TPRFa 
48/ 67 

16 Mehl et al. [1] 2011 

Improved version of a kinetic mechanism 

to model the combustion behavior of 

several components relevant to gasoline 

surrogate formulation 

1550/ 6000 

17 Liu et al. [145] 2012 
Skeletal chemical kinetic models for PRF 

oxidation 
41/ 124 

18 Wang et al. [146] 2013 Reduced mechanism for PRF combustion 73/ 296 
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19 Cai et al. [2] 2015 

Kinetic model for PRF blends based on the 

optimization of reaction rate rules 

developed previously by Curran et al. [133] 

314/ 2327 

Table 3.3: Previous simulation studies of pure n-heptane, pure iso-octane, pure toluene and 

their blends. (a) iso-octane, n-heptane and toluene blends. 

 

In the current work, we have measured ignition delay times of lean and stoichiometric PRF 

blends over a wide range of pressures (10 – 40 bar) and temperatures (700 – 1200 K). The 

data encompass the negative temperature coefficient (NTC) region of the fuel blends 

studied. Four PRF blends are studied in this work. PRF 91 and 95 represent research octane 

numbers (RON) of common gasolines used in the US, Europe and Middle East. PRF 70 

was chosen to represent light naphtha – a fuel that can potentially be used in gasoline 

compression ignition (GCI) engines. Finally, PRF 80 was chosen as an intermediate 

mixture to provide a range of n-heptane/iso-octane mixture fractions that can be used to 

validate and improve chemical kinetic mechanisms of PRF blends. 

 

3.2   Experimental Details 

Ignition delay times of primary reference fuel blends were measured using the high-

pressure shock tube (HPST). Details of the shock tube facilities and the calculations of 

reflected shock temperature and pressure (T5 and p5) have been explained in Chapter 2. A 

schematic of the shock tube end-section is shown in Fig. 3.1. 
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Fig. 3.1. Schematic of the optical configuration for ignition delay time measurements. 

 

Liquid n-heptane and iso-octane were blended volumetrically to prepare the desired PRF 

blend. For example, PRF 80 consists of 80% iso-octane and 20% n-heptane by volume. 

Fuel/oxidizer mixtures were prepared in a heated (75 °C) magnetically stirred mixing tank. 

High purity (99.9%) n-heptane and iso-octane were purchased from Sigma Aldrich. 

Research-grade oxygen and nitrogen cylinders (99.999% purity) were purchased from AH 

Gas Company. A molar ratio of 3.76:1 of N2:O2 was used to prepare the fuel/air mixtures. 

Representative ignition delay time measurements are shown in Fig. 3.2(a) (non-tailored 

driver gas) and Fig. 3.2(b) (tailored driver gas). The uncertainty in the reported ignition 

delay times is estimated to be about ± 15% and comes primarily from the uncertainty in 

the calculated reflected shock temperature. 
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Fig. 3.2(a). An example of non-tailored (He 

driver gas) shock. 

 

Fig. 3.2(b). An example of tailored (mixture of 

N2 and He driver gas) shock. 

 

3.3   Results and Discussion 

Ignition delay times were measured for four PRF blends (PRF 70, 80, 91, and 95) over a 

wide range of temperatures (700 − 1200 K), pressures (10, 20 and 40 bar), and equivalence 

ratios (0.5 and 1.0). Measured ignition delay times are displayed in subsequent sections on 

Arrhenius-like plots, with the ignition delay on a log scale plotted as a function of 

reciprocal of reflected-shock temperature (T5). All experimental data are provided in 

tabular form in Appendix A. In subsequent sections, representative plots are given for the 

effect of pressure, equivalence ratio and fuel composition. 

Ignition delay time simulations were carried out using CHEMKIN-PRO [147] with a 

homogeneous batch reactor. The gradual pressure rise behind reflected shock wave (dP5/dt 

= 3% ms-1) is converted to a volume history and imposed on the homogeneous calculations. 

Ignition delay times from this study are compared with the predictions of four kinetic 

mechanisms; a detailed gasoline surrogate mechanism by Mehl et al. [1], a reduced PRF 

mechanism by Cai et al. [2], a detailed PRF mechanism by Curran et al. [133], and a 

detailed three-component (n-heptane, iso-octane, toluene) mechanism by Andrae et al. 

[140].  
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The sensitivity analyses presented in this work are calculated using the “brute-force” 

method. This involves increasing and decreasing the reaction rate coefficients by a factor 

of 2 and calculating the effect on the simulated ignition delay times. The sensitivity 

coefficient (σ) is defined as: 

σ =   
log (

τ +
τ −)

log(4)
 (3.1) 

where (+) is the ignition delay time when the rate coefficient of the reaction is doubled 

and (-) is the ignition delay time when the rate coefficient of the reaction is halved [148]. 

According to this definition, a reactivity promoting reaction results in a negative sensitivity 

coefficient and a reactivity inhibiting reaction results in a positive sensitivity coefficient. 

Unless otherwise specified, sensitivity analyses presented in subsequent sections are 

performed using the Mehl et al. [1] mechanism. 

 

3.3.1   Comparison with Previous Measurements 

Figure 3.3 presents a comparison among ignition delay times of PRF 80 and 91 from this 

work and PRF 80 and 90 from Fieweger et al. [109] and PRF 84 from Sarathy et al. [26]. 

It should be emphasized that both of these previous works measured the ignition delay 

times of PRF blends at limited ranges of conditions compared to the current work, as 

illustrated in Table 3.2. At high temperatures, there is excellent agreement among the 

ignition delay time measurements of the three works. Even at lower temperatures, there is 

a reasonably good agreement for the 20 bar as well as 40 bar cases. These comparisons 

show the accuracy of the current data set.  
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(a) (b) 

Fig. 3.3. Comparison of measured ignition delay times between this work and the data 

reported by Fieweger et al. [109] and Sarathy et al. [26]. 

 

3.3.2   Ignition Delay Time Correlation 

For engine simulations, it is useful to have simple correlations that can represent the fuel 

autoignition over a wide range of engine operating conditions. The correlation process goes 

through three steps. In the first step, we used the three-Arrhenius model proposed by 

Wiesser et al. [149] to derive the correlation of the ignition delay time of pure iso-octane 

and n-heptane over 700 – 1300 K and 10 – 40 bar. The Wiesser et al. [149] model correlates 

ignition delay times separately for the high-, intermediate- and low- temperature reactivity 

regions. The low and intermediate ignition chemistries occur sequentially giving a two-

stage ignition. However, at high temperatures, single ignition chemistry occurs. The 

ignition process can be illustrated by a simplified system, shown in Fig. 3.4, and written 

mathematically as: 

1

τign
 =

1

(τ1 + τ2)
 +

1

τ3
 (3.2) 
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τi  =  Ai  ∗  (
p

pref
)

βi

 ∗  Φγi   ∗ exp (
𝑇ai

𝑇
),   (3.3) 

where 𝜏1, 𝜏2 and 𝜏3 represent the low, intermediate, and high temperature ignition regimes, 

respectively. Fitting parameters 𝐴𝑖, 𝛽𝑖, 𝛾𝑖, αi and Tai are determined by regression analysis 

on the measured ignition delay data. The ignition delay times of pure iso-octane and n-

heptane are estimated from the available experimental data of the four PRF blends. These 

fitting parameters are set and adjusted to fit the experimental data. The correlation 

parameters extracted from fitting Eqs. (3.2) – (3.3) to the experimental data are listed in 

Table 3.4. 

 

 

Fig. 3.4. Simplified system employed for the description of the ignition process [149] 

 

n-Heptane 𝝉𝟏 𝝉𝟐 𝝉𝟑 

𝑨 1.544 × 10−13 2.15 × 105 1.2 × 10−5 

𝜷 −0.1 −1.9 −1.1 

𝜸 −0.1 −0.8 −0.3 

𝑻𝒂 2.2 × 104 −5 × 103 1.53 × 104 

iso-Octane 𝜏1 𝜏2 𝜏3 
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𝑨 2.2 × 10−13 2.15 × 106 1.5 × 10−5 

𝜷 −0.1 −1.9 −1.1 

𝜸 0.1 −0.8 −0.3 

𝑻𝒂 2.2 × 104 −5 × 103 1.53 × 104 

Table 3.4. Values of the fitting parameters for the ignition delay time correlation. 

 

In the second step, we used the ignition delay molding approach for fuel blends proposed 

by Ma et al. [150] and the effect of blending is calculated as follows: 

 

1

τ
=  ∑

1

τi
 Fi

N

i=1

 (3.4) 

where i is the ignition delay time and, Fi is the molar fraction of the pure components. 

In the third step, we used the Livengood and Wu [151] integral to consider the effect of the 

pressure change (dp/dt) on the total ignition delay time. 

∫
1

τ(𝑇, p, . . )
 dt = 1

τign

0

 (3.5) 

where  is the ignition delay time at instantaneous pressure and temperature. 

Figure 3.5 illustrates a comparison between the ignition delay times calculated from the 

correlations and the experimental data of this work. In general, the developed correlation 

does a reasonable job of modeling the measured ignition delay times. Such a correlation 

can be effectively used in simple computational fluid dynamic simulations of PRF blends. 



67 
 

 
 

 

Fig. 3.5. Comparison between ignition delay time correlation and the experimental data of 

this work for PRF 70 blend. 

 

3.3.3   Influence of Pressure on Ignition Delay Times 

Ignition delay time measurements of the PRF blends were performed at pressures near 10, 

20 and 40 bar. Figures 3.6(a, b and c) present the effect of pressure on PRF 70 ( = 0.5 

and 1) and PRF 91 ( = 1). As expected, ignition delay times of the PRF blends decrease 

with increasing pressure. Also, the pressure dependence increases as we move from the 

high-temperature to the NTC region. Moreover, the turnover temperature, marking the start 

of the NTC region from the high-temperature side, increases with increasing pressure. The 

NTC is less pronounced at higher pressures due to the increased stability of RO2 radicals 

and faster decomposition of H2O2 at higher pressures. It can be observed that the pressure 

dependence is less for lean mixtures compared to stoichiometric mixtures. Figure 3.6(c) 

also shows that larger concentration of iso-octane in PRF 91 results in longer ignition delay 

times and less pronounced NTC reactivity. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 3.6. Influence of pressure on ignition delay times. (a) PRF 70 ( = 1), (b) PRF 70 ( = 

0.5), (c) PRF 91 ( = 1), (d) brute-force sensitivity analyses for PRF 70 ( = 1) at 800 K 

using the Mehl et al. mechanism [1]. 

 

The pressure dependence exponents, n, have been calculated from the experiments and 

simulations over a temperature range between 700 and 1400 K. Experimental pressure 

dependence exponents were calculated from the fitting with the measured ignition delay 
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times. The fitting error was calculated and found between ± 20%. The distribution of the 

error with respect to temperature, pressure, equivalence ratio and fuel composition were 

plotted in Fig. A10 (Appendix A). The pressure exponents were calculated from 20 and 40 

bar data as follows: 

n =
log (

τP=40

τP=20
)

log (
40
20)

 (3.6) 

Figures 3.7(a & b) show a comparison between the pressure exponents derived from 

experiments and the four simulations for lean and stoichiometric mixtures of PRF 70. The 

agreements between the exponents determined from the experimental work and the 

simulations vary over the experimental conditions. The experiments show that the pressure 

exponents of the fuel lean mixtures of PRF 70 decrease more sharply than the 

stoichiometric mixtures as the temperature increases from ~850 to 1250 K. The pressure 

exponents calculated from the Curran et al. [133] and Andrae et al. [140]  mechanisms 

decrease gradually as the temperature increases from 850 to 1400 K. The Cai et al. [2] 

mechanism shows a higher pressure exponent than the Curran et al. [133] and Andrae et 

al. [140]. The exponents calculated using the Mehl et al. [1] mechanism decrease from 850 

to ~1000 K and then increase from ~ 1000 K to higher temperatures. The experiments and 

simulations show highest exponents in the NTC region. Also, they show that the pressure 

exponents decrease as we move from NTC region to lower temperatures. Figures with more 

comparison for PRF 80, 91 and 95 are presented in Appendix A. 

Figures A3(a & b) (Appendix A) show the temperature sensitivity analysis for a 

stoichiometric mixture of PRF 70 at 1100 and 1200 K. The temperature sensitivity analysis 

at 1100 K shows that the overall reactivity is sensitive to the reaction of atomic hydrogen 

with molecular oxygen to form hydroperoxide radicals (H + O2 + M = HO2 + M) and the 

decomposition reaction of hydrogen peroxide to form two hydroxide radicals (H2O2 +

M = 2OH + M). At higher temperature (1200 K), the overall sensitivity coefficients of 

these reactions are smaller than at 1100 K. However, the Mehl et al. [1] and Cai et al. [2] 

mechanisms shows higher sensitivity to these reactions than do the Curran et al. [133] and 



70 
 

 
 

Andrae et al. [140] mechanisms at this temperature (1200 K). In other words, as the 

temperature increases from 1100 to 1200 K, the sensitivity coefficients of the pressure 

dependence reactions shown by the Curran et al. [133] and Andrae et al. [140] mechanisms 

decrease more than those shown by the Mehl et al. [1] and Cai et al. [2], and as a result the 

Curran et al. [133] and Andrae et al. [140] mechanisms have lower pressure exponents at 

higher temperature (1200 K). 

Figures A4(a &b) (Appendix A) show the change in the pressure exponents as we move 

from PRF 70 to PRF 95. At 1100 K, the experiments and the four mechanisms show an 

increase in the pressure exponents as we move to a PRF blend with higher iso-octane 

concentration. However, at 1200K, the Cai et al. [2] mechanism shows a decrease in the 

pressure exponent as the iso-octane concentration increases. For a better understanding, a 

temperature sensitivity analyses using the Mehl et al. [1] and Cai et al. [2] mechanisms 

were conducted for stoichiometric mixtures of PRF 70 and 95 at 1200 K. the Mehl et al. 

[1] mechanism, Fig. A5(a) (Appendix A), shows that the overall reactivity is more sensitive 

to the reaction of atomic hydrogen and molecular oxygen for PRF 95 than for PRF 70. 

However, the Cai et al. [2] mechanism, Fig A5(b) (Appendix A), shows a higher sensitivity 

to the hydrogen peroxide decomposition reaction for PRF 70 than for PRF 95. 

Interestingly, Fig. A8(a – d) (Appendix A), shows that the pressure exponents calculated 

from the 40 and 20 bar data are larger than those calculated from the 20 and 10 bar data. 

This behavior could be explained as, at high temperatures, the overall reactivity is very 

sensitive to recombination of atomic hydrogen and molecular oxygen which is a pressure 

dependent reaction. This reaction is collisionaly activated and thus is faster at higher 

pressures. However, at intermediate to low temperatures the overall reactivity is more 

sensitive to the decomposition of hydrogen peroxide and the isomerization reactions where 

the adducts of these reactions are collisionaly deactivated [152] and then theses reactions 

is more active at lower pressures. 

Sensitivity analyses were carried out at 800 K and at three pressures (10, 20 and 40 bar) to 

elucidate the effect of pressure on the reactions controlling auto-ignition. Critical reactions 



71 
 

 
 

for a stoichiometric PRF 70/air mixture are presented in Fig. 3.6(d). As the pressure 

increases from 10 to 40 bar, the rate coefficient of the pressure dependent decomposition 

of hydrogen peroxide (H2O2  +  M =  2OH +  M) becomes very fast and does not undergo 

as much competition from the bimolecular reaction (H2O2  +  O2  =  2HO2). At lower 

pressures, these two reactions compete more effectively and thus the systems reactivity 

decreases as the pressure decreases. An interesting observation from the sensitivity 

analyses is that the overall reactivity is more sensitive to the isomerization of RO2 radicals 

to QOOH than to the decomposition of hydrogen peroxide at 40 bar.  

Fig. 3.7. Comparison of experimental and simulated pressure dependence exponents (n) 

for PRF 70. 

 

3.3.4   Influence of Equivalence Ratio on Ignition Delay Times 

Ignition delay times for all PRF blends were measured at fuel lean ( = 0.5) and 

stoichiometric conditions. Figure 3.8(a) shows a representative case showing the effect of 

equivalence ratio for PRF 70 at a nominal pressure of 40 bar. The effect of equivalence 

ratio is strongest in the intermediate temperature range where reactivity increases as  

increases. At higher and lower temperatures, ignition delay times exhibit weak dependence 

 

(a) 

 

(b) 
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on equivalence ratio. The equivalence ratio dependence exponents, m, have been calculated 

from the experiments and kinetic models at 40 bar as follows: 

m =

log (
τϕ=1

τϕ=0.5
)

log (
1

0.5
)

 (3.7) 

Figures A6(a – d) (Appendix A) show a comparison between the equivalence ratio 

exponents calculated from the experiments and the simulations. In general, the equivalence 

ratio exponent calculated from the experiments is smaller than from the simulations. The 

experiments and simulations show that the exponents decrease as the temperature increases 

from intermediate temperature ~ 900 to 1400 K. This decrease is due to the fact that, as 

temperature increases, the reaction of atomic hydrogen with molecular oxygen, which 

promotes the overall reactivity, becomes more competitive with the recombination of 

methyl radicals that inhabits the overall reactivity. At even higher temperatures the overall 

reactivity becomes very sensitive to the reactions of atomic hydrogen and molecular 

oxygen which is very sensitive to oxygen concentration. At certain high temperatures (T > 

~1300 K), this reaction promotes the overall reactivity more so that the equivalence ratio 

dependence switches over and the lean mixtures will be more reactive than the rich 

mixtures. Figure A7 (Appendix A) shows temperature sensitivity analysis for fuel-lean and 

stoichiometric mixtures of PRF 70. 

Figures A9 (a – d) (Appendix A) show that at high temperatures, the equivalence ratio 

exponents at 40 bar are larger than those at 20 and 10 bar, however, at intermediate to low 

temperatures the equivalence ration exponent at 10 bar is larger. This is because, at high 

temperatures, the overall reactivity is very sensitive to the recombination of atomic 

hydrogen and molecular oxygen and this reaction is collisionaly activated and it will be 

more active at higher pressures. On the other hand, at intermediate to low temperatures the 

overall reactivity is more sensitive to the decompositions of hydrogen peroxide which the 

adduct here is collisionaly deactivated and then it is more active at lower pressures. 
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The experimentally determined average equivalence ratio exponents vary across the four 

fuel blends. This composition dependence of equivalence ratio exponents is also exhibited 

by the Curran et al. [133] and Mehl et al. [1] models, whereas the exponents predicted by 

the Andrae et al. [140] and Cai et al. [2] mechanisms are quite similar for the four PRF 

blends. 

  
 

(a) (b) 

Fig. 3.8. Influence of equivalence ratio on ignition delay times. (a) PRF 70 at 40 bar, (b) 

brute force sensitivity analysis for PRF 70 at 40 bar and 800 K.  

 

Sensitivity analyses were carried out for PRF 70 at 800 K and 40 bar for fuel-lean and 

stoichiometric mixtures. At moderate temperatures, hydroperoxyl radical chemistry plays 

very important role. At fuel-lean conditions, the reaction of hydrogen peroxide with oxygen 

plays a strong inhibiting role. Also, the sensitivity coefficients of the important reactions 

inhibiting the reactivity are higher for lean mixtures compared to the stoichiometric 

mixtures – illustrating the observed smaller reactivity for fuel-lean mixtures. 
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3.3.5   Influence of Composition on Ignition Delay Times  

Figure 3.9(a) illustrates the variation in ignition delay times for PRF 70, 80, 91 and 95. 

Results show that ignition delay times are almost independent of composition in the high-

temperature region. In other words, at a fixed pressure and equivalence ratio, the ignition 

delay times for PRF 70, 80, 91 and 95 are quite similar at high temperatures. However, the 

composition does have an appreciable effect at intermediate temperatures (~ 700 – 900 K). 

Increasing the iso-octane fraction (PRF 70 to PRF 95) results in a decrease in overall 

reactivity and consequently longer ignition delay times. At further lower temperatures (< 

700 K), ignition delay times are less sensitive to fuel composition. 

(a) (b) 

Fig. 3.9. Influence of fuel composition on ignition delay times. (a) comparison among the 

four PRF blends at 40 bar and  = 1, (b) brute force sensitivity analysis comparison for the 

four blends at 20 bar,  = 1 and 800 K. The inset in (a) shows ignition delay times on a 

linear scale to illustrate the composition dependence. 

 

Figure 3.10(b) presents the sensitivity analyses of PRF 70, 80, 91, 95 at 20 bar and 800 K 

the for stoichiometric mixture. It can be observed that H-abstraction reactions from n-

heptane and iso-octane compete for hydroxyl radicals. The inhibiting effect of iso-octane 



75 
 

 
 

increases as the fraction of iso-octane increases in the fuel blend which results in an overall 

decrease in reactivity of the system. 

 

3.3.6   Comparison with Chemical Kinetic Models 

Figure 3.10(a) presents a comparison between the four kinetic models and the experimental 

data for PRF 70 at ϕ =1 and pressures of 10, 20 and 40 bar. At temperatures higher than 

1000 K, the experimental data agree well with all mechanisms except for that of Cai et al. 

[2] which appears to be slightly faster. At lower temperatures and in the NTC region, the 

agreement between the measurements and models varies. For example, the 20 bar data 

agree quite well with the predictions of the Mehl et al. [1] models. On the other hand, the 

40 bar data agreed well with the predictions of the optimized model of Cai et al. [2]. 

Figure 2.10(b) compares experimental data and model predictions for PRF 70 at a pressure 

of 40 bar and for two equivalence ratios (ϕ = 0.5, 1). At high temperatures, in contrast to 

all of the models, the experimental data exhibits a very weak equivalence ratio dependence. 

At lower temperatures, stoichiometric PRF 70 data compare very well with the predictions 

of the Cai et al. [2] mechanism. Ignition delay times for lean mixture seem to be 

overestimated by all of the mechanisms in the NTC and low-temperature region. 

The performance of the various mechanisms in predicting fuels of varying composition is 

shown in Fig. 3.10(c), which plots data for PRF 70 and 95 at pressure of 40 bar and ϕ = 1. 

In the high-temperature region, the experimental data agree quite well with the four 

mechanisms. However, in the NTC and low-temperature regions, the experimental data 

agree better with the prediction of the Cai et al. [2] model. 
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(a) 

 

(b) 

  

                               (c) 

Fig. 3.10. Comparison of measured ignition delay times with the predictions of four kinetic 

mechanisms: Mehl et al. [1], Cai et al. [2], Curran et al. [133], Andrae et al. [140]. 

 

In general, the mechanism by Cai et al. [2] shows a better agreement with experimental 

data over a broader range of conditions. This is due to the fact that this model was 

developed by optimizing rate coefficient rules with the help of literature ignition delay data 

of n-heptane, iso-octane and PRF mixtures. Further detailed comparisons of our 
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experimental ignition delay times and model predictions are provided in Fig. A1 (a – x) of 

Appendix A. 

Ignition delay time sensitivity analyses were conducted for the four kinetic mechanisms at 

800 K and 20 bar for PRF 70 stoichiometric mixture; results for the top five reactions are 

plotted in Fig. 3.11. The selected condition falls in the NTC region. The mechanisms place 

varying levels of importance on the critical reactions. The competition between hydrogen 

peroxide (H2O2) decomposition and the reaction of hydrogen peroxide with oxygen 

dictates the reactivity of the system. H-abstraction by OH from n-heptane promotes 

reactivity while H-abstraction from iso-octane inhibits reactivity. This competition for 

hydroxyl radicals is important in all of the mechanisms except for Cai et al. [2]. On the 

other hand, the Cai et al. [2] model places much greater emphasis on the isomerization of 

RO2 radicals to QOOH. 

 

Fig. 3.11. Ignition delay times sensitivity analyses for the four chemical kinetic models. 

 

3.3.7   Pre-ignition Energy Release 

Shock tube ignition delay data at relatively long ignition delay times may be affected by 

non-ideal phenomena such as a gradual pressure increase behind the reflected shock wave 

and pre-ignition energy release. Davidson et al. [88] observed pre-ignition energy release 
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in iso-octane/air and toluene/air mixtures and considered this behavior to be due to a 

chemical kinetic process not predicted by the chemical models. Mittal et al. [90] presented 

additional data on toluene/air ignition in a rapid compression machine and showed no 

evidence of pre-ignition activity. They speculated that wall contamination might be 

responsible for pre-ignition phenomena. Vasu et al. [91] re-examined toluene ignition 

delays and concluded that contamination was not the source of the pre-ignition observed 

by Davidson et al. [88]. They conclude that pre-ignition phenomena can be connected to 

mild, strong, and mild-to-strong ignition regimes. This conclusion is consistent with the 

observation of localized ignition in the mild and transition regimes in other shock tube 

studies. Recently, Troutman et al. [93] used high speed OH* chemiluminescence imaging 

to study pre-ignition during the combustion of n-heptane and attributed pre-ignition to the 

shock tube wall contamination and shock / boundary-layer interactions.  

In the current work, all pressure profiles were analyzed in detail to alleviate any shortening 

of ignition delay times by pre-ignition energy release. At the low temperatures of the 

current work, some pressure and OH* emission-time profiles did exhibit evidence of pre-

ignition energy release. However, further analyses revealed that such pre-ignition energy 

release had a negligible effect on the ignition delay time data reported here. As a 

representative illustration, Fig. 3.12(a) presents pressure time-histories of two ignition 

delay time measurements for stoichiometric mixture of PRF 80 at ~10 bar. The two 

pressure profiles exhibit varying amounts of pre-ignition energy release with the green 

trace showing a relatively small pressure rise before the autoignition and the black solid 

trace showing a considerably larger pressure rise before the main ignition event. These 

measurement points are marked correspondingly in the Arrhenius plot in Fig. 3.12(b). The 

expected placement of the two ignition delay time data points along the high-temperature 

Arrhenius line indicates that these measurements were negligibly affected by pre-ignition 

energy release. Similar observations were made for several other cases. 
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Fig. 3.12(a). Pressure- time history with and 

without evidence of weak pre-ignition energy 

release for stoichiometric mixture of PRF 80 

at ~10 bar. 

 

Fig. 3.12(b). Ignition delay times for 

stoichiometric mixture of PRF 80 at ~10 

bar. 

 

3.4   Conclusions 

Ignition delay times for PRF 70, 80, 91 and 95 were measured over a wide range of 

temperatures, pressures and two equivalence ratios. The extensive measurements provide 

detailed validation targets for testing the fidelity of chemical kinetic mechanisms of n-

heptane/iso-octane blends. Measured ignition delay times from this study were compared 

with the predictions of four different kinetic mechanisms: Mehl et al. [1], Cai et al.[2], 

Curran et al. [133], and Andrae et al. [140]. Overall, good agreement among the data and 

models was observed at high and moderate temperatures. However, the agreement varies 

in the NTC and low-temperature regions based on the pressure, composition and 

equivalence ratio. Pressure appears to have a significant effect on the ignition delay times 

and this effect is amplified in the NTC region compared to high and low temperatures. The 

effect of equivalence ratio and composition on the ignition delay time is also larger in the 

NTC region. Ignition delay time correlations were also developed to fit the measured 

ignition delays over the wide range of experimental conditions. Such correlations can be 
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quite useful in the simulation-based design of modern engines. it is believed that the 

extensive reactivity data obtained in this work will serve as a benchmark for detailed and 

reduced gasoline surrogate models. 
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CHAPTER 4: AUTOIGNITION OF STRAIGHT-RUN NAPHTHA (A 

PROMISING FUEL FOR ADVANCED COMPRESSION IGNITION 

ENGINES) 
 

 4.1   Introduction 

Rapid increases in population and living standards in developing countries are expected to 

increase global demand for transportation energy at an annual rate of 1 – 1.5% through at 

least 2050 [153-156]. Despite strong growth in alternative energy, traditional petroleum-

based fuels (gasoline, diesel and jet fuel) are expected to dominate the transportation 

energy portfolio, both for light- and heavy- duty applications [154-156]. In addition, there 

is ample evidence that sufficient crude reserves exist to meet this increased demand [156, 

157]. A major concern of the utilization of fossil fuels is the emission of greenhouse gases 

(GHG) which impose a significant burden on our environment. As a result, regulatory 

authorities are enforcing stringent efficiency and emissions regulations on the 

transportation sector. Therefore, improving fuel efficiency in the transportation sector can 

help reduce global energy usage and minimize GHG emissions. 

Various advanced compression ignition engines have been investigated as technologies 

that combine the best of gasoline and diesel engines. Combustion strategies such as 

homogeneous charge compression ignition (HCCI) [158], reactivity-controlled 

compression ignition (RCCI) [159-161], and partially-premixed compression ignition 

(PPCI) [162-165] have sought to combine the relatively simple design of gasoline engines 

and their after treatment systems and the higher efficiencies of diesel engines benefits. 

These engine technologies share some high-level characteristics even though the engine 

operating parameters such as timing and number of injections, fuel type, and air system 

requirements may differ. Compression ignition operation eliminates traditional engine 

knock observed in spark-ignition (SI) engines, and globally lean operation eliminates 

throttling losses. At the same time, greater mixing of fuel and air prior to combustion 

reduces soot production relative to the conventional mixing-controlled (diesel) 

combustion. 
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The specifications of the enabling fuel for this advance engine technology are not very 

obvious. Many fuels with varying physical and chemical properties, such as ignition 

quality, distillation curve and chemical compositions, have been considered in previous 

studies. These include conventional gasoline [155, 166-170], conventional diesel [163, 

166, 169-174], gasoline-diesel blends (“dieseline”) [155, 173, 175-177], low-octane 

gasolines (“naphthas”) [155, 162, 164, 166-168, 178] and reference fuel blends (composed 

of iso-octane, n-heptane, toluene) [155, 166, 168, 179, 180]. Certain fuel properties could 

affect the performance of the engine because PPCI combustion is dependent on mixture 

stratification as well as chemical kinetics [181]. For example, some studies indicate that 

there are direct impacts of fuel distillation and aromatic content on soot emissions from 

PPCI engines [173, 182], while others report a minimal effect [183]. Nonetheless, most of 

the studies have shown that fuel reactivity, or homogeneous ignition delay, is an important 

factor in optimizing the performance of PPCI engines over a wide range of operating 

conditions. The optimization of an engine in computational fluid dynamic simulations 

requires the use of simpler surrogate mixtures which mimic the characteristics of a real 

fuel. The surrogates for gasoline-like fuels range from simple binary or ternary mixtures of 

iso-octane, n-heptane and toluene to more complex mixtures containing additional species 

such as n-butane, iso-pentane, cyclo-pentane, 1-hexene, 1-pentene, 1,2,4-

trimethylbenzene, and others. Many studies are available in the literature on surrogate 

formulation strategies to match the chemical characteristics of real fuels but most previous 

studies were focused on gasoline and diesel [184]. 

Compared to commercial gasoline and diesel fuels, refinery streams such as petroleum 

naphtha with research octane numbers (RON) in the 50 – 80 range have recently been 

considered as attractive alternatives to provide suitable chemical characteristics (longer 

ignition delay than diesel) in compression ignition engines. These naphtha fuels can be 

produced in a refinery at lower cost and result in decreased well-to-tank CO2 emissions. 

Hao et al. [185] found that compared to the conventional pathway, the low-octane fuel and 

gasoline compression ignition (GCI) pathway leads to a 24.6% reduction in energy 

consumption and a 22.8% reduction in GHG emissions.  
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These low-octane naphtha fuels have not been studied as much as gasoline and diesel fuels. 

The fundamental characterization of these fuels in terms of homogeneous ignition delay 

times, laminar flame speeds and speciation is scarce in the literature. In fact, the only 

detailed autoignition study on a real naphtha stream was recently reported by KAUST 

[184]. Using a shock tube and a rapid compression machine, Javed et al. [184] measured 

the homogeneous ignition delay times of a light naphtha stream (RON = 64) along with its 

primary reference fuel (PRF) and multi-component surrogates over wide ranges of 

pressures, temperatures and equivalence ratios. They found that the PRF surrogate had 

similar ignition delay times compared to light naphtha at high and intermediate 

temperatures. However, a more complex multi-component surrogate was required to match 

the ignition delay times of light naphtha at low temperatures.  

The purpose of the current study is to understand the autoignition behavior of a straight-

run naphtha stream with RON of 60 and MON of 58.3. Fuel reactivity is studied using a 

shock tube and a rapid compression machine at various pressures, temperatures and 

equivalence ratios which are relevant to the compression ignition engine operation mode. 

Simple (PRF, TPRF) and more complex (multi-component) surrogates are formulated and 

their ignition delay times are compared with those of the naphtha fuel. 

 

4.2   Experimental Details 

4.2.1   Fuel Characterization and Surrogate Formulation 

The naphtha fuel used in this work was purchased from Haltermann Solutions, and is 

referred as Haltermann straight-run naphtha (HSRN). The certificate of analysis (CoA) and 

detailed hydrocarbon analysis (DHA) of the fuel are provided in Appendix B. The fuel 

primarily contains C3 – C9 hydrocarbons and does not have any oxygenated species or 

olefins. The fuel comprises 75% (by mole) paraffinic species and approximately 15% 

naphthenes and 10% aromatics. The fuel’s boiling point range is 32– 140 oC and has an 

average molecular weight of 92.4. The light naphtha studied by Javed et al. [184] primarily 
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consisted of n- and iso- paraffins, and had a higher octane rating than the straight run 

naphtha used in the current work. 

Measured ignition delay times of Haltermann straight-run naphtha (HSRN) are compared 

with measured and simulated ignition delay times of three surrogates over a range of 

temperatures, pressures and equivalence ratios. The surrogates are formulated based on the 

matching various target properties; (i) a simple two-component surrogate matching the 

research octane number (RON) of HSRN, (ii) a three-component surrogate matching RON 

and MON of HSRN, (iii) a six-component surrogates matching RON, MON, H/C ratio, 

average molecular weight, density, and carbon types. 

The two-component PRF surrogate contains 60% iso-octane and 40% n-heptane by 

volume, and is referred as PRF 60. The three-component TPRF (toluene/n-heptane/iso-

octane) surrogate was formulated to match the RON and MON of the naphtha using the 

methodology proposed by Kalghatgi et al. [30], and is referred as TPRF 60. Studying PRF 

and TPRF surrogates provide guidance on the conditions (temperatures, pressures and 

equivalence ratios) under which such simple surrogates may be utilized to mimic the 

ignition properties of a complex real fuel such as HSRN. This is useful for performing 

computational fluid dynamic (CFD) simulations which must use available reduced 

chemical kinetic mechanisms [164, 165, 186]. 

The six-component surrogate for HSRN is prepared following the approach presented by 

Ahmed et al. [187]. This methodology for surrogate fuel formulation involves selection of 

target properties and carries out an optimization routine on a set of pallet species to achieve 

the best match with selected target properties. The formulated surrogate consists of n-

pentane, n-heptane, 2-methylhexane, 2,2,4-trimethylpentane, cyclopentane and toluene. 

The basic properties of these species are listed in Table B1 (Appendix B). Octane numbers, 

RON and MON, of the six-component surrogates were calculated using a linear-by-mole 

correlation, while the density was predicted using Refprop [188] at 288 K. The six-

component surrogate is referred as MCS (multi-component surrogate) in the remainder of 

the manuscript. 
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The properties of HSRN, PRF 60, TPRF 60 and the MCS surrogates are listed in Table 4.1. 

The RON and MON of HSRN were measured in a Cooperative Fuel Research (CFR) 

engine at the Saudi Aramco’s Research and Development facility in Dhahran, Saudi Arabia 

using relevant ASTM methods. 

 
HSRN PRF 60 TPRF 60 MCS 

RON 60 60 60a 60.5a 

MON 58.3 60 58.3a 58.3a 

Sensitivity (RON – MON) 1.7 0 1.7 2.2 

H/C ratio 2.147 2.264 2.175 2.139 

Avg. mol. wt. 92.406 108.201 106.465 95.545 

     

n-alkanes (mole%) 36.7 42.9 42.9 38.6 

iso-alkanes (mole%) 37.8 57.1 44.9 41.7 

Cycloalkanes (mole%) 15 0 0 8.7 

Aromatics (mole%) 10.5 0 12.2 11 

Table 4.1. Properties of Haltermann straight naphtha (HSRN) and its surrogates. Detailed 

compositions of the three surrogates are available in Table B2 (Appendix B). aCalculated 

values. 

 

4.2.2   Experimental Facilities 

Ignition delay times of Haltermann straight run naphtha (HSRN) were measured using the 

high-pressure shock tube (HPST) and rapid compression machine (RCM) facilities. 
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4.2.2.1 High-Pressure Shock Tube (HPST) 

Details of the shock tube facilities and the calculations of the reflected shock wave 

Temperature T5 and Pressure p5 are presented in Chapter 2. The shock tube was heated (95 

oC) to avoid any condensation on the internal wall of the shock tube. A schematic of the 

shock tube end-section is shown in Fig. 3.1. 

 

 

Fig. 4.12. Schematic of the optical configuration for ignition delay time measurements. 

 

Test mixtures (fuel/oxidizer/diluent) were prepared in a heated (140 °C) magnetically 

stirred mixing tank. Research-grade oxygen and nitrogen cylinders (99.999% purity) were 

purchased from AH Gas Company. A molar ratio of 3.76:1 of N2:O2 was used to prepare 

fuel/air mixtures. A gradual pressure rise behind reflected shock wave, dp5/dt, was 

observed, which was approximately 3 %/ms for non-tailored shocks and 2%/ms for tailored 

shocks. These pressure rises were converted to volume profiles while performing ignition 

delay simulations using Chemkin-Pro.  

The ignition delay data presented in this work were deduced from the pressure signal. 

Representative shock tube ignition delay time measurement is shown in Fig. 3.2(a). 



87 
 

 
 

Uncertainty in the reported ignition delay times is estimated to be about ±15% and comes 

primarily from the uncertainty in the calculated reflected shock temperature. 

 

 

(a) 

 

(b) 

Fig. 4.13. A representative ignition delay times measurement for stoichiometric fuel/air. 

(a) shock tube (b) rapid compression machine. 

 

4.2.2.2 Rapid Compression Machine (RCM)  

The rapid compression machine (RCM) used in this study has a twin-opposed piston 

configuration, similar to the machine at NUI Galway [189]. See Chapter 2 for detailed 

description of the RCM. 

Representative RCM ignition delay time measurement is shown in Fig. 4.2(b). The overall 

uncertainty in the measured ignition delay times is estimated to be ±15%. In order to 

account for heat loss in the RCM, non-reactive experiments were performed for each 

condition studied. The pressure profiles measured in the non-reactive experiments are 

imposed in the Chemkin-Pro simulations as volume profiles using the adiabatic 

relationship between pressure and density. 
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4.3   Results and Discussion 

4.3.1   Ignition Delay Time Measurements 

Ignition delay times were measured for Haltermann straight run naphtha (HSRN) and ‘air’ 

mixtures in the shock tube and rapid compression machine (RCM) over a range of engine 

relevant pressures (20 and 60 bar), temperatures (620 – 1223 K) and equivalence ratios 

(0.5, 1 and 2). Ignition delay times spanning 100 s – 6 ms were measured in the shock 

tube at two pressures (20 and 60 bar) and three equivalence ratios (0.5, 1 and 2). Ignition 

delay times spanning 3 – 430 ms were measured in the RCM at 20 bar and for equivalence 

ratios of 0.5, 1.0 and 2.0. Additionally, ignition delay times of a diluted mixture of HSRN 

were measured to study the reactivity decrease with increased dilution. The dilution effect 

is essential for compression ignition engines since exhaust gas recirculation (EGR) is 

commonly used to control harmful NOx emissions. Ignition delay times of the PRF 60, 

TPRF 60 and MCS surrogates were also measured for comparison with the fuel ignition 

data and the chemical kinetic simulations. All experimental data are provided in tabular 

form in Table B4 (Appendix B). Also, fuel/air mixture compositions are provided in Table 

B5 (Appendix B). 

Figure 4.3(a) shows the effect of pressure and equivalence ratio on the ignition delay times 

of HSRN/air mixtures measured in the shock tube. As expected, the ignition delay times 

decrease with increasing pressure. The effect of pressure in the NTC region is more 

pronounced compared to the high- and low- temperature regions. While moving from low 

to high pressures, the onset of the NTC region gradually moves towards higher 

temperatures. Figure 4.3(a) also depicts the increase in reactivity when increasing the 

equivalence ratio from furl-lean to fuel-rich (φ = 0.5 to 2.0). Similar to the pressure, the 

influence of equivalence ratio is more pronounced in the NTC region compared to the high- 

and low-temperature regions. In the NTC region, R + O2, RH + OH and H2O2 

decomposition reactions play a critical role – all of these reactions are significantly 

influenced by the amount of fuel present and thus the equivalence ratio. Ignition delay data 

obtained in the RCM shows a similar equivalence ratio dependence, as shown in Fig. 
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4.3(b). The influence of equivalence ratio decreases as temperature decreases from 

intermediate to low temperatures. 

Ignition delay times of HSRN/air and a diluted mixture of HSRN are compared in Fig. 4.4 

at a nominal pressure of 60 bar. As expected, the diluted mixture has longer ignition delay 

times than the non-diluted mixture. The effect of dilution is observed to be more significant 

in the NTC region. Increasing the nitrogen mole fraction by ~ 7% compared to the fuel/air 

case, the ignition delay times are almost doubled in the NTC region. The observed 

reactivity change is mainly due to the decrease in the concentration of fuel and oxidizer.  

 

(a) 

 

(b) 

Fig. 4.3. Ignition delay times of HSRN/air measured in (a) Shock tube (b) RCM. 
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Fig. 4.4. Influence of dilution on ignition delay time of HSRN. Mixture composition for 

HSRN/air mixture: 2.05% fuel, 20.58%O2, 77.37% N2; diluted mixture: 1.4% fuel, 14% 

O2, 84.6% N2. 

 

Figure 4.5 shows a comparison between measured ignition delay times of HSRN and the 

three surrogates (PRF 60, TPRF 60 and MCS). Looking at the shock tube data at 60 bar 

and  = 1 (Fig. 4.5(a)), it can be observed that the PRF 60 agrees very well with HSRN at 

high and intermediate temperatures. However, PRF 60 exhibits stronger NTC behavior and 

is more reactive than the naphtha at low temperatures. In order to elucidate the ignition 

delay time comparison at lower temperatures, rapid compression machine measurements 

of HSRN and the three surrogates were carried out at 20 bar and three equivalence ratios. 

Figure 4.5(b), only plotting stoichiometric data, shows that multi-component surrogate 

(MCS) matches the reactivity of HSRN better than the PRF 60 and TPRF 60 surrogates. 

The two simpler surrogates, PRF 60 and TPRF 60, exhibit similar reactivity and are 

consistently faster than HSRN at these low-temperature conditions. Further comparisons 

between HSRN and the MCS for fuel-lean and fuel-rich mixtures are shown in Fig. 4.5(c), 

and indicate very good agreement between the MCS and HSRN over the studied 

conditions. 
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(a) 

 

(b) 

 

(c) 

 

Fig. 4.5. Comparison between ignition delay times of HSRN and the three surrogates (PRF 

60, TPRF 60 and MCS). 

 

4.3.2   Ignition Delay Time Simulations   

Measured ignition delay times are compared with chemical kinetic simulations of PRF 60, 

TPRF 60 and MCS. The FACE gasolines mechanism developed by Sarathy et al. [190] 
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was used to simulate the MCS, while, unless mentioned otherwise, the gasoline surrogate 

mechanism by Mehl et al. [1] was used for PRF 60 and TPRF 60 simulations. 

Figure 4.6(a) shows a comparison between HSRN shock tube experimental data and the 

ignition delay time simulations of the three surrogates. In the high and intermediate 

temperatures, the simulations of the three surrogates generally agree with the HSRN 

experimental data. However, at low temperatures, the MCS model does a better job in 

predicting the fuel reactivity compared to the PRF 60 and TPRF 60 surrogate simulations. 

This observation is clearer in Fig. 4.6(b) which plots RCM measurements of HSRN and 

simulations of the three surrogates. Figure 4.6(c) compares experimental HSRN data at 

fuel lean and fuel rich conditions with simulations of the MCS. The model captures the 

lean data but exhibits faster reactivity for the rich mixture. Simulations of PRF and TPRF 

surrogates are not shown in Fig. 4.6(c) for clarity; however, those simulations will be faster 

than the MCS simulations as seen in Figs. 4.6(a) and 4.6(b). These comparisons illustrate 

the need of multi-component surrogates to emulate the reactivity of naphtha-like fuels at 

lower temperatures. An additional point is that the PRF 60 and TPRF 60 surrogate 

simulations show quite similar reactivity across the range of conditions, and thus there is 

no advantage of going from two to three component surrogates for fuels with low octane 

sensitivity such as the HSRN. 

At high pressure (60 bar), the TPRF 60 and PRF 60 models show good agreement with the 

HSRN experimental data at low temperature, while the same models show faster ignition 

delay times than HSRN at 20 bar. For further investigation, ignition delay times of 

stoichiometric mixture of PRF 60 were measured in the shock tube at 60 bar. The results 

show that the experimental PRF data exhibit faster ignition delay times than HSRN and the 

predictions of  the PRF model [1]; see Fig. 4.5(a) and 4.6(a). The agreement of the PRF 

and TPRF simulations with the 60 bar HSRN ignition delay data is thus only fortuitous. It 

may be argued that the PRF model [1] overestimates the PRF 60 ignition delay time at high 

pressure (60 bar) and low temperatures. This deficiency may be attributed to the iso-octane 

chemistry which has recently been revised and presented in the form of an improved model 

[191]. 
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(a) 

  

(b) 

 

(c) 

 

Fig. 4.6. Comparison between measured and simulated ignition delay times. (a) Shock 

tube (b) – (c) RCM. Simulations of MCS (multi-component surrogate) are carried out 

using Sarathy et al. [190] model. Simulations of PRF 60 and TPRF 60 are carried out 

using Mehl et al. [1] model. 

 

In summary, multi-components surrogates which represent both the paraffinic and non-

paraffinic components of the real fuel are required to capture the low-temperature 
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reactivity. At high and intermediate temperatures, a two-component surrogate is sufficient 

to predict the ignition properties of low-sensitivity fuels such as straight run naphtha. This 

finding has been reported earlier for other fuels such as FACE A and C which have RON 

values of 83.7 and 84.5 respectively [26, 192]. Also, Javed et al. [184] showed that 

predictions using a PRF model agreed well with light naphtha ignition delay times at high 

and intermediate temperatures. However, at low temperatures, both simulations and 

experiments showed the PRF surrogate to be more reactive than light naphtha. 

 

4.3.3   Low-Temperatures Chemical Kinetic Analysis 

A kinetic analysis was performed to better understand the effects of fuel composition on 

the low temperature ignition behavior of HSRN. This was achieved by comparing the 

effects of various hydrocarbon components on ignition. It was found that the low-

temperature ignition behavior of the naphtha fuel displays interesting effects of non-

paraffinic components on the overall ignition delay time. For example, comparing the 

experimentally measured ignition delay times of HSRN (~ 10% aromatics and 15% 

cycloalkanes) to TPRF 60 (~ 12% toluene) and PRF 60 (only paraffinic components) 

indicates that HSRN is less reactive than PRF 60 and TPRF 60. Experimental ignition delay 

times of PRF 60 and TPRF 60 show minimal differences, as shown in Fig. 4.5(b); therefore, 

the effect of cycloalkane low temperature ignition chemistry has a prominent effect on the 

ignition behavior of HSRN.  

Simulated hydroxyl radicals time-history profiles during the oxidation of stoichiometric 

mixtures of the three surrogates (PRF 60, TPRF 60, and MCS) are presented in Fig. 4.7 at 

20 bar and 650 K. Previous studies by Merchant et al. [193] and others [190, 194, 195] 

have shown that OH radical profiles provide insights into the chemical kinetics of ignition 

processes. The initial growth of OH radicals is similar among all the fuels, but at ~5 ms the 

OH radical growth for MCS slows compared to that for PRF and TPRF. The latter two 

fuels display similar OH radical profiles up to the point of ignition. A local maximum in 

OH radical concentration is observed for all of the fuels shortly before the main ignition 
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event, which corresponds to the first stage ignition delay time. The slower buildup of OH 

radical concentration for MCS compared to TPRF 60 and PRF 60 results in delayed first 

and second stage ignition delay times.  

Temperature and OH sensitivity analyses, Fig. 4.8 (a) and 4.8(b), show that the overall 

reactivity is sensitive to the H-atom abstraction from the fuel molecules by OH radicals. 

Toluene + OH and cyclopentane + OH appear to have the highest sensitivity coefficient 

and inhibit overall reactivity. Sensitivity analyses also shows that the heat release and OH 

concentration are sensitive to the isomerization of cyclopentyl peroxy radicals (CPTO2J) 

to QOOH radicals (CPT1Q3J). Our previous studies on cyclopentane oxidation [196, 197] 

and mixtures comprising cyclopentane [190, 194] have explained its ignition 

characteristics.  

Furthermore, hydroxyl (OH) and hydroperoxyl (HO2) radicals rate-of-production analyses 

were performed for the multi-component surrogate, Fig. 4.8 (c) and 4.8(d). The analyses 

indicate that the concerted elimination reaction of cyclopentyl peroxy radicals (CPTO2J) 

to cyclopentene and HO2 radicals contributes to the production rate of HO2 radicals. The  

reaction of n-heptane with OH is the primary sink of OH radicals due to its high 

concentration and the five secondary carbon atoms which are more easily abstracted than 

the primary carbon atoms. Interestingly, although cyclopentane is merely 8.7 mole% in the 

MCS, the analyses show that the reactions involving cyclopentane or its intermediate 

species play an important role in promoting or inhibiting the overall reactivity of MCS. 

This illustrates the huge impact of cycloalkane chemistry on the reactivity of multi-

component surrogates and distillate fuels at low temperatures. 
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Fig. 4.7. Hydroxyl concentration-time history during the oxidation of stoichiometric 

mixtures of MCS, TPRF 60 and PRF 60. Simulations carried out using Sarathy et al. [190] 

 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 4.8. Normalized sensitivity and (a) Temperature sensitivity analysis, (b) Hydroxyl 

sensitivity analysis, (c) Hydroxyl rate-of-production analysis, (d) Hydroperoxyl rate-of-

production analysis. Analyses carried out at 650 K, 20 bar and  = 1 for the MCS using 

Sarathy et al. [190]. Sensitivity analysis is given at the time of ignition and rate-of-

production analyses are at 25% of total ignition delay. 

 

Ignition delay time simulations of the six constituents of the MCS are provided in Fig. 

B1(a) (Appendix B). Interestingly, although the ignition delay times of toluene are longer 

than cyclopentane, our simulations and as well our experimental data show that overall fuel 

reactivity is more inhibited by the presence of cycloalkanes (cyclopentane) than aromatics 

(toluene). This point is further elaborated in Fig. B1(b) (Appendix B) which shows the 

effect of replacing toluene by cyclopentane in the TPRF 60 mixture. Again, despite that 

the ignition delay times of toluene are longer than cyclopentane, the total ignition delay 

times are longer for cyclopentane + PRF than toluene + PRF in the NTC region and at low 

temperatures. These results clearly indicate the inhibiting chemistry effects of cyclopentane 

at low temperatures. This is because abstraction of cyclopentane H atoms is fast, but the 

cyclopentyl radicals formed by subsequent react with O2 but does not lead to low 

temperature OH radical chain branching; rather HO2 radical formation is favored for 

cyclopentane. In mixtures, cyclopentane acts as a sink for OH radicals, as shown in 

previous work on FACE gasoline surrogate ignition kinetics [190]. At higher temperatures, 
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the effect of fuel composition is minimal because the oxidation process is dominated by 

the decomposition of H2O2 to form two OH radicals and by the H + O2 chain branching 

reaction. 

 

4.4   Conclusions 

Ignition delay times for a straight run naphtha fuel (HSRN) were measured in a shock tube 

and in a rapid compression machine over wide ranges of conditions. Expected influences 

of pressure and equivalence ratio were observed where ignition delay times exhibited 

strongest sensitivity to P and  in the NTC region. These measurements were compared 

with experimental and simulated ignition delay times of three chemical kinetic surrogates; 

a two-component PRF surrogate, a 3-component TPRF surrogate and a six-component 

surrogate. All three surrogates captured the reactivity of HSRN at high and intermediate 

temperatures. However, at low temperatures (< 700 K), the PRF and TPRF surrogates 

exhibited faster reactivity compared to HSRN while the multi-component surrogate fared 

much better. Sensitivity and rate of production analyses indicate that cyclopentane acts as 

a sink of OH radicals and inhibits the system’s overall reactivity. The absence of 

cyclopentane in PRF and TPRF surrogates thus makes these fuels more reactive than 

HSRN and multi-component surrogate which contain naphthenic compounds. 
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CHAPTER 5: IGNITION DELAY MEASUREMENTS OF A LOW-

OCTANE GASOLINE BLEND, DESIGNED FOR GASOLINE 

COMPRESSION IGNITION (GCI) ENGINES 
 

5.1   Introduction 

Stringent emissions regulations and demand for higher thermal efficiencies pose serious 

challenges on the internal combustion (IC) engine technologies powering the transportation 

sector. Despite these challenges and the increased penetration rate of emerging 

technologies, such as electric vehicles and hydrogen fuel cells, IC engines are expected to 

dominate the transportation sector by 2040 (and beyond) according to the latest projections 

by BP and ExxonMobil [198, 199]. A possible approach to overcome these environmental 

challenges is to increase efficiencies and reduce emissions from existing engine 

technologies such as gasoline spark ignition (SI) and diesel compression ignition (CI). Such 

an approach would have potential barriers and would likely increase the cost of ownership 

of IC engine automobiles. Another strategy would be to explore new engine technologies 

to address the challenges faced by our communities. 

In the last two decades, various advanced compression ignition engines have been 

investigated as technologies that combine the best of gasoline and diesel engines. 

Combustion strategies such as homogeneous charge compression ignition (HCCI) [158], 

reactivity-controlled compression ignition (RCCI) [160, 200, 201], and partially-premixed 

compression ignition (PPCI) [162-165] have sought to combine the benefits of a relatively 

simple design of gasoline engines and their after-treatment systems and the higher 

efficiencies of diesel engines. The compression ignition combustion mode eliminates 

traditional engine knock observed in spark-ignition (SI) engines, and removes throttling 

losses through direct injection (DI). At the same time, greater mixing of fuel and air prior 

to combustion reduces soot production relative to conventional mixing-controlled (diesel) 

combustion. 

The fuels powering the PPCI combustion mode, also known as gasoline compression 

ignition (GCI), are generally in the gasoline boiling range. However, the specifications of 
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the enabling fuel are not well defined. Many fuels with varying physical and chemical 

properties, such as ignition quality, distillation curve and chemical compositions, have 

been considered in previous works. These include conventional gasolines [168, 202, 203], 

diesels [204], gasoline/diesel blends (dieselines) [205, 206], binary or ternary fuel blends 

(iso-octane, n-heptane and toluene) [179, 207] and low-octane gasolines (“naphthas”) [178, 

186, 208]. Many recent studies [186, 209-211] have focused on comparing fuels with 

different chemical and physical properties in GCI engine operation. Badra et al. [186] 

investigated the effects of fuels’ physical properties on the GCI low-load combustion while 

using RON 60 fuels. They found that the distillation characteristics of the fuel affect GCI 

combustion and emissions at early injection timings. Kolodziej et al. [210] analyzed GCI 

engine performance and emissions using fuels with octane numbers ranging from 60 to 91. 

They concluded that RON 80 fuel produced the best overall results for both low- and high-

load operation at 15:1 compression ratio. In addition, HC and CO emissions were generally 

reduced at low loads but tended to be higher at mid loads, despite the increased reactivity 

of naphtha compared to gasoline. Cho et al. [209] examined GCI engine combustion and 

emissions using RON 80 and RON 91 fuels at four different load conditions. They reported 

that significantly lower fuel consumption was achieved with the higher reactivity (RON 

80) fuel due to the lower boost pressure requirements and enhanced combustion. The 

general conclusion from all such studies is that fuel reactivity, or homogenous ignition 

delay time, is a critical factor in optimizing the performance of GCI engines, and that a 

RON 80 fuel is more favorable than conventional gasolines for overall engine performance. 

It was recently shown that other fuel chemical properties such as sensitivity [212] and low- 

and intermediate-temperature heat releases [213] affect GCI combustion and should be 

considered when designing a GCI fuel. 

As mentioned earlier, enabling fuels for the GCI engine concept are not yet fully 

understood and hence they have not been studied much in homogeneous environments. 

Recently, our group has measured ignition delay times of a light naphtha stream (RON 

64.5) [28] and a straight-run naphtha (RON 60) [29] using the shock tube and rapid 

compression machine facilities at KAUST. The general conclusion from those two studies 
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is that primary reference fuels (PRF) are good autoignition surrogates at intermediate and 

high temperatures. However, a more complex multi-component surrogate is needed to 

match the naphtha reactivity characteristics at low temperatures. It is not obvious if these 

conclusions would hold for fuels with higher RON and/or fuels containing higher 

proportions of non-paraffinic components. 

In this work, a RON 77 fuel is formulated for GCI engine application and it autoignition 

behavior is studied using shock tube and rapid compression machine. Ignition delay times 

are measured at various pressures, temperatures and equivalence ratios. Two-component 

PRF and multi-component surrogates are formulated and their ignition delay times are 

measured and simulated. Rate-of-production and sensitivity analyses are performed to 

discuss the reactivity trends of the target fuel and surrogates. 

 

5.2   Experimental Details  

5.2.1   Fuel Characterization and Surrogate Formulation 

The fuel blend used in this work is a customized mixture of Saudi Aramco hydrotreated 

light naphtha (50% vol.), heavy naphtha (25% vol.), and a high-octane reformate stream 

(25% vol.). Various proportions on these three streams were blended and their RON, 

density and distillation curves were measured. The objective of this blending exercise was 

to have a fuel with a RON near 80 and gasoline-like density and boiling characteristics. 

The blend discussed here was considered the best compromise with respect to the target 

properties. We will refer to this blend as ‘GCI blend’ or ‘GCI fuel’ in the remainder of the 

paper. This blend is just one representation of the RON 80 fuels where other fuels with 

similar octane numbers but different sensitivities, LTHR, lower heating values, etc. might 

yield different results than the blend presented here. The RON and MON of the GCI blend 

were measured in a CFR (Cooperative Fuel Research) engine at Saudi Aramco’s Research 

and Development facility in Dhahran, Saudi Arabia using relevant ASTM methods. A 

detailed hydrocarbon analysis (DHA) of the GCI blend was also performed at Saudi 

Aramco. According to the DHA, the GCI blend consists of 145 components with carbon 



102 
 

 
 

numbers ranging from C3 to C12 (no oxygenated species), and an average molecular 

weight (MW) of 89.97. A few properties of the GCI blend are listed in Table 5.1, and 

detailed in Table C1 (Appendix C). 

Two surrogates were formulated in this work to match the properties of the GCI blend. The 

first is a simple two-component primary reference fuel (PRF) blend to match the RON of 

the GCI blend. The PRF surrogate contains 77% vol. iso-octane and 23% vol. n-heptane, 

and it is referred to as PRF 77. The second surrogate is a six-component mixture formulated 

to match RON, MON, H/C, average molecular weight, density and thermal properties of 

the GCI blend. This surrogate consists of (by mole) 20% n-pentane, 6% n-heptane, 23% 2-

methylhexane, 16% 2,2,4-trimethylpentane, 16% cyclopentane and 19% toluene. The six-

component surrogate is referred to as MCS (multi-component surrogate) in the remainder 

of the chapter. A comparison of some key properties of the GCI blend and its two 

surrogates is given in Table 5.1. Basic properties of the surrogate components are listed in 

Table C2 (Appendix C). 

In this work, the formulation of the MCS was mainly focused on matching the octane 

numbers and the composition of the non-paraffinic components of the real fuel. Even 

though molecular structure is a very important indicator of a fuel’s reactivity, matching the 

molecular structure of all components of the real fuel can be challenging and can lead to a 

relatively large surrogate mixture [190] for which detailed or reduced chemical kinetic 

models may not be available. The computational cost will also be high for surrogates 

containing too many components. Octane numbers (RON and MON) are good overall 

indicators of the overall reactivity of the fuel, and these can be correlated to ignition delay 

times at various pressure and temperature conditions [214, 215]. In addition, octane 

sensitivity (S = RON – MON) correlates quite well with the NTC behavior of the fuel [216, 

217]. We have shown previously that a PRF, matching the RON of the real fuel, is a good 

surrogate for near-zero sensitivity fuels at high and intermediate temperatures [26, 29, 218]. 

However, the low-temperature reactivity is not strongly correlated to octane numbers but 

rather depends on the non-paraffinic components present in the real fuel [26, 28, 29, 219]. 
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Therefore, in this work, we have prioritized matching the RON, MON and 

aromatic/naphthenic composition of the GCI blend while formulating the MCS. 

 

 GCI MCS PRF 77 

RON 77a 76.7c 77 

MON 73.9a 72.2c 77 

Density (kg/m3) 720.7b 717.1c 688.5 

Ave. MW 89.97b 90.49c 110.59 

C/H 5.93b 5.88c 5.28 

Paraffins (%mol.) 22.4 26 25.2 

Iso-paraffins (%mol.) 41.2 39 74.8 

Naphthenes (%mol.) 15.6 16 0 

Aromatics (%mol.) 20 19 0 

Table 5.1. Properties of the GCI blend and its surrogates. aMeasured in a CFR engine. 

bCalculated from the DHA. cCalculated using linear-by-mole relations. Detailed properties 

of the fuel and surrogates are given in Table C1 (Appendix C). 

 

5.2.2   Experimental Facilities 

Ignition delay times of the GCI blend were measured using the high-pressure shock tube 

(HPST) and rapid compression machine (RCM) facilities. 

 

5.2.2.1 High-Pressure Shock Tube (HPST) 

A detailed description of the shock tube facilities and the calculations of the reflected shock 

wave temperature and pressure (T5 and p5) are available in Chapter 2. The shock tube and 

the mixing tank were heated to 130 and 150 oC, respectively, to avoid fuel condensation 
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on the internal walls. A schematic of the shock tube end-section is shown in Fig. C1 

(Appendix C). The gradual pressure increase behind reflected shock wave, dp5/dt, was 

measured to be approximately 3 %/ms for non-tailored (helium as driver) shocks and 

2%/ms for tailored (He/N2 mixtures as driver) shocks. A molar ratio of 3.76:1 of N2:O2 

was used to prepare fuel/air mixtures. Detailed compositions of the fuel/air mixtures are 

provided in Table C3 (Appendix C). Uncertainty in the reported ignition delay times is 

estimated to be +/- 15%. A representative shock tube ignition delay time measurement is 

shown in Fig. C2(a) (Appendix C). 

 

5.2.2.2 Rapid compression Machine (RCM) 

Details of the RCM facility are available in Chapter 2. 

 

5.3   Results and Discussion 

5.3.1   Ignition Delay Time Measurements 

Ignition delay times (IDTs) of the GCI blend/air mixtures were measured in the shock tube 

at two pressures (20 and 40 bar), at three equivalence ratios (0.5, 1 and 2), and over a range 

of temperatures (725 – 1175 K). Shock tube IDTs spanned ~ 100 s to 5 ms, where driver 

gas tailoring was used to achieve test times longer than about 1.5 ms. The rapid 

compression machine (RCM) was used to measure longer ignition delays (up to ~ 160 ms) 

at 20 bar, at three equivalence ratios (0.5, 1 and 2) and at temperatures ranging 640 – 875 

K. All measured IDTs are listed in Table C4 (Appendix C). 

Figure 5.1(a) shows the effect of pressure and equivalence ratio on the ignition delay times 

of GCI blend/air mixtures measured in the shock tube. As expected, IDTs show an inverse 

dependence on both pressure and equivalence ratio across the range of temperatures. 

However, a more pronounced effect of pressure and equivalence ratio on IDTs is observed 

in the NTC region. The RCM ignition delay time data presented in Fig. 5.1(b) also show 
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that the dependence on equivalence ratio is strongest in the NTC region and decreases at 

lower temperatures. 

 

(a) 

 

(b) 

Fig. 5.1. Measured ignition delay times of the GCI blend and two surrogates in air 

(a) Shock tube (b) RCM.  

 

In order to assess the adequacy of the two surrogates in capturing the reactivity of the GCI 

blend, IDTs of PRF 77 and the MCS were measured at certain conditions and these are 

plotted in Fig. 5.1. Ignition delays of MCS measured in the shock tube at 40 bar and  = 1 

(Fig. 1(a)) agree very well with the IDTs of the GCI blend at high, intermediate, and low 

temperatures. The comparisons presented in Fig. 5.1(b) show that PRF 77 is more reactive 

than the GCI blend at the low-temperature conditions of the RCM, while the IDTs of the 

GCI blend and the MCS are in excellent agreement across the range of temperatures and 

equivalence ratios.  

To illustrate the effect of octane number on fuel reactivity, Fig. 5.2 compares IDTs of the 

GCI blend (RON 77) with those of straight-run naphtha (RON 60) [29], FACE A/C (RON 

83.5 and 84.7) [26] and FACE F/G (RON 94.4 and RON 96.8) [190]. A detailed 

comparison of these fuels is available in Table S5 (Appendix C). Figure 5.2 shows that the 
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measured IDTs of all fuels show no influence of octane numbers or composition at high 

temperatures (T > 900 K). The dependence of IDTs on octane number is strongest in the 

NTC region. Fuels with high RON (FACE F/G) exhibit very long ignition delay times (near 

~ 800 K) compared to fuels with intermediate values of RON (FACE A/C and GCI blend). 

The shortest ignition delay times are exhibited by Haltermann straight run naphtha (HSRN) 

which has a RON of 60. Moving from the NTC region to low temperatures, the effect of 

octane number decreases. At temperatures near ~ 650 K, a very weak effect of octane 

number on ignition delay times is observed. This observation supports our earlier 

hypothesis that matching the octane number of a real fuel, when formulating surrogates, is 

not enough to capture the low-temperature reactivity. 

It may be concluded from the experimental data of the GCI blend and the two surrogates 

that a multi-component surrogate with non-paraffinic content is needed to match the 

reactivity at low temperatures where PRF surrogate tends to be too reactive. Similar 

findings have recently been reported for two low-octane fuels [28, 29]. It was also shown 

that these discrepancies in IDT at low temperatures can result in significant differences in 

the combustion phasing of a CI engine operating at low loads [29, 218]. 

 

Fig. 5.2. Dependence of ignition delay times on octane number. Solid symbols are shock 

tube data, open symbols are RCM data. FACE F & G data from [190], FACE A & C from 

[26], HSRN from [29], GCI blend from this work. 
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5.3.2   Ignition Delay Time Simulations 

Chemical kinetic simulations of the two surrogates, MCS and PRF 77, were carried out 

and compared with measured IDTs of the GCI blend, MCS and PRF 77. The FACE 

gasolines mechanism proposed by Sarathy et al. [190] and the gasoline surrogate 

mechanism by Mehl et al. [220] were used to perform simulations using Chemkin-Pro with 

a homogeneous batch reactor. The gradual increase in pressure (dp5/dt) behind reflected 

shock waves was considered by employing a corresponding volume profile in the shock 

tube simulations. To account for facility effects in the RCM, non-reactive experiments 

were performed for each studied condition by replacing O2 with N2 in the reactive mixture. 

Pressure profiles measured in the non-reactive experiments were converted to volume 

profiles using the adiabatic relationship, and these volume profiles were used for RCM 

simulations. Refer to Alabbad et al. [36] for all non-reactive volume profiles.  

Figure 5.3 compares measured and simulated ignition delay times of the MCS and PRF 

77. Simulations of the MCS using Sarathy et al. [190] mechanism successfully reproduce 

the measured IDTs of the MCS for both shock tube and RCM conditions. In our previous 

work [29], we had noticed that the Mehl et al. [220] model does a really good job in 

predicting IDTs of PRF 70 and 80. Therefore, the Mehl et al. [220] model was used here 

to simulate the IDTs of PRF 77. As expected, the predictions agree very well with the IDT 

measurements of PRF 77 at low temperatures. Figure 5.3 also shows that the simulated 

IDTs of the two surrogates are in very good agreement with each other and with the 40 bar 

MCS experimental data (star symbols) at high and intermediate temperatures. However, at 

low-temperature RCM conditions, PRF 77 (green solid line) reacts faster than the MCS 

(red solid line). Since experimental IDTs of the MCS and GCI blend agreed very well (see 

Fig. 5.1), it may be concluded that the Sarathy et al. [190] mechanism and the MCS mixture 

can be used to predict the reactivity of the GCI blend over wide ranges of pressures, 

temperatures and equivalence ratios conditions which are relevant to CI engine operation.  
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Fig. 5.3. Comparison between measured and simulated IDTs of the MCS and PRF 77. Blue, 

black and red lines are for the simulated IDTs of the MCS at = 0.5, 1 and 2, respectively. 

Green lines are for PRF 77 simulations. 

 

5.3.3   Chemical Kinetic Analysis 

To elucidate the ignition behavior of the GCI blend, hydroxyl (OH) and hydroperoxyl 

(HO2) radicals rate-of-production (ROP) analyses were performed at low and intermediate 

temperatures for the MCS. Figure 5.4(a) illustrates hydroxyl radical ROP analysis for the 

MCS at  = 2 and 650 K. At low temperatures, ignition characteristics are very sensitive to 

H-atom abstraction from fuel molecules by OH radicals. Cyclopentane + OH appears to 

have the highest sensitivity coefficient and inhibits the overall reactivity. Interestingly, 

although cyclopentane has shorter ignition delay times and lower concentration than 

toluene in the MCS, the overall reactivity (or OH concentration) is more sensitive to 

cyclopentane than toluene. This is probably due to the presence of 10 secondary hydrogen 

atoms in cyclopentane which makes the H-atom abstraction by OH radicals faster [221-

224] and thereby strongly affects the radical pool and overall reactivity at low 

temperatures. Figure 5.4(b) presents HO2 radical ROP analysis for the MCS at  = 2 and 

650 K. The analysis indicates the important role of H-atom abstraction by HO2 radicals at 

low temperatures. Among all of the surrogate components, cyclopentane is the largest 
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producer of HO2 radicals. This production of HO2 mainly occurs through the 

decomposition of cyclopentyl peroxy radicals (CPTO2J) to cyclopentene and HO2 radicals. 

Both OH and HO2 radicals analyses show that reactions involving cyclopentane or its 

intermediate species are key in promoting or inhibiting the overall reactivity of the MCS. 

This illustrates the massive influence of naphthenic chemistry on the reactivity of multi-

component surrogates at low and intermediate temperatures. We showed in chapter 4 that 

replacing toluene with cyclopentane in a TPRF blend leads to a noticeable increase in IDTs 

at low and intermediate temperatures. 

Figure C3 (Appendix C) shows ROP analyses of OH and HO2 radicals for the MCS at an 

intermediate temperature condition (825 K, 20 bar and  = 2). At this temperature, the 

overall reactivity is controlled by the buildup of OH radicals and the decomposition of 

hydrogen peroxide (H2O2) to two OH radicals. Hydrogen peroxide is primarily produced 

by the H-atom abstraction reaction from the fuel by HO2, thus HO2 radicals formation 

pathways are important for both low and intermediate temperatures. The analysis also 

highlights the importance of cyclopentane in promoting or inhibiting the overall reactivity 

of the MCS in the NTC region.  

 

(a) 

 

(b) 

Fig. 5.4. Hydroxyl (OH) and hydroperoxyl (HO2) rate-of-production analysis for the 

multi-component surrogate (MCS) using Sarathy et al. [190] model. The analysis is 

given at 25% of total ignition delay time.  
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Figure 5.5 presents simulated hydroxyl time-history profiles during the oxidation of rich 

mixtures ( = 2) of the two surrogates (PRF 77 and MCS) at 650 K and 825 K. At 825 K, 

the initial growth of OH radicals is similar for the two surrogates, and only a slight 

difference in OH buildup is noticed until the ignition. At the temperature of 650 K, initially 

PRF 77 appears to have a slower OH buildup compared to the MCS; however, after ~5 ms 

the OH radical growth for the MCS slows significantly compared to that of PRF 77, and 

consequently, this results in the MCS having much longer IDT than PRF 77. Local maxima 

in OH radical concentration are observed for all cases shortly before the main ignition 

event. 

 

Fig. 5. Hydroxyl time-history during the oxidation of rich mixtures ( = 2) of MCS and 

PRF 77. Hydroxyl concentration for Both MCS and PRF 77 simulated using Sarathy et al. 

[190] mechanism. 

 

5.4   Conclusions 

Ignition delay times were measured for a fuel blend formulated for gasoline compression 

ignition (GCI) engines. Autoignition characteristics of the GCI blend were studied using a 

shock tube and a rapid compression machine over wide ranges of engine-relevant 
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conditions. A significant influence of pressure and equivalence ratio on IDTs was observed 

in the NTC region. This effect declined while moving from the NTC region to high or low 

temperatures. Two surrogates were formulated to emulate the ignition behavior of the GCI 

blend. Experimental IDTs of PRF 77 and a multi-component surrogate (MCS) agreed with 

the GCI blend at high and intermediate temperatures. However, the low-temperature 

reactivity of the fuel was captured better by the MCS due to the presence of non-paraffinic 

components. These conclusions are in line with previous autoignition studies on low-

octane naphtha fuels. Simulated IDTs agreed very well with the measured data, 

highlighting the fidelity of detailed kinetic mechanisms. Hyroxyl and HO2 radicals rate-of-

production analyses indicated that H-atom abstraction by OH radicals from cyclopentane 

and the decomposition of cyclopentyl peroxy are important reactions affecting the overall 

reactivity of the MCS. 
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CHAPTER 6: ON THE HIGH-TEMPERATURE UNIMOLECULAR 

DECOMPOSITION OF TWO ETHYL ESTERS AND A 

CARBONATE ESTER 
 

6.1   Introduction 

In recent years, there has been a growing interest in the production and utilization of 

renewable biofuels due to diminishing petroleum reserves, fluctuating energy prices, 

increasing demand of energy, and environmental concerns [225-227]. Biofuels can be 

derived from lignocellulosic biomass, edible crops, vegetable oils and animal fats. A 

typical biodiesel fuel is a mixture of saturated and unsaturated methyl and ethyl esters 

having a carbon chain length of 12 or more. These oxygenated hydrocarbons are of 

particular interest as they have benefits for soot reduction, low impact on global warming, 

and they can be readily used in modern diesel engines and diesel-hybrids. Understanding 

the combustion behavior of these biodiesel fuels is crucial to accurately predict emissions 

such as CO, particulate matter, unburnt hydrocarbons and NOx. There are only a few 

studies [227-231] dedicated to understanding the combustion chemistry of these large 

esters due to their chemical complexity. However, there are a number of studies [66, 70, 

232-239] rendered on smaller molecular chain esters to imitate the kinetic behavior of 

practical biofuels.  

In this study, we aim to experimentally obtain the pressure- and temperature-dependent 

rate coefficients for the thermal unimolecular decomposition of ethyl propionate (EP), 

ethyl levulinate (EL), and diethyl carbonate (DEC) as there is still a paucity of directly 

measured rate data. This work can provide an increased understanding of the chemical 

kinetic behavior and the role of functional groups of these esters. 
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6.1.1   Ethyl Propionate 

Blades and Gilderson [232] measured the rate coefficients for the pyrolysis of ethyl 

propionate (reaction 6.1.1.1) in their toluene carrier flow system for temperatures ranging 

from 780 to 875 K. 

CH3CH2COOC2H5  → CH3CH2COOH + C2H4 (R.1.1.1) 

Their data are best described by an A-factor of 5.2 ×  1012 s−1 and Ea = (203  1.5) kJ 

mol−1. These Arrhenius parameters are found to agree very well with the estimates of 

O’Neal and Benson [240] for a series of six-center eliminations of ethylene (C2H4) from 

alkyl acetate esters. Furthermore, their extrapolated values of the rate coefficients matched 

very well with the high-temperature single pulse shock tube data from Barnard et al. [233] 

below 1120 K. However, Barnard et al. [233] reported the change in the slope of the line 

above 1120 K. They observed a severe fall-off at high temperatures. At 1300 K, their 

measured value is found to be 15 times slower than the extrapolated data of Blades and 

Gilderson [232]. Recently, Schwartz et al. [236] examined methane/air premixed flames 

by doping 5000 ppm of each of the five specific ester isomers (C5H10O2) including ethyl 

propionate. They observed that unimolecular six-centered elimination is the primary 

decomposition pathway for the three esters having -hydrogens. Metcalfe et al. [66] 

investigated the oxidation of methyl butanoate and ethyl propionate behind reflected shock 

waves over the temperature range of 1100 – 1670 K, at pressures of 760 and 3040 Torr and 

equivalence ratio of 0.25 – 1.5. They observed that ethyl propionate ignites consistently 

faster than methyl butanoate which they could explain well with their detailed kinetic 

model. In a very recent work, Farooq et al. [235] studied the pyrolysis of methyl- and ethyl- 

propionate in a shock tube at temperatures of 1250 – 1750 K and pressure of 1140 Torr. 

They employed laser absorption methods to record the time-histories of several product 

species (CO, CO2, C2H4 and H2O). They were able to explain the evolution of these product 

species by refining the base model of Metcalfe et al. [66].  

There remains discrepancy in the high-temperature rate data for the thermal decomposition 

of ethyl propionate. Therefore, we aim here to provide experimental results to resolve this 
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discrepancy. To achieve our goal, we investigated the pyrolysis of ethyl propionate behind 

reflected shock waves at temperatures ranging from 976 to 1300 K and pressures of 825 – 

1875 Torr. Infrared laser absorption was used to record the evolution of ethylene during 

the chemical reaction. Absolute rate coefficients were determined from the measured 

ethylene time-histories. 

6.1.2   Ethyl Levulinate 

Among various molecules that can be produced from lignocellulose, levulinic acid (LA, 

CH3C(O)CH2CH2COOH) appears quite promising and has been selected as one of the top 

12 building block candidates by the National Renewable Energy Laboratory (NREL) in 

USA [241]. Levulinic acid (LA) can be converted to alkyl levulinates via an esterification 

process. Alkyl levulinates have been proposed as gasoline and diesel fuel additives [242], 

and have the unique property of containing two functional groups – a carbonyl and an ester 

group. Ethyl levulinate (EL, CH3C(O)CH2CH2COOC2H5) is expected to have a very high 

octane number (RON ~ 120) and can therefore, be added to gasoline as an octane enhancer. 

EL has also been used as a diesel additive due to its relatively high boiling point (206 oC) 

and good lubricating properties [243]. Christensen et al. [243] showed that the addition of 

EL resulted in decreased soot formation in a diesel engine. However, its relatively low 

cetane number (DCN ~ 5) and poor solubility in diesel at low temperatures prohibited 

blending in large proportions. In another diesel engine study, Janssen et al. [244] studied 

the ignition of mixtures of butyl levulinate and n-tetradecane. They observed a marked 

decrease in soot emissions compared to pure diesel fuel but the unburnt-HC and CO 

emissions were higher. These engine studies highlighted the potential of using alkyl 

levulinates as potential biofuels or as additives to the conventional fuels.  

Recently, Thion et al. [245] carried out a theoretical kinetic study of the oxidation of methyl 

levulinate (ML) over 500 – 1300 K. Absolute rate constants for H-atom abstraction by OH 

and CH3 radicals were calculated at the G3//MP2/aug-cc-pVDZ level of theory coupled 

with transition state theory (TST). This interesting work showed that the sites between the 

two functional groups are most favorable for H-atom abstraction reactions. Additionally, 
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the unimolecular decomposition of ML radicals was studied by computing rate constants 

for β-scission and H atom transfer reactions.  

The objective of this work is to investigate the effect of the additional carbonyl group in 

EL on the high temperature decomposition process compared to EP. 

6.1.3   Diethyl Carbonate 

Organic carbonates such as dimethyl carbonate (DMC) and diethyl carbonate (DEC) have 

potential to be good candidates for oxygenate additives to diesel fuels due to their very 

high oxygen contents (53.3 and 40.6% by mass, respectively). These carbonates have high 

boiling points (363 K for DMC and 399-401 K for DEC) which can help reduce the Reid 

vapor pressure (RVP) of the blended fuels. These carbonates can be produced from 

biological sources and can thus help displace some conventional petroleum-based fuels. 

DEC is preferred over DMC due to its higher boiling point and the lower miscibility of 

DEC in groundwater. Diethyl carbonate (DEC) can be efficiently produced from the gas 

phase oxidative cabonylation of bioethanol over a heterogeneous CuCl2/PdCl2 catalyst 

supported on activated carbon [246]. 

Efficient utilization of these carbonates in compression ignition engines requires an 

understanding of their combustion behavior to accurately predict combustion phasing and 

emissions such as CO, particulate matter, unburnt hydrocarbons and NOx. There are 

several studies [247-263] rendered to understand the combustion behavior of carbonate 

esters of various chemical complexities. These studies showed that these carbonate esters 

and alkyl acetate esters containing a  hydrogen atom undergo alkene elimination via a 

concerted six-center retro-ene reaction. Alkene elimination from the carbonates was found 

to take place much faster than the reaction of the corresponding alkyl acetate esters. It 

appears that the additional alkoxy group destabilizes the carbonates and hence increases 

their reactivity compared to the corresponding alkyl acetate esters. These reactions which 

fall under the class “pyrolytic cis-elimination” are now well known to the scientific 

community. 
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Only few experimental studies [247-251, 264] have been carried out to study the thermal 

decomposition of DEC. Most of these studies are confined to lower temperatures (550 – 

710 K). The reported values of the rate coefficients from these low temperature studies are 

in good agreement except for the Gordon and Norris [264] values which are higher by a 

factor of 5-10. Herzler et al. [247] carried out an experimental investigation on the thermal 

decomposition of ethoxy compounds using a single pulse shock tube, and this is the only 

high-temperature study available in the literature. They reported an Arrhenius expression, 

k(T) = 1013.030.11 exp (
−23290267 K

𝑇
) s−1 for DEC decomposition over the temperature 

range of 955 – 1095 K. The extrapolated values of their rate coefficients agree reasonably 

well with the available experimental data at low temperatures. No pressure dependence 

was observed by Herzler et al. [247] over the experimental pressure range of 1500 – 3000 

Torr.  

 The purpose of this work is to investigate the effect of the additional ethoxy group in DEC 

on the high temperature decomposition process compared to EL and EP. 

 

6.2   Experimental Details 

6.2.1   Shock Tube Facility 

Unimolecular decomposition of three esters were studied in a heated low-pressure shock 

tube (LPST) facility. Details of the shock tube facility and reflected shock wave 

temperature (T5) and pressure (p5) calculation can be found in Chapter 2. The ethylene laser 

diagnostic and a Kistler PZT were located at a sidewall location 2 cm from the shock tube 

endwall. Since EL has relatively low saturation vapor pressure of ~ 0.2 Torr at room 

temperature, the shock tube driven section was heated to 50 oC. 

Esters/argon mixtures were prepared in a magnetically-stirred mixing tank. After 

evacuating the mixing tank to pressures less than 1 × 10−3 mbar, liquid esters were 

injected directly in the mixing tank (For EL experiments the mixing tank was heated up to 

373 K; the vapor pressure of EL was found to be 22 Torr at 373 K). Following fuel 
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evaporation and pressure stabilization, the vapor pressure was measured using an MKS 

pressure gauge (0 – 20 Torr range). Argon was added slowly to inhibit the condensation of 

the esters which can lead to an inaccuracy in the test mixture composition. Gaseous 

mixtures were left in the mixing tank for at least one hour prior to performing experiments. 

For EL, when filling the shock tube driven section with EL/Ar mixtures (0.4 – 2.0% in 

argon), a passivation technique was used to minimize the potential of adsorption of EL on 

the shock tube walls. High-purity esters (EP, EL & DEC) (≥ 99%) was purchased from 

Sigma Aldrich and research-grade argon was obtained from AH Gas Company. 

 

6.2.2   Ethylene Absorption Diagnostic  

Ethylene formation was monitored using CO2 gas laser absorption in the mid-IR region 

near 10.532 μm. Fortuitous overlap of the P(14) emission line of CO2 with the Q-branch 

of the ν7 ethylene band is exploited to measure ethylene absorption. The laser used in these 

experiments is tunable over 10.3 – 10.8 μm and was purchased from Access Laser Co. 

(model: Lasy-4G). The laser wavelength was measured with a mid-IR wavemeter (Bristol 

721). Intensity fluctuations of the CO2 gas laser were monitored by transmitting a part of 

the beam to a reference photo-detector with the help of a ZnSe beam splitter. Two 

thermoelectric-cooled IR photovoltaic detectors (PVM-3TE-10.6 Vigo System), with a 

large linear dynamic range, were used for detecting the laser signal. A schematic of the 

experimental setup is shown in Fig. 6.2.2.1. A laser beam was transmitted through the 

shock tube via two barium fluoride (BaF2) windows mounted on the shock tube sidewall. 

A lens with focal length of 50 cm was placed before the shock tube to reduce beam steering. 

A bandpass IR filter was used to minimize thermal emission reaching the detector. 

The fractional transmission through the test gas in the shock tube is determined by the 

Beer-Lambert law, I/I0 = exp(−σ nC2H4
 L), where I is the transmitted intensity, I0  is the 

initial intensity, σ (cm2/molecule) is the ethylene absorption cross-section, L (cm) is the 

path length (14.2 cm), and nC2H4
 (molecules/cm3 ) is the ethylene number density. The 

previously reported absorption cross-section of ethylene at 10.532 μm [265] was used to 
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convert absorbance-time profiles to concentration-time profiles. A typical value of the 

reported [265] absorption cross section of ethylene at 10.532 µm is 2.0 ×  10−19 

cm2/molecule at T = 1000 K in our pressure range.  

 

Fig. 6.2.2.1. Schematic of the ethylene absorption diagnostic. 

 

6.3   Results and Discussion 

6.3.1   Ethyl Propionate Experimental Rate Coefficients 

Thermal unimolecular decomposition of ethyl propionate (EP) was investigated behind 

reflected shock waves over the temperature range of 976 – 1300 K and at pressures of 825 

– 1875 Torr. The progress of reaction was monitored by detecting C2H4 near 10.532 μm 

using CO2 gas laser absorption. The elimination of C2H4 from ethyl esters is a low 

activation energy (209 kJ/mol) process. This is a general characteristic of the reaction that 

undergoes via a concerted bond breaking and bond forming process. Under our 

experimental conditions, no other radical producing reactions of EP are likely to be 

competitive with the channel that forms C2H4 and propanoic acid (PA) because even the 

weakest bond in the ester (H3C─CH2C(O)OC2H5) has a large threshold energy (~ 359 

kJ/mol) compared to that of the 6-centered-retro-ene C2H4 elimination [234]. The other 

channels leading to the bimolecular products are also unlikely to be competitive due to 

high barriers [234]. This is supported by a recent study [70] which showed that the yield 
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of C2H4 from EP decomposition at p5 = 1 atm and T5 = 1200 K is 0.96 for a stoichiometric 

mixture of 1% EP, 6.5% O2 in argon. Furthermore, Farooq et al. [235] recently 

demonstrated in their 1% EP pyrolysis experiments that every EP molecule produces one 

C2H4 molecule. Our experiments also revealed that the unimolecular decomposition of EP 

exclusively leads to the formation of propionic acid (PA) and ethylene, where the ethylene 

yield reaches unity ([C2H4]t/[EL]0 = 1) at high temperatures and/or long reaction time. 

A representative high-temperature profile is shown in Fig. 6.3.1.1. 

 

Fig. 6.3.1.1. The evolution of C2H4 from the thermal unimolecular decomposition of 0.5% 

EP in argon at T5 = 1205 K and p5 = 1748 Torr. (Ο) measured C2H4 time histories; (─) the 

results of the best fit of our kinetic simulations using the model of Farooq et al. [235];  (─) 

the result of the simple first order build up kinetics of C2H4. 

 

Initially, we determined the rate coefficients by employing the initial slope method, as 

given by: 

𝑘uni =    
1

 [EP]0
 ×  (

𝑑[C2H4]

𝑑𝑡
)

𝑡→0

 s−1  (6.3.1.1) 
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This method works well as long as there are no secondary reactions influencing the C2H4 

time-history and the reverse reaction is negligibly slow. These conditions are met by our 

experiments for the reasons provided above. However, our experiments used high 

concentrations of the reactant; 0.4 – 2% EP in argon. This may cause the rate coefficients 

to suffer from non-isothermal effects due to endothermicity of the reaction (∆𝐻r,298.15K
0  = 

68.2 kJ/mol). Farooq et al. [235] reported a temperature drop of 113  13 K after 1 ms for 

1% EP pyrolysis at 1500 K and 1.5 atm. Therefore, the temperature drop caused by the 

enthalpy of reaction needs to be accounted for to extract reliable rate coefficients. To 

delineate this effect, a detailed chemical kinetic model [70, 235] was adopted. The kinetic 

model was used to extract the rate coefficients by iteratively varying the rate coefficient 

for reaction R6.1.1.1 until a good fit with the measured absorbance time-histories of C2H4 

was obtained. The model used the Arrhenius parameters obtained from the initial slope 

method for R6.1.1.1 as an initial guess. Representative measured traces and best-fit kinetic 

simulations are shown in Fig. 6.3.1.1 and 6.3.1.2(a & b). Figure 6.3.1.2(b) shows the 

perturbation of the best fit profile by ± 20% in the rate coefficient of R6.1.1.1. In fact, we 

observed negligible differences between the results of the detailed kinetic model [235] and 

the kinetic model comprising of a single reaction, R6.1.1.1), at T ≤ 1200 K. However, 

significant differences were observed at T ≥ 1200 K and at long reaction times. At high 

temperatures, the detailed kinetic model over-predicted C2H4 yields whereas the 

predictions from the model with only R6.1.1.1 for C2H4 yields were close to the 

experiments (see Fig. 6.3.1.1 and Fig. 6.3.1.3). At high temperatures, we observed a 

secondary channel that slowly forms C2H4 giving a yield larger than one (see Fig. 6.3.1.3). 

The propionic acid chemistry appears to be responsible for this slow rise in C2H4 at late 

reaction times However, the existing kinetic model [70, 235] appears to overestimate this 

growth of C2H4 due to the uncertainties in the rate coefficients for the reactions of propionic 

acid. This warrants an additional detailed kinetic study of propionic acid. 
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p5 

(Torr) 

T5 

(K) 

[EP]/10−7 

(mol/cm3) 

[32]/10−5 

(mol/cm3) 

k 

(𝑠−1) 

825 1039 1.3 1.3 449 

825 1117 1.2 1.2 2425 

825 1274 1.0 1.0 29445 

900 1101 1.3 1.2 1864 

900 1222 1.1 1.1 16001 

1650 1234 1.0 2.1 19441 

1725 1195 2.3 2.3 11188 

1725 1205 1.2 2.3 12062 

1800 976 3.0 2.9 87 

1800 1171 1.2 2.4 6019 

1800 1133 1.3 2.5 3110 

1875 1094 1.4 2.7 1536 

1875 1300 1.2 2.3 47245 

Table 6.3.1.1. Measured rate coefficients with the experimental conditions. 

 

 

(a) 

 

(b) 

Fig. 6.3.1.2. Representative absorption-time-profiles for the formation of C2H4 from the 

unimolecular decomposition of EP. Solid red lines indicate the best fit of our kinetic 

simulations at the specified temperatures (see Table 6.3.1.1 for further experimental 

information). (a) C2H2 absorption-time profiles at 1101 and 1195 K (b) effect of 

± 20% diviations. 
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Fig. 6.3.1.3.  (Ο) measured C2H4 time histories for the thermal unimolecular decomposition 

of 0.5% EP in argon at T5 = 1301 K and p5 = 1868 Torr; (─) the results of the best fit of 

our kinetic simulations using the model of Farooq et al. [235];  (─) the result of the simple 

model containing only the EP decomposition reaction. 

 

The extracted rate coefficients are plotted in Fig. 6.3.1.4 and compiled in Table 6.3.1.1. As 

can be seen, our measured rate coefficients showed no discernible pressure dependence 

indicating that our data are quite close to the high-pressure limit. Our experimental data 

matched very well with the extrapolated data from Blades and Gilderson [232] and also 

with the data from Barnard et al. [233] below 1120 K. However, our data at T ≥ 1120 K 

did not show any sign of strong fall-off as reported by Barnard et al. [233] for ethyl 

propionate dissociation (see Fig. 6.3.1.4). Barnard et al. [233] reported the reaction mixture 

containing 1% of EP in argon and conversions of up to 95% in their pyrolysis experiments. 

They calculated the first order rate coefficients of EP decomposition by quantifying 

[C2H4]/[EP] for a given reaction time. As discussed earlier, the temperature drop could be 

of the order of 100 K for 1% EP pyrolysis for large conversion. This non-isothermal effect 

does not seem to be accounted for in the Barnard et al. [233] work. Therefore, their reported 

data at high temperatures, indicating the severe falloff, are most likely in error.  
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Fig. 6.3.1.4. Arrhenius plot for the experimental and theoretical rate coefficient 

comparison. () this work at p ~ 1600 Torr, () this work at p ~ 900 Torr; () Blades and 

Gilderson [232]; (Ο) Barnard et al. [233]; black solid lines from top to bottom are the 

results of Giri et al. [266] ab initio/master equation calculations at pressures (p) = , 900, 

100, 10 Torr for 6-centered C2H4 elimination from EP via TS1a; dashed line represents 

high-pressure limiting rate 𝑘(𝑇)  =  3.38 ×  109  (
𝑇

𝐾
)

1.39

 𝑒𝑥𝑝 (−274.054
𝑘𝐽 𝑚𝑜𝑙−1

𝑅𝑇
) 𝑠−1 

for 4-centered C2H4 elimination via TS1b.  

 

We observed a small interference caused by the absorption of EP at the C2H4 detection 

wavelength of 10.532 µm (see Fig. 6.3.1.5). This interference was corrected by 

determining EP absorption cross-sections in separate non-reactive shocks of EP at T ≤ 900 

K and p  760 Torr. The values for the absorption cross-sections of EP obtained from these 

experiments were found to be  1.5 × 10−20 cm2 molecule−1 which is only  5% of the 

typical value for C2H4 absorption cross-section at 10.532 µm.   
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Fig. 6.3.1.5. A non-reactive shock of 1% EP in argon carried out at experimental conditons: 

T5 = 888 K, p5 = 675 Torr, [EP] = 1.22 × 10−07 𝑚𝑜𝑙 𝑐𝑚−3 and [32] = 1.21 × 10−05 

𝑚𝑜𝑙 𝑐𝑚−3. From the measured absorbance, the absorption coefficients of EP were 

calculated to be σ (T = 888 K and p = 675 Torr)) = 1.56 × 10−20 𝑐𝑚2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1.  

 

We derived an activation energy of 204 ± 3 kJ/mol from the ethyl propionate 

decomposition experiments. This relatively low value of the activation energy agrees well 

with O’Neal and Benson estimated value for a series of six-center eliminations reactions 

of alkyl esters [240]. Furthermore, our pre-exponential factor (A) of 1012.90 ±  0.14 s−1 

falls within the range of A-factors observed previously for alkyl esters decomposition [240, 

255]. Therefore, these observations suggest that the reactions of alkyl esters having -

hydrogens show similar reaction rate behaviors (when the reaction path degeneracy is 

factored out in case it applies) and that the thermal decomposition of these esters undergoes 

a similar reaction mechanism in a concerted bond breaking and bond forming six-centered 

elimination process. 

 

6.3.2   Ethyl Levulinate Experimental Rate Coefficients 

Mixtures of EL/Ar were shock-heated to a range of temperatures (1015 – 1321 K) and 

pressures (750 – 1650 Torr), and ethylene time-histories were measured using CO2 gas 
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laser absorption. Our experiments showed that unimolecular dissociation of EL leads to the 

formation of LA and ethylene, where the ethylene yield reaches unity at high temperatures 

and/or at long reaction times, i.e., [C2H4]t/[EL]0 = 1. A representative high-temperature 

case is shown in Fig. 6.3.2.1. 

At T ≤ 900 K, no significant dissociation of EL was observed within the test time (~ 2 ms) 

of our experiments. These low-temperature experiments, and incident shock region of high-

temperature cases, revealed minor interference arising from the absorption of EL at the 

ethylene detection wavelength of 10.532 µm (see Fig. 6.3.2.2 and Fig. 6.3.2.3). This 

interference was corrected by determining EL absorption cross-sections from time zero 

(after reflective shock) absorption signals. The measured absorption cross section of EL 

was found to be 10% of C2H4 at a given temperature. Additionally, corrections obtained 

by ethylene measurements at an off-line wavelength of 10.675 µm gave very similar 

results. 

 

Fig. 6.3.2.1. Normalized concentration-time-profiles for the formation of C2H4 from the 

unimolecular decomposition of ethyl levulinate. Experimental conditions: T2 = 771 K, p2 

= 225 Torr, T5 = 1325 K, p5 = 780 Torr. Mixture: 0.4% ethyl levulinate in argon. 
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Fig. 6.3.2.2. Red, blue and green lines are 

the absorption spectrum of ethylene (gas), 

ethyl levulinate (liquid) and levulinic acid 

(gas phase) at  room temperature from the 

NIST database. 

Fig. 6.3.2.3. A non-reactive shock of 2% EL 

in argon carried out at experimental 

conditons: T2 = 612 K, p2 = 296 Torr and T5 

= 932 K, p5 = 975 Torr. From the measured 

absorbance, the absorption coefficients of 

EL were calculated to be σ (T=612 K and p 

= 296 Torr)) = 1.94 × 10−20 

𝑐𝑚2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1 and σ (T=932 K and p = 

975 Torr) = 2.6 × 10−20 𝑐𝑚2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1. 

 

With no secondary reactions influencing the C2H4 time-history and the reverse reaction 

being negligibly slow (~ 10−20 cm3 s−1), the rate coefficients for the unimolecular 

dissociation of EL can be determined accurately by employing the initial slope method, as 

given by: 

𝑘uni =    
1

 [EL]0
 ×  (

𝑑[C2H4]

𝑑𝑡
)

𝑡→0

      s−1 (6.3.2.2) 

However, the rate coefficients obtained from the initial slope method may be affected by 

the non-isothermal effect arising from the endothermicity of the reaction (∆𝐻𝑟,0𝐾
0  = 72.3 

kJ/mol). To assess this effect, a detailed chemical kinetic model developed for an analogous 
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ester, ethyl propanoate [70] was adopted and the sub-mechanism consisting of EL and 

levulinic acid reactions was added. The cumulative kinetic model was used to fit the 

measured ethylene time-histories to extract rate coefficients for EL dissociation and these 

were compared with the rates obtained from the initial slope method. For the kinetic 

simulations, the initial rate method was used to extract the initial estimate of the rate 

coefficient obtained and then varied it iteratively until the best fit with the measured 

concentration−time profiles was obtained. Representative measured traces and best-fit 

kinetic simulations are shown in Fig. 6.3.2.4.  

 

Fig. 6.3.2.4. Concentration-time-profiles for the formation of C2H4 from the unimolecular 

dissociation of EL. Solid lines indicate the best fit of our kinetic simulations at given 

temperatures. Other experimental information can be found in Table 6.3.2.1. 

 

A maximum temperature drop of ~ 15 K, caused by the endothermicity of the reaction, was 

observed from kinetic simulations, even for more than 95% conversions. This validates the 

use of Eq. (6.3.2.1) to extract rate coefficients. No marked differences were found in the 

extracted rate coefficients from either method. The rate coefficients are plotted in Fig. 

6.3.1.5 and compiled in Table 6.3.2.1. As can be seen, our measured rate coefficients show 

no discernible pressure dependence indicating that our data are quite close to the high-

pressure limit.  
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Fig. 6.3.2.5.  Arrhenius plot for our experimental and AlAbbad et al. [267] theoretical rate 

coefficient comparison. Symbols are current experimental data () p ~ 1500 Torr, () p ~ 

900 Torr; Black lines from top to bottom are the results of Alabbad et al. [267] ab 

initio/master equation calculations at pressures (p) = , 900, 100, 10 Torr.  
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[EL]/ 10−8 
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1015 750 4.9 1.2 552 

1022 750 4.7 1.2 694 
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1180 900 5.0 1.2 9672 

1217 1575 8.3 2.1 20563 

1228 900                  4.7 
 

1.2 31000 

1253 825 4.3 1.1 52173 

1261 900 4.7 1.2 42335 

Table 6.3.2.1. Experimental values of the rate coefficients. Also provided are the 

experimental conditions.  

 

The activation energy reported by Alabbad et al. [267] is 193 ± 9 kJ/mol which is found to 

be much lower than the bond dissociation energy of the weakest ester C−O bond (~ 353 

kJ/mol in ref [234]) present in the molecule. This value compares well with that found in 

our earlier work for C2H4 elimination from ethyl propionate (Ea = 204 ± 3 kJ/mol). This 

suggests that the reaction occurs via a concerted bond breaking and bond forming process. 

Also, the pre-exponential factor (A) of 1012.60 ± 0.45 s−1 reported by AlAbbad et al. [267] 

falls within the observed range of A-factors (1012.3 ± 0.3 s-1) for C2H4 elimination 

reactions of alkyl acetate esters [240, 255]. The relative insensitivities of the 

experimentally observed A-factors with respect to reactant structure strongly advocates 

that the nature of the transition states for all alkene elimination reactions from alkyl esters 

are very similar. Our measured value of A-factor corresponds to entropy-of-activation of 

−30.0 ± 8 Jmol−1𝐾−1 which compares very well with the entropic loss S≠ = −29.3 ± 

5.9 Jmol−1K−1 found in alkyl esters dissociation reactions. This loss of entropy can be 

attributed to the restricted motion due to the cyclization in the transition state structure. 

One would expect that the additional carbonyl group in the ethyl levulinic acid group may 

not alter the reactivity of EL compared to alkyl esters. 
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6.3.3   Dithyl Carbonate Experimental Rate Coefficients 

We studied the initial pyrolytic steps of DEC experimentally. The experiments were carried 

out in a shock tube behind reflected shock waves over T = 900 –1200 K and p = 900 – 2140 

Torr. Infrared (IR) laser absorption near 10.532 m was used to directly measure C2H4 

during the chemical reaction. Absolute rate coefficients were obtained from the measured 

C2H4 time-histories. 

Carbonate esters containing a -hydrogen atom fall under the “pyrolytic cis-elimination” 

reaction class. Such a reaction occurs via a concerted bond breaking and bond forming 

process to eliminate alkenes and this is known to be a low activation energy process. For 

ethyl propionate (EP) [268], we showed earlier that C2H4 and propionic acid are the only 

products and no other radical producing channels are competitive with this molecular 

channel. Here, the presence of an alkoxy group in the carbonate is expected to make the 

alkene elimination reaction much faster than that of the corresponding alkyl acetate esters. 

This would mean that all probable reaction pathways other than the retro-ene elimination 

of C2H4 from DEC can be safely ruled out. Our experimental results also support the fact 

that unimolecular decomposition of DEC exclusively produces ethylene and ethyl 

hydrogen carbonate (EHC), where the ethylene yield reaches unity ([C2H4]t/[DEC]0 ~ 1) 

at high temperatures and/or at long reaction times (see Fig. 6.3.3.1). This is in line with 

results from earlier studies [247, 250, 251, 264] on DEC decomposition.  
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Fig. 6.3.3.1.  (Ο) measured [C2H4]/[DEC]0 time history for the thermal unimolecular 

decomposition of 0.3% DEC in argon at T5 = 1175 K and p5 = 1.63 bar; Error bars 

representing 10% uncertainty; (─) the results of the best fit of our kinetic simulations using 

the model of Nakamura [254].  

 

Fig. 6.3.3.2. A non-reactive shock of 1% DEC in argon carried out at experimental 

conditons: T5 = 896 K, p5 = 2.3 bar, [EP] = 3.09 × 10−07 𝑚𝑜𝑙 𝑐𝑚−3 and [32] = 3.06 ×

10−05 𝑚𝑜𝑙 𝑐𝑚−3. From the measured absorbance, the absorption coefficients of DEC were 

calculated to be σ (T = 896 K and p = 2.3 bar)) = 2.41 𝑚2 𝑚𝑜𝑙𝑒−1.  
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We recorded the evolution of C2H4 at a wavelength of 10.532 µm during the pyrolysis of 

DEC. At this wavelength, we also observed absorption interference caused by DEC (see 

Fig. 6.3.3.2). This interference needs to be corrected to reliably extract rate coefficients 

from the measured C2H4 time-histories. For the correction, we measured the absorption 

cross-sections of DEC in separate shock tube experiments carried out at temperatures 

below 900 K. At temperatures below 900 K, we did not observe any decomposition of DEC 

within our observation time of ~ 1.5 milliseconds. Above 900 K, the absorption cross-

sections of DEC were obtained from the measured absorbance at time zero, which is 

defined as the time of step rise in temperature by the arrival of reflected shock wave at the 

optical test section. These measurements resulted into the following equation for the 

absorption cross-section of DEC over our experimental conditions (T = 900 – 1200 K, p = 

900 – 2140 torr): 

σ (m2mol−1)  =  1.4 +  515  exp (−
6341 K

𝑇
) (6.3.3.1) 

 

The absorption cross-sections of DEC were found to be roughly 10% of the typical value 

of the C2H4 absorption cross-section at 10.532 µm. Our experiments further revealed that 

there are no residual absorptions caused by other products such as ethanol and carbon 

dioxide, which can be justified by their absorption spectra shown in Fig. 6.3.3.3(a) and 

6.3.3.3(b). Ethanol and carbon dioxide are formed by the decomposition of ethoxy acid, 

reaction R6.3.3.2. Consequently, the experimentally measured absorbance time-profiles, 

Atot(t), would be the sum of the absorbances of C2H4 and DEC:    

Atot(t) =  AC2H4
(t) +  ADEC(t) 

              =  L[σC2H4
(𝑇, p)NC2H4

(𝑇, p) + σDEC(𝑇, p)NDEC(𝑇, p)] (6.3.3.2) 

 where 𝜎(𝑇, 𝑝) is the absorption cross-section (cm2/mol) at 10.532 m; 𝑁(𝑇, 𝑝) is the 

number density (cm3/mol); L is the optical path length (14.2 cm). The values of the 
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absorption cross-sections for C2H4 were adopted from Ren et al. [265], whereas 𝜎𝐷𝐸𝐶(𝑇, 𝑝) 

were calculated using Eq. (6.3.3.1). 

  

 
(a) 

 
(b) 

Fig. 6.3.3.3. IR spectrum of (a) Ethanol and (b) carbon diaxide from PNNL database.  

 

A simple chemical kinetic model comprising of reactions R6.3.3.1 and R6.3.3.2 was 

constructed to account for non-isothermal effects while extracting the rate coefficients. The 
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kinetic model was used to obtain concentration-time-profiles of C2H4 and DEC which were 

then converted into absorbance-time-profiles according to Eq. (6.3.3.2). The rate 

coefficient for R6.3.3.1 is iteratively varied until the kinetic model delived the best fit with 

the experimentally measured absorbance-time-profiles. We kept the rate coefficients for 

R6.3.3.2 unaltered during the kinetic modeling. For reaction R6.3.3.2, we obtained the rate 

parameters from Alabbad et al. [269] ab initio/RRKM-master equation calculations. Some 

representative measured C2H4 profiles, and the best-fit kinetic simulations are shown in 

Fig. 6.3.3.4. 

C2H5OC(O)OC2H5  → C2H4 + C2H5OCO2H (R6.3.3.1) 

C2H5OCO2H → CO2 + C2H5OH (R6.3.3.2) 

 

 

Fig. 6.3.3.4. Representative absorbance time-profiles for the formation of C2H4 from the 

unimolecular decomposition of diethyl carbonate (DEC). Solid red lines are the results of 

the best fit of our kinetic simulations at the specified conditions (see Table 6.3.3.1 for 

further experimental information). 

0 200 400 600 800

0.00

0.04

0.08

0.12

0.16

971 K, 1.25 bar

1084 K 1062 K
1029 K

1187 K

A
 =

 l
n

(I
0
/I
)

t / s

  Experiments

  Kinetic Model

0.3% DEC in Ar

~ 2.6 bar

1001 K



135 
 

 
 

 

Fig. 6.3.3.5. Arrhenius plot for the experimental and theoretical rate coefficient 

comparison. () this work at p ~ 1100 Torr, () this work at p ~ 1875 Torr. Open symbols 

are for previous studies; () Cross et al. [251], () Bigley et al. [253], () Gordon et al. 

[264], (☆) Herzler et al. [247]; black lines from top to bottom are the results of Alabbad et 

al [269] ab initio/master equation calculations at pressures p = , 900, and 10 Torr. for 6-

centered C2H4 elimination from DEC via TS1.  

 

The extracted rate coefficients are plotted in Fig. 6.3.3.5 alongside the Alabbad et al. [269] 

ab initio/master equation results and compiled in Table 6.3.3.1. As can be seen, our 

measured rate coefficients showed no discernible pressure dependence indicating that our 

data are close to the high-pressure limit. This observation is in line with Herzler et al. [247] 

whose data did not exhibit any pressure dependence for p = 1500 – 3000 Torr. Our values 

of the rate coefficients show an excellent agreement with that of Herzler et al. [247]. Both 

sets of data match within an absolute average deviation (AAD) of 11% for overlapping 

temperatures. DEC showed an increased reactivity when compared to ethyl propionate 

(EP) decomposition from our earlier work [268]. For a given temperature, the rate 

coefficients for DEC decomposition are found to be at least three times faster than those of 

EP. We derived an activation energy of  190 kJ/mol and a pre-exponential factor of 
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1012.85 𝑠−1 from our DEC experiments. While the pre-exponential factors compare well, 

we find a significant drop in the activation energy by almost  14 kJ/mol for DEC 

decomposition as opposed to that for EP [268]. This lowering of the activation energy and 

hence increased reactivity of DEC can be attributed to the destabilizing effect of the ethoxy 

group present in DEC. Comparing the reactivity of alkyl esters [232, 251, 255, 267, 268], 

we can conclude that the acid group (R’) forming the alkyl esters (R’COOR) has little 

effect on the rate coefficients for alkene elimination from R’COOR. However, the 

replacement of R’ with an alkoxy (R’O) group greatly affects the decomposition rates of 

these esters by a several-fold increase.  

p5 

(Torr) 

T5 

(K) 

[DEC]/10−7 

(mol/cm3) 

[32]/10−5 

(mol/cm3) 

k 

(s−1) 

1800 918 3.1 3.1 91 

1875 970 3.1 3.1 408 

938 971 0.5 1.5 279 

2138 1001 1.0 3.4 881 

1050 1002 1.7 1.7 1053 

1140 1005 1.8 1.8 1131 

2100 1029 1.0 3.3 1697 

2025 1062 0.9 3.0 3512 

1080 1071 1.6 1.6 5311 

1943 1084 0.9 2.9 5563 

1875 1120 0.8 2.7 6623 

1140 1130 0.5 1.6 10298 

1223 1175 0.5 1.7 20672 

1800 1187 0.7 2.4 57189 

1860 1187 0.8 2.5 31772 

1058 1195 0.4 1.4 25466 

1058 1204 0.4 1.4 29594 

Table 6.3.3.1. Measured rate coefficients with the experimental conditions. The uncertainty 

associated with the rate coefficients is ~ 20%.  

 

As can be seen in Fig. 6.3.3.5, the computed values of the rate coefficients for C2H4 

elimination from DEC display no discernible pressure dependence in our experimental 

pressure range (p = 900 – 2140 Torr). This observation of a negligible pressure effect 
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agrees well with our experiments. Moreover, our calculated values of the high-pressure 

limiting rate coefficients agree well with all available experimental data (p  few Torr – 

3000 Torr and T = 550 – 1200 K) except for that from Gordon and Norris [264]. This 

indicates that our experimental data are already at the high-pressure limit and the calculated 

barrier height for C2H4 elimination from DEC is quite accurate. The Gordon and Norris  

[264] data underpredict our theoretical rates and all of the other low-temperature data by 

at least a factor of 5, suggesting that their data are likely in error. 

 

6.4   Conclusions 

The thermal decomposition processes of three esters (ethyl propionate (EP), ethyl 

levulinate (EL) and diethyl carbonate (DEC)) were investigated behind reflected shock 

waves. The reaction rate coefficients for the thermal unimolecular decomposition of the 

three esters were measured over the temperature range of 900 – 1325 K and p = 750 – 2140 

Torr using the shock tube with a laser absorption technique. Our rate data exhibited good 

Arrhenius behavior matching excellently with the theoretical calculation [266, 267, 269]. 

Not surprisingly, our experiments revealed no discernible pressure dependence under our 

experimental conditions. This reveals to that our experimentally measured rate coefficients 

data are at or close to the high-pressure limit. Our experimental results support the fact that 

the unimolecular decomposition of the three esters exclusively produces ethylene, where 

the ethylene yield reaches unity ([C2H4]t/[Esters]0 ~ 1) at high temperatures. The 

decomposition process of the three esters suggested it occurs via a six-membered cyclic 

transition state.  

The reaction rate of EP decomposition found within the range of alkyl esters containing -

hydrogens. For EL containing an additional carbonyl group, the experiments show a very 

minimal effect of the carbonyl group in the decomposition process of EL. As a result, the 

measured rate coefficients of EL are found to be similar to those of EP as shown in Fig. 

6.4.1. The presence of the ethoxy group in DEC is found to have a destabilization effect. 

Therefore, our measurements show that the decomposition process of DEC is faster than 
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both EP and EL as shown in Fig. 6.4.1. the decomposition of DEC found to be ~ 3.7 times 

faster than EP and EL. 

 

Fig. 6.4.1. Comparison among the rate coefficients of EP, EL and DEC. 
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CHAPTER 7: HIGH TEMPERATURE UNIMOLECULAR 

DECOMPOSITION OF A CYCLIC KETONE 

(CYCLOPENTANONE) 
 

7.1   Introduction 

Ketones are of significant interest as potential biofuels. Several researchers have 

demonstrated the use of chemical and biochemical conversion process technology for 

biofuel production [270]. One such technology involves using endophytic fungi to 

decompose lignocellulosic biomass, agro-industrial residues, and wastewater to produce a 

wide array of volatile organic compounds (VOCs), including saturated and unsaturated 

hydrocarbons, ketones, esters, acids, and alcohols [270-273]. These oxygenated 

compounds can promote cleaner combustion by reducing emissions of greenhouse gases 

and particulates. Ketones are also important intermediates in the low-temperature oxidation 

of large hydrocarbons and oxygenated fuels such as alcohols and esters. Therefore, the 

reaction kinetics of ketones is of substantial interest. 

Cyclopentanone (CPO) is a five-member ring cyclic ketone that can be efficiently produced 

from the hydrogenation of biomass derived furfural [274], and the pyrolysis of biomass 

[275] and of nylon 66 [276]. It is highly resistant to auto-ignition and can potentially be 

utilized in fuel blends for spark-ignition internal combustion engines. It may also prove to 

be a promising feedstock for the synthesis of polycyclic alkanes [277, 278] which are 

known as high-density fuels [279], and it may be used as an aviation fuel as well as in 

blends with increased volumetric heating values. Despite its importance in combustion, the 

kinetics of CPO has received very little attention [3, 280-285]. 
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Cyclopentanone decomposition has been studied experimentally by using photochemical 

[280, 281] and thermal [282, 283] methods, and computationally by ab initio/master 

equation methods [3]. The first study dates back to 1935, when Saltmarsh and Norrish 

[280] carried out photochemical decomposition of cyclic ketones with n-membered rings 

that contained 5 to 7 carbon atoms (5  n  7). They concluded that these cyclic ketones 

primarily decompose via simultaneous rupture of both C−C bonds adjacent to the carbonyl 

group, forming CO and cyclic alkanes (n−1) as final products. However, in the case of 

CPO, they identified ethylene, butene isomers (C4H8) and CO as the decomposition 

products. They hypothesized that the decomposition of cyclic ketones can produce cyclic 

hydrocarbons when there is a possibility for the formation of a 5 or 6 membered ring. In a 

later photolysis study, Benson and Kistiakowsky [281] suggested that the C4H8 identified 

by Saltmarsh and Norrish [280] as butene isomers is actually cyclobutane (C4H8). They 

questioned the experimental techniques employed by Saltmarsh and Norrish [280] and 

further stated that the photolysis of cyclic ketones is much more complex than the simple 

hypothesis advanced by Saltmarsh and Norrish [280]. Somewhat later, Johnson and 

Walters [282] studied the thermal decomposition of CPO in a cylindrical pyrex reaction 

vessel at 761 – 816 K and 99 – 314 Torr, and reported that the major products in the early 

stages of reaction are CO, C2H4, H2, 1-butene, 2-cyclopenten-1-one. They found that the 

reaction is not elementary since it exhibited an induction period and was autocatalytic, i.e., 

it was accelerated by the addition of the reaction products. In the most recent experimental 

study of CPO, Delles et al. [283] conducted experiments at 805 – 854 K and 11 – 30 Torr, 

and observed major products similar to those reported by Johnson and Walters [282] but 



141 
 

 
 

they additionally identified 4-pentenal as an important product, and reported that the over-

all thermal decomposition of CPO can be described by k(T) = 1.5  1012 exp(
−29642.7

𝑇
) 

s−1. Delles et al. [283] confirmed that the reaction is autocatalytic and also that its rate is 

reduced by the addition of nitric oxide, suggesting participation by a free radical chain 

mechanism under their conditions. All of these experimental studies were confined to 

temperatures below 855 K and the most recent study [283] was performed almost 50 years 

ago. 

Recently, Zaras et al. [3] employed G3B3/master equation-RRKM computational methods 

to investigate the various decomposition pathways for CPO decomposition. The authors 

[3] were able to map out seven different reaction routes that led to the major decomposition 

products observed previously in the pyrolysis experiments. Their calculations showed that 

the reaction route leading directly to C2H4 and CO is the dominant channel and is 

significantly faster than keto-enol tautomerism, particularly at high temperatures. The 

authors further reported that enolization is less favored in CPO than in cyclohexanone, 

since the latter has a lower barrier for the corresponding reaction. Their calculated rate 

coefficients for CPO decomposition are at least an order of magnitude slower than the 

experimental rate expression reported by Delles et al. [283]. 

The present work was motivated by the discrepancy between theory and experiment and 

by the problems encountered in the early experimental works which employed classical 

macroscopic kinetics techniques. 
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7.2   Experimental Setup  

Thermal unimolecular decomposition of cyclopentanone (CPO) was investigated in a low-

pressure shock tube (LPST) facility. Details of the shock tube are available in Chapter 2. 

This work used a 3 meter long driver section to achieve test times of about 1.5 ms. To 

ensure high purity prior to each experiment, the driven section was pumped down to <10−5 

Torr using a turbo-molecular pump and the driver section was evacuated to 10−3 Torr. All 

experiments were conducted behind reflected shock waves, and the post-shock conditions 

(T5, p5) were calculated, with a maximum uncertainty of 1%. Optical windows for the CO 

laser diagnostic and a Kistler PZT were located at 2 cm from the shock tube endwall.  

Carbon monoxide was monitored using the R(13) absorption line near 2193.36 cm–1 (4.56 

μm) in the 1 fundamental vibrational band of CO. A fixed-wavelength direct absorption 

strategy was used, where the mid-IR light was generated by a CW quantum cascade laser 

(QCL) supplied by Alpes Lasers. The mole fraction of CO was obtained using the Beer-

Lambert law: I/I0 = exp (−Sxip5L) where I and I0 are the transmitted and incident laser 

intensities, respectively; S (cm−2 atm−1) is the line-strength of the ro-vibrational 

absorption transition,  (cm) is the line-shape function, xi is the mole fraction of the 

absorbing species, p5 (atm) is the total pressure of the gas behind the reflected shock wave 

and L (cm) is the absorption path length (internal diameter of the shock tube). Argon-

broadening parameters for the R(13) transition were taken from Ren et al.[286] and the 

line-strength was obtained from the HITRAN database [287]. 

Gas mixtures of cyclopentanone (≥99% Sigma-Aldrich; further purified through freeze-

pump-thaw cycles), diluted in argon (99.999%) were prepared manometrically in a 24 L 

teflon-coated stainless steel tank equipped with a magnetically driven stirrer. Prior to 

mixture preparation, the tank was pumped down to <10−5 Torr. Mixtures were allowed to 

homogenize for at least two hours before use, and contained 0.2 – 1.2% CPO in argon. 
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7.3   Results and Discussion 

7.3.1   Cyclopentanone Decomposition Pathways 

The major reaction pathways for the unimolecular decomposition of cyclopentanone are 

shown in Fig. 7.1. The energetics for these pathways are taken from Zaras et al. [3] who 

used the G3B3 method to compute the stationary points on the potential energy surface 

(PES).  

 

Fig. 7.1. G3B3 energies [3] for the major decomposition pathways of cyclopentanone 

(CPO). 

 

As shown in Fig. 7.1, the energy barriers for the reaction pathways via TS3, TS4, TS5, and 

TS7 are significantly higher than those proceeding via TS1, TS2 and TS6. Zaras et al. [3] 

predicted that the higher energy channels make negligible contributions to the total 

decomposition rate. This suggests that the higher energy channels can safely be neglected 
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in the analysis of our kinetic data, leaving only the following three reactions to be 

considered:  

CPO → CH2(CH2)3C=O (R7.1a) 

CPO → CO + 2C2H4 (R7.2) 

CPO → cyclopentenol → → various products (R7.3) 

Two distinct reaction pathways, R7.1 and R7.2, which occur via TS1 and TS2, respectively, 

lead to the same set of products: CO and C2H4. Reaction pathway R7.1, which is indirect, 

first surmounts a thermodynamic barrier of 326.8 kJ/mol (reaction R1a has no intrinsic 

barrier) to open the ring and produce an open chain diradical (CH2(CH2)3C=O), which 

reacts further by a low energy path (reaction R7.1b with an energy barrier of 64.4 kJ/mol 

relative to the diradical) to produce CO and C2H4. As shown in Fig. 7.4 of Zaras et al. [3], 

the open chain diradical can also isomerize to 4-pentenal by overcoming an energy barrier 

of 301.3 kJ/mol (reaction R7.1c – not shown in Fig. 7.1). However, reaction R7.1c is not 

important, because its barrier height is so much greater than that of reaction R7.1b.  

CH2(CH2)3C=O  CO + 2C2H4 (R7.1b) 

CH2(CH2)3C=O  CH2=CHCH2CH2C(H)=O (R7.1c) 
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Reaction R7.2, the second pathway that produces CO and C2H4, proceeds directly in a 

concerted manner via TS2.  

A third pathway, reaction R7.3, proceeds first by an enolization step to produce 

cyclopentenol (keto-enol tautomerization via TS6 with energy barrier 304 kJ/mol), which 

reacts further to produce various products, as shown in Figure 4 of Zaras et al. [3]. The 

enolization step via TS6 has a higher energy barrier than the analogous process in 

cyclohexanone (276 kJ/mol [288]), but it is lower in energy than pathways R7.1 and R7.2. 

Although it is lower in energy, the CPO enolization reaction on pathway R7.3 has a very 

tight transition state (S298.15K  = −3.3 J mol−1 K−1), while the transition states along 

pathways R7.1a and R7.2 are much looser (S298.15K  = 18 −

38.5 𝑎𝑛𝑑 40.2 𝐽 𝑚𝑜𝑙−1 𝐾−1, respectively). The net result is that the channels producing 

CO and C2H4 are more important than channel R7.3.  

Because reactions R7.1b and R7.1c occur via tight transition states with significant energy 

barriers, while the reverse of reaction R7.1a (recyclization of the open chain diradical) is 

barrierless and hence very rapid, subsequent reaction to form CO + C2H4 cannot compete 

with R7.2. Therefore, the indirect channel forming CO and C2H4 can be neglected in 

analyzing the experimental data on CPO decomposition. 

 

7.3.2   Experimental Rate Coefficients 

From the discussion above, the most favored decomposition channels of CPO 

decomposition are expected to be the reactions R7.2 and R7.3. R7.2 forms CO and C2H4 
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directly, while R7.3 is the enolization channel which eventually leads to the formation of 

other products. Because CO is one of the major products, we monitored the evolution of 

CO to extract the kinetic information. Our results show that the CO yield approaches unity 

([CO]/[CPO]0  1) at high temperatures and/or long reaction times (see Fig. 7.2). 

Moreover, the measured evolution of CO starts at the onset of reaction at high temperatures 

which clearly indicates that R7.2 is the major decomposition pathway. This observation is 

consistent with the theoretical predictions of Zaras et al. [3]. 

 
Fig. 7.2.  Measured [CO]/[CPO]0 time history for the thermal unimolecular decomposition 

of cyclopentanone (CPO). The red line shows that CO yield reaches unity at high 

temperatures and/or long reaction times. 

 

The reaction rate coefficients k(T, p) were extracted by iteratively varying the rate 

coefficients for R7.2 and R7.3 until the best fit of the measured absorbance time-profiles 

of CO was obtained. The detailed kinetic model including secondary reactions was adopted 
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from Thion et al. [284] and the initial estimates of the rate coefficients for R7.2 and R7.3 

were taken from Zaras et al. [3]. The best-fit kinetic simulations are shown in Fig. 7.3 and 

the total rate coefficients for the loss of CPO in each experiment are plotted in Fig. 7.4 (and 

compiled in Table 7.1). The measured rate coefficients, obtained at pressures ranging from 

750 to 1800 Torr, did not exhibit any discernible pressure dependence. This suggests that 

the CPO decomposition is close to the high-pressure limit under the present experimental 

conditions. 

 

Fig. 7.3. Representative absorbance time-profiles for the formation of CO from the thermal 

decomposition of cyclopentanone. Black lines are the experimental traces and red lines 

indicate the best fit of kinetic simulations at the specified temperatures. Further details of 

the experimental conditions are provided in Table 7.1. 
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Fig. 7.4. Arrhenius plot for the experimental and theoretical rate coefficients for the thermal 

decomposition of cyclopentanone. Symbols: experimental data from this work; (▲) 735 – 

975 Torr, (▲) 1050 – 1350 Torr, (■) 1425 – 1800 Torr. Solid lines: results of Giri et al. 

[289] master equation calculations for p = ∞, 1500 and 750 Torr; (….) Zaras et al. [3] 

values for the total high-pressure limiting rate coefficients. The error bars (25%) of our 

measured rate constants account uncertainties in the temperature (1%) of reflected shock 

wave, location of time zero (0.5 s), mixture composition (5%), CO absorption cross 

section (~3%). 

p5 

(Torr) 

T5 

(K) 
[DEC]/10−8 

(mol/cm3) 

[Ar]/10−5 

(mol/cm3) 
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(s−1) 

803 1156 3.9 1.0 32 
750 1168 3.9 1.0 47 

1320 1226 4.2 1.0 181 

1575 1227 7.4 1.1 186 

1725 1234 2.1 1.2 226 

735 1238 14.4 1.2 267 

1680 1239 7.1 1.4 214 

1800 1246 7.3 1.4 240 

870 1259 4.9 1.4 288 

1050 1285 16.1 1.4 770 

1643 1286 2.8 1.4 737 
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1245 1317 6.1 1.5 683 

1763 1326 6.4 1.6 1834 

1088 1395 6.9 1.6 4766 

1091 1397 6.0 1.8 7807 

960 1427 8.0 1.8 10733 

1425 1437 9.4 1.8 9909 

1110 1524 6.6 1.7 44504 

1125 1525 6.2 1.8 27368 

915 1571 20.8 1.7 82205 

Table 7.1. Measured rate coefficients with the experimental conditions. The uncertainty 

associated with the rate coefficients is ∼ ±25%.  

 

Our experimental data compare reasonably well with the theoretical predictions of Zaras 

et al. [3] (dashed line in Fig. 7.4), except for the difference in temperature-dependence and, 

at the lower temperatures, the experimental rate constants are at least twice as fast as the 

k∞ predicted by Zaras et al. [3]. This suggests that the energy barriers predicted by the 

theory for the low-lying channels are somewhat too high. Giri et al. [289] empirically 

reduced the energy barrier of TS2 (direct pathway to CO+C2H4) by 6.3 kJ/mol (1.5 

kcal/mol), which is within the range of accuracy expected for this level of theory. After 

making this adjustment, the computed pressure- and temperature- dependent rate 

coefficients (solid lines in Fig. 7.4) are in good agreement with our experimental data.  

The results of the Giri et al. [289] calculations are summarized in Fig. 7.4 which report 

values of kuni, the stochastic uncertainties, and branching ratios for the various pathways, 

respectively. As can be seen in Fig. 7.4, the Giri et al. [289] calculated values of the high-

pressure limiting rate coefficients, k(T) agree well with our experimental data. Most of 

our experiments were carried out at pressures ranging from 1 to 2 bar where, pressure 
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falloff makes a contribution. The pressure falloff observed in the experiments at higher 

temperatures is captured quite accurately by the master equation calculations of Giri et al. 

[289], as shown in Fig. 7.4. 

The extrapolated values of the experimental rate constants measured in the present work 

are lower than the results reported by Delles et al. [283], despite the fact that their 

experiments were performed at much lower pressures and, therefore, pressure fall-off 

should have been more important. Their results (and those of Johnson and Walters [282]) 

showed clear evidence of an induction period, autocatalysis, and quenching by nitric oxide, 

which suggested that the reaction was proceeding at least in part by a free radical chain. 

The present results are consistent with their interpretation and we conclude that the present 

results are more accurate description of the unimolecular reactions of cyclopentanone. 

7.4   Conclusions 

The kinetics of the thermal decomposition of cyclopentanone was studied behind reflected 

shock waves at 1150 – 1590 K and 750 – 1800 Torr. Our measured rate coefficients did 

not show a significant pressure effect which shows that the measured data are close to the 

high-pressure limit. Our measured CO yield was found to be ~ unity at high temperatures, 

suggesting that the reaction R7.2 is the major channel. We found that reaction R7.1, which 

also eventually produces CO and C2H4, contributes negligibly small to the CO yield. It is 

concluded that  reaction R7.2 contributes ≥ 95% to cyclopentanone decomposition under 

our experimental conditions, whereas reaction R7.3 contributes ≲ 3%. 
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CHAPTER 8: SUMMARY AND FUTURE WORK  

8.1   Ignition Delay Times Measurements of Real Fuels and Their Surrogates 

Ignition delay times of a wide variety of real fuels and surrogates were measured in a shock 

tube and in a rapid compression machine (RCM). The two-component surrogate studied 

here is a primary reference fuel (PRF) which is one of the main two-component surrogates 

used to simulate gasoline fuels. The real fuels studies have different octane numbers and 

compositions and different ignition behaviors. The reactivity of two-, three- and multi-

component surrogates of the real fuels have also been investigated. 

 

Primary Reference Fuel (PRF) 

Ignition delay times of four PRF blends were measured behind reflected shock waves in a 

high-pressure shock tube. The octane number and reactivity of a PRF is referred to the 

volumetric ratio of iso-octane and n-heptane. Experiments were carried out over a wide 

range of temperatures (700–1200 K), pressures (10, 20, and 40 bar) and equivalence ratios 

(0.5 and 1). Kinetic modeling predictions from four chemical kinetic mechanisms were 

compared with the experimental data. Overall, good agreement among the data and models 

was observed at high and moderate temperatures. However, the agreement varies in the 

NTC and low temperature regions based on the pressure, composition and equivalence 

ratio. Pressure appears to have a significant effect on the ignition delay times and this effect 

is amplified in the NTC region compared to that at high and low temperatures. Ignition 

delay correlations were developed to reproduce the measured ignition delay times. Brute 

force sensitivity analyses were carried out to identify reactions that affect ignition delay 

times at specific temperatures, pressures and equivalence ratios. 

Future work: The comparisons between our measured ignition delay times and the 

simulations using four chemical kinetic mechanisms show a clear discrepancy of the 

prediction of the four mechanisms in the NTC and low-temperature regimes. There is 

limited ignition delay data for PRF with high octane numbers at these two temperature 

regimes. The ignition delay time measurements reported in this work are limited to the test 
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time of the shock tube. Therefore, one possible extension of this work would be measuring 

the ignition delay times of the PRFs in the RCM to cover longer ignition delay times and 

then provide adequate ignition delay data in the NTC and low-temperature regimes for 

model validation and improvement. 

 

Low Octane Fuel 

Ignition delay times of naphtha, a low-octane fuel, were measured in a shock tube and in a 

rapid compression machine over wide ranges of temperatures (620–1223 K), at two 

pressures (20 and 60 bar) and at three equivalence ratios (ϕ = 0.5, 1.0 and 2.0). The naphtha 

studied in this work is a certified straight-run naphtha fuel, supplied by Haltermann 

Solutions. The Haltermann straight-run naphtha (HSRN) has a research octane number 

(RON) of 60 and a motor octane number (MON) of 58.3, with a carbon range spanning 

C3–C9. Measured and simulated ignition delay times of HSRN were compared with three 

suitably formulated surrogates: a two-component PRF (n-heptane/iso-octane) surrogate, a 

three-component TPRF (toluene/n-heptane/iso-octane) surrogate, and a six-component 

surrogate. All three surrogates captured the reactivity of HSRN at high and intermediate 

temperatures. However, at low temperatures (< 700 K), the PRF and TPRF surrogates 

exhibited faster reactivity compared to HSRN while the multi-component surrogate 

performed much better. Sensitivity and rate of production analyses indicate that 

cyclopentane acts as a sink of OH radicals and inhibits the overall system reactivity. 

 

Mid Octane Gasoline 

A blend (GCI Blend) of three fuels, from the distillation cuts of crude oil (low-octane light 

and heavy naphtha and high-octane reformate), was studied in a shock tube and in a rapid 

compression machine over wide ranges of experimental conditions (20 and 40 bar, 640–

1175 K, ϕ = 0.5, 1 and 2). The GCI blend has a research octane number (RON) of 77 and a 

motor octane number (MON) of 73.9. The reactivity of the GCI blend was compared with 

experimental measurements of two surrogates: a multi-component surrogate (MCS) and a 
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two-component primary reference fuel (PRF 77). Both surrogates captured the reactivity 

of the fuel quite well at high and intermediate temperatures. Due to the presence of non-

paraffinic components (aromatics and cycloalkanes) in the MCS, it better emulates the fuel 

reactivity at low temperatures, where PRF 77 was more reactive than the GCI blend. 

Ignition delay times of the two surrogates were also simulated using detailed chemical 

kinetic models and the simulations agreed well with the experiments. The results of rate-

of-production analyses show the important role of cycloalkane chemistry in the overall 

autoignition behavior of the fuel at low temperatures. 

Future work: The development and design of advanced combustion engines is driven by 

emissions regulations and fuel economy targets. The design of these engines relies on the 

use of simulations where kinetic mechanisms are employed to predict important ignition 

parameters such as the start of combustion. The start of combustion depends mainly on the 

ignition delay times of the fuels. Correlations can reduce the cost of simulation 

significantly. We showed in our studies that ignition delay times of gasoline fuels can be 

related to the octane numbers and PIONA (n-paraffin, iso-paraffin, olefin, naphthene, and 

aromatic) composition. One possible extension to this work is to provide a correlation that 

required only basic information such as octane numbers and PIONA composition to predict 

ignition delays of real fuels. 

One of the main challenges for smooth transition to advanced engines is the availability of 

suitable fuels. Most gasoline stations provide high octane gasolines, while advanced 

engines such as GCI engines are expected to perform better with mid octane gasolines. One 

promising solution to this challenge is to obtain the required fuel reactivity by mixing 

gasoline with diesel. Another possible extension to this work is to provide a correlation 

methodology that can predict the blending ratio between gasolines and diesel to obtain an 

adequate fuel reactivity for an advance engine. 
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8.2   Rate Coefficient Measurements of Ethyl Esters 

This work reports thermal unimolecular dissociation of esters with varying functionalities, 

such as ethyl levulinate, ethyl propionate and diethyl carbonate. Experiments were 

performed behind reflected shock waves over a temperature range of 920 – 1320 K and at 

pressures of 1.0 – 2.5 bar. Laser absorption technique was employed to follow the reaction 

kinetics by quantitatively measuring ethylene near 10.532 m using a CO2 gas laser. The 

rate coefficients for the formation of C2H4 were determined from the initial slope method 

and further ascertained the rate constants by a complete kinetic model. 

 

Ethyl Propionate 

Rate coefficients for the thermal unimolecular decomposition reaction of ethyl propionate 

(EP) were measured behind reflected shock waves over the temperature range of 976–1300 

K and at pressures of 825–1875 Torr. Our rate data exhibited good Arrhenius behavior 

matching excellently with the extrapolated values of a low-temperature study. Not 

surprisingly, our experiments revealed no discernible pressure dependence under our 

experimental conditions. Our experiments and the theory by Giri et al. [266] revealed that 

C2H4 elimination occurs via a six-centered retro-ene transition state. Unlike an earlier 

work, we did not observe any severe falloff above 1120 K for ethyl propionate 

decomposition. 

 

Ethyl Levulinate 

The pyrolysis of ethyl levulinate (EL) was studied behind reflected shock waves over the 

temperature range of 1015–1325 K and at pressures of 750–1650 Torr. This work measured 

values of the rate coefficients which showed no discernible pressure dependence under our 

experimental conditions. The experimental data and the ab initio calculations by Alabbad 

et al. [267] revealed that C2H4 elimination from ethyl levulinate occurs via a concerted six-
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center retro-ene reaction. This type of reaction mechanism is found to be similar to that 

seen in the pyrolysis reactions of alkyl esters containing -hydrogens. 

 

Diethyl Carbonate 

The thermal unimolecular decomposition of diethyl carbonate (DEC) was investigated in 

a shock tube over 900–1200 K and at 1.2–2.8 bar. Similar to alkyl esters, the unimolecular 

decomposition of DEC is found to undergo a six-centered retro-ene elimination of ethylene 

in a concerted manner. No influence of pressure on the rate coefficient was observed under 

our experimental conditions. The measured data are in excellent agreement with the only 

available high-temperature rate coefficient data from Herzler et al. [247]. The 

decomposition of DEC was found to be faster than ethyl propionate and ethyl levulinate. 

Future work: One possible extension to this work is to study the effect of the additional 

oxygen atoms on soot formation of rich mixtures of esters. The purpose of this work is to 

investigate the influence of the location of the oxygen atom and the structure of the esters 

on soot formation. This influence can be investigated over wide ranges of temperatures 

covering the three temperature regimes.  

 

8.3   Rate Coefficient Measurements of a Cyclic Ketone (Cyclopentanone) 

This work reports the thermal decomposition of cyclopentanone behind reflected shock 

waves over 1150 – 1590 K and 750 – 1800 Torr. Carbon monoxide is one of the main 

reaction products and its formation was monitored using a quantum cascade laser operating 

near 4.56 µm. Our results show that cyclopentanone undergoes decomposition via reaction 

channels that produce CO almost exclusively. Our measured rate coefficients did not show 

a significant pressure effect which shows that the measured data are close to the high-

pressure limit. 

Future work: One possible extension to this work is to study experimentally the 

decomposition process of larger cyclic ketones such as cyclohexanone. This work can 

https://www.sciencedirect.com/topics/chemistry/shock-tubes
https://www.sciencedirect.com/topics/chemistry/ester
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provide more understanding of how the decomposition process changes as we move from 

small to larger cyclic ketones. 
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APPENDIX A 

Ignition Delay Time Measurements of Primary Reference Fuel Blends 

Table A1. Measured ignition delay times and corresponding conditions. All data were 

measured in fuel/air mixtures.  

PRF 70, = 0.5 

10 bar 20 bar 40 bar 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

995 10.7 3150 834 21.8 7100 734 41.8 2941 

1031 10.1 2045 862 20.7 6213 761 39.4 2321 

1067 11.1 1085 890 19.9 5951 805 39.2 2242 

1139 9.6 272 923 18.4 4128 879 40.7 1881 

1220 11.1 140 924 17.4 4006 891 40.1 2248 

1241 9.5 87 927 21.7 3800 914 41 1845 

   987 17.9 2908 922 37.4 1920 

   1003 18.5 2310 964 39 1584 

   1028 22 1445 1011 41.2 743 

   1045 20.2 1239 1030 40.9 604 

   1060 19.4 1089 1067 41.7 375 

   1064 20.3 741 1093 40.4 321 

   1129 20.7 381 1125 40.3 240 

   1136 21 279 1129 38.1 248 

   1180 20.5 217 1148 38.9 153 

   1188 21 141 1218 37.6 75 

   1240 22.1 74    
PRF 70,  = 1 

10 bar 20 bar 40 bar 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

925 11.1 7273 696 19.6 6975 747 36 1992 

973 10.4 3994 711 19.5 5533 749 36.6 1757 

1036 9 2275 736 20 4353 784 37.6 1438 

1051 9.3 1791 764 20.5 3622 822 36 1337 

1057 9.4 1684 785 21 3296 849 39.9 1231 

1107 9.4 908 796 21.1 3575 873 40.6 1409 
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1164 9.3 462 802 19.8 3673 880 39.9 1440 

1237 8.7 171 836 20.2 4323 900 39.3 1422 

   884 20.9 4269 927 40.6 1270 

   894 17.2 4430 938 38.5 1248 

   894 20.6 4329 958 37.8 1017 

   931 18.8 2743 1018 38.7 640 

   976 19.5 2501 1068 39.8 413 

   998 19.4 1635 1091 39.3 298 

   1026 20.6 1312 1094 37 303 

   1091 20.2 582 1101 40.1 266 

   1115 19.9 461    

   1169 19.5 243    
PRF 80,  = 0.5 

10 bar 20 bar 40 bar 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

973 9.9 4000 809 19.1 10184 767 40.8 2793 

1022 10.2 2166 845 20.9 8832 817 41.2 2550 

1078 10.3 1259 891 19.8 7009 838 38.4 2087 

1137 11.4 435 918 18.2 5440 862 41.1 2761 

1197 10.6 220 941 19.7 4327 895 40 2173 

   970 19.1 2727 934 38.4 2087 

   1021 20.7 1573 969 40.2 1402 

   1065 20.4 772 1000 40.6 878 

   1123 20.5 360 1032 41 516 

   1168 20.3 197 1046 40 468 

   1206 20.9 134 1111 41 206 

      1134 40.1 168 

      1148 39.5 168 

PRF 80,  = 1 

10 bar 20 bar 40 bar 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

973 9.7 3379 710 17.2 5118 713 36.4 2922 

974 7.9 2986 781 19.1 3680 754 39.5 1826 

996 8.3 2420 790 21.5 3661 790 38.5 1914 

1054 10.3 1098 809 20.9 4041 840 39.8 2333 

1107 10.4 671 819 21.6 4449 884 37.3 1976 

1129 10.6 486 828 19.6 4039 948 39.6 1087 
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1145 9.3 479 879 19.4 4485 996 41 547 

1242 8.8 159 912 18 3691 1077 38.8 263 

   974 18.3 2422 1091 38.7 247 

   1034 17.2 1171 1136 40 90 

   1192 20.1 141 1142 38.5 113 

PRF 91,  = 0.5 

10 bar 20 bar 40 bar 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

921 10.2 9655 876 19.8 8688 775 40.5 4350 

995 9.8 3110 928 18.6 5090 819 41.1 7070 

1010 11.5 2885 970 19.7 2914 865 39.7 4201 

1032 9.8 2036 1024 21.1 1502 937 38.7 2524 

1086 10 1397 1081 21 559 1006 41 832 

1136 10.1 545 1133 20.9 278 1075 40 367 

1173 9.9 326 1178 20.7 130 1108 40.5 297 

1197 9.6 190 1251 22.5 73 1149 39.6 182 

1238 8.6 125       
1309 8.4 68       
1319 10.9 46       

PRF 91,  = 1 

10 bar 20 bar 40 bar 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

935 10.2 5366 763 20.2 6428 727 38.6 4082 

955 10 4555 790 19 6597 779 37.7 2801 

991 9.5 2866 837 19.2 5990 834 39.2 2620 

1035 11.1 1650 905 18.6 4688 876 41 1961 

1068 9.6 1175 969 19.2 1806 903 39.3 1727 

1075 9.8 1121 1002 20.5 1490 975 39.7 909 

1104 11 855 1068 19.8 590 1006 41.2 832 

1106 9.7 680 1108 19.7 380 1039 39.7 510 

1110 10.5 775 1148 19.6 172 1074 42.3 367 

1167 10.5 463 1192 20.1 97 1078 39.4 310 

1179 9.9 345    1122 39.7 168 

1235 10 149    1158 39.3 91 
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PRF 95,  = 0.5 

10 bar 20 bar 40 bar 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

917 10.4 6378 866 19.6 9354 768 38.3 5278 

978 10.1 4116 929 19.7 5151 774 40.4 4855 

1021 9.8 2612 969 19.4 3133 777 40.6 4855 

1074 9.9 1454 1002 18.9 2255 793 39.9 5528 

1108 9.6 732 1035 20.8 1266 825 41.7 5255 

1197 10.3 271 1056 20.6 906 859 39 4230 

   1078 20.8 673 931 37.8 2433 

   1138 20 346 996 39.8 1339 

   1179 20.5 221 1018 40.2 720 

      1047 40 537 

      1112 40 289 

      1133 39.5 198 

PRF 95,  = 1 

10 bar 20 bar 40 bar 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

T 

(K) 

p 

(bar) 

IDT 

(s) 

905 9.2 8463 729 19.3 7082 702 40 4535 

940 9.7 5858 764 19.6 7347 761 38.3 2987 

942 9.7 5576 793 19.6 6529 798 39.9 3013 

981 9.3 3712 837 20.2 6772 834 37.3 3050 

992 9.3 3251 887 19.8 4397 897 38.6 2050 

1032 9.8 2027 940 18.9 3854 937 37.9 1426 

1074 9.8 1593 971 18.3 2743 1023 39.7 601 

1090 10.1 1075 984 19.8 2105 1064 39.5 318 

1121 9.6 918 1000 19.4 2277 1106 39.5 180 

1163 9.6 546 1042 21.3 1188 1140 40.3 104 

1224 10.3 217 1051 18.6 963 1158 39.4 59 

1254 10.1 0.147 1068 19.3 900    

   1098 18.8 645    

   1142 20.4 333    

   1163 19.3 261    

   1202 20.5 139    

   1244 17.7 99    
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Fig. A1 (a – x). Additional comparisons of measured ignition delay times with the 

predictions of four kinetic mechanisms. 

(a)  

(b)  
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(h)  



165 
 

 
 

(i)  

(j)  
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Fig. A2 (a – f). Comparison between the pressure dependence exponents (n) calculated 

from experiments and simulations. 

(a)  

(b)  
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(d)  
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Fig. A3 (a & b). Temperature sensitivity analysis for stoichiometric mixture of PRF 70 at 

1100 and 1200 K. 

(a)  

(b)   
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Fig. A4(a & b). Comparison between the pressure exponents of the four PRF blends at 

1100 and 1200 K. 

(a)  

(b)    
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Fig. A5(a & b). Temperature sensitivity analysis for stoichiometric mixtures of PRF 70 and 

95. 

(a)  

(b)   
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Fig. A6(a – d). Comparison between the equivalence ratio dependence exponents (m) 

calculated from experiments and simulations. 

(a)  

(b)  
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(c)  

(d)  
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Fig. A7(a & b). Temperature sensitivity analysis of lean and stoichiometric mixtures of 

PRF 70. 

(a)  

(b)   
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Fig. A8(a – d). Pressure dependence exponents for stoichiometric mixture of PRF 70 at (10 

– 20) and (20 – 40) pressure ranges.  

(a)  

(b)  
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(c)  

(d)  
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Fig. A9(a – d). Equivalence ratio exponents for stoichiometric mixture of PRF 70 at 10, 20 

and 40 bar. 

(a)  

(b)  
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(c)  

(d)  

  



186 
 

 
 

Fig. A10. Fitting ignition delay time error distribution. 
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APPENDIX B 

Autoignition of Straight-Run Naphtha: A Promising Fuel for Advanced 

Compression Ignition Engines 

 

Table B1. Properties of the palette species used for HSRN surrogate formulation. 

species 

Density 

(Kg/m3) 

mol wt 

(g/mol) 
BP (K) 

CAS # RON MON 

Pentane 631 72 309.2 109-66-0 62 62 

2-methyl hexane 679 100.2 363.2 591-76-4 42.4 46.4 

cyclopentane 751 70.1 322.4 287-92-3 100 84.9 

n-heptane 679.5 100.2 371.5 142-82-5 0 0 

2,2,4-trimethylpentane 692 114.23 372.4 540-84-1 100 100 

toluene 870 92.14 383.8 108-88-3 118 103 

 

 

Table B2. Compositions of PRF 60, TPRF 60 and MCS (multi-component surrogate). 

PRF 60 TPRF 60 MCS 

Species Mol% Species Mol% Species Mol% 

n-heptane 42.9% n-heptane 42.9% n-pentane 14.1% 

isoctane 57.1% isoctane 44.9% n-heptane 24.4% 

  toluene 12.2% isoctane 21.4% 

    toluene 11.1% 

    cyclopentane 8.7% 

    2-methylhexane 20.3% 
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Table B3. Suppliers and purities of the surrogate components used in the ignition delay 

time measurements of the MCS (multi-component surrogate). 

Surrogates components Supplier Purity 

n-Heptane ACROS ≥ 99 

n-Pentane Sigma-Aldrich ≥ 99 

2-Methylhexane ChemSampCo 98% 

iso-Octane Honeywell ≥ 99 

Toluene Sigma-Aldrich ≥ 99.5 

Cyclopentane Sigma-Aldrich ≥ 98 
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Table B4. Measured ignition delay times and corresponding conditions. 

HSRN/ Air (ST) 

~20 Bar 

 = 0.5  = 1  = 2 

T p IDT T p IDT T p IDT 

(K) (bar) (s) (K) (bar) (s) (K) (bar) (s) 

719 19.8 5419 723 19.2 6033 704 19.8 4971 

739 19.7 4886 748 22.7 4750 743 20.6 3859 

771 23.7 5575 751 23 5278 781 21.2 2198 

773 20.1 5059 757 18.9 4212 789 19.5 1684 

805 21 5261 774 20.6 3711 837 17.4 1575 

886 21.4 5641 790 18.5 2789 850 22 1902 

904 20.5 5456 817 18.8 2893 867 21.5 1692 

938 19.2 3376 829 18.6 2710 905 19.9 1857 

992 18.8 1874 831 18.6 2879 959 23.6 1625 

1008 21 1638 859 20.3 2346 975 21.3 1350 

1036 20.8 1027 918 23.5 2779 980 20 1253 

1042 18.9 1043 989 23.2 1560 1037 21.6 659 

1111 21.4 468 1031 23.5 861 1039 20.5 648 

1147 22.5 311 1043 19.8 842 1042 20.6 637 

1182 20.9 211 1061 23 655 1045 23 625 

1223 19.8 119 1082 19.5 512 1048 22.6 597 

  

  1087 21.4 497 1051 23.9 577 

  

  1140 20 337 1081 20.8 423 

     

  1110 21.1 324 

     

  1186 22.8 104 
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HSRN/ Air (ST) 

~60 Bar 

 = 0.5  = 1  = 2 

T p IDT T p IDT T p IDT 

(K) (bar) (s) (K) (bar) (s) (K) (bar) (s) 

762 61.3 1747 719 57.8 2939 771 65 978 

790 59.1 1031 771 62 1004 796 62 698 

814 60.6 871 818 62.8 603 828 61.7 404 

840 60 841 855 61.5 597 869 60.2 352 

877 56.5 1090 923 60.8 620 925 58.8 303 

918 55.7 1152 962 58.7 574 928 56.4 289 

967 56 758 1007 60.1 424 987 58 326 

978 59.2 660 1036 58.2 267 1004 55.8 235 

987 59 659 1071 67.3 202 1059 59 134 

1029 61.7 461 1092 61.8 177 

   
1031 56.3 498    

   
1099 58.7 217 
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Diluted HSRN/ Air (ST) PRF 60/ Air (ST) 

~60 Bar ~60 Bar 

 = 1  = 1 

T p IDT T p IDT 

(K) (bar) (s) (K) (bar) (s) 

742 56.6 2397 716 57.5 1543 

777 56.3 1765 746 60.6 976 

842 60.6 1222 780 67.4 761 

877 60.5 1248 836 59.7 610 

912 58 1323 871 59 751 

979 58.6 799 887 60.4 794 

1003 59.1 617 918 57.6 723 

1058 64 294 964 58 542 

1088 60.4 248 1025 56.8 286 

1126 69 155 1043 59.3 285 

    1084 60.3 147 

    1101 60.5 129 
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HSRN/ Air (RCM) 

~20 Bar 

 = 0.5  = 1  = 2 

T p IDT T p IDT T p IDT 

(K) (bar) (s) (K) (bar) (s) (K) (bar) (s) 

684 20.5 25868 658 20.9 73205 620 20.8 429221 

708 20.2 15434 682 20.7 24595 641 20.6 121079 

733 20.2 9616 706 20.9 8745 654 20.3 64713 

750 20.1 6742 720 20.6 6009 666 21.3 42179 

809 20.2 5232 751 20.2 2766 678 20.8 19498 

836 19.9 6611     687 20.9 17713 

863 19.8 7439     710 20.4 7511 

879 19.4 9406     733 20.6 3326 

         752 20 1798 

 

MCS/ Air (RCM) 

~20 Bar 

 = 0.5  = 1  = 2 

T p IDT T p IDT T p IDT 

(K) (bar) (s) (K) (bar) (s) (K) (bar) (s) 

628 20.9 369650 625 19.2 298780 626 21 253138 

668 21 43543 640 19.3 114897 655 20.6 50739 

691 21.5 20733 662 19.2 38286 659 18.7 45799 

754 19.2 5777 721 19.5 5145 693 19.2 12321 

762 19.9 5667 760 19.1 2248 726 19.3 3699 

807 20.7 6038         
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PRF 60/ Air (RCM) TPRF 60/ Air (RCM) 

~20 bar ~20 bar 

 = 1  = 1 

T p IDT T p IDT 

(K) (bar) (s) (K) (bar) (s) 

657 20.15 35166 624 19.8 181983 

679 19.91 14508 649 20.9 42139 

703 20.09 6490 673 20.4 18864 

719 20.19 4241 710 19.3 5023 

746 18.99 2146 740 19.2 2425 
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Table B5. Fuel/ Air mixtures compositions in mole fractions. 

Mixture  Fuel O2 N2 

HSRN/ Air 0.5 0.0104 0.2079 0.7817 

HSRN/ Air 1 0.0206 0.2058 0.7737 

HSRN/ Air 2 0.0403 0.2016 0.7581 

     
Diluted HSRN/ Air 1 0.014 0.14 0.846 

     
MCS/ Air 0.5 0.0101 0.208 0.782 

MCS/ Air 1 0.0199 0.2056 0.7742 

MCS/ Air 2 0.0391 0.2019 0.759 

     
PRF 60/ Air 1 0.0174 0.2064 0.7762 

TPRF 60/ Air 1 0.018 0.2063 0.7757 
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Fig. B1. Ignition delay time simulation using Sarathy et al. [190] mechanism. (a) 

Comparison between the multicomponent surrogate and its components, (b) Effect of 

toluene and cyclopentane to the reactivity of PRF surrogate. Constant volume reactor is 

assumed for these simulations. p = 20 bar,  = 1. 

(a)   

(b) pleme   
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Detailed Hydrocarbon Analysis (DHA) for Haltermann Straight-run Naphtha 
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Certificate of Analysis (CofA) for Haltermann Straight-run Naphtha (HSRN) 
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APPENDIX C 

Ignition Delay Measurements of a Low-Octane Gasoline Blend, Designed for Gasoline 

Compression Ignition (GCI) Engines 

 

Table C1. Properties of the GCI blend and its surrogates. aMeasured in a CFR engine. 

bCalculated using linear-by-mole correlation. cCp are calculated using NASA polynomial 

coefficients. dCarbon types calculated as per Sarathy et al. [190] methodology. 

 GCI MCS PRF 77 

RON 77a 76.7b 77 

MON 73.9a 72.2b 77 

S (RON – MON) 3.1 4.5 0 

Density (kg/ m3) 720.7 717.1 688.5 

Ave. MW 89.97 90.49 110.59 

C/H 5.93 5.88 5.28 

    

Paraffins (%mol.) 22.4 26 25.2 

Iso-paraffins (%mol.) 41.2 39 74.8 

Naphthenes (%mol.) 15.6 16 0 

Aromatics (%mol.) 20 19 0 

Olefins (%mol.) 0.8 0 0 

    

Cp300c 27.70 27.10 22.19 

Cp400c 30.00 29.50 28.37 

Cp500c 32.10 31.70 33.87 

Cp600c 34.10 33.70 38.73 
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Cp700c 36.00 35.60 43 

Cp800c 37.70 37.40 46.72 

Cp900c 39.30 38.90 49.92 

Carbon typed GCI MCS PRF 77 

1 0.353 0.323 0.540 

2 0.265 0.281 0.274 

3 0.073 0.053 0.094 

4 0.099 0.160 0 

5 0.027 0 0 

6 0 0 0 

7 0.136 0.136 0 

8 0.043 0.027 0 

9 0 0 0 

10 0 0 0 

11 0.002 0 0.094 

12 0 0 0 

13 0.001 0 0 

14 0.001 0 0 
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Table C2. Properties of the species used for multi-component surrogate (MCS) 

formulation. 

species 

Density 

(Kg/m3) 

mol wt 

(g/mol) 
BP (K) 

CAS # RON MON 

Pentane 631 72 309.2 109-66-0 62 62 

2-methyl hexane 679 100.2 363.2 591-76-4 42.4 46.4 

cyclopentane 751 70.1 322.4 287-92-3 100 84.9 

n-heptane 679.5 100.2 371.5 142-82-5 0 0 

2,2,4-trimethylpentane 692 114.23 372.4 540-84-1 100 100 

toluene 870 92.14 383.8 108-88-3 118 103 

 

 

Table C3. Molar composition of the mixtures used in ignition delay time measurements 

Mixture  Fuel O2 N2 

GCI blend/Air 0.5 0.011 0.208 0.781 

GCI blend/Air 1 0.021 0.206 0.773 

GCI blend/Air 2 0.042 0.201 0.757 

     
MCS/Air 0.5 0.011 0.208 0.781 

MCS/Air 1 0.021 0.206 0.773 

MCS/Air 2 0.042 0.201 0.757 

     
PRF77/Air 2 0.034 0.203 0.763 
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Table C4. Measured ignition delay times and corresponding conditions. 

GCI blend/Air (ST) 

~ 20 Bar 

 = 0.5  = 1  = 2

T p IDT T p IDT T p IDT 

(K) (bar) (s) (K) (bar) (s) (K) (bar) (s) 

1039 21 1156 863 21.56 3675 925 19.8 2312 

1060 20 920 928 21.6 3100 976 20.9 1428 

1105 18.37 595 988 20.9 1898 1017 20.5 842 

1106 20.3 497 1042 20.42 897 1027 21.4 645 

1121 20 425 1067 20.5 630 1052 20.3 501 

1157 19.4 290 1096 19.7 457 1085 19.7 317 

1176 20 220 1108 20.17 405 1129 18.6 198 

     1128 18.17 295    

GCI blend/Air (ST) 

~ 40 Bar 

 = 0.5  = 1  = 2

T p IDT T p IDT T p IDT 

(K) (bar) (s) (K) (bar) (s) (K) (bar) (s) 

954 38.5 1857 727 40 3873 753 39 1992 

988 38.4 1235 748 39 2568 802 40 1178 

1011 38.1 943 789 41.6 1919 847 39.5 999 

1050 38.4 577 813 40.5 1787 871 39.5 1080 

1077 36.4 410 845 39 1570 902 40.3 1294 

1087 37.2 361 892 38 1782 922 40 1066 

1194 41.5 87 933 38 1485 947 42.1 865 

1227 39.3 77 935 41 1502 960 40 655 
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    944 42 1279 965 40.5 662 

    944 45 1211 985 40.7 477 

    960 40.8 988 1015 41.5 331 

    989 40.6 790 1055 45.9 174 

    1002 38.6 632 1065 42 179 

    1041 36.6 446 

   

    1112 41.2 212 

   

    1152 41 163 

   

    1178 41.5 50 
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MCS/Air (ST)  PRF 77/ Air (RCM) 

~ 40 Bar  ~ 20 bar 

 = 1   = 2

T p IDT  T p IDT 

(K) (bar) (s)  (K) (bar) (ms) 

711 41.4 5206  638 19.8 81.67 

739 40.8 2660  658 19.8 38.67 

757 40 2633  689 19.9 10.88 

786 40.6 2001  729 20.3 3.57 

818 40.7 1937  764 20 1.55 

844 39.6 1762     

875 39 1797     

928 36 1708     

964 39.3 966     

992 40.2 819     

1012 39.7 564     

1035 39.3 441     

1067 39.5 281     

1106 37 177     
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GCI blend/Air (RCM) 

~ 20 Bar 

 = 0.5  = 1  = 2

T p IDT T p IDT T p IDT 

(K) (bar) (ms) (K) (bar) (ms) (K) (bar) (ms) 

657 20.4 139.12 641 19.8 160.33 640 19.9 135.88 

687 20.1 42.51 668 19.7 43.82 662 19.8 56.87 

735 19.9 14.76 706 20.2 13.6 691 19.9 17.49 

767 19.7 10.7 735 19.9 6.45 721 19.5 5.5 

840 21.7 11.06 792 20 3.25 733 20.6 4.04 

874 20.3 14.73 829 19.9 4.63 753 19 2.38 

 

MCS/Air (RCM) 

~ 20 Bar 

 = 0.5  = 1  = 2

T p IDT T p IDT T p IDT 

(K) (bar) (ms) (K) (bar) (ms) (K) (bar) (ms) 

656 19.5 135.1 644 19.9 145.11 644 19.7 133.09 

687 20.1 39.91 672 20 44.16 665 19.8 53.47 

734 19.9 14.62 709 20.2 14.23 693 20.1 16.88 

769 19.9 10.69 738 20 6.21 739 20.5 4.22 

860 21.2 15.13 794 20.8 3.3 769 20.4 2.07 

    829 20.6 4.61     
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Table C5. Comparison of fuel properties. 

 GCI HSRN FACE A FACE C FACE F FACE 

RON 77 60 83.5 87.7 94.4 96.8 

MON 73.9 58.3 83.6 83.6 88.8 85.8 

S (RON – MON) 3.1 1.7 -0.1 1.1 5.9 11 

Ave. MW 89.97 92.41 97.8 97.2 94.8 99.7 

C/H 2.01 2.15 2.29 2.26 2.13 1.83 

       

Paraffins (%mol.) 22.4 36.7 13.2 28.6 4.8 7.9 

Iso-paraffins (%mol.) 41.2 37.8 83.7 65.1 61 38.3 

Naphthenes (%mol.) 15.6 15 2.4 1.5 15.8 14.1 

Aromatics (%mol.) 20 10.5 0.3 4.4 8.4 31.8 

Olefins (%mol.) 0.8 0 0.4 0.4 10 7.9 

Oxygenated HC (%mol.) 0 0 0 0 0 0 
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Fig. C1. Schematic of the optical configuration for ignition delay time measurements. 

 

 

 

Fig. C2. Representative ignition delay time measurement for stoichiometric fuel/air. (a) 

shock tube (b) rapid compression machine. 

 

 

(a) 

 

(b) 
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Fig. C3. Hydroxyl (OH) and hydroperoxyl (HO2) rate-of-production analysis for the multi-

component surrogate (MCS) using Sarathy et al. [190] model. The analysis is given at 25% 

of total ignition delay. 

 

(a)  

(b)  
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