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ABSTRACT 

This PhD thesis is an analysis of the chemical kinetics and oxidation behavior of fuel 

components via experiments and correlations. First, a number of experimental studies 

of the reactivity of OH radicals with unsaturated hydrocarbons are performed at 

temperatures ranging from 294 to 1400 K by OH absorption and laser induced 

fluorescence techniques in two different reactors: shock tube and flow reactor. It is 

found that OH has a tendency to add to the unsaturated CC bond, forming a relatively 

stable adduct. The thermal stability of these adducts is vital for a better understanding 

of the kinetics of olefins, poly-olefins, alkynes and other unsaturated components in 

real and surrogate fuel blends. In this work, the reaction rate coefficient of the reaction 

of hydroxyl radical with many olefins (butenes, pentenes, hexenes), di-olefins 

(butadienes, and pentadienes) and allyl radical are measured. A strong competition 

between H-abstraction and OH-addition pathways is seen particularly in the 

intermediate temperature window of ~ 400 to 900 K. All of these measured elementary 

reactions give new insights into the chemical kinetics of fuels and allow modelers to 

improve the predictive capability of their models. Second, measurements of the ignition 

delay times of propene, isobutene, 2-methylhexane and 2-methylbutanol in air are 

performed using a high-pressure shock tube. Details about multi-stage ignition and 

ignition delay dependence on various thermodynamic properties is investigated for 

these four hydrocarbons. We followed this with a correlation study of ignition delay 

times of fuel blends and real fuel streams. The main requirement of these correlations 

is that these should be predictive enough to compete with the predictive capabilities of 

detailed chemical kinetic models but at a much reduced computational cost. The 

obtained correlation scheme does not only predict ignition timing during CFD 

simulations but also other combustion properties such as low-temperature heat release 

timing and resulting temperature and pressure increases due to cool flame. A discussion 

on the weak dependence of high-temperature ignition delay times on the composition 

of real fuels is also presented, where universal Arrhenius type expressions of ignition 

delay times of gasoline, diesel and jet fuels are given.  
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It can scarcely be denied that the fundamental phenomena which first led 

mankind into chemical inquiries are those of combustion. 

William Crookes, British chemist and physicist (1832-1919) 

 

  

https://www.azquotes.com/quote/1116914?ref=combustion
https://www.azquotes.com/quote/1116914?ref=combustion
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1 INTRODUCTION 

1.1 Motivation 

There is no doubt that today’s technology, goods and services’ availability would not 

have been achieved without advances in energy production and conversion methods. 

Combustion engines are by far the main players in the industry of energy conversion 

allowing the use of billions of tons of fossil oil reserves to fuel the world’s constantly 

increasing demand of energy. Internal combustion engines were introduced for 

commercial usage in the 19th century. Their conceptual approach as a fuel-powered 

mechanical perpetual-like machine has not changed since. However, there has been 

tremendous improvements of their operational design to respond to fuel efficiency 

demands and emission regulations [1]. Engine/fuel co-optimization aims to optimally 

design engine geometrical and operational properties to specific fuel and operation 

conditions [2]. This task would not be possible without a deep understanding of the 

chemical kinetics and combustion characteristics of fuel components. 

Internal combustion engines take advantages from the volumetric expansion and the 

heat release of liquid and gaseous fuels following their reaction with oxygen, and 

convert this into useful mechanical work through rotating shafts. The design of the 

combustion chamber and of the rotating shaft, the mode of fuel injection and the 

specific pressure-temperature footprint of the combustion process define the type of the 

combustion engine. In reciprocating internal combustion (IC) engines, the piston 

reciprocates within a combustion chamber and its linear motion is then converted to 

rotational motion through the rotating shaft which is transmitted to the vehicle’s wheels. 

For an efficient conversion of heat release from the fuel to the rotating shaft, chemical 

properties of the fuel and the way it burns are determinant factors. 

It is critical to have a detailed understanding and in-depth knowledge of the chemistry 

of combustion to improve well-to-wheel efficiency of vehicles and decrease their 

emissions. Combustion kinetics is the branch of science that studies the chemical 

process which governs fuel burning and heat release. The combustion of fuels, actually, 

is a succession of thousands of elementary reactions that involves thousands of 
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intermediates which eventually lead to the final products: water, carbon dioxide, and 

emissions. Driven by strict emission regulations that shape today’s trends to respond to 

increasing concerns about the environment, it is necessary that a closer and deeper look 

into the chemical steps through which fuels are oxidized is needed. 

Driven by these needs, this work is a research through the kinetics of components of 

real fuels and their combustion intermediates. Particularly, it focuses on two main 

subjects. The first is about the study of elementary reactions and their rate coefficients. 

The second is about the study of the ignition delay time of fuels and fuel components 

and their dependence on thermodynamic conditions. 

1.2 Focus of this work 

A robust and satisfactory scientific knowledge of fuels require that we are armed with 

enough knowledge and tools to explain and predict how fuels perform under different 

reactive scenarios. Most of these scenarios involve either ignition timing, flame speed, 

extinction rate, energy release, burning rates or detonation and deflagration rates. All 

these scenarios involve a combination of many elementary chemical reactions that 

eventually lead to the macro behavior of the combustion system. A combustion kinetic 

model is the chemical model that describes how chemistry evolves during combustion 

and together with fluid dynamic equations, can allow reactive computational fluid 

dynamic (CFD) simulations of real combustion reactors. Nowadays, most detailed 

combustion kinetic models contain thousands of elementary reactions and hence it is 

impossible to perform detailed quantification of each reaction. A detailed experimental 

and quantum chemical study of the main sensitive reactions is the obvious way forward. 

A sensitivity study of the main combustion properties such as ignition delay time or 

flame speed, would reveal the importance of the reaction of fuel molecules or 

intermediates with the very reactive combustion radical, hydroxyl radical (OH). These 

reactions are critical in dictating the fate of the fuel molecule and the secondary 

chemistry that will eventually lead to ignition, energy release and emissions. The 

combustion phenomena depends on thermodynamic conditions of pressure, 

temperature and composition. Intermediate chemistry is important in defining the 

preferred kinetic routes through which energy is released and eventually final products 
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are formed. Intermediate chemistry is controlled by intermediate combustion radicals 

that include, among others, O, H, CH3, HO2 and OH. Due to the high reactivity of OH 

radicals, reaction of OH with fuels is generally one or more order of magnitude higher 

than the reaction of other combustion radicals with fuels (see Figure 1-1). 

  

Figure 1-1: OH + fuel reaction is much faster than other radicals + fuel reactions: example of 

isobutene. Reference: Zhou et al.[3] oxidation model of isobutene. 

Thereby, fuel + OH reactions represent a main consumption route for fuel consumption 

during the combustion process (see Figure 1-2). This makes these reactions key shapers 

of many combustion properties like ignition timing (ignition delay time) and burning 

rates (flame speed). 

 

Figure 1-2: Initial iso-octane consumption pathways during stoichiometric oxidation of iso-

octane in air at 800 K and 20 atm using the FACE gasoline surrogate model [4]. 65.1% of iso-

octane is consumed through reaction with OH 
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In my experimental study of the reaction of OH radicals with fuels, I measured the rate 

coefficient of the reaction of OH with different hydrocarbons and oxygenates (2-

butanone and 3-buten-2-one [5], propyne and allene [6], furans [7, 8], dimethyl 

carbonate [9] , tetrahydrofuran [8] and ethyl formate [10] at high temperature conditions 

(800 K < T < 1400 K). This extensive study showed that reaction of OH with most fuel 

components goes through H-abstraction at high temperatures (T > 800 K). The 

availability of large experimental data on OH + fuels motivated us to improve the rate 

rules and estimation techniques for these type of rate coefficients, including the Next-

Nearest-Neighbor (NNN) [11] and Structure Activity Relationship (SAR) [12]. This 

lead us to study the reaction of ethyl esters [9], alkanes [13], isobutene [14], ethane [15] 

and finally C2-hydrocarbons [16].  

In this thesis, I am focusing on unsaturated hydrocarbons and intermediates. For 

unsaturated hydrocarbons (alkenes, alkynes), we have seen a clear contribution of 

addition pathways (addition of OH radicals to the unsaturated carbon-carbon (CC) 

bond) in the overall OH + fuel reaction rate. For that, we performed a comprehensive 

comparative study on unsaturated hydrocarbons from room temperatures up to 

combustion temperatures in order to evaluate the contribution of addition pathways to 

the overall OH + fuel reactivity. This study started with propyne and allene [6], and we 

later extended it with studies on the rate coefficients of OH with different alkenes, 

including butenes, pentenes, hexenes [17] and allyl radicals [18]. A study on the 

importance of the OH addition pathways and the correct estimation of the 

thermodynamics and stability of formed adducts for combustion kinetics models was 

deeply studied and detailed in a detailed experimental work on two carbons (C2) 

unsaturated hydrocarbons (ethylene and acetylene) [16]. To proceed in a logical manner 

going from small and simple to large and complex fuel + OH systems, the first results 

chapter (chapter 3) of this thesis is about the reactivity of OH with C2 hydrocarbons 

(ethane, ethylene and acetylene). The last experimental investigation on this subject 

(chapter 6) is about the dienes reactions with OH where the presence of two unsaturated 

CC bonds in the chemical structure further intensifies the contribution of the addition 

pathways in the overall reactivity of these hydrocarbons with OH radicals. Although I 

have been fortunate enough to be involved in many fuel + OH investigations in our 
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laboratory, this thesis will focus on the reactions of OH with unsaturated hydrocarbons 

(alkenes, dienes and C2 hydrocarbons) and resonantly stable radicals (allyl radical) to 

illustrate the effect of the presence of the CC unsaturated bond on their reaction kinetics. 

Elementary reactions studied in the first section of this thesis are important in improving 

the predictive capability of combustion kinetic models to capture macro behavior, such 

as ignition delay time, of fuels. Ignition delay time (IDT) of fuels is a main property in 

an engine/fuel co-optimization task. Diesels have very low ignition delay times 

compared to gasolines to the point that they auto-ignite at the post-compression 

conditions without the need for spark assistance. That is the main reason why diesels 

are used in a compression ignition engine whereas gasolines are used in spark ignition 

engines. 

Ignition delay times of commercial fuel components can range several orders of 

magnitudes for highly reactive components such as n-dodecane to highly unreactive 

components like ethanol. Our investigation on this topic covered experimental 

measurements of the ignition delay time of several fuel components in the two shock 

tube facilities available at the chemical kinetics and laser sensors laboratory at KAUST. 

We started by measuring the ignition delay time of propene [19] and isobutene [3] at 

different conditions of pressure, temperature and equivalence ratio. This work was part 

of a vast collaboration between various institutions, and was led by Curran and 

coworkers at the National University of Ireland at Galway (NUIG) to develop the C0-

C4 AramcoMech model. Our ignition delay time data were used as a validation for the 

proposed C0-C4 kinetic model. 

Furthermore, we have also performed ignition delay time measurements of two longer 

chain molecules; 2-methylhexane [20] and 2-methylbutanol [21] in collaboration with 

Sarathy and coworkers at KAUST. These ignition measurements were aimed at the 

validation of a kinetic model for FACE (Fuels for Advanced Combustion Engines) 

gasoline surrogates [4]. 

In many engine CFD tasks, such as knock and pre-ignition studies, the sole information 

needed from the reactive system is the ignition timing. This fact, combined with the 

high dependence of ignition delay time of fuels on the thermodynamic conditions of 
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pressure, temperature, equivalence ratio and composition, motivated us to develop a 

universal correlation for ignition delay times of practical fuels [22]. The methodology 

is intended to be used in CFD engine simulations to predict ignition timing and 

initiation locations. As a first step, the developed correlation was tested against 

homogeneous charge compression ignition (HCCI) simulation cases and the results 

showed great promise with the ability to detect combustion phasing within one crank 

angle degree (CAD) at different engine operating conditions. An online tool for ignition 

delay time prediction, based on this work, is embedded in the Cloudflame website [23]. 

We extended this work further by investigating the experimental observation that high-

temperature ignition delay times of many fuels collapses into a narrow range of values. 

We have approached such observations from purely mathematical thinking and verified 

it using various available ignition delay time (IDT) measurements of gasolines, jet fuels 

and diesels. Results are promising in that the high-temperature ignition delay times of 

real fuels are weakly dependent on composition and allow us to recommend Arrhenius-

like expressions for the IDTs of these three families of commercial fuels. 

1.3 Outline and scope 

The scope of this thesis is centered on the question: “how can we improve our 

understanding of the reactivity of fuels for practical applications in fuel design and 

engine optimization?” For that, the reactivity of fuels is tackled in two levels: a micro 

level where the reaction of OH - main sensitive reaction for fuel reactivity - with fuel 

components in the presence of unsaturated CC bonds is extensively studied 

experimentally, and a macro level where ignition delay time measurements and also 

correlation studies are performed. 

The two sections of this thesis are: 

Section I: Elementary reaction rates of OH radicals with fuel components and 

intermediates. 

Section II: Measurements and correlation of the ignition delay time of fuels and fuel 

components. 
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Section I is covered in chapters 3, 4, 5 and 6, whereas section II is covered in chapters 

7 and 8. Each of these two sections were investigated in parallel during my PhD 

journey. Most of the outcomes of my work are successfully published in peer-reviewed 

journals with the exception of some recent work. When relevant, a reference to the 

related journal publication will be indicated to the reader for further consultation. 

1.3.1 Section I: Elementary reaction rate measurements 

Reaction rate of OH radicals with different fuel components, particularly unsaturated 

hydrocarbons (alkenes, dienes and alkynes) and with combustion intermediates (allyl 

radicals), are explored in this work. Experimental conditions spanned the temperature 

range of 294 K to 1300 K and pressures from 0.01 to 1.5 atm. Rate coefficients are 

obtained by quantitative and qualitative detection of OH radicals using direct absorption 

and laser induced fluorescence techniques at the UV region of the OH spectrum.  

Resulted publications from this effort are listed in references [5-10, 14, 15, 17, 24] with 

a remaining paper on the reactivity of OH with dienes in the submission process. 

1.3.2 Section II: Ignition delay time measurements and correlation 

The zero-dimensional (0D) homogeneous ignition delay time of different fuel 

components is measured in the shock tube facility behind the reflected shock wave. 

Experimental conditions spanned wide ranges of temperature (800 – 1200 K), pressure 

(10 − 40 bar) and equivalence ratio (0.5 − 2). Correlations of ignition delay times of 

pure components and fuel blends are also developed. Modified Arrhenius-like 

expressions of the high-temperature ignition delay times of gasolines, jet fuels and 

diesels are suggested, which are believed to be universal, quantifying the high-

temperature reactivity of real fuels. Resulted publications from this effort are listed in 

references [3, 5, 19-22, 25] with a remaining paper on the universality of high 

temperature ignition delay times in the submission process. 

1.4 Publications 

Most of the content of this thesis is published in peer-reviewed journals. I list below 

these papers and specify my contribution in each case. 
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The below five first authored papers were written under the supervision of Prof. Aamir 

Farooq and Dr. Binod Raj Giri. It would have been impossible to complete this work 

without their help during the thinking stage as well as the writing stage. Drs. Milan 

Szőri and Bela Viskolcz helped in setting up the quantum chemistry calculations. The 

quantum chemical calculations part in these works was led by Dr. Binod Raj Giri. 

1. Fethi Khaled, Binod Raj Giri, Aamir Farooq. “A Shock Tube Kinetic Study of Allyl + Allyl 

and Allyl + OH Recombination Reactions at High Temperatures”. Proc. Combust. Inst 

(2018). 
2. Fethi Khaled, Binod Raj Giri, Aamir Farooq. “On the reaction of OH radicals with C2 

hydrocarbons”. Proc. Combust. Inst (2018). 
3. Fethi Khaled, Binod Raj Giri, Milán Szőri, Tam V-T Mai, Lam K Huynh, Aamir Farooq. 

“A combined high-temperature experimental and theoretical kinetic study of the reaction 

of dimethyl carbonate with OH radicals”. Phys. Chem. Chem. Phys. 19 (10) (2017) 7147-

7157. 
4. Fethi Khaled, Binod Raj Giri and Aamir Farooq. “A high-temperature shock tube kinetic 

study for the branching ratios of isobutene+ OH reaction”. Proc. Combust.Inst 36 (1) (2017) 

265-272. 
5. Fethi Khaled, BR Giri, M Szőri, B Viskolcz, A Farooq. “An experimental and theoretical 

study on the kinetic isotope effect of C2H6 and C2D6 reaction with OH”. Chem. Phys. 

Lett. 641 (2015) 158-162. 
 

Two other first authored papers below were under the supervision of Prof. Aamir 

Farooq and Dr. Jihad Badra. Their help and guidance in the thinking and also the writing 

stages are to be acknowledged. 

1. Fethi Khaled, Jihad Badra and Aamir Farooq. “A shock tube study of C4–C6 straight chain 

alkenes+ OH reactions”. Proc. Combust. Inst 36 (1) (2017) 289-298. 
2. Fethi Khaled, Jihad Badra, Aamir Farooq. “Ignition delay time correlation of fuel blends 

based on Livengood-Wu description”. Fuel 209 (2017) 776-786 
 

In the following papers, my contribution is limited to performing the experimental 

measurement. I thank all my collaborators for their trust and for the help in designing 

the experimental conditions as well as the nice discussions we had to rationalize the 

experimental results. 

1. Junjun Wu, Fethi Khaled, Hongbo Ning, Liuhao Ma, Aamir Farooq, Wei Ren. ”Theoretical 

and Shock Tube Study of the Rate Constants for Hydrogen Abstraction Reactions of Ethyl 

Formate”. J. Phys. Chem. A 121 (33) (2017) 6304-6313. 
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and Site-Specific Tertiary Rate Calculations”. J. Phys. Chem. A 121 (5) (2017) 927-937. 
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modeling study of isobutene oxidation”. Combust. Flame 167 (2016) 353-379. 
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J Al Rashidi, Heinz Pitsch, Henry J Curran, Aamir Farooq and S Mani Sarathy. “Modeling 
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2217. 
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modeling study of 2-methylbutanol combustion”. Combust. Flame 162 (5) (2015) 2166-

2176. 
7. Jihad Badra, Fethi Khaled, Binod Raj Giri and Aamir Farooq. “A shock tube study of the 

branching ratios of propene + OH reaction”. Phys. 17 (4) (2015) 2421-2431. 
8. Mohammed AlAbbad, Tamour Javed, Fethi Khaled, Jihad Badra and Aamir Farooq. 
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11. Sinéad M Burke, …, Fethi Khaled, …, Henry J Curran. “An experimental and modeling 

study of propene oxidation. Part 2: Ignition delay time and flame speed measurements”. 

Combust. Flame 162 (2) (2015) 296-314. 
12. Jihad Badra, Ahmed E. Elwardany, Fethi Khaled, Subith S. Vasu and Aamir Farooq. “A 
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2 TOOLS AND EXPERIMENTAL METHODS 

2.1 Introduction 

Experimental measurements reported in this thesis were performed in three different 

experimental setups: the low pressure shock tube (LPST), the high pressure shock tube 

(HPST) at King Abdullah University of Science and Technology (KAUST) and the 

photolysis flow reactor (FR) cell at Lille University. For species measurements, two 

laser diagnostic techniques were used: UV absorption diagnostics at KAUST and laser 

induced fluorescence diagnostic at Lille University. Ignition delay time (IDT) and 

reaction rate simulations were performed using the Chemkin-Pro software. These 

simulations were important in order to develop IDT correlations based on modeled 

IDTs and also to compare measured kinetic information (IDTs and species profiles) 

with chemical kinetic models’ predictions. This chapter details the shock tube facility 

and the laser diagnostic systems utilized in the experiments performed in this work, as 

well as the basic procedures that were followed during experiments and data post-

processing. 

2.2 Kinetics shock tube facility 

The high temperature experiments reported in this thesis were all performed behind 

reflected shock waves in the two shock tube facilities of the Chemical Kinetics and 

Laser Sensors Laboratory of the Clean Combustion Research Center (CCRC) at 

KAUST. The advantages of using a shock tube for the experimental study of high-

temperature kinetics include instantaneous heating by shock waves, well-determined 

initial temperatures and pressures behind reflected shock waves, near-ideal constant 

volume reaction environment, and easy optical access for laser diagnostics. The use of 

laser diagnostics to probe high-temperature reacting experiments enables the collection 

of in situ, time-resolved and non-intrusive species-specific measurements. For details 

about shock tube fluid dynamics theory, the reader is directed to reference [26] and 

chapter 6 of reference [27]. 
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2.2.1 Shock tubes 

The Chemical Kinetics and Laser Sensors Laboratory at KAUST is equipped with two 

cylindrical stainless-steel shock tubes for low pressure (LPST, 0-10 bar) and high 

pressure (HPST, 5-200 bar) applications, respectively. Both the low pressure shock tube 

(LPST)and the high pressure shock tube have a circular cross-section of 14.224 cm 

(inner-diameter) for the 9 m long driven section. 

The low-pressure driven section is separated from the high-pressure driver section by a 

polycarbonate diaphragm of 0.005 – 0.02 inch (0.06 – 0.24 mm) in thickness 

(Polycarbonate lm DE1-1 Gloss/Gloss, supplied by Professional Plastics). In a typical 

experiment, we vacuum the two sections of the shock tube before a premixed gas-phase 

test mixture is filled into the driven section. The driver section is then subsequently 

filled to high-pressure with helium, or a mixture of helium and nitrogen, until the 

diaphragm is ruptured by a set of cross-shaped cutting blades residing towards the 

driven-section side of the diaphragm. The rupture of the diaphragm allows the high-

pressure driver gas to expand, creating an incident shock wave that propagates towards 

the driven-section endwall before subsequently reflecting back towards the driver 

section (Figure 2-1).  

 

Figure 2-1: Schematic of the shock tube 

The high-pressure shock tube (HPST) used for this work is a 13.2 m long stainless steel 

tube with 10 cm internal diameter. The driven section is 6.6 m long and the driver 

section length can be varied up to a maximum of 6.6 m. The driver section is composed 

of three subsections with 2.2 m length each that can be connected or disconnected based 

on the desired test times. The length of the driven section as well as the type of the 
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driver gas are main determinant for the test time over which experiments can be 

performed. The test time is defined as the period of time over which the thermodynamic 

conditions behind the reflected shock wave are uniform and constant in the absence of 

chemical effects. A mid-section is used in the HPST between the driver section and the 

driven section to allow better control of the post-reflected shock conditions. Two cross-

scored aluminum diaphragms are used in the mid-section. Aluminum grade, thickness 

and scoring depth of the diaphragms are carefully selected to reach the desired 

temperature and pressure conditions behind the reflected shock wave. 

In each shock tube, five axially-spaced PCB 113B26 piezoelectric pressure transducers 

(PZTs) were placed in the last 1.3 m (HPST) / 3.7m (LPST) of the driven section for 

measurement of the incident-shock velocity. Each PZT is mounted such that its surface 

is recessed approximately 1 mm from the inner surface of the shock tube and the PZT 

surface is coated with a thin (~ 1 mm) layer of red silicon RTV to protect the sensor 

from thermal shocks. The signals from PZTs are used to trigger five ultrafast (350 MHz) 

Agilent 53220A frequency counters to determine the time interval between two 

successive pressure transducers and hence the incident shock velocity. The measured 

incident shock attenuation is typically in the range of 0.5 – 1.5%/m for the LPST (0.2 

to 1.8 %/m for the HPST) and is used to linearly extrapolate the incident shock velocity 

at the driven-section endwall (kinetics measurement location). Shock jump relations 

and known thermodynamic parameters are then used to calculate the post-reflected 

shock conditions (P5 and T5). These calculations were performed using a Frosh [28] 

MATLAB program code. Uncertainty in the incident shock velocity determined at the 

driven-section endwall leads to uncertainties of less than 1% in both the reflected-shock 

temperature and pressure at the measurement location.  

Behind the reflected shock wave, near the driven-section endwall, is a high-temperature 

reaction environment closely representing a constant volume reactor. The shock tube 

process can be best represented on a position-time (x-t) plot, which is shown in 

Figure 2-2 for the operation of a standard pressure-driven shock tube. 
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Figure 2-2: Wave propagation in the shock tube 

The temperature and pressure behind the reflected shock wave are controlled by 

changing the incident shock velocity. In the LPST, this was achieved by changing the 

thickness of the diaphragm and by changing the axial position of the cutting blades 

responsible for the diaphragm rupture. In the HPST, the mid-section of the shock tube 

houses two pre-scored aluminum diaphragms in a double-diaphragm arrangement 

(DDA) which allows better control of the post-reflected shock conditions compared to 

single diaphragm arrangement (SDA), as stated earlier. The main difference between 

DDA and SDA is the diaphragm rupture timing. In SDA, 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 (P4) 

and ultimately conditions (P5 and T5) behind reflected shock wave. In DDA, the mid-

section is filled with bath gas pressure that is much lower than the breaking pressure of 

the diaphragm (for example: half the breaking pressure). Thereafter, the driver section 

is filled to desired pressure P4 (much higher than the breaking pressure). Breaking of 

the diaphragms is activated by suddenly venting the mid-section. This procedure allows 

precise control of post-shock conditions and experimental conditions of post reflected 

shock tube temperature and pressure can be easily reproduced within 1% variability. 
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The reactive gas mixture behind the reflected shock wave is monitored at an axial 

location 2 cm away from the driven-section endwall using a Kistler piezoelectric 

pressure transducer (PZT, model no. 603B1) and laser absorption diagnostics. At the 

same axial position, OH* chemiluminescence associated with A2+→ X2Π transition 

near 306 nm was detected by a PDA 36A photo-detector. The spectral response range 

of this photo-detector is 350-1100 nm. Hence, the photodiode of the PDA36A was 

changed by a Silicon Pin photodiode type S1722-02 purchased from Hamamatsu 

Corporation. The modified photodetector is valid in the 190-1100nm wave-range. The 

signal from the PZT is used to confirm uniform pressure during the experiments, to 

detect the arrival of the reflected shock to the test area and to indicate the ignition time 

(for ignition experiments). A laser absorption diagnostic (at 3.39 m) can be used to 

monitor the test gas 2 cm away from the driven-section endwall through a pair of 0.75" 

diameter sapphire windows of 0.125" thickness mounted directly opposite to each other 

and tangent to the inner surface of the shock tube. Figure 2-3 shows a schematic of the 

cross-sectional view of the shock tube at the axial location 2 cm away from the driven-

section endwall. 

 

Figure 2-3: Schematic of the cross sectional view of the shock tube at the axial location 2cm 

from the driven section endwall. The pressure transducer and the window for the laser 

absorption diagnostics are shown, along with the alignment of the laser through the windows. 

The shock tube facility was thoroughly cleaned before the start of experiments, and also 

between experiments as needed. Cleaning of the shock tube is achieved by a cotton or 

cheese cloth dipped in acetone followed by a number of oxygen shocks. Prior to each 
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set of experiments, the impurities in the shock tube can be evaluated either by negligible 

OH absorption using a laser diagnostic or by negligible OH* chemiluminescence.  

Before each individual experiment, the shock tube driven section was evacuated to a 

pressure at or below 4E-4 mbar (up to 1E-6 mbar) using a combination of a roughing 

pump and a turbo-molecular pump. An ion gauge vacuum sensor was connected to the 

vacuum sections to measure the ultimate vacuum of the shock tube. 

2.2.2 Gas mixing tank: 

For the LPST experiments, the experimental test mixtures were all prepared in a gas-

mixing facility consisting of a 24-liter internally-stirred electro-polished stainless-steel 

mixing tank. The mixing manifold is constructed with a central-welded stainless steel 

pipe of 3/8" diameter, and each port can be connected to various sources via Swagelok 

stainless steel 8BK valves. The HPST shock tube is also equipped with a similar mixing 

tank (24 L). 

 

High-capacitance Baratron manometers of full-scale ranges 20 Torr, 100 Torr, 1000 

Torr and 10,000 Torr (all Models 690A) were located at different mixing manifold 

ports. The gas-mixing facility is connected to the shock tube (LPST) driven section at 

a location 5.74 m from the driven-section endwall via a port on the mixing manifold. 

The gas-mixing facility has a two-stage evacuation procedure, with separate roughing 

and turbo-molecular pumps. The vacuum pumps were connected to the mixing facility 

through a mixing manifold port when used for evacuation of the manifold, and were 

also connected to the mixing tank through a larger diameter valve for evacuation of the 

mixing tank directly. 

Two possible injection options could be used to fill the mixing tank. A direct liquid fuel 

injection using a syringe is possible through an orifice in the mixing tank wall. The 

injection is made through a rubber septum that has good sealing properties within tubes 

to prevent leaking problems during injection or vacuum. The second option is to add 

manometrically the fuel or other oxidizer or diluent gases using the mixing manifold. 

Choosing the appropriate method depends on the nature of the fuel. The addition of 
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liquid fuels to the mixing tank using the manifold ports is based on the evaporation of 

the fuel. The vapor pressure depends on the chemical component and thus a multi-

components fuel should be added by syringe injection to prevent the higher vapor 

pressure components from evaporating first causing the mole fractions of the fuel inside 

the mixing tank to be different from the original fuel sample (see Appendix A). 

Liquid pure monocomponent chemicals were placed in glass vessels (Chemglass part 

with an AF adapter), interfaced with the mixing manifold via 3/8" Swagelok Ultra-Torr 

vacuum fittings. The majority of liquid chemicals were purified using a freeze-pump-

thaw procedure; this procedure involves freezing the liquid chemical flask using a 

thermos filled with liquid nitrogen, and then pumping with the combination of the 

roughing and turbo-molecular pumps. Each time a new liquid chemical was connected 

to the mixing facility, the freeze-pump-thaw process was employed to remove the initial 

air in the flask and any trapped gas impurities. The freeze-pump-thaw procedure is 

repeated several times for each chemical to ensure chemical purity. After each freeze-

pump-thaw cycle, the liquid was pumped to an ultimate pressure of less than or equal 

to 1E-5 mbar. After purification of the liquid chemicals, the formed vapors in 

equilibrium with the liquid phase (due to low pressures in the pipes) were introduced 

directly into the mixing tank, driven into the mixing facility by the pressure difference 

between the mixing facility pressure and the liquid vapor pressure. In several cases 

where the vapor pressure of the liquid was not high enough to cause the vapor to flow 

into the mixing facility at an acceptable rate, a room-temperature cup of water was used 

to raise the temperature of the fuel flask, initially frozen due to internal low pressure, 

and thus increase the evaporation rate of the liquid. Some mixtures (especially highly 

diluted ones) were prepared using a double-dilution process to allow for accurate 

pressure measurements in the manometry preparation. The chemicals were introduced 

into the mixing tank through the manifold one at a time, with the vapors from the liquid 

chemicals first, typically in the order of increasing vapor pressure using the 100 Torr, 

the 20 Torr or the 1 Torr Baratrons in order to get more than 99% precision of the 

pressure measurement. The 10,000 Torr manometer was used for measurement of total 

pressure after filling the diluent gas. Final pressures inside the mixing tanks were in the 

range of 1000-7000 Torr depending on the type of fuel and experiment envisaged. The 
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partial pressures were chosen based on the lowest vapor pressure of the chemicals in 

the mixture. The mixture is allowed to mix in the internally-stirred mixing tank for 

several hours to ensure homogeneity. Before the first run of each mixture, an amount 

of the mixture is exhausted to atmosphere so that any un-mixed quantity that has been 

left in the pipes between the manifold and the mixing tank is not used in the experiment.   

2.3 Flow reactor cell 

The flow reactor cell at Lille University is made of stainless steel and can be heated 

electrically to up to 600 K. The temperature is continuously measured by a 

thermocouple, placed directly within the reaction zone. 

Four calibrated mass flow controllers (Tylan FC-260) are connected to the reactor to 

control the gas mixture for flowing H2O2, He, fuel and test mixture during mixture 

preparation as well as during the actual experiments. Mixtures are prepared in spherical 

balloons with 12 L volume each and are left for diffusion mixing for more than 4 hours. 

A single-stage rotary pump and a diaphragm pressure regulator (Leybold-Heraeus MR 

16) enable to work at reduced pressures (between 10 and 100 Torr), monitored by MKS 

Baratron pressure gauge (390HA-01000). Typical total gas flows are 700 cm3 min−1, 

leading to a flow velocity within the reactor of 7 cm s−1 at 50 Torr. Spectroscopic 

measurements are performed with a repetition rate of 0.5 Hz, and kinetic measurement 

are limited to 0.14 Hz, which is sufficient to replenish the reaction mixture between two 

laser shots; further description of the facility is available from Fittschen and coworkers 

[29]. 

2.4 Laser diagnostic systems: 

2.4.1 Ring-dye laser for OH direct absorption measurements 

This laser diagnostic technique was used in all high temperature reaction rate 

measurements of hydroxyl radicals in the low pressure shock tube (LPST) at KAUST. 

The main components of the laser diagnostic system for quantitative OH detection are 

a Sirah Ring Dye laser (Matisse), a continuous wavelength (CW) Spectra Physics 

Millennia Prime 532 nm laser pump, and a CW Spectra Physics Wave Train frequency 
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doubler. The Millennia Prime CW laser outputs 10 W of green 532 nm laser beam that 

pumps 0.75g/L Rhodamine B in Ethylene Glycol solution to obtain a red laser 

fluorescence beam of a tunable wavelength near 613 nm by cavity selective attenuation. 

The output from the Matisse dye laser can be set from a control program aided by a 

reference cell with high free spectral range (FSR) and is very stable (up to 10-4 nm, 7th 

digit). The wavelength is measured using a Bristol 621 wavelength meter. The 

bandwidth of the stable red laser beam is around 100 kHz making it an extremely 

narrow linewidth laser beam ( < 2×10-7 nm).  The red output from the CW Matisse dye 

laser is frequency doubled to produce UV light near 306.6868 nm where OH has good 

absorption characteristics (R1(5) of the A2Σ–X2π (0,0) electronic OH transition). 

The majority of the UV light was directed through the windows of the low pressure 

shock tube (LPST), located 2 cm away from the driven-section endwall. Several 

focusing optics consisting of CaF2 spherical lenses were placed in the beam path to 

prevent beam divergence and to shape the resulting beam diameter, to approximately 

1.5 mm size, entering and exiting the shock tube. A circular aperture (slit) was also used 

to get good beam shape. However, a circular aperture diffraction phenomenon was 

observed when the circular diameter is too small. For that reason, the diameter of the 

circular aperture is kept large enough to prevent diffraction of the beam. A portion of 

the UV light was also split off upstream of the shock tube using a UV-grade beam 

splitter so that common-mode rejection scheme could be employed to reduce the effects 

of fluctuations in laser intensity (see Figure 2-4). 
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Figure 2-4: OH absorption experimental setup 

The intensity of the UV light before and after the shock tube was monitored through in-

house-modified UV-enhanced Thorlabs PDA36A photo-diode detectors modified by 

installing a Silicon Pin photodiode type S1722-02 purchased from Hamamatsu 

corporation, each with a high speed response (60 MHz). 

The optical system allowed time-resolved quantitative measurement of the OH mole 

fraction, calculated using the Beer-Lambert Law (given by Eq. 2.1). 

 𝑥 = −
ln (

𝐼
𝐼0
)

𝑘𝑣𝑃𝐿
 

2.1 

where T is the measured fractional UV transmission, 𝐼 is the intensity of the transmitted 

UV beam, 𝐼0 is the incident intensity, 𝑘𝑣 is the absorption coefficient for OH that 

depends on pressure and temperature, taken from the work by Hanson and coworkers 

[30, 31], 𝐿 is the path-length of the shock tube diameter, 𝑃 is the reflected-shock 

pressure, and 𝑥 is the mole fraction of OH. 

The direct application of the Beer-Lambert Law is ensured by the fact the laser beam is 

narrower than the absorption feature of OH. Figure 2-5 shows the R1 (5) UV ro-

vibronic absorption feature of OH used for OH detection. The laser beam linewidth is 

also drawn (in blue) for linewidth comparison. 
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Figure 2-5: R1(5) electronic absorption feature of the (0,0) AX transition of OH at 1100 K 

and 1 atm. The blue thin line is a representation of the narrow UV laser beam used for OH 

detection  

Time zero in the measurement trace was defined as the instant of the reflected shock 

passing at the measurement location, and determined through the time traces of the PZT 

pressure transducer. Time zero could also be inferred from the measured laser signals 

at the onset of the Schlieren effect, because the laser beam is momentarily steered off 

the detector by the large density gradient at the shock wave, and is visually manifested 

as ~ 3 s wide spike in the transmitted signal. The noise in the measured UV signal was 

less than 0.1% before time zero. However, beam steering may occur after the passing 

of the shock wave at the measurement location; therefore, after time zero, the measured 

UV transmission noise was typically 0.1% – 0.3%. 

The minimum OH mole fraction detection sensitivity can then be calculated as 

following: 

 ln(
𝐼

𝐼0
) = −kv𝑃𝑥𝐿 

2.2 

==> 

306.6819 306.6856 306.6893 306.6930

0

50

100

150

200

250

300

O
H

 a
b

s
o
rp

ti
o
n
 c

o
e

ff
ic

ie
n

t 
(c

m
-1
.a

tm
-1
)

Wavelength (nm)

T = 1100 K

P = 1 atm



44 

 

Fethi Khaled - November 2018    

 
∆𝐼

𝐼
+
∆𝐼0
𝐼0
= 𝑘𝑣𝑃𝐿∆𝑥 

2.3 

Assuming that 
∆𝐼

𝐼
=

∆𝐼0

𝐼0
= 0.1% − 0.3% then: 

 ∆𝑥 = (0.2% − 0.6%)
1

𝑘𝑣𝑃𝐿
 

2.4 

For our typical experimental conditions, we have: 

𝑃 = 1𝑎𝑡𝑚, 𝐿 = 14𝑐𝑚𝑎𝑛𝑑𝑘𝑣 = 200𝑐𝑚
−1𝑎𝑡𝑚−1 

==>∆𝑥 = 2.1 − 0.37𝑝𝑝𝑚 

Under typical experimental conditions, the minimum OH mole fraction detection 

sensitivity ranges 0.37 to 2.1 ppm. Such detection sensitivity is sufficient for reaction 

rate measurements of OH radicals with various hydrocarbons and oxygenates.  

2.4.2 Ti-Sapphire laser for UV absorption of combustion radicals 

A Ti:sapphire laser system coupled to a fourth-harmonic generator was used for the 

detection of allyl radicals for measurements of the allyl recombination and allyl + OH 

reaction rate coefficients; further information is given in chapter 6 of this thesis. 

The Ti:sapphire laser system (Tsunami 3950) was purchased from Spectra-Physics. A 

cw solid-state Nd:YAG laser (532 nm, 15 Watts) was used to pump the Ti:sapphire 

crystal. With proper optics, Ti:sapphire laser can deliver tunable output in the 

wavelength range from 690 nm to 1025 nm. The laser has a pulsed output beam with a 

repetition frequency of 80 MHz and a pulse width that is fixed by the type of Gires-

Tournois Interferometer used. The system at KAUST possesses 4 GTI configurations 

for 1.5 ps, 15 ps, 30 ps and 60 ps pulse width. It is also equipped with two flexible 

harmonic generators (FHG). A harmonic generator model GWU2-23 allows frequency 

doubling and frequency tripling of the fundamental laser beam. On the other hand, a 

harmonic generator GWU-24 allows frequency doubling and quadrupling. Tuning over 

the whole wavelength range requires two sets of mirrors for the Ti:sapphire laser. 

Mirror set 1 covers the short wavelength range from 720 to 850 nm and mirror set 2 

covers the long wavelength range from 850 to 1000 nm.  
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In this work, we operated the Ti:sapphire laser at 880 nm with a pulse width of 1.5 ps 

and 80 MHz repetition rate, which makes the laser output pseudo-cw at the photo-

detector bandwidth of 900 kHz. The output power of the laser beam was ~ 2.6 W at 880 

nm, and ~ 25 mW at 220 nm. The linewidth of the laser was ~ 1 nm at 880 nm (as 

measured by Ocean Optics spectrometer USB2000+) and calculated to be ~ 0.25 nm at 

220 nm which is much less than that of the allyl radical absorption feature (>10 nm , 

[32]), allowing safe use of Beer-Lambert law. Two silicon photodetectors (Newport 

R2032, bandwidth 900 kHz) equipped with a laser-line filter near 220 nm from Edmond 

Optics were used to measure the laser intensity before and after the shock tube. The 

noise of the laser beam after common-mode-rejection was less than 0.1% of the signal. 

2.4.3 Flash photolysis - laser induced fluorescence of OH 

The flash photolysis/laser induced fluorescence (FP/LIF) technique was used for 

reaction rate measurement of OH with fuel components at low temperatures. This setup 

is comprised of a photolysis beam produced by XeF excimer laser with a photolysis 

energy of 23 kJ near 242 nm. At this wavelength, H2O2 can dissociate photolytically to 

produce two OH radicals. A second excitation beam near 282 nm is directed towards 

the center of the flow reactor cell where photolysis is occurring. The excitation beam 

excites OH radicals in the (1−0) vibrational band of the A−X electronic transition at 

282 nm inducing a red-shifted fluorescence beam which is detected near 308 nm 

through an interference filter (308 ± 10 nm). A frequency-doubled YAG (Spectra 

Physics) pumped dye laser (from Sirah Company), operating at 10 kHz repetition rate 

with average power of 35 mW is used for excitation. It enters the photolysis cell 

perpendicular to the photolysis beam along one of the short axes. The fluorescence 

signal is collected perpendicular to the plane made out of the photolysis and the 

excitation beam, using two lenses and an interference filter. The fluorescence photons 

are detected by a photomultiplier (Hamatsu R212) and fed into a boxcar. The boxcar is 

triggered by a photodiode using a reflection of the YAG laser and the signal is 

integrated within a gate time of 100 ns, positioned 80 ns after the YAG laser pulse. The 

continuous signal from the boxcar enters the A/D converter of a data acquisition card, 

where a Labview based acquisition program retrieves the signal every 100 μs and 

converts it into a digital signal [33]. The time base for LIF signals is, therefore, the 
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internal clock of the PC. A typical experiment consists of 5000 data points (i.e., 0.5 s) 

before each photolysis pulse to measure the background signal followed by 5000 data 

points after the photolysis pulse. Each data point is summed over typically 50−100 

photolysis laser pulses. As the excitation laser is running at 10 kHz, the measurement 

points are separated by 100 μs. 

2.5 Chemkin Pro: a software for kinetic modeling 

Chemkin [34] is a chemical kinetic software that allows chemical kinetic calculations 

under different reaction environment. It comes with different user interfaces and several 

optional features. The reader is encouraged to read the Chemkin Theory Manual [35] 

for further information. In this thesis, the zero-D closed homogeneous batch reactor 

model was used to emulate the shock tube conditions. Constant UV constraints were 

used in the calculations. Chemkin can also detect ignition delay times through different 

automated methods. For our case, under the constant UV problem type, detecting 

ignition time through step increase of temperature of 500 K was sufficient in all cases. 

In cases where there is multistage ignition, the temperature inflection point was used 

instead to detect 1st and 2nd stage ignition delay time. As for reaction rate optimization, 

Chemkin was used to compare experimentally measured species histories with those 

calculated from kinetic models. Due to tedious and iterative work needed to optimize 

rate coefficients in kinetic models to agree with experimental data, we developed an in-

house MATLAB code (see Appendix B) that allows linking Chemkin to a MATLAB 

code for reaction rate optimization. This code is available upon request. 

Chemkin also offers an HCCI reaction environment. This option was used in the IDT 

correlation project to test the performance of the IDT correlation for application in the 

detection of combustion phasing in engine applications. 
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3 REACTION OF OH WITH SIMPLEST C2 HYDROCARBONS: 

ETHANE, ETHYLENE AND ACETYLENE 

3.1 Introduction 

The reaction of hydroxyl radicals with fuel components and combustion intermediates 

is one of the most important steps for fuel oxidation. These reactions constitute the 

primary consumption pathways for hydrocarbons at atmospheric and combustion 

conditions. Depending on the chemical structure and thermodynamic conditions, 

different chemical pathways are available for the reaction of OH with hydrocarbons. 

Primarily, OH may abstract an H atom directly or may undergo addition reaction 

forming a complex which may produce various bimolecular products. The knowledge 

of the branching fractions and competition of these channels is crucial to understand 

the combustion behavior of practical fuels. In this section, we report the experimental 

study on the reaction of three C2 hydrocarbons, ethane, ethylene and acetylene, with 

OH radicals to draw conclusions on the effect of C-C bond type on the competition 

between association and abstraction/bimolecular channels over a wide range of 

thermodynamic conditions. Experiments were carried out behind reflected shock waves 

over 800 – 1300 K and the reaction progress was monitored by probing OH radicals 

using UV laser absorption near 306 nm. To discern association channel from C-H bond 

breaking channels (direct H-abstraction and bimolecular channels), the reaction of OH 

radicals was studied with ethane, deuterated ethane, ethylene, deuterated ethylene, 

acetylene and deuterated acetylene. The ethane + OH reaction expectedly follows solely 

the direct H-abstraction pathway, showing constant positive activation energy along the 

whole temperature domain. Ethylene + OH reaction presents a competition between 

association, bimolecular channels and direct H-abstraction of the vinylic H atoms, 

where association pathway becomes negligible for T > 700 K. This competition was 

manifested through a severe curvature in the Arrhenius plot of these rate coefficients. 

On the other hand, acetylene is found to react with OH, mainly through the association 

channel which dominates up to temperatures as high as 1050 K. 
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3.2 The Reaction of OH with ethane: 

3.2.1 Motivation and literature review 

Small alkanes (< C5) constitute almost all of the composition of natural and liquefied 

petroleum gas (LPG), whereas larger straight or branched alkanes (≥ C5) are the 

primary constituents of gasoline, diesel, and aviation fuels [36-39]. Hydrogen 

abstraction reactions from alkanes by hydroxyl radicals (OH + RH → R + H2O) are the 

primary oxidation pathways of these fuels at combustion conditions. Accurate 

modeling of combustion kinetics requires precise knowledge of total and site-specific 

rate coefficients over a wide range of temperatures and pressures. A conventional way 

to derive overall and site-specific rate coefficients is to start from small molecules and 

then use group additivity approximations to estimate rate coefficients for long chain 

molecules. Various approximations have been used in the literature, such as the Next-

Nearest-Neighbor (NNN)[11, 40] and Structure Activity Relationship (SAR) [41]. 

Tully and co-workers [42-47] pioneered the use of deuterium for the study of deuterium 

kinetic isotope effect (DKIE) to elucidate rules for the calculation of site-specific rates 

of H-abstraction from a variety of hydrocarbon molecules. This methodology has, for 

example, been used to discern the branching ratios of the two competing channels 

during the reaction of propane (C3H8) with OH at low temperatures [44] and high 

temperatures [48]. The importance of DKIE of small molecules such as ethane, ethylene 

and acetylene in the determination of branching ratios of longer chain alkanes, alkenes 

and alkynes will be demonstrated in chapter 4. The aim of this section is to extend low-

temperature (290-800 K) DKIE data of ethane [43] to high temperatures (800 – 1350 

K) using rate coefficient measurements of the reaction of ethane and deuterated ethane 

with OH radicals: 

C2H6 + OH → C2H5 + H2O                 (R1) 

C2D6 + OH → C2D5 + HDO                (R2) 

These results will be helpful in elucidating the competition of different H-abstraction 

channels during the reaction of larger hydrocarbons with OH radicals. Moreover, a 

closer look into the database for the rate coefficients of R1 reveals that there are only 
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three direct high-temperature (T > 950 K) measurements available in the literature [49-

51]. Much of the earlier studies are limited to near room temperatures [43, 49, 50, 52-

56]; and in general they show excellent agreement to each other within overall 

uncertainties of ± 20% at 298 K [52]. Surprisingly, there are not many reports of 

theoretical rate constant estimations using the electronic structure methods other than 

two studies from Krasnoperov and Michael [51] and Melissas and Truhlar [57]. The 

later employed PMP2//MP2/adj2-cc-pVTZ level of theory to compute the potential 

energy surface for the reaction of ethane with OH radicals. They computed the rate 

constants using ab initio and canonical variational transition state theory calculations 

with small curvature tunneling corrections. Their calculated values were found to agree 

well with the experiments within a factor of 2.3 over a wide range of temperatures. 

Krasnoperov and Michael [51] used the B3LYP/6-31G* level of theory to map out the 

potential energy surface for ethane + OH reaction. They had to adjust the barrier height 

to 10.2 kJ/mol, and one of the low bending modes was taken as 250 cm-1 to achieve 

good match with the avalable experimental data over 140 ≤ T ≤ 1600 K. They further 

suggested that a high-level theory should be used to study the reaction between ethane 

and OH. As for R2, there is only one experimental study from Tully et al. [43] at 

relatively low temperatures and no theoretical reports are found in literature. We report 

here also the theoretical DKIE for ethane/d-ethane + OH reaction using high level 

quantum chemical and statistical rate theory calculations which are mainly performed 

with Dr. Binod Raj Giri, a research scientist in our group. Details are available in the 

journal publication[15]. 

3.2.2 Experimental setup 

The low-pressure shock tube facility (LPST) at KAUST was used to conduct all 

experiments presented here (see description in chapter 2).  

A 70% TBHP in water solution was obtained from Sigma Aldrich. Ethane (99.99%), 

argon (99.999%), and helium (99.999%) were purchased from AH Gases. Ethane-d6 

(98%) was obtained from CDN Isotopes Inc. Several reflected-shock experiments were 

conducted for each fuel (C2H6 and C2D6) and the concentrations of reactants (fuel, 
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TBHP) were chosen based on sensitivity analyses to achieve pseudo-first-order 

kinetics. 

We report experimental and theoretical results for the kinetic isotope effect of the 

reaction of OH with ethane (C2H6) and deuterated ethane (C2D6). The reactions were 

investigated behind reflected shock waves over 800 – 1350 K by monitoring OH 

radicals near 306.69 nm using laser absorption. Our high-temperature measurements 

were combined with previous low-temperature data to develop a bi-exponential 

expression for the deuterated kinetic isotope effect (DKIE) over 290 – 1350 K. 

3.2.3 Results and discussion 

The JetSurf 1.0 model [58] is used as the base model and tert-butyl hydroperoxide 

(TBHP) chemistry from Pang et. al [59] is added to the base model to simulate OH-

time histories. Sensitivity analysis was performed to explore the role of secondary 

reactions that might affect OH concentration time-profile in our experimental 

conditions. As can be seen in Figure 3-1, the secondary chemistry has negligible 

contribution to OH-decay profile. 

 

Figure 3-1: Hydroxyl sensitivity for C2H6 + OH reaction at 1106 K and 1.38 atm. OH 

sensitivity is defined as SOH = (XOH/ki) × (ki/XOH), where XOH is the local OH-mole fraction 
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and ki is the rate constant for the ith reaction. Initial mixture composition: 342 ppm ethane, 

22.4 ppm TBHP (70 ppm water) diluted in argon. 

Measurements of R1 were carried out in the temperature range of 847-1285 K using a 

mixture of 342 ppm of ethane with ~22 ppm TBHP diluted in argon, whereas the 

measurements of R2 ranged from 805 to 1345 K using a mixture of 310 ppm of ethane-

d6 with ~22 ppm TBHP diluted in argon. To ensure pseudo-first order kinetics, the 

concentration of TBHP was always kept at least 10 times smaller than that of ethane or 

ethane-d6. The rate coefficients of reactions R1 and R2 are obtained by fitting the 

simulated OH time profiles to the experimental OH time-profiles while varying the rate 

constant of the target reaction in the kinetic model. Representative experimental and 

modeled OH profiles in addition to the effect of 20% deviation from the best fit for 

ethane and ethane-d6 are shown in Figure 3-2 and Figure 3-3, respectively. 

 

Figure 3-2: Hydroxyl mole fraction profile for ethane + OH reaction at T = 1106 K, P = 1.38 

atm. The mixture composition was 342 ppm ethane, 22.4 ppm TBHP (70 ppm water) in 

argon. The best-fit to the experimental profile along with ± 20% perturbations are also shown. 
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Figure 3-3: Hydroxyl mole fraction profile for ethane-d6 + OH reaction at experimental 

conditions of T = 1133 K, P = 1.44 atm, 310 ppm ethane-d6, 22.2 ppm TBHP (80 ppm water) 

diluted in argon. Also presented are the best-fit simulated profile and perturbations of ± 20%. 

 

Measured values of the rate coefficients along with experimental conditions are 

compiled in Table 3-1 and Table 3-2. 

Table 3-1: Measured rate coefficients of reaction R1 (ethane + OH) 

Temperature 

(K) 

Pressure 

(atm) 

k1 

(cm3 molecule-1 s-1) 

847 1.68 6.81 × 10-12 

925 1.6 8.93 × 10-12 

970 1.46 1.06 × 10-11 

1034 1.4 1.23 × 10-11 

1106 1.38 1.39 × 10-11 

1142 1.31 1.54 × 10-11 

1275 1.31 1.94 × 10-11 

1277 1.08 2.08 × 10-11 

1285 1.21 1.96 × 10-11 
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Table 3-2: Measured rate coefficients of reaction R2 (d-ethane + OH) 

Temperature 

(K) 

Pressure 

(atm) 

k2 

(cm3 molecule-1 s-1) 

805 1.68 3.09 × 10-12 

875 1.63 4.47 × 10-12 

943 1.56 5.73 × 10-12 

997 1.34 7.40 × 10-12 

1030 1.62 8.25 × 10-12 

1133 1.44 1.00 × 10-11 

1190 1.44 1.14 × 10-11 

1240 1.28 1.30 × 10-11 

1254 1.42 1.32 × 10-11 

1345 1.37 1.60 × 10-11 

  

Figure 3-4: Comparison of the calculated rate coefficients with the experimental data. (●) this 

work for C2H6 + OH reaction; (○) Tully et. al. [43] for C2H6 + OH reaction; (■) this work for 

C2D6 + OH;  (□)Tully et al. [43] for C2D6 + OH reaction. Blue and red lines represent the 

results of ab initio/CTST calculations for C2H6 and C2D6 reactions with OH radicals[15], 

respectively. Solid lines represent the calculated rate coefficients without tunneling 

corrections, whereas the broken lines incorporate Wigner tunneling correction. Dotted lines 

are the results from fitting the entire database for C2H6 + OH reaction over the T-ranges of 

138-1367 K  obtained by Krasnoperov and Michael[51]. 
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As can be seen in Figure 3-4, the three-parameter expression [51] underpredicts our 

measured rate coefficients for R1 by a mean deviation of 20%. As for R2, there are no 

literature data available to compare within the temperature range of our study. The best 

fit of our experimental data along with literature low temperature data for R1 and R2 

resulted into the following three parameter Arrhenius expressions (in unit of cm3 

molecule-1 s-1): 

 𝑘1(𝑇) = 1.02 × 10
−17𝑇2.083𝑒𝑥𝑝 (

−522.2𝐾

𝑇
)  (290 – 1290 K) 3.1 

 𝑘2(𝑇) = 5.48 × 10
−17𝑇1.866𝑒𝑥𝑝 (

−1138.2𝐾

𝑇
) (290 – 1350 K)  3.2 

 

Figure 3-5: Comparison of the experimental and theoretical DKIE of ethane (H/D) + OH.  

(—) experimental results from this work and Tully et. al. [43]; (---) calculated values from our 

ab initio/CTST methods. (∙∙∙∙∙∙) a horizontal line showing DKIE = 1.4.  

However, the calculations underpredict experimental rate coefficients for both R1 and 

R2 in the low-temperature region. This subtle discrepancy may be attributed to the 

tunneling effect. As can be seen in Figure 4, the quantum tunneling effect is less 

pronounced for R1 as opposed to R2. This is expected as the reactions with small 

barriers contribute less to the quantum mechanical tunneling (κ). Tunneling (κ) was 

computed using the Wigner formula that requires imaginary frequency (υ) 

corresponding to the reaction coordinate and the threshold energy (E0) as given by: 
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 𝜅 = 1 −
1

24
(
ℎ𝜐

𝑘𝑏𝑇
)
2

(1 +
𝑅𝑇

𝐸0
) 

3.3 

After incorporating Wigner tunneling correction, the theoretical rate coefficients 

(dashed lines, Figure 3-4) for R2 showed excellent agreement with experimental data 

over the entire temperature range. But for R1, the tunneling correction appears to be 

quantitatively less reliable at low temperatures. The calculated rates were overestimated 

by roughly a factor of two in the low-temperature region. A similar behavior was 

reported by Melissas and Truhlar [57] where Wigner tunneling correction resulted in 

an overestimation of the rate coefficients by a factor of 2.3 at 300 K. The tunneling 

correction, however, is nearly negligible in our experimental conditions. Moreover, the 

contribution of tunneling is expected to be cancelled out to the large part when 

calculating the ratio of the rate coefficients (k1/k2). The best fit of experimental data 

(this work and Tully et al. [43]) yields the following expression for DKIE over the T 

range of 293 – 1350 K: 

 
𝑘1
𝑘2
(𝑇) = (0.5 ± 0.1) exp(−

(5179 ± 707)
𝑐𝑎𝑙
𝑚𝑜𝑙

𝑅𝑇
) + (0.9 ± 0.1) exp(

(1045 ± 2.7)
𝑐𝑎𝑙
𝑚𝑜𝑙

𝑅𝑇
) 

3.4 

Both the experimental and calculated values for DKIE are displayed in Figure 3-5. As 

can be seen, the calculated and experimental DKIE values exhibit positive agreement 

over the entire temperature range. The calculated value for DKIE at 290 K is 6.4 which 

is close to that reported (4.61 ± 0.56) value by Tully et al. [43]. At 850 K, we measured 

a DKIE value of 1.67 which agrees very well with the extrapolated value of 1.72 from 

the work of Tully et al. [43]. Our experimentally determined DKIE asymptotes to a 

value of 1.4 at high temperatures (T > 1200 K).  

The high-temperature asympoting behavior of DKIE can be explored using theoretical 

methods. From Arrhenius theory, DKIE can be written as: 

 
𝑘1
𝑘2
(𝑇) =

𝐴1
𝐴2
𝑒𝑥𝑝 (

∆𝐸𝑎
𝑅𝑇

) 
3.5 

where A is the pre-exponential factor and the subscripts identify the corresponding 

reactions; ΔEa = Ea (D) – Ea(H) is the difference in the activation energies of the 

isotopes. As T approaches infinity, k1/k2 ≈ A1/A2. The ratio of A1 and A2 can be 
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approximated by taking the ratio of imaginary frequencies of the transition states (υ1
/ 

υ2
) [60]. Using υ1

 = 1303 cm-1 and υ2
 = 1003 cm-1, DKIE (k1/k2) comes out to be 1.3. 

On the other hand, ab initio/CTST calculations predict that DKIE asymptotes to 1.5 at 

high temperatures. These values are quite close to the experimentally determined DKIE 

of 1.4.  

3.3 The reaction of OH with ethylene and acetylene 

3.3.1 Motivation and literature review 

Direct experimental measurement of various channels of OH + fuel reaction is 

challenging since most experimental methodologies probe OH radicals as a measure of 

the rate of these reactions, and such techniques obscure individual contributions of 

various pathways [11, 12]. C2 hydrocarbons are the building blocks for longer chain 

hydrocarbons and are among the most dominant intermediates produced during the 

oxidation of large hydrocarbons. Despite their simple structure, C2 hydrocarbons 

represent an important case study to gain better understanding of the reactions with 

hydroxyl radicals. Ethane reactivity with combustion radicals has been studied 

extensively [15, 43, 57]. Although, the reaction of ethane (C2H6) with hydroxyl radicals 

solely undergoes direct H-abstraction [15, 43] and as stated in the above section, the 

picture is very different for ethylene and acetylene due to the presence of double and 

triple C-C bonds, respectively. 

Liu et al. [61, 62] conducted a detailed experimental study of the reaction of ethylene 

and acetylene with OH radicals in a pulse photolysis cell between 333 and 1273 K at 1 

atm. They employed deuteration to quantify the competition between H-abstraction and 

addition channels. They studied the following reactions: 

C2H4 + OH  Products  (R3) 

C2D4 + OH  Products  (R4) 

C2H2 + OH  Products   (R5) 

C2D2 + OH  Products  (R6) 
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For ethylene, Liu et al. [61] concluded that H-abstraction starts to dominate at 

temperatures higher than 650 K and that at T < 500 K, ethylene reacts mainly through 

addition pathway leading to the stabilization of the alcohol adduct (see reaction R1e 

below). For acetylene, Liu et al. [62] supported the previous assertions of Smith et al. 

[63] that  H-abstraction reaction prevails at temperatures higher than 1000 K. These 

experimental results were valuable inputs for the detailed theoretical works of Senosiain 

et al. [64, 65] who calculated various channels of the reaction of OH with ethylene and 

acetylene. The authors argued that vinyl alcohol (CH2CHOH) is a non-negligible (~ 

10%) product of the reaction of OH and ethylene even at temperatures higher than 800 

K [64]. 

C2H4 + OH  C2H3 + H2O   (R3a) 

 H + CH2CHOH   (R3b) 

 H2 + CH3CHO   (R3c) 

 CH3 + CH2O   (R3d) 

 C2H5O    (R3e) 

For acetylene, Senosiain et al. [65] estimated that the addition of OH to the triple bond 

followed by complex stabilization (R5f) or the formation of bimolecular products (R5b 

– R5e) are the main chemical routes of this system. They predicted that the rate 

coefficient for direct H abstraction (R3a) is relatively small and ketene (CH2CO) is the 

primary product of this reaction at combustion-relevant conditions. However, they 

could not resolve discrepancies between their calculated total rate and the 

measurements of Liu et al. [62] at the intermediate-temperature region (700 K < T < 

1200 K). 

C2H2 + OH  C2H + H2O    (R5a) 

 H + HCCOH   (R5b) 

 H2 + HCCO   (R5c) 

 H + CH2CO   (R5d) 
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 CH3 + CO    (R5e) 

 C2H2OH    (R5f) 

In this work, we aim to provide new high-temperature experimental data on the reaction 

rates of ethylene and acetylene behind reflected shock waves. We use the deuterated 

kinetic isotopic effect (DKIE) to differentiate between association (adduct stabilization) 

and other channels. We then compare our measured overall OH loss rates with previous 

experiments and theoretical calculations. Finally, we draw conclusions on the active 

pathways during the reaction of C2 hydrocarbons with OH at conditions ranging from 

atmospheric to combustion environments. 

3.3.2 Experimental methods 

Reactions of ethylene (R3), deuterated ethylene (R4), acetylene (R5) and deuterated 

acetylene (R6) with hydroxyl radicals were studied behind reflected shock waves in the 

low-pressure shock tube (LPST) facility. The reaction rate coefficients were measured 

by monitoring the concentration of OH radicals using UV absorption spectroscopy at 

the well-characterized R1(5) transition of the A–X (0,0) electronic system of hydroxyl 

near 306.7 nm. The low-pressure shock tube facility, the UV laser setup and the 

experimental procedure have been described in chapter 2 of this thesis. Ethylene (99.9% 

purity) and acetylene (99.9%) were purchased from AH Gases. Deuterated compounds, 

C2D4 (99.9% D purity) and C2D2 (99.9% D purity) were obtained from CDN-Isotopes. 

Tert-butylhydroperoxide (TBHP, 70% solution in water) was purchased from Sigma 

Aldrich and used as a thermal source of OH radicals. TBHP is chosen as the OH 

precursor since it decomposes very rapidly (less than 10 μs at T > 800 K; less than 1 μs 

at T > 1100 K) to produce OH radicals [66]. High dilution in argon (~ 99%) was used 

to eliminate thermal effects, and high C2:TBHP ratios were used to follow pseudo-first-

order kinetics. In order to model the measured OH time-histories, a kinetic model was 

assembled which is comprised of TBHP chemistry from Pang et al. [59] and base 

chemistry from Zhou et al. [3] detailed isobutene model which contained C0-C2 

AramcoMech reaction model [67]. Kinetic simulations were performed in Chemkin-

Pro while changing the C2:TBHP ratio and C2 concentration to identify conditions 

where OH decay is mainly sensitive to the target C2  + OH reaction. This analysis led 

file:///C:/Users/khaledfb/Documents/Thesis_myPhD/ChapterII.docx
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to the choice of mixture compositions used in experiments; see Table 3-3. Higher 

concentrations of acetylene and acetylene-D2 were needed because of their relatively 

slow reaction rate with OH radicals. 

Table 3-3: Mixture compositions (balance Ar). 

System [Fuel] [TBHP] 

C2H4, C2D4 0.05 − 0.1% 20 − 70 ppm 

C2H2, C2D2 1-2% 20 − 50ppm 

 

3.3.3 Results and discussion 

For hydrocarbon + OH reaction systems comprising of competing channels, the 

comparison of experimentally measured ‘overall rates’ to theoretical rate coefficients 

is not a trivial exercise. This issue has been discussed by Senosiain et al. [65] and Es-

sebbar et al. [6] in their respective works on acetylene + OH and propyne / allene + OH. 

Particularly, in specific conditions where association competes appreciably with 

redissociation or where thermodynamic equilibrium is reached at the time scale of the 

experiment, the overall loss rate of the OH radicals deviates from the total forward rate 

coefficient. Senosiain et al. [64] reported that at 700 K and 1 atm, the rates of 

association and back dissociation of reaction R3e are approximately equal. For 

acetylene, they predicted that such an equilibrium is reached at a higher temperature of 

~ 810 K at 1 atm [65]. 

To account for the role of various OH channels, we calculated the overall OH loss rate 

from the theoretical work of Senosiain et al. [64, 65] at a pressure of 1.5 bar, 

temperatures of 300 – 2000 K, and mixtures of 1% acetylene / 50 ppm OH / Ar as well 

as 0.1% ethylene / 50 ppm OH / Ar. Homogeneous constant UV reactor Chemkin [34] 

simulations were performed using the assembled kinetic model which contained 

reaction rates of ethylene + OH and acetylene + OH from Senosiain et al. [64, 65]. The 

theoretical overall OH loss rate was obtained from the decay rate of the calculated OH 

time-histories up to the OH half-life. Results showed that all channels are unidirectional 

at our conditions (300 – 2000 K, 1.5 bar) except for reactions leading to the stabilized 
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adduct (R3e and R5f) which dissociate back partially to reactants at intermediate 

temperatures. The experimental overall OH loss rates were obtained in an analogous 

manner by fitting the experimental OH decay profiles with the assembled kinetic model. 

The model-fitting method was preferred over exponential decay method due to the 

(minor) role of secondary reactions. Best-fit to the experimental profiles was obtained 

by varying the overall rate of the C2 + OH reaction. 

Representative hydroxyl time-history profiles are presented in Figure 3-6 for the four 

C2 molecules studied in this work (R1 – R4). Also shown are the best-fit profiles from 

the assembled kinetic model and perturbations of ± 30% from the best-fit rate. These 

perturbations clearly show that the OH decay is sensitive to the overall C2 + OH 

reaction. 

  

  

Figure 3-6: Experimental hydroxyl mole fraction profiles. Simulated best-fit (red solid line) 

and ± 30% perturbations to the total rate of respective reactions (R3 – R6) are also shown. 

The insets plot OH mole fraction on a logarithmic scale. 
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Experimental results for the overall rate coefficients of reactions R3 – R6 are plotted in 

Figure 3-7. Uncertainties in the reported rate coefficients of reactions R3 – R6 are 

estimated to be ±12% for ethylene (and acetylene-D4) and ±14% for acetylene (and 

acetylene-D4). The uncertainties primarily come from the uncertainties in the fitting 

procedure (±5%), rates of secondary chemistry (±3%) and the reactant concentrations 

(±5%). 

 

Figure 3-7: Reaction rate coeficients of C2 hydrocarbons with hydroxyl radicals.. Solid lines 

represent 3-parameter Arrhenius best-fit to the measured rate coefficients. 

Experimental rate measurements of C2 hydrocarbons with hydroxyl radicals show that 

ethane is more reactive than ethylene followed by acetylene. The slow reactivity of 

ethylene and acetylene can partly be explained by the decreased number of available H 

atoms for abstraction, and the corresponding energy barriers, 4.9 kcal/mol [64] for 

ethylene and 18 kcal/mol for acetylene [65], respectively, for abstraction reactions 

being higher compared to ethane + OH reaction (2.2 kcal/mol [15]). More importantly, 

at higher temperatures, even if the reactions of ethylene and acetylene with OH 

predominantly undergo via the formation of addition complex as opposed to direct H-

abstraction, no significant amount of addition complex gets pressure stabilized and it 

will either dissociate back or isomerize and/or decompose to other bimolecular products 

via distinct barriers resulting into slowing down of these reactions [64, 65]. As can be 
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seen in Figure 3-7, the reactions of ethane and ethylene with OH exhibited the normal 

deuterium kinetic isotopic effect, i.e., k(light) > k(heavy). Undoubtedly, the kinetic 

isotopic effect displayed by C2H6 + OH reaction is the consequence of critical energy 

change, due to isotopic substitution (see the slopes in Figure 3-7). Here, the reaction 

coordinate involves the vibration of altered frequency which leads to the primary 

isotopic effect because only the direct H-abstraction reaction is possible for C2H6 + OH. 

As for C2H4 + OH, k(light) and k(heavy) roughly run parallel curving strongly upward 

in their Arrhenius plot (see Figure 3-7). Such kinetic behavior reveals that i) more 

channels open up and contribute significantly at high temperatures that have distinct 

energy barriers, ii) the reaction displays a normal kinetic isotopic effect which might 

be originating from either critical energy effect where H/D atoms are actually involved 

in the reaction (e.g., R3a – R3d) or statistical-weight effect (due to the difference in the 

quantum states of light and heavy molecules and the transition states). Finally, C2H2 + 

OH shows quite interesting kinetic behavior. In this case, addition channel dominates 

over the abstraction channel, and the competing channels are R5b – R5f [65]. The 

Arrhenius plots in Figure 3-7 clearly hint towards channel switching going from low to 

high temperatures. While the reaction of C2H2 + OH exhibited a normal kinetic isotopic 

effect at high temperatures, a small inverse kinetic isotopic effect, i.e., k(heavy) > 

k(light) is observed at the low temperature end of our study (T < 950 K). Here again, 

both the primary and the secondary statistical-weight isotope effects may have 

contributed to the observed kinetic isotopic effect. Our data appear to be close to the 

high-pressure limit. At the high-pressure limit, the effect of statistical-weight isotopic 

effect may be either normal or inverse, but the rate constant ratio, k(heavy)/k(light), will 

be close to unity as displayed by our data. 

In order to compare our measured data with literature experimental data and theoretical 

calculations, rate coefficients of the reactions of ethylene and ethylene-D4 with OH 

radicals are plotted in Figure 3-8. Also shown is the total forward rate (black solid line) 

of ethylene + OH reaction from Senosiain et al. [64]. We have included the calculated 

overall OH loss rates while using the thermal data of reactants and products from 

AramcoMech [19] (dark yellow line) and from Senosiain et al. [64] (red line). It may 

be noted that  Senosiain et al. [64] have treated various conformers of C2H4OH adduct 
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in more depth compared to the implementation in AramcoMech. We observe in 

Figure 3-8 that the overall loss rates and the total forward reaction rates are similar at 

conditions where the addition complex is either stable (T < 500 K) or negligibly 

produced (T > 1100 K). The dashed black line represents the summed contribution from 

direct H-abstraction and bimolecular channels (R3a + R3b + R3c + R3d) from 

Senosiain et al. [64] at 1.5 bar and compares well with the Tully et al. [68] experiments 

which were carried out at low pressures (~ 0.12 bar) to minimize the role of the 

association channel. Likewise, the dashed blue line represents summation of H-

abstraction and bimolecular channels for the reaction of OH with C2D4, and was 

obtained by dividing the black dashed line with a DKIE factor for C2H4 to fit of our 

high T data and those of Tully et al. [68] for C2D4 + OH (with association pathway 

contribution removed). 

 

Figure 3-8: Rate coefficients of the reaction of ethylene and ethylene-D4 with OH radicals. 

Solid lines are calculations from Senosiain et al. [64]: Black line is the total forward rate 

coefficient of C2H4 + OH. Dark yellow and red lines are theoretical overall OH loss rates 

calculated using the AramcoMech thermal data and Senosiain thermal data, respectively. 

Dashed black line is Senosiain et al. [64] calculation for the bimolecular and the direct H-

abstraction channels of C2H4 + OH. Dashed blue line is fit of our high T data and those of 

Tully et al. [68] for C2D4 + OH with association pathway contribution removed. 
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Our measurements for the overall OH loss rate for C2H4 + OH agree very well with 

those of Vasu et al. [69] and Liu et al. [61]. For T < 1000 K, overall loss rate calculations 

from Senosiain et al. [64] (red line in Figure 3-8) agree well with our measured hydroxyl 

overall loss rates. Small deviations between the measured and calculated overall loss 

rates are seen, which may arise due to the redissociation of the adduct which seems to 

be over-predicted by the calculations. The effect of thermo-chemistry is very important 

in this region as elaborated by comparing the thermal data of C2H4, OH and C2H4OH 

from two different sources, namely AramcoMech [70] and Senosiain et al. [64]. Good 

agreement between Liu et al. [61] experiments and theory at low temperature (less than 

600 K) indicates that the forward rate of the association channel is captured by the 

theory since back dissociation and other channels are unimportant at these low 

temperatures. The calculated rates by Senosiain et al.[64] captured our high temperature 

reported OH loss rates but failed to capture our data  and those from Liu et al.[61] 

between 600 K and 900 K.  At this temperature range (600 – 900 K), the overall rate of 

the reactions is very sensitive to thermodynamic data of the C2H4OH adduct. Therefore, 

we believe that the thermal data of the C2H4OH adduct has to be revisited. 
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Figure 3-9: Rate coefficients of the reaction of acetylene and acetylene-D4 with OH radicals. 

Solid lines are the calculations from Senosiain et al. [65]: Black line is the total forward rate 

coefficient of C2H2 + OH. Red and dark yellow lines are theoretical overall loss rates 

calculated using the Senosiain thermal data and AramcoMech thermal data, respectively. 

Dashed black line is Senosiain et al.[65] calculation for the bimolecular and the direct H-

abstraction channels of C2H2 + OH. Dashed blue line is fit of our high T data for C2D2 + OH 

with association pathway contribution removed. 

 

 Rate measurements of acetylene + OH are compared in Figure 3-9 with literature 

experimental data [62, 71, 72] and theoretical calculations [65]. Our high-temperature 

(1000 – 1393 K) measurements for C2H2 + OH follow the trend of Srinivasan et al. [71] 

and Bittner and Howard [72] data obtained at T > 1400 K. However, Liu et al. [62] data 

are ~ 60% higher than our measurements at the high temperatures of their study. The 

same level of disagreement is seen between our measured rate coefficients of C2D2 + 

OH and those of Liu et al. [62]. The discrepancy may be due to the temperature 

controlling system employed by Liu et al. [62]. The temperature was controlled at the 

outlet of the flow reactor cell which could be different from that of the interior of the 

cell, particularly at high temperatures. Additionally, the high-temperature 

measurements of Liu et al. [62] may also be affected by the secondary chemistry. The 

overall loss rate calculations (red line) from Senosiain et al. [65] are in very good 

agreement with our measurements. The difference between the overall loss rate (red 

line) and the total forward rate (black line) over 700 – 1100 K is due to the back 

dissociation of the C2H4OH adduct. Similarly to the ethylene case, the relative failure 

of Senosiain et al. [65] calculation to capture the data from Liu et al. at the T range of 

630 – 830 K suggests that improvements in the thermo-chemistry of the C2H2OH adduct 

may be needed. 

Combining our studies on ethylene and acetylene reaction with hydroxyl radicals, we 

may argue that the association channel is an important pathway for the reaction of 

unsaturated C2 hydrocarbons with hydroxyl radicals. It seems that C2H2 preferentially 

reacts with OH through the addition pathway compared to C2H4. The addition of OH to 

C2H2 plays a significant role at temperatures as high as 1050 K at P ~ 1.5 atm. On the 

other hand, the addition of OH to C2H4 is a preferred pathway for temperature up to ~ 

800 K. Beyond 800 K, direct H-abstraction and bimolecular channels becomes 
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increasingly important for C2H4 + OH reaction system. The analysis method presented 

here, together with our rate measurements and those of literature seem to support the 

calculations of Senosiain et al. [64, 65] for the reaction of acetylene and ethylene with 

OH radicals but suggest revisiting the thermo-chemistry of the formed adducts. 

3.4 Conclusion 

In this chapter, we gave a comprehensive experimental investigation of the reaction of 

hydroxyl radicals with simplest C2 hydrocarbons covering ethane, ethylene and 

acetylene. We employed deuteration as a mean to quantify the contribution of direct H-

abstraction pathways in the overall reaction of OH with those hydrocarbons. By, 

combining high temperature measurements of the rate of these three C2 species and 

their labelled counterparts with low temperature literature measurements, we were able 

to draw qualitative as well as quantitative (where possible) conclusions on the 

competition between different kinetic channel pathways contributing in the overall 

reactivity with OH.  These are the main findings: 

-The reaction of OH with ethane is a mono-channel reaction happening through direct 

H abstraction at all temperatures, ranging from room temperature (294 K) to 

combustion relevant temperatures (1300K) 

- The reaction of OH with ethylene and acetylene proceeds via multiple channels 

including direct H-abstraction, addition and dissociation. The competition and 

branching ratios of these pathways and its dependence on temperatures, differ a lot 

between ethylene and acetylene. Acetylene clearly shows greater contribution of the 

addition pathways, with the formed adduct showing some thermal stabilities even at 

temperatures as high as 1000 K. 

-At high temperatures (>1000 K), the reactivity of hydrocarbons with OH seems to go 

in this order: alkanes > alkenes > alkynes. However, at low temperatures (< 400 K), the 

reactivity order is totally switched: alkynes > alkenes > alkynes. 
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This gained fundamental knowledge, on the effect of the existence of unsaturated 

bonds, on the reactivity of OH with C2 hydrocarbons will eventually help us conduct 

better and more constructive study on the reactivity of longer chain unsaturated 

hydrocarbons which will be the focus of the next chapter. There, the chain length (C4, 

C5, and C6), the presence of the unsaturated double bond and its position as well as the 

number of unsaturated double bonds (1 for alkenes or 2 for dienes) and their role on the 

overall reactivity with OH radicals will be closely investigated. 
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4 COMPLEXITY OF THE REACTION OF OH WITH 

UNSATURATED HYDROCARBONS  

4.1 Introduction 

As described in Chapter 3, the presence of the CC unsaturated bond (double or triple) 

in fuel components significantly alter their reaction with OH radicals [73, 74]. Namely, 

OH reaction tends to add to the unsaturated bond at low temperature conditions forming 

resonantly stable adducts (enols or ynols) that further react away or back dissociate 

[75]. These alternative channels for the reaction of OH with unsaturated hydrocarbons 

can actually act as radical scavengers, leading to significant inhibition effects for the 

reactivity of unsaturated hydrocarbons as compared to their saturated counterparts. 

Recent work by Westbrook et al. [76] has discussed this topic in detail. In his work, 

Westbrook mainly related the octane sensitivity of hydrocarbons to the chemistry of the 

unsaturated bonds in the chemical structure, concluding that the octane sensitivity of 

dienes is higher than mono-alkenes whose sensitivity is higher than that of alkanes. 

Octane sensitivity (OS) of a fuel is an important metric for fuel-engine correlation 

which measures how differently a fuel responds to changing conditions such as intake 

temperature, intake pressure and the compression ratio. OS is defined as the difference 

between the research octane number (RON) and the motor octane number (MON), i.e., 

OS = RON – MON. Kalghatgi [77, 78] proposed another metric, called the Octane 

Index (OI), to better characterize the antiknock property of a fuel. OI is given by OI = 

RON – K*OS, where K is an empirical parameter determined experimentally in 

engines. As K is negative for most modern engines, a fuel with higher OS gives a larger 

value of OI and thereby may allow an engine to operate more efficiently [77, 78]. 

Current trends in the development of more efficient spark ignition (SI) engines are 

towards increasing the compression ratios and implementing turbocharging [78]. The 

challenge is that it may cause engine knocking as ignition delay times drop sharply with 

increasing cylinder pressure. As ignition delay times of high OS fuels tend to decrease 

less rapidly with increasing pressure, such fuels provide the desired antiknock quality. 

Unlike most paraffins, olefins have relatively high octane sensitivity due to the presence 
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of double bond(s), e.g., 1-butene (OS = 15.7), 2-ethyl-1-butene (OS = 18.9), and 1-

pentene (OS = 12.9) have much higher OS than n-butane (OS = 4) and n-heptane (OS 

= 0)[76].  Basically, the inhibition of low-temperature reactivity of these olefins may 

be attributed to the production of highly stable allylic types of radicals (resonance 

energy of 60 kJ/mol for unconjugated and  ≥ 80 kJ/mol for conjugated allyls) [79] 

following hydrogen abstraction from the reactive allylic sites of olefins. 

A significant amount of olefins, as high as 10 – 15%, is present in gasoline. They are 

also found in other transportation fuels like aviation and diesel fuels. These olefins 

contribute substantially to the octane rating and hence determine the ignition behavior 

of the fuel. Likewise, the degree of unsaturation in biodiesels greatly affects their cetane 

quality, ignition delay times and CO/HC emission [80]. Alkenes also appear as 

important intermediates during hydrocarbon oxidation processes. From combustion 

prospectives, dienes (CnH2n-2) are particularly interesting because of the presence of 

two double bonds. 

Detailed theoretical calculations and direct kinetic measurements of elementary 

reactions of alkenes with combustion radicals are scarce for C4 alkenes and they are 

practically absent for C5 and larger alkenes. Similarly, kinetic studies about the 

combustion behavior of dienes are quite scarce in literature. This chapter is about the 

measurement of reaction rates of hydroxyl radicals with alkenes and dienes over a wide 

temperature range, going from ambient to combustion temperatures. The overall rate 

coefficients for the reaction of OH radical with 1-butene (CH2=CH-CH2-CH3, kI), 1-

pentene (CH2=CH-CH2-CH2-CH3, kII), cis/trans 2-pentene (CH3-CH=CH-CH2-CH3, 

kIII and kIV), 1-hexene (CH2=CH-CH2-CH2-CH2-CH3, kV), cis/trans 2-hexene (CH3-

CH=CH-CH2-CH2-CH3, kVI and kVII),  1,3-butadienes (CH2=CH-CH=CH2, kVIII), 

cis/trans-1,3-pentadiene (CH2=CH-CH=CH-CH3, kIX and kX) and 1,4-pentadiene 

(CH2=CH-CH2-CH=CH2, kXI) were measured behind reflected shock waves over the 

temperature range of 833 – 1377 K and pressures near 1.5 atm by measuring mole 

fraction of OH radicals near 306.7 nm using UV laser absorption technique. For dienes, 

lower temperature (294 K – 464 K) measurements were conducted in a flow reactor 

using the flash photolysis - laser induced fluorescence (FP-LIF) technique.  
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4.2 Experimental investigation of C4 − C6 straight chain alkenes + 

OH reactions 

4.2.1 Motivation and literature review 

Due to the importance of alkenes in combustion systems, extensive work has been 

conducted to study their chemistry [68, 81-90]. Mehl et al. [81] examined the auto-

ignition behavior of unsaturated hydrocarbons in the low- and high- temperature 

regimes and proposed a model for the radical pool formation under different 

temperature regions. Battin-Leclerc [82] performed a detailed study of the formation 

and decomposition of unsaturated hydrocarbons at high temperatures. Cvetanović [89] 

studied the reaction of atomic oxygen with different sub-families of unsaturated 

hydrocarbons, such as normal and cyclic alkenes. The reaction of OH radicals with 

alkenes has been the focus of several studies due to the critical role of this reaction at 

combustion relevant conditions [91]. Sumathi et al. [86] developed a detailed 

estimation scheme to predict H-abstraction reaction rate coefficients by OH radicals 

from several hydrocarbon and oxygenated families that included alkenes, alkynes, 

alcohols, aldehydes and acids. The reaction of OH with propene has been studied by 

several groups in the last two decades [24, 92-94]. A recent experimental study by 

Badra et al. [24] reported branching ratios of the three H-abstraction channels of 

propene + OH reaction, while Zador et al. [93] carried out a detailed theoretical study 

of this reaction. Vasu et al. [95] examined the reaction of OH with three butene isomers 

(1-butene, cis-2-butene and trans-2-butene) in a shock tube facility. They found that the 

total rate coefficients of the reaction of 1-, cis-2- and trans-2- butene with OH are quite 

similar, with trans-2-butene being slightly higher. They also reported theoretical 

branching ratios for the OH + 1-butene reaction over the temperature range of 300 – 

1500 K [95]. Hongyan et al. [88] also conducted a theoretical study of the this reaction 

using transition state theory.  

Direct experimental or theoretical studies of longer chain alkenes (C5 and higher) are 

scarce in literature. In this work, we present a detailed experimental study of the 

reaction of OH with C4, C5 and C6 straight chain alkenes. Experiments are carried out 

under pseudo-first-order conditions using a shock tube and UV laser absorption of OH. 
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The following reactions are investigated over the temperature range of 833 – 1377 K 

and pressures near 1.5: 

CH2=CH-CH2-CH3 (1-butene) + OH  Products   (RI) 

CH2=CH-CH2-CH2-CH3 (1-pentene) + OH  Products   (RII) 

CH3-CH=CH-CH2-CH3 (cis-2-pentene) + OH  Products  (RIII) 

CH3-CH=CH-CH2-CH3 (trans-2-pentene) + OH  Products  (RIV) 

CH2=CH-CH2-CH2-CH2-CH3 (1-hexene) + OH  Products  (RV) 

CH3-CH=CH-CH2-CH2-CH3 (cis-2-hexene) + OH  Products  (RVI) 

CH3-CH=CH-CH2-CH2-CH3 (trans-2-hexene) + OH  Products RVII) 

4.2.2 Experimental methods 

Experiments were performed behind reflected shock waves in the low pressure shock 

tube at KAUST. A description of the experimental setup is given in the second chapter. 

In the current experiments, the UV light is tuned to the center (306.6868 nm) of the 

well-characterized R1(5) absorption line in the OH A−X (0, 0) absorption band is used 

to monitor OH decay rates. Hydroxyl radicals were produced by rapid thermal 

decomposition of tert-butyl hydroperoxide (TBHP), which is known to be a clean OH 

precursor, as validated in previous studies [5, 59]. A 70% TBHP in water solution, 1-

Pentene (≥98%), cis-2-pentene (≥99.3%), trans-2-pentene (≥98%), 1-hexene (≥99.8%), 

cis-2-hexene (≥99.8%) and trans-2-hexene (99%) were purchased from Sigma Aldrich. 

Argon (99.999%) helium (99.999%) and 1-butene (99%) were obtained from AH 

Gases. In all gaseous mixtures, the concentration of alkene is set to be more than 10 

times than that of TBHP to ensure pseudo-first order kinetics and high sensitivity of the 

measured OH profiles to the target reaction (alkene + OH). Mixtures are highly diluted 

in argon to minimize temperature and pressure variations in the post-reflected shock 

region.  

All zero-dimensional simulations reported in this work were performed using Chemkin-

Pro [34] commercial package with constant internal energy and volume (constant UV) 

file:///C:/Users/khaledfb/Documents/Thesis_myPhD/ChapterII.docx
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constraints. The LLNL gasoline surrogate model developed by Mehl et al. [96] is used 

to simulate OH time-history profiles. This model contains sub-models for butene, 

pentene and hexene isomers which were validated elsewhere [81, 87]. To account for 

the thermal decomposition of TBHP and the reactions of subsequent radicals, a sub-

model from Pang et al. [59] is added to the gasoline surrogate model. 

4.2.3 Results and discussion 

  High-Temperature Measurements of 1-butene + OH  Products 

Reaction rates of 1-butene + OH have previously been measured by Vasu et al. [95] at 

high temperatures. We repeated those measurements as validation of our methodology. 

A mixture of 325 ppm 1-butene, 21 ppm TBHP and 70 ppm H2O diluted in argon was 

shock-heated to temperatures ranging 833 – 1377 K to measure the reaction rate 

coefficients of 1-butene + OH reaction. This reaction has four H-abstraction and one 

OH-addition pathways: 

C4H8-1 + OH  C4H71-1 + H2O    (RIa) 

C4H8-1 + OH  C4H71-2 + H2O   (RIb) 

C4H8-1 + OH  C4H71-3 + H2O   (RIc) 

C4H8-1 + OH  C4H71-4 + H2O   (RId) 

C4H8-1 + OH  PC4H8OH  Products    (RIe) 

Sensitivity analyses were performed to identify dominant reactions affecting OH decay 

profile. The OH sensitivity is calculated as SOH = (∂XOH/ ∂ki) × (ki/XOH), where 

XOH is the local OH mole fraction and ki is the rate coefficient of the ith reaction. A 

representative sensitivity analysis is shown in Figure 4-1 at 1162 K and 1.75 atm. The 

four abstraction channels cumulatively dominate the OH consumption. At such 

relatively high temperatures, the addition pathway (RIe) does not affect OH decay 

profile. Minimal interferences from other reactions are observed. The rate coefficients 

for these reactions are updated in the base model as per the latest direct measurements 

or theoretical calculations [24].  
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Figure 4-1: Hydroxyl sensitivity for 1-butene + OH reaction at 1162 K and 1.75 atm. Initial 

mixture: 325 ppm 1-butene, 21 ppm TBHP (70 ppm water), Ar. 

The experimentally measured OH profiles are fit using the kinetic model described in 

Section 2. The branching ratios of RIa, RIb, RIc and RId are kept unchanged as the 

overall rate coefficient is insensitive to the branching ratios due to the pseudo-first-

order conditions implemented here. A representative raw trace of the measured OH 

time-history at 1162 K and 1.75 atm is presented in Figure 4-2. The initial TBHP 

concentration for simulated profiles is taken from the experimental OH yield. The best-

fit OH profile corresponds to a k1 value of 1.60 × 1013 cm3mol-1s-1 at 1162 K. 

Perturbations of ±50% in the best-fit rate are also plotted, which illustrate the high 

sensitivity of the OH decay to the target reaction rate. 
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Figure 4-2: Representative OH time-history profile at 1162 K and 1.75 atm for 325 ppm 1-

butene 21 ppm TBHP and 70 ppm water mixture diluted in argon. The best-fit simulated 

profile and perturbations of ± 50% are also presented. 

Detailed error analysis was performed to estimate the overall uncertainty in the 

measured rate coefficients. Various sources of errors considered include temperature (± 

0.7%), mixture composition (± 5%), OH absorption coefficient (± 3%), wavemeter 

reading (± 0.002 cm-1), errors in fitting the experimental profile (± 5%), locating the 

time zero (± 0.5 μs), and rate coefficients of the secondary reactions. The contribution 

of each of these error sources is calculated separately by performing brute-force 

Chemkin-Pro [34] simulations. The overall uncertainty is calculated using the root-

sum-squared method and is found to be ± 15% for kI at 1100 K and 1 atm.  Measured 

rate coefficients of 1-butene + OH are compared with literature data in Figure 4-3. Tully 

[68] studied the rate of 1-butene + OH reaction over 600 – 900 K using laser-induced 

fluorescence technique. Smith [97] reported the rate coefficients at 1220 K. Vasu et al. 

[95] performed experimental measurements of OH + butene isomers in a shock tube 

with UV laser absorption. Theoretical calculations performed by Vasu et al. [95], Sun 

and Law [88], rate estimation by SAR (structure activity relationship) [12], and the rates 

from Mehl et al. [96] are also shown in Figure 4-3. Our measured rate coefficients agree 

well with the measurements of Vasu et al. [95] with an average deviation of about 7%, 

where the small differences might be due to the reproducibility of the experiment 

method employed here. The single-point measurement of Smith [97] is lower than the 
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current experiments. The calculations by Sun and Law [88] capture the low-temperature 

data of Tully et al. [68] very well but slightly under-predict the high-temperature 

measurements. The best fit of all the available high-temperature experimental data, 

yielded the following Arrhenius expression for reaction RI (units: cm3mol−1s−1): 

 kI = (4.83 ± 0.03)104. T2.72±0.01. exp(
940.8±2.9cal/mol

RT
)(946 – 1256 K) 4.1 

 

 

Figure 4-3: Rate coefficients of the reaction of 1-butene + OH 

  High-Temperature Measurements of C5 – C6 Alkenes + OH  

Products 

The rate coefficients for the reaction of OH with pentene and hexene isomers were 

measured in a manner analogous to that described for 1-butene + OH reaction. Dagaut 

et al.[98] studied the oxidation of cis-2-butene in a Jet Stirred reactor and concluded 

the importance of cis/trans isomerization of 2-butene at the residence time of 70ms. 

However, interpretation of his kinetic model suggests that, in our short observation time 

(in the order of 100us) and under our experimental conditions, the isomerization 

reaction is too slow (less than 1%) and can be negligible. All the results reported here 

assumes negligible isomerization between the cis and trans isomers of 2-pentene and 2-

hexene. Fuel concentrations of 202 ppm were used for 1-pentene, 220 ppm for cis-2-
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pentene, 200 ppm for trans-2-pentene, 202 ppm for 1-hexene, 187 ppm for cis-2-hexene 

and 192 ppm for trans-2-hexene. Proportional amounts of TBHP that respect the 

pseudo-first-order (10 – 20 ppm) conditions were used to prepare alkene/TBHP/Ar 

mixtures. Experiments were carried out over a range of temperatures for each fuel and 

the OH time-histories were fit using the Mehl et al. [96] base model supplemented with 

TBHP chemistry. Uncertainty values for the rate coefficients kII, kIII, kIV, kV, kVI and kVII 

are estimated to be ± 15 – 20% at 1100 K. The measured values of the rate coefficients 

for RII-RVII plotted in Figure 4-4. 

 

Figure 4-4: Rate coefficient of the reaction of C4, C5 and C6 alkenes with OH radicals. The 

lines represent the curve fits to the data. 

The measured rate coefficients can be represented by the following modified Arrhenius 

expressions (units: cm3mol−1s−1): 

 kII = (5.66 ± 0.54)10
−1. T4.14±0.80. exp (

4334±227cal/mol

RT
) (875K–1379K) 4.2 

 kIII = (3.25 ± 0.12)10
4. T2.76±0.5. exp (

1962±83cal/mol

RT
)(877K – 1336K) 4.3 
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 kIV = (3.42 ± 0.09)104. T2.76±0.5. exp (
1995±59cal/mol

RT
)(833K – 1265K) 4.4 

 kV = (7.65 ± 0.58)10−4. T5±1. exp (
5840±175cal/mol

RT
)(836K – 1387K) 4.5 

 kVI = (2.58 ± 0.06)106. T2.17±0.37. exp (
1461±55cal/mol

RT
) (891K– 1357K)  4.6 

 kVII = (3.08 ± 0.05)10
6. T2.18±0.37. exp (

1317±38cal/mol

RT
)(881K – 1377K)  4.7 

To our knowledge, high-temperature rate coefficient measurements of reactions RII-

RVII are not available in literature. The H-abstraction reaction of 1-pentene with OH 

radicals has five possible channels. Tsang [99] calculated the decomposition rates of 

three 1-pentenyl radicals (1-penten-3-yl, 1-penten-4-yl and 1-penten-5-yl). 

Decomposition of these radicals mainly proceeds via -scission. Major products are 

1,3-butadiene, pentadiene, allyl radicals, and vinyl radicals [99]. The two channels that 

lead to the formation of 1-penten-1-yl and 1-penten-2-yl are less probable and these 

radicals are expected to isomerize to 1-penten-4-yl through hydrogen atom transfer 

[100, 101]. Likewise, for the alkene + OH reactions studied in this work, we expect that 

the differences in the total rates are mainly due to the reactivity of the allylic C-H sites.  

In the absence of detailed ab-initio calculations or direct rate measurements, rate 

estimation rules were used by Mehl et al. [96] to propose rate coefficients for detailed 

kinetic modeling. Additionally, the SAR estimation method proposed by Atkinson [12] 

can be used to estimate the rate coefficients of alkenes + OH (labeled “modified SAR” 

here). 

The effect of chain length on the rate coefficients of alkenes + OH is illustrated in 

Figure 4-5. As expected, 1-hexene has the largest rate coefficients, followed by 1-

pentene and 1-butene. This is due to the additional H atoms available in longer chain 

alkenes for abstraction by OH radicals. This trend is successfully reproduced by Mehl 

et al. [96] (solid lines) and modified SAR calculations (dash lines), shown in Figure 4-5. 

Both of these estimations capture 1-hexene + OH reaction rates reasonably well but are 

slower for 1-butene + OH and 1-pentene + OH. The experimental data reveal that the 

difference in the rate constants of 1-hexene and 1-pentene is smaller compared to that 

between 1-pentene and 1-butene. This unexpected trend can perhaps be attributed to the 
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steric hindrance effect. However, this hypothesis must be further ascertained by ab 

initio theoretical studies.  

 

Figure 4-5: Rate coefficients of 1-alkene + OH. This work: (●) 1-hexene, (■) 1-pentene, (▲) 

1-butene. Mehl et al. [96]: (▬)1-hexene, (▬) 1-pentene, (▬) 1-butene. Modified SAR: (▬ 

▬) 1-hexene, (▬ ▬) 1-pentene, (▬ ▬) 1-butene. 

The effect of the position of double bond (C=C) and cis/trans conformation is illustrated 

in Figure 4-6 and Figure 4-7 for pentene and hexene isomers, respectively. A common 

conclusion is that trans conformer is more reactive than the corresponding cis 

conformer. Again, steric hindrance effect can perhaps explain these trends. The trans 

isomers are more reactive that the cis isomers due to extended molecular geometry of 

trans-2-alkenes compared to that of cis-2-alkenes. Secondly, the rate coefficients are 

faster when double bond is at the second carbon versus the first carbon. This is due to 

the fact that the placement of double bond at the second site results in two sets of allylic 

H atoms, where C-H bond energy is considerably less. The Mehl et al. [96] model 

reproduces the activation energy of the experimental rate coefficients quite accurately. 

However, in most cases, the model tends to be slower than the measured rates. It should 

be noted that the Mehl et al. [96] model does not distinguish between the cis and trans 

conformers of 2-pentene and 2-hexene. The modified SAR estimation rates are also 

slower and generally depict higher activation energies. 
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Figure 4-6: Rate coefficients of pentene isomers + OH. This work: (▲) Trans-2-pentene, (●) 

Cis-2-pentene, (■) 1-pentene. Mehl et al.[96]: (▬) 2-pentenes, (▬) 1-pentene. Modified 

SAR: (▬ ▬) Trans-2-pentene, (▬ ▬) Cis-2-pentene, (▬ ▬) 1-pentene. 

 

Figure 4-7: Rate coefficients of hentene isomers + OH. This work: (▲) Trans-2-hexene, (●) 

Cis-2-hexene, (■) 1-hexene. Mehl et al.[96]: (▬) 2-hexene, (▬) 1-hexene. Modified SAR: 

(▬ ▬) Trans-2-hexene, (▬ ▬) Cis-2-hexene, (▬ ▬) 1-hexene. 
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  Comparison of Alkanes + OH and Alkenes + OH Reactions 

In contrast to alkenes, the reactions of alkanes with OH have been extensively studied 

in literature [49, 56, 59, 102]. It is widely accepted that the OH reaction with alkanes 

proceeds through direct H-abstraction at all temperatures [11]. On the other hand, 

several studies of the reaction of OH with alkenes at low temperature (~ 250K – 400 

K) have suggested it proceeds mainly through addition to the double bond [12, 103, 

104]. McGillen et al. [104] studied the reaction rates of several large alkenes with OH 

radicals (1-pentene, 1-octene, 1-nonene, 1-decene and 1-undecene) in the temperature 

range of 262 –312 K. They attributed the weak negative temperature dependence in the 

rate coefficients of these reactions to the adduct formation. Hydrogen abstraction was 

deemed important for the case of 1-decene, where the number of H atoms available for 

abstraction were quite numerous. A comparison between the rate coefficients of the 

reactions of C5 and C6 alkanes/alkenes with OH is shown in Figure 4-8. 

 

Figure 4-8: Comparison between C5/C6 alkenes + OH and alkanes + OH reactions. Solid 

lines are extended temperature fitting of available data for n-pentane + OH [11] (in red) and 

n-hexane + OH [11] (in black). Low-temperature n-alkane data are taken from Anderson et al. 

[105]. Dashed line (in red) is obtained by fitting high- and low- temperature data of 1-pentene 

+ OH. 

http://www.chemspider.com/Chemical-Structure.7713.html
http://www.chemspider.com/Chemical-Structure.7833.html
http://www.chemspider.com/Chemical-Structure.29025.html
http://www.chemspider.com/Chemical-Structure.12809.html
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At high temperatures, we observe that alkanes and alkenes possess quite similar 

reactivity with OH radicals. However, at low temperatures, alkenes are much more 

reactive than alkanes. Enhanced reactivity of alkenes at low T is attributed to the 

addition of OH radicals to the double bond [103]. This indicates that, addition channels 

do not contribute to the overall reactivity of alkenes + OH at high temperatures. It can, 

therefore, be argued that at the temperature range of the current experimental work, the 

alkene + OH reactions mainly proceed through H-abstraction. By combining the current 

high-temperature rate constants 1-pentene + OH with the low-temperature data from 

McGillen et al. [104], we can obtain the red dashed line in Figure 4-8. We can then 

argue that the reaction of 1-pentene with OH proceeds mainly through H-abstraction 

for T > 700 K and via addition to the double bond at T < 350K. In the intermediate 

temperature range (700 K > T > 350 K), both H-abstraction and additions channels 

contribute to the overall rate constant. It’s also important here to note that OH addition 

channels are pressure dependent and that they could become important at engine like 

pressures. The present analysis is only valid at pressures around 1-2 atm of this work. 

Further experimental and theoretical investigations are needed to confirm these 

assertions.  

4.3 An experimental investigation of the reaction kinetics of hydroxyl 

radicals with diolefins 

4.3.1 Motivation and literature review 

Kinetic studies about the combustion behavior of dienes are quite scarce in the 

literature. Most of the earlier studies were carried out near ambient temperatures [85, 

104, 106-111]. At higher temperatures, only 1,3-butadiene caught the attention of most 

researchers [112-114] due to its abundance as a main intermediate species during 

combustion of fuels.  Li et al.[113] measured ignition delay times of 1,3-butadiene in a 

shock tube and a rapid compression machine. Not surprisingly, they observed a clear 

lack of NTC region due to the suppression of low-temperature reactivity of 1,3 

butadiene. Li et al.[115]  measured the rate coefficients for the reaction of 1,3-butadiene 

+ OH at T = 240 – 340 K and p  1 Torr in a discharge flow reactor using the relative 

rate method. Their measured rate coefficients exhibited negative temperature 
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dependence given by the Arrhenius expression k (T) = (1.58  0.07) × 10-11 exp[(436  

13)/T] cm3 molecule-1 s-1. In other work, Li et al. [114] performed a detailed theoretical 

analysis of H + 1,3-butadiene reaction over a wide range of pressures and temperatures. 

They found that H addition preferentially occurs (> 80%) at the terminal carbon atom 

at all temperatures (T = 298 – 2000 K), whereas abstraction of the H atom from the 

central carbon atom is the dominant channel contributing more than 70% at all 

temperatures. Vasu et al.[112] measured the rate coefficients of 1,3-butadiene + OH 

reaction over T = 1011 − 1406 K  and p  2.2 bar using the shock tube and laser 

absorption technique. Additionally, they performed variational transition-state theory 

using the parameters obtained from the QCISD(T)/cc-pVTZ//B3LUP/6-311++G(d,p) 

level of theory to rationalize terminal vs. non-terminal H abstraction. Their total 

abstraction rate coefficients beyond 1200 K agreed very well with the experimentally 

determined values. However, their theoretical values systematically underpredicted the 

measured rate coefficients below 1200 K. They reasoned this to the opening of a new 

reaction channel at lower temperatures, i.e., addition of OH to the double bond of 1,3-

butadiene. This indicates that unlike monoalkenes + OH, the addition of OH to dienes 

– depending upon the degree of conjugation – can prevail at relatively higher 

temperatures. Therefore, dienes + OH are expected to show a complex nature of 

temperature and pressure dependence of the rate coefficients due to the many 

competing channels (addition, abstraction, back-dissociation, isomerization and 

bimolecular). This warrants additional chemical kinetic studies beyond the simplest 

conjugated diene (1,3-butadiene) to better characterize the reactions of dienes with OH 

radicals. 

Olefins are not only important in combustion but also in atmospheric chemistry. Large 

amounts of these compounds are emitted into the earth’s atmosphere from both 

biogenic and anthropogenic sources, e.g., automobile emissions, the evaporation of 

transportation fuels, tobacco smokes, forest fires, and biogenic hydrocarbons such as 

isoprene and terpenes [116-118]. OH initiated oxidation of olefins is one of the main 

pathways for these hydrocarbons in the atmosphere [111]. More importantly, 

polyolefins offer more reaction pathways with OH radicals giving rise to larger rate 

constants than that of monoolefins. Reactivity of a hydrocarbon with OH radicals in the 
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atmosphere also affects the formation of ozone. Peeters et al. [85] recently developed 

an approach based on the structure-activity relationship (SAR) to discern the site-

specific addition of OH radicals to the double bond(s) of olefins at 298 K. Their site-

specific SAR approach provided excellent predictive capabilities for the site-specific 

and total rate coefficients for 65 OH + (poly)olefin reactions with an uncertainty of ~ 

15%. From their detailed analysis, they showed that the total rate coefficients of OH + 

(poly)olefins reactions may be accurately estimated by adding the individual rate 

coefficients for the addition of OH radicals to the specific carbon-carbon double 

bond(s) of (poly)olefin. Furthermore, they stated that this simple approach of summing 

up of the site-specific OH-addition rate coefficients is not valid for some compounds 

such as -terpinene and -phelandrene because significant contributions come from 

the abstraction of H atoms in such molecules. Ohta [106] determined rate coefficients 

for 19 diolefin + OH reactions at ambient conditions utilizing relative rate method. They 

showed that the reactivity of OH radicals with diolefins, except allenes and cyclic 

diolefins, may be accurately estimated by summing up the rate coefficient contributions 

from individual carbon-carbon double bonds. However, they had to multiply the rate 

coefficients of analogous monoolefin by a factor of 1.24 to estimate the rate coefficients 

for conjugated olefins + OH reactions. Ohta attributes this multiplication factor to the 

resonance effect that promotes the addition of OH radicals to conjugated dienes. There 

are other SAR approaches [12, 41, 106, 108, 110, 111, 119] of varying degrees of 

accuracy in the literature.  

Despite their importance, the literature data for the reactions of (poly)olefins are quite 

scarce. In this section, we have measured the rate coefficients for the reaction of 

hydroxyl radicals (OH) with several diolefins, namely 1,3-butadienes, cis-1,3-

pentadiene, trans-1,3-pentadiene, and 1,4-pentadiene, over a wide range of 

experimental conditions (T = 294 – 468 K and p ~ 0.048 bar; T = 881 – 1348 K and p 

~ 1.5 bar). We obtained the low-T data in a flow reactor using laser flash photolysis and 

laser induced fluorescence (LPFR/LIF), and the high-T data were obtained with a shock 

tube and UV laser-absorption (ST/LA). 
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4.3.2 Experimental method 

We investigated the reactions of OH radicals with 1,3-butadiene (1,3-C4H6, RVIII), 

sterio-isomers of 1,3-pentadiene (cis-1,3-C5H8, RIX; trans-1,3-C5H8, RX) and 1,4-

pentadiene (1,4-C5H8, RXI) over a wide range of experimental conditions using a low-

pressure shock tube facility (T = 881 – 1348 K, p ~ 1 – 2.5 bar) at King Abdullah 

University of Science and Technology (KAUST) and a laser photolysis flow reactor (T 

= 291 – 468 K, p ~ 40 mbar) at University of Lille where I went as a visiting student to 

perform these experiments.  

1,3-C4H6 + OH  productss     (RVIII) 

cis-1,3-C5H8 + OH  products    (RIX) 

trans-1,3-C5H8 + OH  products    (RX) 

1,4-C5H8 + OH  products     (RXI) 

 

 Shock Tube/Laser Absorption (ST/LA) 

This technique was used for the rate coefficient measurements at the high temperature 

regions (800K-1300K) behind the reflected shock wave. Details are provided in the 

experimental methods chapter of this thesis (chapter 2). 

 Laser Photolysis Flow Reactor/Laser Induced Fluoresence 

(LPFR/LIF) 

This technique was used for the rate coefficient measurements at the low temperature 

regions (294K-500K) in the flow reactor cell at Lille University. Details are provided 

in the experimental methods chapter of this thesis (chapter 2).   

 Chemicals and Mixture Composition 

We purchased 1,3-butadiene (99% purity), 1,4-pentadiene (99%), and tert-butyl-

hydroperoxide aqueous solution (TBHP, 30% solution in water) from Sigma Aldrich, 

whereas cis-1,3-pentadiene (89% purity) and trans-1,3-pentadiene (95% purity) were 

purchased from ChemSampCo. As per vendors data sheet, the main impurities of cis-

1,3-pentadiene are trans-1,3-pentadiene (1.79%), 2-methyl-2-butene (0.44%), 

cyclopentene (0.61%) and cyclopentane (8.36%). Trans-1,3-pentadiene contained 
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cyclopentane (3.2%) and cis-1,3-pentadiene (1.8%) as impurities. We obtained argon 

and helium from AH Gases and their purity was 99.999%. For ST/LA experiments, we 

prepared gas mixtures, diluted in argon, manometrically in a 24-litre Teflon-coated 

stainless-steel vessel equipped with a magnetically-driven stirrer. Prior to preparation 

of gas mixtures, the mixing vessel was turbo-pumped down to <10-5 Torr. The mixtures 

were left to homogenize for at least one hour. As for LPFR/LIF experiments, dilute 

mixtures of dienes in helium were prepared in a glass bulb. Table 4-1 compiles the 

mixture compositions used in this work.  

Table 4-1: Mixture composition for ST/LA and LPFR/LIF experiments with argon and helium 

as diluents, respectively. 

Reaction system ST/LA experiments  LPFR/LIF experiments  

 [Fuel] [TBHP] [Fuel] [H2O2] 

1,3-butadiene -- -- 15-70 ppm 0.3-3 ppm 

cis-1,3-pentadiene 300-

400ppm 

10-20 ppm 3-30 ppm 0.3-3 ppm 

trans-1,3-

pentadiene 

300-

500ppm 

10-20 ppm 3-30 ppm 0.3-3 ppm 

1,4-pentadiene -- -- 3-30 ppm 0.3-3 ppm 

 

As seen in Table 4-1, we carried out all experiments with excess concentration of dienes 

as compared to OH radicals. With such reactant ratios, it may be expected that the 

measured OH decay will follow first-order kinetics, and the decay of OH radicals will 

mainly be governed by the reaction under investigation. To achieve pseudo-first order 

kinetics, we used a ratio for fuel to TBHP of 20 or higher for ST/LA experiments. As 

for LPFR/LIF experiments, we introduced the dilute mixtures of dienes into the flow 

reactor by adding a small flow of the mixture to the main flow of helium through 

calibrated mass flow controllers. We obtained a variable concentration of water-free 

H2O2 in the flow reactor by adjusting the flow of helium through the flask containing a 
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mixture of urea-H2O2 powder and SiO2 at 40 0C. We obtained a typical concentration 

of H2O2 ~1×1014 cm-3 via the thermal decomposition of H2O2-urea mixture. By 

adjusting the flow, we were able to determine an optimum working condition that gave 

us a sufficiently low background signal and good signal-to-noise ratio for OH traces.  

4.3.3 Results and discussion 

 High Temperature Kinetics 

 High-temperature data were obtained behind reflected shock waves using the ST/LA 

technique for a wide range of experimental conditions (T = 881 – 1348 K, p ~ 1 – 2.5 

bar). Figure 4-9 displays a representative OH time-history measured at T = 1116 K and 

p = 1.41 bar for a case of 300 ppm cis-1,3-pentadiene, 20 ppm TBHP diluted in argon. 

The inset Figure 4-9 illustrates an example of pseudo-first order decay of OH radicals, 

justifying well-tailored mixture compositions. However, the overall reaction rate 

coefficients were obtained from detailed kinetic modeling to account for the 

contributions from secondary chemistries. Our kinetic model is composed of a sub-

model for TBHP chemistry taken from Pang et al. [59], with updates for the sensitive 

reactions from Badra et al. [5] and Mehl et al.[96] gasoline surrogate model that 

contains the sub-model for 1,3-pentadiene and 1,4-pentadiene. The best fit to the 

experimentally measured profiles was obtained by treating the rate coefficient of the 

target reaction as variable. The red line in Figure 4-9 shows an example of such a best 

fit, and also shown is the effect of 30% perturbations from the best value (k2 = 2.45  

10-11 cm3 molecule-1 s-1 at 1116 K, 1.41 bar for R2. 
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Figure 4-9: A typical OH time profile measured during OH + cis-1,3-pentadiene reaction 

(RIX) using ST/LA technique . Mixture composition: 300 ppm cis-1,3-pentadiene, 20 ppm 

TBHP in argon . The best fit indicated by the red line corresponds to a rate coefficient of 

2.45×10-11 cm3 molecule-1 s-1. Inset figure shows ln[OH] vs time plot to demonstrate that OH 

decays obeying pseudo-first order kinetics. Blue symbols represent a control experiment for 

OH time history carried out for a mixture of TBHP in argon without fuel. 

 

Particular attention had to be given here to the uncertainty of the measurement due  to 

the relatively high impurity levels in the purchased dienes alloys as reported earlier 

(89% purity level for cis-1,3-pentadiene and 95% purity level for trans-1,3-pentadiene).  

We did not incorporate mole fractions of impurity components in our kinetic model to 

determine their uncertainty contributions to the measured rate coefficients. Instead, we 

simply estimated the total rate coefficients for OH reactions with the individual 

impurity components and added these together to get a final value of the rate coefficient 

that translated into a percentage error in the overall measured rate coefficients. Our 

estimate suggests that all impurity components present in cis-1,3 pentadiene induce 1% 

and 8% errors in the measured overall rate coefficients at 1000 K and 298 K, 

respectively; whereas for trans-1,3 pentadiene the induced error is even less, 0.5% and 
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4%, respectively. The overall uncertainty of the measured rate coefficients for RIX and 

RX was found to be +11% / -9% at 1000 K and 1.5 bar. 

Figure 4-10 displays Arrhenius plots for the overall rate coefficients of reactions RVIII 

– RXI measured in this work along with literature data of straight chain olefins for 

comparison. As stated earlier, there are limited high-temperature literature data for 

(poly)olefins + OH reactions for meaningful comparison. As can be seen, these olefins 

display very interesting reactivity towards OH radicals by exhibiting severe curvature, 

of varying degrees, for the temperature dependence of the rate coefficients. Such 

complex Arrhenius behavior, shown by these diolefins + OH reactions, is the result of 

the combined effect stemming from various chemical processes, e.g., abstraction, 

addition, back dissociation and non-abstraction bimolecular channels. For that, we use 

a two modified Arrhenius expression to fit these data and resulted in the following 

expressions: 

 
𝑘𝑉𝐼𝐼𝐼(𝑇) = 3.65 × 104𝑇−5.16exp (−

1310.8

𝑇
) + 2.49 × 10−18𝑇2.33exp (−

1850.3

𝑇
) 

 

4.8 

 
𝑘𝐼𝑋(𝑇) = 5.43 × 10

4𝑇−5.16exp (−
1295.8

𝑇
) + 3.18 × 10−17𝑇2exp (−

896.6

𝑇
) 

 

4.9 

 
𝑘𝑋(𝑇) = 4.78 × 104𝑇−5.16exp (−

1204.3

𝑇
) + 3.18 × 10−17𝑇2exp (−

896.6K

𝑇
) 

 

4.10 

 
𝑘𝑋𝐼(𝑇) = 2.94 × 10

−14𝑇0.857exp (
808.2

𝑇
) 

 

4.11 

Of course, the complexity of (poly)olefins + OH reactions depend upon their underlying 

potential energy surfaces, and the accuracy of the potential energy surfaces will 

determine the quality of the predicted rate coefficients for these individual chemical 

processes. 
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Figure 4-10: Arrhenius plot for the total rate coefficients of OH radicals reactions with 1,3-

butadiene (RVIII), cis/trans-1,3-pentadiene (RIX and RX) and 1,4-pentadiene (RXI) along 

with selected literature data: 1,3-butadiene [[108, 109, 112, 115]]; trans and cis-1,3-

pentadiene from Magneron et al. [107]; 1,4-pentadiene from Ohta et al. [106] and Grosjean et 

al. [108]; 1-pentene from Khaled et al.[17] and McGillen et al. [104]. Due to the complex 

nature of these (poly)olefins + OH reactions, the broken lines caution the users for using the 

fit to obtain total rate coefficients in the intermediate temperature region. 

First, we notice that both cis- and trans-1,3-pentadiene exhibit similar reactivity under 

high-temperature conditions (Figure 4-10). This may indicate that these isomers have 

isomerized quickly to yield equilibrated population of both conformers before 

undergoing reaction with OH radicals. Our finding appears to resonate well with the 

results of Marley et al. [120] who studied the isomerization reaction of cis- and trans-

1,3-pentadiene in the shock tube and reported an isomerization rate expression of 

kcistrans=1013.6 exp(-63000/4.58T) s-1 resulting in t1/2  0.5 s for T ≥ 800 K. However, 

we are not certain about this rate expression as the authors are not consistent with their 

reported values of the Arrhenius parameters. For example, they used A = 13.6 s-1 and 

Ea = 53.0 kcal/mole. On another occasion, they stated that the conversion was very 

small and that they never reached equilibrium in their experiments for the residence 
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time of 150 s.  This might allow us to conclude that cis- and trans-1,3 pentadiene may 

not undergo fast isomerization at high temperatures, and that they would retain their 

conformational identity. This means that trans-1,3-pentadiene would be expected to 

react somewhat faster than cis-1,3-pentadiene, similar to that observed in the reactions 

of cis/trans-2-pentene and cis/trans-2-hexene with OH radicals at high temperatures 

[17]. It might be that the expected reactivity differences are within the reported 

uncertainty of 10% of our experiments. 

Secondly, we observed that these diolefins + OH reactions exhibit pronounced positive 

temperature dependence at high temperatures, revealing that these reactions primarily 

undergo channels having distinct energy barriers, e.g., hydrogen abstraction. The 

reactions of OH radicals with cis- and trans-1,3-pentadienes display a weaker T-

dependence and larger rate coefficients by a factor of 3 as compared to 1,3-butadiene. 

Note that both are conjugated diolefins, and that the barrier heights and relative energies 

of the product radicals, following OH addition to the terminal carbon atom of C=C, is 

comparable due to the similar resonance energy of the stabilized adduct radicals. 

Additionally, the C-H vinylic bond is strong (bond dissociation energy ≥108 

kcal/mole)[121] and their removal via abstraction is slow. Therefore, the difference in 

the reactivity and temperature dependence comes largely from the abstraction of 

comparatively loosely bound –CH3 allylic hydrogens atoms (BDE = 82 – 85 

kcal/mole)[121]  in cis-/trans-pentadienes which are absent in 1,3-butadiene. At high 

temperatures, if we were to estimate the overall rate coefficients by summing up all 

site-specific rate coefficients for hydrogen abstractions[93, 112] of 1,3-pentadiene, i.e., 

koverall (T) = kabstraction (T) + kaddition (T) + knon-abstraction (T)  kabstraction (T)  2kterminal (vinylic) 

(T) + 3knon-terminal (vinylic) (T) + 3kallyl (T), we obtain a very good match between our 

experimental data and predicted rate coefficients at the high-temperature end of our 

experiments. However, the deviations are large at lower temperatures (as large as 30% 

around 1000 K). At lower temperatures, the predicted rate coefficients systematically 

underpredict our experimental data. Similar observations were made by Vasu et al.[112] 

for 1,3-butadiene + OH reaction. At temperatures lower than 1200 K, their measured 

rate coefficients were larger (20% at 1000K) than their theoretical predictions. This 

may allow us to conclude that for conjugated diolefins + OH reactions, addition and/or 
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non-abstraction bimolecular channels contribute significantly to the overall rate 

coefficients even at temperature as high as 1000 K. The reason is that unlike monoolefin 

+ OH reactions, the addition of OH radicals to these conjugate diolefins preferentially 

yields resonantly stabilized adduct radicals that land into a deeper well (see reference 

[112] and references cited therein). The resulting stabilized radicals can now live 

longer, thereby opening up new channels at lower temperatures. These resonantly 

stabilized adduct radicals react slowly with molecular oxygen which suppresses the 

low-temperature combustion behviour of these conjugated dioelfins.  Nonetheless, 

hydrogen abstraction reactions prevail for these dienes + OH reactions at high 

temperatures and their role becomes increasingly important if sp2 carbon atoms are 

replaced with sp3 and/or conjugation is broken by inserting sp3 hybridized carbon atom 

in the (poly)olefin molecular skeleton. This is seen when one compares the overall rate 

coefficients for OH reactions with 1-pentene and 1,3-pentadiene. As seen in 

Figure 4-10, 1-pentene reacts faster than 1,3-pentadiene, indicating that H-abstraction 

pathways are the main active routes at high temperatures.   

 Low Temperature Kinetics 

 We obtained low-temperature data for reactions RVIII-RXI in a flow reactor using 

laser flash photolysis and laser induced fluorescence (LPFR/LIF) techniques over the 

temperature range of 291 to 468 K and pressure  40 mbar. Figure 4-11 shows a typical 

LIF signal of OH radicals, as detected by the photomultiplier for a mixture of H2O2 and 

2.81  1013 molecules cm-3 cis-1,3-pentadiene in helium; also shown is the OH-LIF 

signal for a control experiment carried out for a mixture of H2O2 and He only. 
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Figure 4-11: Red symbols show a typical OH-LIF decay time profile measured during OH + 

cis-1,3-pentadiene reaction (RIX) at 323 K and 48 mbar using LPFR/LIF technique; black 

symbols represent OH-LIF decay time profile recorded in a control experiment. 

As can be seen in Figure 4-11, OH-LIF signal decays following first-order kinetics, i.e., 

ln[OH] vs time plot yields a straight line with a slope kpsuedo = kbi [Fuel]. The 

bimolecular rate constant (kbi) can be readily obtained by dividing the slope with the 

fuel concentration. Alternatively, the bimolecular rate coefficient (kbi) may also be 

obtained from the slope of OH-LIF signal as a function of cis-1,3-pentadiene 

concentration (see Figure 4-12) . The slope of each straight line represents the rate 

coefficient of the target reaction at the corresponding temperature. The intercept of this 

plot represents the background LIF signal for OH decay arising from secondary 

chemistry, such as OH + OH = H2O2 and OH  wall loss.   
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Figure 4-12: A typical plot for OH-LIF decay constant as a function of cis-1,3-pentadiene 

concentration. The slope of each line corresponds to the overall rate coefficient of OH + cis-

1,3-pentadiene at the given temperature. 

In a similar manner, the rate coefficients for OH reactions with other diolefins, 1,3-

butadiene, trans-1,3-pentadiene and 1,4- pentadienes, were obtained. Figure 4-6 

compiles the measured overall rate coefficients at low temperatures. Figure 4-10 

compares measured rate coefficients with the available literature data for 1,3-butadiene, 

cis-/trans-pentadiene, and 1,4-pentadiene. As explained for high-temperature 

measurements, we adopted similar methodology to quantify uncertainties for the 

measured data at low temperatures which were found to be 7% ,11%, 8% and 7% for 

RVIII, RIX, RX and RXI, respectively. 

At low temperatures, it is generally accepted that olefins + OH reactions undergo almost 

exclusively via addition channel(s). With some exceptions, e.g., OH reactions with -

terpinene and -phelandrene, hydrogen abstraction reactions contribute negligibly (< 

10%) to the total rate coefficients of OH + olefins at low temperatures, i.e., koverall (T) 

= kaddition (T) + kabstraction(T)  kaddition(T) [85]. This means one can simply estimate the 

overall rate coefficients by summing up the individual rate constants of OH addition to 

the specific double bond. The more the sites an olefin can offer to incoming OH radicals 

for addition, the more reactive the olefin is. More importantly, their reactivity depends 

on the type of adduct radical being formed, i.e., primary, secondary, tertiary, or 
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resonantly stabilized [85]. The extent of the stability of the adduct radical will 

determine the properties of the inner transition states in the potential energy surface of 

these (poly)olefins + OH reactions and, consequently, the reactivity of these 

(poly)olefins at low temperatures. In the current case, the OH addition to one of the 

outer carbon atoms of 1,3-pentadiene results into the formation of resonantly stabilized 

adducts (OHCH2CHCHCHCH3 or CH2CHCHCH(OH)CH3). Such an adduct is not 

formed for 1-pentene and 1-pentene offers only two carbon sites for OH addition. 

Although 1,3-pentadiene has four sites for OH addition, but OH preferentially goes to 

one of the outer carbon atoms to achieve resonance stabilization. This would explain 

why 1,3-pentadiene shows higher reactivity ( 4 times) with OH radicals than 1-

pentene. At low temperatures, in contrary to high temperatures, cis- and trans- 1,3-

pentadienes clearly showed an effect of steric hinderance by displaying differences in 

the reactivity (see Figure 4-10). At 298 K, cis-conformer of 1,3-pentadiene exhibits 

20% reduction in the reactivity towards OH radicals which is not surprising 

considering that the OH radicals approaching from the syn side of the 1,3-pentadiene 

skeleton gets partly hindered, and thus affects the formation of the pre-reactive -

complex. At room temperature, we determined a rate coefficient of kIX ( 48 mbar) = 

1.2910-10 cm3 s-1 for cis-1,3-pentadiene + OH reaction which matches very well with 

the values reported by Magneron et al.[107] kIX (1 bar) = 1.2110-10 cm3 s-1) and Ohta 

et al.[106] kIX (30 mbar) = 1.0210-10 cm3 s-1. This suggests that the measured rate 

coefficients (kIX) are close to the high-pressure limit. Similarly, our value of kX (48 

mbar, 294 K) = 1.4710-10 cm3 s-1 for trans-1,3-pentadiene + OH is in very good 

agreement with that of Magneron et al.[107] kX (1 bar, 298 K) = 1.3010-10 cm3 s-1, 

revealing that our low-temperature measurements are near the high-pressure limit.   

As seen in Figure 4-10, our low-temperature measurements of 1,3-butadiene + OH 

reaction at ~ 48 mbar compare excellently with the values reported by Grosjean and 

Williams [108] (p 1.3 mbar) and Atkinson et al. [109] (p 67 mbar). Similar to 1,3-

pentadiene + OH reaction, the reaction of 1,3-butadiene with OH radicals is close to the 

high-pressure limit even at a pressure as low as 1 mbar. 1,3-Butadeine + OH reaction 

exhibits slow reactivity, roughly by a factor of 2, as compared to both conformers of 
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1,3-pentadienes though these are conjugated dienes and the ensuing adduct radicals, 

after the OH addition, are expected to give similar resonance stabilization due to the 

delocalization of the product radicals over three carbon atoms of the conjugated dienes. 

The enhanced reactivity of 1,3-pentadienes may have stemed from the additional 

contribution of allylic hydrogen abstraction which are absent in 1,3-butadiene. The 

abstraction of allylic hydrogens from 1,3-pentadiene results in the formation of product 

radical (CH2=CH-CH=CH-CH2) that is super-resonantly stabilized. Such super-

resonantly stabilized radicals (conjugated allyl) have a resonance energy of 80 kJ/mol, 

roughly 20 kJ/mol higher than non-conjugated allyl radical[79]. This extra stabilization 

in the product allyl radical enhances the hydrogen abstraction reactions of dienes with 

OH radicals, as seen previously for the reactions of OH radicals with -terpinene and 

-phelandrene [121]. The importance of abstraction reactions of conjugated 

(poly)olefins to form super- resonance stabilized allylic radicals and their major share 

to the overall rate coefficients at room temperature have been reported in the literature 

[85, 121]. 

Among the dienes, we observed that 1,4-pentadiene shows the slowest reactivity 

towards OH radicals at lower temperatures. Unlike 1,3-butadiene and 1,3-pentadiene, 

the OH addition to the double bond of 1,4-pentadiene results in an adduct radical that 

lacks resonance stabilization. This lack of resonance stabilization of product radical 

affects the reaction exogercity, and, consequently, the barrier height of the inner 

transition states forming the product radical. A recent study has shown that the reaction 

kinetics of olefins + OH is greatly influenced by both the inner and the outer transition 

states at low temperatures. Therefore, for 1,4-pentadiene + OH reaction, addition 

complex does not seem to be as favored as that of 1,3-butadiene and 1,3-pentadiene + 

OH reactions. Instead, a significant reaction flux will proceed via abstraction of 

secondary allyl radical which lead to the formation of super-resonantly stabilized 

secondary allyl radicals. Similar to that seen in mono-olefins + OH reactions, low-

temperature chemistry of diolefins + OH reactions also display negative temperature 

dependence, however, the severity depends on the properties of the outer and inner 

transition states of these dienes + OH reactions.  
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4.4 Conclusions 

This chapter detailed experimental investigation of the reaction of OH with unsaturated 

hydrocarbons spanning C4 – C6. Measurement of the rate coefficient of these species 

with OH radicals were performed behind the reflected shock wave (for high T) and in 

a heated flow reactor cell (for low T). 

Rate coefficient measurements for the reactions of OH radials with C4 – C6 alkenes (1-

butene, 1-pentene, cis/trans-2-pentene, 1-hexene and cis/trans-2-hexene) were carried 

out behind reflected shock waves over 800 – 1300 K using direct UV absorption of OH 

and these are the main findings: 

 As expected, longer chain alkenes have higher overall reaction rate coefficients 

with OH. However, the increase in rate coefficients with increasing chain length 

does not appear to be monotonic.  

 The position of double bond directly affects the chemistry of OH + alkenes 

system; 2-alkenes are more reactive that 1-alkenes. The additional allylic H 

atoms available in 2-alkenes enhance the reactivity with OH radicals.  

 Trans conformers are more reactive that the cis conformers, possibly due to the 

extended molecular geometry of trans-2-alkenes compared to that of cis-2-

alkenes.  

 At high temperatures (800 – 1400 K), the rate constant of all C4 – C6 alkenes 

with OH radicals are in the range of 1E13 – 4E13 cm3mol-1s-1. These values are 

quite comparable to the rate constants of the reactions of OH radicals with 

corresponding n-alkanes. 

Rate coefficients for the reaction of hydroxyl radicals with C4-C5 dienes (1,3-

butadiene, cis- and trans-1,3-pentadiene and 1,4-pentadiene) were measured over a 

wide range of conditions using two experimental facilities. Key findings are 

summarized below: 

 Dienes + OH display complex nature of temperature dependence due to various 

competing channels. Abstraction channels prevail at high temperatures, while 

these reactions almost exclusively proceed via addition channels at low 

temperatures; some exceptions are encountered for 1,4-pentadiene.  
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 At low temperatures (T < 450 K), we observed that trans-1,3-pentadiene reacts 

faster than cis-1,3-pentadiene due to steric hindrance which impedes the 

incoming OH radicals to add to cis-1,3-pentadiene as opposed to trans-1,3-

pentadiene. 

 Conjugation in diolefins enhances reactivity towards OH radicals as compared 

to monoolefins at low temperatures, e.g., 1,3-cis or trans-pentadienes reacts 

four times faster than 1-pentene with OH radicals.  

 Super-resonance stabilization of the allylic adduct radical was found to have a 

great effect on the reactivity of (poly)olefins + OH reactions at low 

temperatures. Due to the super allyl resonance, 1,3-pentadiene + OH was found 

to react faster than 1,3-butadiene + OH with additional contribution coming 

from the abstraction of allylic hydrogen atoms.  

 At high temperatures, cis and trans isomers of 1,3-pentadiene were found to 

react at similar rates with OH radicals. At high temperatures, these diolefins + 

OH reactions undergo primarily via abstraction channels. At high temperatures, 

the reactivity trend of diolefins + OH reactions depends on the number and type 

of hydrogen atoms being abstracted, e.g., primary, secondary, tertiary, vinylic, 

or allylic. Hydrogen abstraction reactions from the allylic site of 1,3-

pentadienes becomes the major active channel at high temperatures, explaining 

higher reactivity of 1,3-pentadiene with OH radicals than 1,3-butadiene. 

 Addition and non-abstraction channels can make a significant share to the total 

rate coefficients even at 1000 K due to the resonance stabilization of the adduct 

radicals of conjugated diene + OH reactions.  
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Chapter 4, the study of the reaction of unsaturated hydrocarbons with OH, and Chapter 

3, the study of the reactivity of small hydrocarbons with OH, allowed us to conclude 

that the reaction of OH proceeds via multiple pathways in the presence of unsaturated 

CC bonds with this competition shifting towards direct H-abstraction pathways at high 

temperatures. The contribution of addition pathways decreases at high temperatures but 

at different rates depending on the type of the CC bond (triple or double) and also the 

number of unsaturated bonds (mono-alkenes or dienes) and the length of the 

hydrocarbon chain (C2 to C6). For longer chain (> C3) alkenes (only one double bond), 

the contribution of the addition pathway vanishes quickly at high temperatures 

rendering the reaction of OH with these alkenes almost exclusively H-abstraction. The 

vastly different C-H bond types in alkenes (alkyl, vinyl, and allyl) suggest that the 

branching ratios of the different pathways stem from a severe competition between 

different CH channels. This will be the focus of the next chapter of this thesis. 
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5 SITE SPECIFIC RATES OF FUELS + OH REACTIONS: 

ISOBUTENE AND PROPENE 

5.1 Introduction 

I have detailed in the previous chapter the reaction rate of unsaturated hydrocarbons 

with OH radicals and how these are important reaction pathways during the oxidation 

of real fuels. I have been involved in the measurement of several other rate coefficients 

of the overall reaction of OH with different families of hydrocarbons and oxygenates, 

such as tetrahydrofuran [8], ethyl formate [10], dimethyl carbonate [9], furans [7], 

allene and propyne [6] and branched alkanes [13]. The main challenges of the 

experimental methodology is its inability to discern different chemical pathways 

responsible for the decay of OH radicals. Various OH + fuel pathways can have vastly 

different effects on the overall reactivity of the system. For instance, some OH + fuel 

pathways may enhance reactivity, whereas others may inhibit reactivity for the same 

fuel under the same thermodynamic conditions. A very good example is the H-

abstraction pathways for the reaction of propene with OH (R1-R3): 

H2C=CHCH3+ OH           HC=CHCH3 (1-propenyl) + H2O  (R 1) 

H2C=CCH3+ OH           H2C=CCH3 (2-propenyl) + H2O   (R 2) 

H2C=CHCH3+ OH           H2C=CHCH2
 (2-methyl-allyl) + H2O  (R 3) 

Allyl radical (R3) is known to be inhibitive due its high resonance stability. On the 

other hand, the other two radicals formed following pathways R1 and R2 are very 

unstable and thus lead to enhancement of the reactivity of propene during oxidation. 

Details about propene reactivity sensitivity to these channels can be found in the work 

of Burke et al. [19]. A similar conclusion can be drawn when looking into the two high 

temperature H-abstraction pathways during the reaction of isobutene with OH radicals 

(R4-R5) [3]. 

H2C=C(CH3)2 + OH       HC=C(CH3)2 (2-methyl-1-propenyl) + H2O (R 4) 

H2C=C(CH3)2+ OH          H2C=CCH3CH2 (2-methyl-allyl) + H2O (R 5) 
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The rate coefficient of R1 – R5 have not been experimentally measured previously. In 

the literature, there is only experimental measurements of the overall rate of OH with 

propene and isobutene at various thermodynamic conditions. The objective of this 

chapter is to obtain experimental measurement of their reaction rates by employing the 

kinetic isotopic effect of the H(/D) abstraction reactions along with measurement 

detection of the OH rate decay. For propene, absolute rate coefficients for the reaction 

of OH radical with propene (C3H6) and five deuterated isotopes, propene-1-D1 

(CDHCHCH3), propene-1,1-D2 (CD2CHCH3), propene-112-D3 (CD2CDCH3), 

propene-3,3,3-D3 (CH2CHCD3), and propene-D6 (C3D6), were measured behind 

reflected shock waves over the temperature range of 818 – 1460 K and pressures near 

1 atm. For isobutene, we have measured the rate coefficients for the reaction of OH 

radicals with isobutene (H2C=C(CH3)2) and the three deuterated isotopes, isobutene-1-

d2 (D2C=C(CH3)2), isobutene-3-d6 (H2C=C(CD3)2) and isobutene-d8 (D2C=C(CD3)2) 

over the temperature range of 830 – 1289 K and pressures near 1.5 atm. The reaction 

progress was followed by monitoring OH radical near 306.7 nm using UV laser 

absorption. Kinetic isotope effects in the measured rate coefficients are discussed and 

rationalized for the site-specific H abstraction by OH radical.  

5.2 Propene + OH branching ratios 

5.2.1 Motivation and literature review 

Propene (C3H6) is an important intermediate species in many hydrocarbon combustion 

systems.  Propene is a significant component of liquefied petroleum gas (LPG) which 

can be in surplus in the future due to the recent shale gas “revolution” [122]. Propene 

is formed by the decomposition of alkyl radicals during the oxidation of alkanes. It may 

also serve as a prototype alkene fuel and is the simplest allylic system. For combustion 

modelling of a fuel like LPG that contains many different components, it is important 

to understand the underlying chemistry of the individual fuels. Therefore, 

understanding the propene oxidation pathways is very important in the hierarchical 

development of detailed chemical kinetic models. Recently, Taatjes et. al.[75] detected 

enols in substantial amount in a wide range of hydrocarbon flames and suggested that 

the oxidation of ethylene by OH radical is the dominant source of enol formation. In 
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ethene flames, the oxidation of ethene by OH radicals was found to dominate the 

ethenol production [123]. The overall chemistry of OH + propene reaction system, in 

particular its role to the formation of enols, has recently been the subject of research 

interest for various groups [75, 93, 94, 124]. Propene oxidation can also contribute to 

soot production (and other pollutant formation) [125]. Strategies for mitigating 

pollutant formation in advanced combustion systems depend, in part, on the oxidation 

of alkenes such as propene. 

The overall rate constants for the reaction of propene with hydroxyl radical have been 

measured experimentally by several groups [49, 69, 90, 92, 126-132]. Among these, 

only a few studies were carried out at combustion relevant temperatures. Smith et al. 

[126] measured the total rate coefficients over the temperature range of 960 – 1210 K 

using laser photolysis/laser-induced fluorescence technique. They observed a 

pronounced positive T-dependence of the rate coefficients and suggested that a direct 

endothermic channel prevails at high temperatures. Such behaviour for the reaction of 

propene with OH radicals was in contrast to that observed at temperatures below 500 

K, where the rate coefficients show a negative T-dependence [126]. Using the same 

technique as Smith et al. [126], Tully and Goldsmith [92] reported the rate coefficients 

over the temperature range of 293 – 893 K. Though the results of Smith et al. [126]. 

suggest a stronger T-dependence of the total rates than that of Tully and Goldsmith[92], 

the extrapolated value ( 9×10-12 cm3 molecule-1 s-1) from the latter agrees well with 

the former group at 1200 K. Bott and Cohen[49] studied the reactions of hydroxyl 

radical with several organic species near 1200 K and 1 atm using shock tube/UV 

absorption technique. Their reported value for propene + OH reaction was found to be 

about 1.8 times larger than either of Smith et al. [126]. or the extrapolated value of 

Tully and Goldsmith [92]. The kinetic analysis of Yetter and Dryer[133] resulted in a 

value of 1.3×10-11 cm3 molecule-1 s-1 at 1020 K which is 2.7 times larger than that of 

Smith et al. [126]. In a recent experimental study, Vasu et al. [69]. measured the rate 

constant in a shock tube using laser absorption technique over 890 – 1366 K and 

pressures near 2.3 atm. Their values for the total rate coefficients showed an excellent 

agreement with the earlier measurements by Bott and Cohen [49] and Tully and 

Goldsmith [92]. The agreement with the data from Tully and Goldsmith [92] is 
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applicable only for their intermediate temperature measurements and does not apply on 

the extrapolation to the high temperature region. However, their rate data were lower 

than that of Yetter and Dryer [133] and higher compared to Smith et. al. [126] data at 

the corresponding temperatures.  

Several detailed theoretical studies [93, 94, 124, 134-138] have been carried out 

for the energetics of propene and OH reaction. In a recent paper, Zádor et al. [93]. 

employed the RQCISD(T)/ccpVZ//B3LYP/6-311++G(d,p) quantum chemical 

calculations combined with RRKM Master Equation (ME) methodology to investigate 

the branching ratios for various channels that are accessible on C3H7O potential energy 

surface. Huynh et al. [124] explored the detailed potential energy surface using the 

CCSD(T)/cc-pVDZ//B3LYP/cc-pVTZ ab initio method and further carried out kinetic 

analyses for the branching ratios of various products using the ME methodology. The 

primary focus in their study was to provide kinetic information for the enol formation 

channel. In a similar work, Zhou et al.[94] computed the detailed potential energy 

surface at the PMP2/aug-cc-PVQZ//MP2/cc-PVTZ level of theory for the addition and 

abstraction reactions of propene and OH radicals. These theoretical studies showed that 

the OH radical adds to the double bond of propene like it does in any other olefin + OH 

reaction and that the dominant reaction pathways change with temperature and 

pressure. The studies of Zádor et al.[93] and Huynh et al.[124] found that the H 

abstraction channel is dominant (90%) over the addition channel at high temperatures 

(T  600K). Their total rate constants are in excellent agreement with the recent high-

temperature experimental work of Vasu et al.[69] and with the recommendation by 

Tsang et al.[139]. The computed values of Zhou et al.[94], however, differed from other 

studies in both the magnitude of the rate coefficients and the branching ratios. For 

example, their reported value of the rate coefficients of the abstraction channel were 

about one order of magnitude lower than that of Huynh et al.[124], Zádor et al.[93] and 

Vasu et al.[69]. Although the qualitative features of the Zhou et al.[94] potential energy 

surface of C3H7O were similar to other theoretical studies, significant quantitative 

differences were found in the computed potential energy surface of C3H7O that resulted 

in the discrepancies in the branching ratios of various channels. At high temperatures, 

all studies predicted that the abstraction reaction leading to allyl radical and H2O is by 



104 

 

Fethi Khaled - November 2018    

far the most dominant abstraction channel, whereas the other two abstraction channels 

leading to propen-1-yl and propen-2-yl are found to be minor. However, the branching 

ratio of propen-1-yl radicals reported by Zhou et al.[94] is significantly larger than that 

of Zádor et al.[93]. Therefore, large discrepancies still exists in the literature for the 

branching ratios of the title reaction and experimental determination of the branching 

ratios are not available so far. 

5.2.2 Experimental methods 

Experiments are carried out using a shock tube and UV laser absorption of OH at 

temperatures ranging from 818 K to 1460 K at pressures near 1 atm. The shock tube 

and OH laser diagnostic are described in the chapter 2 of this thesis. The rate 

coefficients of six propene isotopes with OH were measured and the data are 

rationalized to determine the site-specific abstraction rates. The following reactions are 

investigated and their rate coefficients are reported: 

C3H6 + OH  Products     (RI) 

CDHCHCH3 + OH  Products    (RII) 

CD2CHCH3 + OH  Products    (RIII) 

CD2CDCH3 + OH  Products    (RIV) 

CH2CHCD3 + OH  Products    (RV) 

C3D6 + OH  Products     (RVI) 

Hydroxyl radicals were produced by rapid thermal decomposition of tert-butyl 

hydroperoxide (TBHP), which is known to be a clean OH precursor and has been 

validated in many studies [59, 69, 140]. A 70% TBHP in water solution was obtained 

from Sigma Aldrich. Propene (≥99.99%), argon (99.999%), and helium (99.999%) 

were purchased from AH Gases. Propene-1-d1 (≥98%), propene-1,1-d2 (≥99.3%), 

propene 2-d1 (≥98%), propene-3,3,3-d3 (≥99.8%), and propene-d6 (≥99.8%) were 

supplied by CDN Isotopes. Several reflected-shock experiments were conducted for 

each fuel and the concentrations of reactants (fuel, TBHP) were chosen carefully based 

on sensitivity analysis while maintaining pseudo-first-order conditions. 
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5.2.3 Results and discussion 

  High-Temperature Measurements of Propene + OH  Products 

High-temperature rate constant measurements for the reaction of OH with six 

deuterated isotopes of propene are described in this section. A mixture of 312 ppm 

propene (C3H6), 19 ppm TBHP (60 ppm of water), and balance Ar was shock-heated to 

a range of post-shock temperatures (T5 = 853 – 1442 K) and pressures (P5  1 atm) to 

measure the overall reaction rate coefficients for propene + OH  products. A raw 

trace of the measured OH time-history at 1101 K and 1.37 atm is presented in 

Figure 5-1. 

 

Figure 5-1: Propene + OH reaction rate measurements at 1101 K and 1.38 atm. The best-fit 

simulated profile and perturbations of ± 50% are also presented. 

Experimentally measured OH profiles are fitted using the JetSurf 1.0 model [58], as the 

base model, with tert-butyl hydroperoxide (TBHP) reactions added from Pang et 

al[59]. The initial TBHP concentration for simulated profiles is taken from the 

experimental OH yield. The best-fit for OH profile was obtained for a kI value of 1.24 

× 10-11 cm3 molecule-1 s-1 and the effect of 50% deviations from this value is also 

presented in Figure 5-1. The measured values of the rate coefficients for RI, along with 

the experimental conditions, are listed in Table 5-1. 

Table 5-1. High-temperature rate constant data for propene + OH => Products. 



106 

 

Fethi Khaled - November 2018    

T5 (K) P5 (atm) kI (cm3 molecule-1 s-1) 

853 1.30 7.20x10-12 

893 1.42 7.91x10-12 

911 1.31 8.24x10-12 

974 1.29 9.52x10-12 

1082 1.57 1.19x10-11 

1101 1.37 1.24x10-11 

1212 1.35 1.52x10-11 

1442 1.43 2.21x10-11 

 

Hydroxyl radical sensitivity analysis was performed for the propene mixture at a 

representative temperature of 1101 K (Figure 5-2). 

 

Figure 5-2: OH sensitivity of the rate coefficient measurements for propene + OH at 1101 K 

and 1.38 atm. Initial mixture: 312 ppm propene, 19 ppm TBHP (60 ppm water), balance Ar. 

The OH sensitivity is calculated using the formula 𝑆𝑂𝐻 = (𝜕𝑋𝑂𝐻/𝜕𝑘𝑖) × (𝑘𝑖/𝑋𝑂𝐻), 

where 𝑋𝑂𝐻 is the local OH-mole-fraction and 𝑘𝑖 is the rate constant of the ith reaction. 

The sensitivity plot shows that propene + OH is the dominant reaction at the chosen 

conditions. Secondary reactions such as CH3 + OH  CH2(S) + H2O (RA), CH3 + CH3 

(+M)  C2H6 (+M) (RB), and CH3COCH3 + OH  H2O + CH2COCH3 (RC) were 

considered and they were found to have minor interference for OH time profiles. The 

rates for these important secondary reactions are updated based on the suggestions 
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given in reference[5] where the rate constant of RA, RB, and RC are updated from Pang 

et al.[59]., Oehlschlaeger et al.[141], and Lam et al.[142], respectively. 

Our measured rate constant data for RI are shown in Figure 5-3 and compared with the 

measurements from Vasu et al.[69], Smith et al.[126], Bott and Cohen[49], and Tully 

and Goldsmith[92]. 

 

Figure 5-3: Arrhenius plot of the rate coefficients for propene + OH => products. 

Rate constants provided in the JetSurf 1.0 model[58] and the theoretical study of Zador 

et al.[143] are also shown. As can be seen, our data agree very well with earlier 

measurements from Vasu et al.[69] and Bott and Cohen[49] with an average deviation 

of 11%. Our values are slightly higher (about 20%) than those of Vasu et al.[69] at 

lower temperatures. This slight disagreement may be due to the reaction model adopted 

by Vasu et al.[69] in that the rate coefficients for secondary reactions were not updated. 

We note here that the secondary reactions play a more significant role at lower 

temperatures. We observed a marked positive temperature dependence for the propene 

+ OH reaction over the temperature range of the current study. Comparing our 1 atm 

data with the 2 – 2.6 atm data of Vasu et al.[69], no discernible pressure dependence is 

seen. This suggests that abstraction channels prevail over the addition channel at the 

high temperatures of the current work. At lower temperatures (T ≤ 600K), the addition 

channel is the dominant pathway that leads to various bimolecular products such as 
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vinyl alcohol, allyl alcohol and propenols [94, 124, 143]. Our experimental data, 

including the ones from Vasu et al [69], agree very well with the theoretical prediction 

of Zador et al.[143] for the total abstraction rate coefficients with an average deviation 

of about 8%, indicating that bimolecular addition channels at these temperatures are 

unimportant. This further suggests that H abstraction is the dominating pathway at the 

high temperatures of the current study. Therefore, our kinetic analyses described below 

assume that the addition channels for propene + OH reaction are of negligible 

importance in our temperature range. Theoretical studies [94, 124, 143] have shown 

that the propene + OH reaction has three possible H abstraction channels (R1-R3):  

The branching ratios for RI are kept unchanged while fitting the experimentally 

measured OH profiles. The overall rate constant (kI = k1 + k2 + k3) is insensitive to the 

branching ratios because of the pseudo-first-order conditions implemented here. The 

temperature dependence of the experimentally determined rate coefficients for the 

reaction RI is given by the following Arrhenius expression: 

 𝑘𝐼 = 1.07 × 10
−10exp(−2340K/𝑇)𝑐𝑚3𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒−1𝑠−1(853 − 1442𝐾)  5.1 

A detailed uncertainty analysis was performed to estimate the errors in the measured 

rate constant for RI at a representative condition of 1101 K and 1.38 atm. Various 

sources of errors that were considered here include: temperature (± 0.7%), mixture 

composition (± 5%), OH absorption coefficient (± 3%), wavemeter reading (± 0.002 

cm-1), errors in fitting the experimental profile (± 5%), locating the time zero (± 0.5 μs), 

and rate constants of the secondary reactions. The contribution of each of these error 

sources on the determination of kI is calculated separately. The overall uncertainty is 

calculated using the root-sum-squared method and is found to be ± 17% for kI at 1101 

K.  

The rate coefficients for the reaction of OH with the other five propene isotopes were 

determined in a manner analogous to the one described for propene + OH. Fuel 

concentrations of 302 – 312 ppm were used for propene-1-d1, propene-1,1-d2, propene-

112-D3, propene-3,3,3-d3, and propene-d6. The partial pressure of TBHP (10 – 20 

ppm) was chosen in such a way that the reaction of deuterated propene + OH obeys the 

pseudo-first-order kinetics. Uncertainties for kII, kIII kIV, kV, and kVI were estimated to 
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be ± 18% at 1039 K, ± 16% at 1145 K, ± 17% at 1104 K, ± 17% at 1108 K, and ± 18% 

at 1054 K, respectively. Arrhenius plots for reactions RII−RVI are shown in Figure 5-4 

and the measured rate constants are listed in Tables 2 – 6. 

 

Figure 5-4: Arrhenius plot of the rate coefficients for propene isotopes + OH => products 

The best fits to our experimental data yield the following Arrhenius expressions: 

 𝑘𝐼𝐼 = 1.03 × 10
−10exp(−2321K/𝑇)     818-1366 K) 5.2 

 𝑘𝐼𝐼𝐼 = 1.15 × 10−10exp(−2486K/𝑇)   (881-1379 K) 5.3 

 𝑘𝐼𝑉 = 1.14 × 10−10exp(−2492K/𝑇)    (832-1369 K) 5.4 

 𝑘𝑉 = 9.50 × 10−11exp(−2390K/𝑇)     (904-1460 K) 5.5 

 kVI = 10.3 × 10−11exp(−2540K/T)   (888-1340 K) 5.6 

 

As allylic H-atom abstraction is both kinetically and thermodynamically favored [94, 

143], the OH radical attack occurs preferentially at the allylic site (-CH3) of propene. 

One would expect that the abstraction rate will be smaller for the D atom as compared 

to that of an H atom. The effect of deutration on abstraction from the allylic site is best 

seen in 

Figure 5-4 by comparing the rate coefficients for reaction RI with RV and RVI.  
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 Site-Specific Rate Constants and Branching Ratios 

Many researchers, including Tully and co-workers[46, 68, 92] , have analyzed their 

kinetic data for alkane + OH reactions by summing up the primary, secondary, and 

tertiary site-specific rate constants as follows: 

 kOH+alkane =  np ∗ kp + ns ∗ ks + nt ∗ kt 5.7 

Where np, ns, and nt, are the number of primary, secondary, and tertiary hydrogen atoms 

in alkane; kp, ks, and kt are the corresponding primary, secondary, and tertiary site-

specific rate constants per H-atom. The experimentally observed overall rate constants 

for alkenes + OH can also be expressed in a similar way by considering all types of H 

atoms present in the molecule. Cohen [40], [144] used the group-additivity transition-

state-theory (TST) method to reproduce the measurements of the rate constants of OH 

with a series of alkanes. The proposed method was based on defining C-H bonds in 

alkanes according to the number of carbon atoms bonded to the next-nearest-neighbor 

(NNN) carbon. Recently, Sivaramakrishnan et al.[11, 145] and Badra et al.[5, 48, 146] 

extended these estimation methods to determine three-parameter-fits for several site-

specific H-abstraction rate constants. Their derived rates reproduced the experimental 

OH + alkane rate constants for a variety of normal and branched alkanes. However, we 

note here that their site-specific rate constant expressions cannot be employed to 

calculate the total rate constants for OH + unsaturated molecules, such as alkenes, due 

to the presence of the double bond and its effect on the C-H bond enthalpy at various 

sites. In the propene molecular chain, two types of C-H bonds are present, namely 

vinylic (-CH2 and –CH) and allylic (-CH3). As –CH2 and –CH vinylic H-atoms in 

propene were found to exhibit their kinetics differently [94, 124, 143], these H-atoms 

are treated separately in our work. A system of six equations and six unknowns can be 

obtained by employing Eq. 5.7 to the reaction of OH with six deuterated propenes. 

Therefore, kI – kVI can be expressed as follows: 

 kI = 3k3,H + 2k1,H + k2,H 5.8 

 

 kII = 3k3,H + k1,H + k1,D + k2,H 5.9 

 kIII = 3k3,H + 2k1,D + k2,H 5.10 
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 kIV = 3k3,H + 2k1,D + k2,D 5.11 

 kV = 3k3,D + 2k1,H + k2,H 5.12 

 kVI = 3k3,D + 2k1,D + k2,D 5.13 

 kVI = 3k3,D + 2k1,D + k2,D 5.14 

Here, k1, k2 and k3 are the abstraction rate coefficient per H (or D) atom at the first, 

second and third carbon atom, respectively; carbon atom numbering is based on IUPAC 

nomenclature of alkenes. This set of six equations have six unknowns k3,H, k3,D, k1,H, 

k1,D, k2,H, and k2,D. However, only four independent equations are obtained, even if more 

possible propene isotopes are considered. This is because, for the system of linear 

equations given above, two possible equalities can be derived: 

𝑘𝐼𝐼 = 0.5(𝑘𝐼𝐼𝐼 + 𝑘𝐼) 5.15 

𝑘𝑉𝐼 + 𝑘𝑉 = 𝑘𝐼𝑉 + 𝑘𝐼 5.16 

Equations 5.15 and 5.16 must hold for all temperatures. The experimental results show 

that the above equalities are valid with an average deviation of 2.5% for Eq. 5.15 and 

4% for Eq. 5.16 for the entire T-range of our study; see Table 5-2. 

Table 5-2. Sums of the rate constants for the evaluation of equalities given by 5.15 and 5.16. 

 1011×k (cm3 molecule-1 s-1)  1011×k (cm3 molecule-1 s-1)  

T (K) kII 0.5(kIII+kI) 
Error (%) kVI+kV kIV+kI Error (%) 

900 0.781 0.76 2.6 1.38 1.39 2 

1000 1.01 0.994 1.7 1.814 1.87 3.2 

1100 1.248 1.24 0.89 2.26 2.3 1. 5 

1200 1.48 1.48 0.22 2.72 2.76 1.4 

1300 1.72 1.73 0.53 3.19 3.23 1.28 

1400 1.96 1.98 0.86 3.64 3.69 1.2 

 

The rate constant values presented in Table 5-2 are obtained from the Arrhenius fittings 

of our experimental data. Hence, the system of six equations can be reduced to a system 

of four independent equations and two more equations or assumptions are needed to 

fully determine the six unknown site-specific rate constants. 

Tully et al.[68] measured the rate constants for H and D abstraction by OH from ethene 

isotopes (C2H4 and C2D4) where all four vinylic H or D atoms are equivalent. From the 
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Tully et al.[68] work, we derived an expression for the ratio of H and D abstraction of 

vinylic atoms (T in 292 K – 705 K): 

𝑘1,𝐻
𝑘1,𝐷

= 0.52 × 𝑒𝑥𝑝 (
1022

𝑇
) 

5.17 

 

For both ethene and propene, the vinylic C-H bond strength is about (110.7  0.7) 

kcal/mole[49], (110.9  0.6) kcal/mole) [147, 148], therefore, it is valid to apply 

Eq. 5.17 to the propene system. A similar approach of applying the ratio of primary H 

and D abstraction in alkanes to allylic H/D abstraction in propene cannot be justified. 

The bond enthalpy for allylic C-H bond of propene is far too low (84.6 [121], (88.8  

0.4) [147], (88.2  0.7) kcal/mole) [148] compared to the primary C-H bond (99.6 

[121], (100.9  0.5)[148] kcal/mole) of propane. The consequence of this difference in 

bond enthalpies is that the ratio of primary (-CH3) H and D abstraction rate (kH/kD) for 

propane exhibits a much stronger temperature dependence than it does for the allylic 

ratio (kH/kD) of propene. For this reason, we deduced a ratio (k3,H/k3,D) for allylic H- and 

D- abstraction from propene using the following equation: 

𝑘3,𝐻
𝑘3,𝐷

(𝑇) = [
𝑘𝐼(𝑇) − 𝑘2,𝐻(𝑇) − 2𝑘1,𝐻(𝑇)

𝑘𝑉(𝑇) − 𝑘2,𝐻(𝑇) − 2𝑘1,𝐻(𝑇)
] 

5.18 

 

Here, k2,H and k1,H are taken from Zador et al.[143]; kI and kV are our measured rate 

constants for reactions (1) and  (5), respectively. Our computed ratio for allylic H- and 

D- abstraction rate coefficient (k3,H/k3,D) can be  given by: 

𝑘3,𝐻
𝑘3,𝐷

= 3.5 × 10−3 ∗ 𝑇0.76 × 𝑒𝑥𝑝 (
585

𝑇
) 

5.19 

 

These two additional equations (5.17 and 5.19) can be used with any four of the 

measured rate constant expressions (Eq. 5.9−5.14) to determine the desired site-specific 

rate constants. One can use several combinations of four isotopes to perform the 

calculations. A more rigorous analysis which utilizes all available measured rate 
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constant data and takes into account the uncertainty of all experimental rates should be 

considered. Therefore, the six measured reaction rate constant expressions kI, kII, kIII, 

kIV, kV, and kVI, combined with the two additional H/D ratio equations are used in an 

optimization algorithm to calculate the optimal set of site-specific rates. A least square 

error analysis is adopted where the objective function is: 

𝑓(𝑋) =∑(𝑘𝑖
𝑒𝑥𝑝 − 𝑘𝑖

𝑠(𝑋))
2

𝑖=6

𝑖=1

 

5.20 

 

Here, 𝑘𝑖
𝑒𝑥𝑝

 is the experimentally measured overall rate constant of the ith isotope at 

temperature T, 𝑘𝑖
𝑠 is the overall rate constant calculated from the determined site-

specific rates and 𝑿 is the vector of site-specific rates for H and D abstractions at 

temperature T. This objective function can be written in matrix notation as: 

𝑓(𝑋) = (𝑘 − 𝐴𝑋)
𝑇

(𝑘 − 𝐴𝑋) 
5.21 

 

where 𝑨 is the representative matrix containing the coefficients of the right hand side 

of Eqs. 5.9 − 5.14 and k is the representative vector of the left hand side of Eqs. 5.9 

− 5.14. The gradient of this function is then: 

𝛻𝑋𝑓(𝑋) = 2𝐴𝑇𝐴𝑋 − 2𝐴𝑇𝑘 5.22 

 

The method of descent gradient could be used to find the optimal value of X that 

minimizes the objective function 𝑓(𝑋) at each temperature. Theoretically, this method 

should converge to a unique optimal solution 𝑋𝑜𝑝𝑡 since we have a linear system of six 

independent equations and six unknowns. However, the experimental uncertainty 

introduces a correction term in each equation which makes the optimization problem 

much more complex and eventually local solutions could appear. To avoid this 

problem, one has to take into consideration the overall error distribution as well as the 

domain of feasible solutions. A similar treatment was adopted by Tully and coworkers 
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[42-44, 46, 47, 68] who used a non-linear least square parameter fitting routine to 

minimize the sum of the squares of the residuals, defined in  Eq. 5.20, weighted by the 

associated uncertainty of each rate constant. With the application of this optimization 

routine, the maximum error is evaluated to be less than 3% for all isotopes which is 

much less than the experimental uncertainty (see Figure 5-5). 

 

Figure 5-5: Percentage error between the calculated and measured overall rate coefficients 

Following the methodology described above, a unique solution for site-specific rate 

constants is obtained; the results are plotted in Figure 5-10. 
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Figure 5-6: Site-specific rate coefficients for H and D abstraction from propene by OH 

radicals 

The Arrhenius expressions for the derived site-specific rate constants are given below 

in cm3molecule−1s−1: 

k3,H = 2.32 × 10−11exp(−2341K/T) 5.23 

k3,D = 1.96 × 10−11exp(−2420K/T) 5.24 

k1,H = 1.39 × 10−11exp(−2270K/T) 5.25 

k1,D = 1.95 × 10−11exp(−2868K/T) 5.26 

k2,H = 7.2 × 10
−12exp(−2282K/T) 5.27 

k2,D = 7.69 × 10−12exp(−2575K/T) 5.28 

It is important to note here that various uncertainty sources could contribute the 

uncertainty in the reported site specific rates. Namely, the use of the DKIE in the vinylic 

site in propene as equal to that in ethylene, also use of the theoritically calculated rates 

by Zador et al.[143] to get the DKIE in the allylic site in propene could be the main 

source of induced uncertainty. It is discernible from Figure 5-6 that the site-specific 

abstraction rate for allylic site is measured to be larger than that of  the vinylic sites. As 

expected, our results show  that the D-abstraction rate is smaller than the H-abstraction 

rate for a given channel. In addition, these results also indicated  that the deutration at 

the vinylic sites (=CH2 or =CH) exhibits stronger temperature dependence as compared 
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to the deutration at the allylic site (-CH3). As stated earlier, this behaviour is primarily 

due to the difference in their bond enthalpies viz; 111 kcal/mol for vinylic C-H bond 

and 88.8 kcal/mol for allylic C-H bond[148]. The observed trends will lead to the 

crossover of the vinylic H- and D- abstraction rates at higher temperatures which is in 

line with Tully et al.[42] experiments. 

The total rate coefficients for the abstraction channels leading to allyl (RIa), 

propen-2-yl (RIb) and propen-1-yl (RIc) can be deduced from the site-specific rate 

constants; these are presented in Figure 5-7. As can be seen, the allyl-producing channel 

is the most dominant followed by propen-1-yl channel. 

 

Figure 5-7: Total rate coefficients for the three H abstraction channels of propene. 

 

As mentioned earlier, few research groups [94, 124, 143] computed rate coefficients 

for the site-specific H abstraction of propene by OH radicals. In Figure 5-8, our 

measured site-specific rate constants for the three abstraction channels are compared 

with theoretical predictions. 
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Figure 5-8: Comparison of site-specific rate coefficients for H abstraction by OH from 

propene. Solid lines: current work. Dashed lines: Zádor et al. (2009) [143]. Dash-dotted lines: 

Tsang (1991) [139]. Dotted lines: Zhou et al. (2009) [94]. 

As can be seen, there are large discrepancies in the calculated rate coefficients for the 

site-specific H abstraction. The theoretical predictions of Zhou et al.[94] are 

significantly lower compared to other theoretical studies and our experimental results. 

As pointed out by Zádor et al.[143], the under-prediction of k3,H by Zhou et al.[94] may 

have been caused by not taking the hindered internal rotor into consideration, whereas 

the discrepancy for k1,H and k2,H could be due to the differences in the barrier heights of 

the corresponding abstraction channels. Our values for the allylic H-abstraction (k3,H) 

agree well with Zádor et al.[143] and Tsang [139] with minor discrepancies at 

temperatures above 1100 K. Our measurements revealed that the total abstraction rate 

for propen-1-yl channel is more favorable than the propen-2-yl (see Figure 5-7), which 

is in line with the theoretical prediction of Zádor et al[143]. However, our site-specific 

rates for k1,H are measured to be larger than k2,H, whereas Zádor et al. [143] and Tsang 

[139] predict that k2,H to be larger.  

Branching ratios for the different H abstraction channels are calculated and compared 

with previous theoretical studies in Figure 5-9. 
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Figure 5-9: Branching ratios of the H abstraction channels. Solid lines: current work. Dashed 

lines: Zádor et al. (2009) [143]. Dash-dotted lines: Tsang (1991) [139]. Dotted lines: Zhou et 

al. (2009) [94]. 

As can be seen, all studies predict that allyl-producing channel is dominant over the 

entire T-range of our study. However, our branching ratio for this channel is lower than 

that of Zádor et al.[143] and Tsang [139]. Our experimentally determined branching 

ratio for this channel remains almost unchanged at about 65% as opposed to that of 

Zádor et al.[143] and Tsang[139] who predicted a slight decrease with increasing 

temperature. At 1400 K, their predicted values, 74% for Zádor et al.[143]  and 70% for 

Tsang[139], are quite close to our experimental value. Interestingly, Zhou et al.[94] 

branching ratio for the allyl channel comes out to be in good agreement with the 

measured value. The branching ratios for the propen-1-yl and propen-2-yl production 

channels show larger deviations. In our work, propen-1-yl channel is found to have the 

second highest branching ratio of about 28%, whereas Zádor et al.[143] and Tsang 

[139] predicted about 10% for this channel and Zhou et al.[94] predicted about 5%. For 

propene-2-yl channel, our measurements agree with the theoretical studies of Zádor et 

al.[143] and Tsang [139] within 5%, whereas Zhou et al.[94] reported a branching ratio 

of 30% which significantly over-predicts our measurements. The reasons for these 

discrepancies have been discussed earlier. In general, our branching ratios for the three 

channels showed no or little temperature dependence over the temperature range of our 

study. 
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5.3 Isobutene+ OH H-abstraction channels branching ratios 

5.3.1 Motivation and literature review 

Isobutene (H2C=C(CH3)2) is the smallest branched alkene which appears as an 

important intermediate specie during the combustion of larger-chain branched alkanes 

[149]. Isobutene is produced in large concentration during the pyrolysis and oxidation 

of methyl-tert-butyl-ether (MTBE) and ethyl-tert-butyl-ether (ETBE) [150]. Both of 

these ethers are widely used for gasoline reformulation to boost the octane number 

[151]. Isobutene is also a precursor to the formation of polycyclic aromatic 

hydrocarbons and soot particles [125]. The chemistry of isobutene is an essential 

component of the chemical kinetic models of large hydrocarbons and oxygenated fuels. 

Therefore, it is crucial to understand the oxidation pathways of isobutene for the 

hierarchical development of detailed chemical kinetic models.  

Compared to normal alkanes and normal alkenes, limited experimental and modelling 

kinetic studies are available in the literature for branched alkenes. The pyrolysis of 

isobutene has been studied by a few research groups [152-155]. Santhanam et al. [153] 

used a laser-schlieren technique to identify the role of various channels involved during 

the pyrolysis of isobutene at high temperatures (T ≥ 1600 K). They concluded that the 

sole dissociation channel is the simple C-H bond fission of isobutene to produce 

isobutenyl (C4H7, 2-methyl-allyl) radical that further dissociates rapidly into CH3 and 

allene (C3H4). The oxidation kinetics of isobutene has also been the focus of several 

studies [3, 90, 97, 151, 156-159]. Dagaut and Cathonnet [151] studied the oxidation of 

isobutene using jet-stirred reactor at temperatures ranging 800 – 1230 K and pressures 

of 1, 5 and 10 atm. They were able to predict their measured species profiles using a 

detailed kinetic model that consisted of 110 species and 743 reactions. More recently, 

Yasunaga et al. [158] studied the products of pyrolysis and oxidation of isobutene 

behind reflected shock waves over 1000 – 1800 K using gas chromatography, IR laser 

absorption/emission and UV absorption. They found isobutene to be relatively 

thermally stable ( = 0.15 s at 1300 K). They proposed a reaction model comprising of 

304 reaction steps and 72 species which reproduced their experimental results 

reasonably well. They identified H-abstraction reaction of isobutene by OH radicals to 
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be one of the most sensitive reactions during the oxidation of isobutene. The group of 

Henry Curran at NUIG has recently conducted a wide-ranging theoretical and chemical 

kinetic modelling study of isobutene oxidation [3] that included ignition delay time, 

flame speed and species (i-C4H8, C3H6, C3H4, CH4, CO etc.) measurements. Their 

optimized model for the oxidation of isobutene is comprised of more than 2400 

reactions and 460 species. 

The reaction of isobutene with OH radicals has been investigated theoretically and 

experimentally by several groups [85, 88, 90, 97, 108, 159-162]. Most of these studies 

were focused at temperatures less than 400 K. Smith [97] measured the rate coefficients 

of the reaction of OH with isomers of butene, including isobutene, at 1259 K using flash 

photolysis/laser fluorescence technique. Smith found that the measured rate coefficients 

for OH + butenes are faster than OH + ethene. He concluded that the rate coefficient 

increases with the increase in the number of allylic H atoms and that the contribution 

of vinylic H atoms to the total rate is small. There are only two theoretical reports [88, 

160] on the reaction of isobutene with OH radicals under combustion relevant 

temperatures. Huynh et al. [160] estimated the rate coefficients for vinylic H-

abstractions of OH + alkene reaction systems by employing reaction class transition 

state theory (RC-TST) combined with the linear energy relationship and the barrier 

height grouping methods. Sun and Law [88] computed the rate coefficients for reactions 

of OH radicals with butene isomers using CCSD(T)/6-311++G(d,p)//BH&HLYP/6-

311G(d,p) quantum chemical and transition state theory methods. The results revealed 

that allylic H-abstraction channels are dominant and can occur either directly or via a 

complex forming model [88]. For the OH + isobutene reaction, they calculated the rate 

coefficient of allylic H-abstraction and found a value of 8.3 × 1012 cm3mol-1s-1 at 1259 

K. Their calculated value is two times lower than the experimental value reported by 

Smith [97]. Additional experimental and/or theoretical work was suggested to further 

understand isobutene + OH system.  

Isobutene offers two types of H atoms, namely allylic and vinylic, to be abstracted by 

important combustion radicals such as OH, H, O, CH3 and HO2. Hydrogen abstraction 

from the vinylic site results into the formation of 2-methyl-1-propenyl (HC=C(CH3)2) 

radical, whereas H-abstraction from the allylic site forms resonantly stabilized 2-
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methly-allyl (H2C=C(CH2)-CH3) radical. Allyl radicals play pivotal role in 

combustion chemistry as they are radical scavengers.  

5.3.2 Experimental methods 

In the current work, we have investigated the reaction of OH with the deuterated 

isotopes of isobutene to extract the branching ratios of vinylic and allylic H-abstraction 

by OH. The following reactions are investigated using the shock tube and laser 

absorption technique: 

H2C=C(CH3)2 + OH  Products      (RVII) 

D2C=C(CH3)2  + OH  Products    (RVIII) 

H2C=C(CD3)2  + OH  Products    (RIX) 

D2C=C(CD3)2  + OH  Products    (RX) 

Experiments were carried out behind reflected shock waves over a temperature range 

of 830 K to 1289 K and pressures near 1.5 atm. The description of the experimental 

facilities can be found in chapter 2 of this thesis. A double-dilution process was utilized 

to prepare accurate mixtures. A 70% TBHP in water solution was obtained from Sigma 

Aldrich. Isobutene (≥99.95%), argon (99.999%), and helium (99.999%) were 

purchased from AH Gases. Isobutene-1-d2 (≥ 98.9% D), isobutene-3-d6 (≥ 98.3% D) 

and isobutene-d8 (≥99.4% D) were supplied by CDN Isotopes. The concentrations of 

each fuel and TBHP were chosen carefully based on sensitivity analysis while 

maintaining the pseudo-first-order conditions.  

5.3.3 Results and discussion 

  High-Temperature Measurements of H2C=C(CH3)2 + OH  

Products 

A mixture of 300 ppm isobutene (H2C=C(CH3)2) and 23 ppm TBHP (with 70 ppm 

water) diluted in argon was shock-heated to a range of post-shock temperatures (850 – 

1290 K) and pressures (~ 1.5 atm) to measure the overall reaction rate coefficients for 

reaction RI. Detailed kinetic model developed recently by Zhou et al. [3] for isobutene 

was used to fit experimentally measured OH profiles while treating the rate coefficient 



122 

 

Fethi Khaled - November 2018    

of the target reaction (RI) as variable. The kinetic simulations were performed using 

the Chemkin Pro software [34]. Pang et al. [59] sub-chemistry for tert-butyl 

hydroperoxide (TBHP) was added to the base model[3]. Secondary reactions such as 

CH3 + OH  CH2(S) + H2O, CH3OH (+M)  CH3 + OH (+M) and C2H6(+M)  

2CH3(+M) are found to have a minor effect on the OH time profiles. The rates for these 

secondary reactions were updated in our base model based on the work of Pang et al. 

[59], Jasper et al. [163] and Oehlschlaeger et al. [164], respectively, similar to the 

propene case. Hydroxyl radical sensitivity analysis was performed to identify the role 

of secondary chemistry. The sensitivity plot Figure 5-10 shows that the reaction under 

investigation is the most dominant for OH loss. 

 

Figure 5-10: Hydroxyl sensitivity analysis for isobutene + OH performed at at T = 1120K and 

P = 1.64 atm. Mixture composition: 300 ppm isobutene and 23 ppm TBHP (70 ppm water) 

diluted in argon. The OH sensitivity is calculated as SOH = (∂XOH/ ∂ki) × (ki/XOH), where 

XOH is the local OH mole fraction and ki is the rate constant of the ith reaction. 

 An example of the kinetic simulation is demonstrated in Figure 5-11. The best fit 

resulted in a value of 1.18 × 1013 cm3mol-1s-1 at 1120 K for the reaction of isobutene + 

OH  Products. Also shown in Figure 5-11 is the effect of ±50% deviations from this 

value. 
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Figure 5-11: Experimental OH time-history for isobutene + OH reaction at T = 1120K and P = 

1.64 atm. Mixture composition: 300 ppm isobutene and 23 ppm TBHP (70 ppm water) diluted 

in argon. 

For isobutene + OH reaction, the abstraction of allylic hydrogen may occur either 

directly or via van der Waals complex eventually leading to the formation of resonantly 

stabilized 2-methyl-allyl radical (reaction R5) [88], while vinylic H-abstraction forms 

2-methyl-1-propenyl radical (reaction R4).  

The abstraction reactions (R4 and R5) are expected to prevail at high temperatures. The 

addition channel (R6) is dominant at lower temperatures (T ≤ 500K) and imparts 

negative temperature-dependence to the total rate of the isobutene + OH reaction [90].  

H2C=C(CH3)2
 
+ OH  addition complex   products    

 (R6) 

Our current experimental observations suggest that the addition channel plays 

negligibly small role at high temperatures. Our measurements show strong positive 

temperature dependence with a linear relationship in ln (k) vs 1/T plot, indicating that 

the reaction of isobutene with OH radicals primarily follows reaction pathways that 

have distinct energy barriers, e.g., H-abstraction pathways. In the analogous system of 

propene + OH, H-abstraction channel was found to be dominant (≥ 90%) over the 

addition channel at temperatures higher than 650 K [93, 124]. In contrary, a recent 

theoretical study [24] predicts the contribution of addition and bimolecular channels to 

be as high as 25% of the total rate at ~ 900 K. In terms of barrier heights for various 

channels in the potential energy surface of propene + OH and product branching, 
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significant quantitative differences were observed between the two theoretical works 

[93, 124]. A recent work carried out at a high level of theory 

(QCISD(T)/CBS//M062X/6-311++G(d,p)) by Zhou et al. [3] predicts total abstraction 

rate coefficients for isobutene + OH reaction that are in very  good agreement with our 

data. This suggests that the OH + isobutene addition channel contributes negligibly to 

the total rate in our experimental conditions. The bimolecular channel (reaction RIc) 

that transpires from the addition of OH to the double bond of isobutene becomes less 

important with increasing temperature as the backward dissociation of the addition 

complex becomes faster and the stabilization of the adduct becomes less efficient.  

The measured rate coefficients for reaction RI are plotted in Figure 5-12 along with 

literature low-temperature data [90, 108, 161, 162] and the only available high-

temperature data point from Smith [97]. Also shown are the total theoretical H-

abstraction rate coefficients (kVII = k4 + k5), where k4 is taken from Sun and Law [88] 

and k5 from Huynh et al. [160], as both theoretical works only calculated the respective 

channels. Additionally, the total rate coefficients from the kinetic model of Zhou et al. 

[3] are plotted for comparison. Our measured rate coefficient matches very well with 

that of Smith [97] at 1259 K. The combined theoretical rate coefficients of Sun and 

Law [88] and Huynh et al. [160] underpredict our measurements by roughly a factor of 

two. But, the rate coefficients reported by Zhou et al. [3] using high level ab initio 

methods (QCISD(T)/CBS//M062X/6-311++G(d,p)) combined with conventional 

transition-state theory  are found to be in good agreement with our data. Zhou et al. [3] 

concluded that, during stoichiometric oxidation of isobutene, the OH addition to 

isobutene leading to the bimolecular products contributes only 7.9% to the total fuel 

consumption at 850 K and 30 atm, and the contribution of OH addition channel vanishes 

to zero at higher temperatures (T ≥ 950 K). This prediction of negligible importance of 

the addition channel for isobutene + OH reaction is in line with the report of Huynh et 

al. [23] for a similar reaction system (propene + OH). 
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Figure 5-12: Arrhenius plot of the rate coefficients for isobutene + OH. Rate constant data for 

propene + OH and ethane + OH are also shown. 

The temperature-dependence of our experimental rate coefficients for reaction RVII 

can be given by the following Arrhenius expression (units: cm3.mol-1.s-1): 

𝑘𝑉𝐼𝐼(𝑇) = 10.13 ×10
6 (
𝑇

K
)
2

exp(−
100.7K

T
) 

5.29 

The vinylic bond strengths are ≥ 108 kcal/mol, whereas the allylic bond dissociation 

energy is of the order of 85 – 87 kcal/mol [121]. This means that vinylic H atoms are 

harder to remove and hence will have a small contribution to the total abstraction rates 

of alkenes + OH reactions. This can be easily seen by comparing the total rate 

coefficient of OH + ethene (2 × 1012 cm3mol-1s-1) [69] and OH + propene (7.5 × 1012 

cm3mol-1s-1) [24] at 1100 K. This reactivity difference can be attributed to the rapid 

reaction of OH with easily abstractable allylic H atoms in propene. In fact, the reactivity 

differences should also be reflected in the reactions of 2-butene and propene with OH 

radicals. As 2-butene possess double the number of allylic hydrogen atoms as compared 

to propene, one can speculate that the reaction of 2-butene with OH radicals will be 

roughly 2 times faster than propene + OH. The data in [24] and [95] confirm this 

expected trend. Along the same lines, it can be argued that since both isobutene and 2-

butene possess 6 allylic and 2 vinylic H atoms and that the contribution of vinylic 

(terminal or non-terminal) H atoms is expected to be small, the total rate coefficients of 

isobutene + OH and 2-butene + OH should be similar. However, comparisons of current 

measurements with 2-butene (cis and trans) data from Vasu et al. [95] revealed that H-

abstraction reaction in isobutene is less efficient than it is for 2-butenes. Furthermore, 
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isobutene + OH reaction is found to be only ~ 50% more reactive than that of propene 

+ OH.  These differences in the reactivity of allylic H atoms may be attributed to the 

low but wide variety of energy barriers for direct and indirect H-abstraction routes from 

various allylic sites of alkenes [88, 93, 124].  

Detailed two sigma uncertainty analysis for the measured rate coefficients was 

performed at a representative temperature of 1120 K and a pressure of 1.57 atm. The 

overall uncertainty is calculated using the root-sum-squared method and is found to be 

± 15%. 

 High-Temperature Measurements of Deuterated Isobutenes + OH 

 Products 

The rate coefficients for the reaction of OH with three isotopes of isobutene were 

determined in a manner analogous to the methodology described in the earlier section. 

Approximately 300 ppm of isobutene-1-d2, isobutene-3-d6 or isobutene-d8 were mixed 

with TBHP (~23 – 25 ppm) and argon in proportions that would make OH decay follow 

pseudo-first-order kinetics.  Arrhenius plots for reactions RVII − RX are shown in 

Figure 5-13. A large drop (~ 35%) was observed by complete deuteration of isobutene 

(kVII > kVIII). The addition channels do not involve C-H/C-D bond and hence will not 

show any significant deuterated kinetic isotopic effect (DKIE). However, the DKIE is 

unambiguous in our data and we can, therefore, claim that the current data are observing 

only abstraction channels – further evidence that addition channels are unimportant at 

high temperatures. Our data show that the DKIE is less pronounced when deuteration 

occurred at the vinylic site (compare kVII with kVIII and kIX with kX). As kIX < kVII and 

kIV < kVIII by almost 29%, the deuteration on the allylic sites has substantial effect on 

the measured rate coefficients, demonstrating that allylic hydrogens are much more 

reactive than the vinylic hydrogens. The best fits to our experimental data yield the 

following Arrhenius expressions for the rate coefficients of reaction RVIII-RX (units: 

cm3 mol-1 s-1): 

𝑘𝑉𝐼𝐼𝐼(𝑇) = 9.2410
6 × (

𝑇

K
)
2

exp (−
100.7K

𝑇
) 

5.30 
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𝑘𝐼𝑋(𝑇) = 8.874 × 10
6 (
𝑇

K
)
2

exp (−
301.7K

𝑇
) 

5.31 

 

kX(T) = 8.645 × 106 (
T

K
)
2

exp (−
402.3K

T
) 

5.32 

 

 

 

Figure 5-13: Arrhenius plot of the rate coefficients of isobutene + OH (kVII), isobutene-1-d2 + 

OH (kVIII), isobutene-3-d6 + OH (kIX), isobutene-d8 + OH (kX). Lines represent best fit to the 

experimental rate coefficients. 

 Site-Specific Rate coefficients and Branching Ratios 

It is well accepted that the overall H-abstraction reactions of hydrocarbon fuels 

can be calculated as the sum of various site-specific rate coefficients [42, 44]. The total 

rate coefficients for reactions RVII – RX can be expressed as: 

𝑘𝑉𝐼𝐼 = 2𝑘1,𝐻 + 6𝑘3,𝐻 5.33 
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𝑘𝑉𝐼𝐼𝐼 = 2𝑘1,𝐷 + 6𝑘3,𝐻 5.34 

 

kIX = 2k1,H + 6k3,D 5.35 

 

kX = 2k1,D + 6k3,D 5.36 

 

Here, k1 and k3 are the abstraction rate coefficient per H (or D) atom at the vinylic and 

allylic sites, respectively. This set of four equations has four unknowns: k1,H, k1,D, k3,H 

and k3,D. However, only three independent equations can be obtained. This is because, 

for the system of linear equations given above, the following equality can be derived: 

𝑘𝐼 + 𝑘𝐼𝑉 = 𝑘𝐼𝐼 + 𝑘𝐼𝐼𝐼 5.37 

 

Equation 5.37 must hold for all temperatures. Our experimental results show that the 

above equality is valid for the entire temperature range of our study which validates 

Eqs. 5.33 − 5.36. 

Tully et al. [42-44] studied the deuterated kinetic isotopic effect (DKIE) of H-

abstraction reactions from ethane and neo-pentane and concluded that the DKIE from 

the primary C-H site in alkanes is similar among all alkanes. Tully successfully used 

this assumption to study the branching ratios of propane + OH reaction [44]. Badra et 

al. [24] used the DKIE of the vinylic site of alkenes to study the branching ratios of the 

three H-abstraction channels of propene + OH reaction. Tully et al. [68] reported the 

DKIE of the vinylic site in ethylene + OH for temperatures < 900 K. In the first chapter 

of this thesis, we reported the DKIE for ethylene + OH reaction in the temperature range 

of 850 − 1350K which can be expressed by the following equation: 

kH,vinylic

kD,vinylic
= 1.307exp (

3 × 105K2

T2
) 

5.38 
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As vinylic bonds for both ethylene and isobutene have similar C-H bond strength of 

about 110 kcal/mol [3, 148], they are expected to display similar reactivity at the vinylic 

site. Therefore, it is valid to apply Eq. 5.38 for the isobutene + OH reaction system. 

Equation 5.38 is combined with any three of the rate expressions, Eqs. 5.33 − 5.36, to 

extract the allylic and vinylic site-specific rate coefficients for H-abstraction by OH 

from isobutene. An optimization method explained elsewhere [24] is adopted here to 

extract the four unknowns (k1,H, k1,D, k3,H and k3,D). The results of our calculations are 

plotted in Figure 5-14 with Arrhenius parameters given in Table 5-3 

 

Figure 5-14: Site-specific rate coefficients per H and D atom abstraction from isobutene by 

OH 

 

Table 5-3: Arrhenius parameters per H and D atom abstractions by OH from isobutene 

according to k(T) = A TB exp(-E/T) in cm3 mol-1 s-1. 

Rates A B E 

k3,H 6.98 × 106 1.77 136.6 

k3,D 4.42 × 106 1.8 361.7 

k1,H 6.25 × 105 2.16 711.6 
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k1,D 3.13 × 107 1.67 1814 

 

As expected, the site-specific H-abstraction at the allylic site (k3,H) is measured to be 

larger than that of the vinylic site (k1,H) at low temperatures. However, the two per-H-

atom rates approach each other and are found to be comparable at ~ 1400 K. At higher 

temperatures (T ≥1400 K), vinylic hydrogen gains more importance which reflects the 

higher energy barrier for vinylic H-abstraction. A similar trend is observed for the D-

abstraction from allylic (k3,D) and vinylic (k1,D) sites. 

Based on the rate parameters listed in Table 5-3, the total rate coefficients for RIa 

(allylic channel) and RIb (vinylic channel) are plotted in Figure 5-15. Theoretical rates 

of Zhou et al. [3] show excellent agreement with our experimental data with slightly 

different temperature dependence. The rate of the allylic channel calculated by Sun and 

Law [88] is slower by a factor of two at ~ 800 K, but approaches the experimental 

allylic channel at ~ 1400 K. The rate of the vinylic channel calculated by Huynh et al. 

[160] is slower by a factor of 4 over the entire range of temperatures.  

 

Figure 5-15: Total rate coefficients for the two H-abstraction channels of isobutene + OH. R4: 

total allylic H-abstraction, R5: total vinylic H-abstraction 
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The experimental and theoretical branching ratios for the allylic and vinylic H-

abstraction channels are compiled in Table 5-4 and plotted in Figure 5-16. Not 

surprisingly, the reaction leading to 2-methyl-allyl (R4) is found to be the dominant 

channel (>75%) over the entire temperature range of our study. As temperature 

increases, the channel leading to 2-methyl-1-propenyl radical becomes more important. 

At 1400 K, it contributes about 25% to the total rate of isobutene + OH reaction. The 

branching ratio predicted by combining Sun and Law [88] and Huynh et al. [160] appear 

to overestimate the allylic channel by ~ 10%. The predictions of Zhou et al. [3] are 

found to be in excellent agreement with our measured branching ratios.  

 

Figure 5-16: Branching ratios for allylic and vinylic H-abstraction channels of isobutene + OH. 

Shaded regions defines the uncertainties in the branching ratios measurements of this work. 

Table 5-4: Experimental and theoretical branching ratios (%) of the allylic (R4) and vinylic 

(R5) H-abstraction channels of isobutene + OH reaction. 

 This work Zhou et al. [3] Sun and Law [88] +  Huynh [160] 

T(K)    

kIa kIb kIa kIb kIa kIb 

800 83.2 16.8 84.6 15.4 93.2 6.8 

900 81.5 18.5 82.5 17.5 92.8 7.2 
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1000 79.8 20.2 80.7 19.3 92.6 7.4 

1100 78.3 21.7 79.1 20.9 92.4 7.6 

1200 76.9 23.1 77.6 22.4 92.2 7.8 

1300 75.7 24.3 76.3 23.7 92.0 8.0 

1400 74.6 25.4 75.1 24.9 91.9 8.1 

 

5.4 Conclusion 

The measurements for the rate coefficients of several propene and isobutene deuterated 

isotopes with OH were carried out behind reflected shock waves. Six deuterated 

propene isotopes were employed to extract site-specific H abstraction rate coefficients 

over a temperature range of 818 – 1460 K. The addition channels are found to be 

negligible over the studied temperature range. Among the abstraction channels, allyl 

channel was found to be the most dominant abstraction channel followed by propen-1-

yl and propen-2-yl channels. These findings are in line with previous theoretical studies, 

however, discrepancies existed in the magnitude of the site-specific rate coefficients. 

The derived site-specific rate constants will prove very useful in the calculation of 

branching ratios for OH + alkene reactions. On the other hand, four deuterated 

isobutene isotopes were employed to elucidate site-specific H-abstraction rate 

coefficients of isobutene + OH. The measured rate coefficients exhibited strong positive 

temperature dependence. This together with the fact that we observed a marked drop in 

the rate coefficients of deuterated isobutene (C4D8) compared to that of the isobutene 

(C4H8) hint that the bimolecular channels via addition complexes are unimportant at 

high temperatures. The allyl H-abstraction channel leading to 2-methy-allyl radical was 

found to be the dominant abstraction channel (~ 75%) in the temperature range of our 

study. However, the rate of vinylic H-abstraction gains more importance as temperature 

increases. 

  



133 

 

Fethi Khaled - November 2018    

 

 

 

 

 

Chapters 3, 4 and 5 of this thesis were about experimental investigation of the reaction 

of OH with hydrocarbons. Competition between different H-abstraction pathways and 

contribution of the addition pathways to the overall decay rates of OH in the presence 

of these hydrocarbons are discussed, qualified and even quantified when possible. 

Another interesting part on the study of the reactivity of OH radicals in combustion is 

its reaction with other combustion radicals rather than just the reaction with fuel 

molecules. Interestingly, in most cases, these combustion radicals are unstable and a 

very important sink of OH. One of the most important experimental challenges for the 

study of the reaction of OH with other radicals is their unstable nature which makes it 

difficult to prepare these in a clean way for. The next chapter presents the first ever 

experimental measurement of the reaction of allyl radicals (C3H5) with OH radicals. 
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6 A SHOCK TUBE KINETIC STUDY OF ALLYL + ALLYL AND 

ALLYL + OH RECOMBINATION REACTIONS  

6.1 Introduction 

Aromatic species are the building blocks of polycyclic aromatic hydrocarbons (PAHs) 

which ultimately produce soot under combustion relevant conditions. Resonantly 

stabilized hydrocarbon radicals such as propargyl (C3H3) and allyl (C3H5) play 

important roles in the formation of aromatic hydrocarbons [165, 166]. Due to their 

relatively high resonance stabilization energies of  50 kJ/mol and  61 kJ/mol for C3H3 

and C3H5, respectively [79], these are thermodynamically stable and exhibit quite a 

slow reaction with O2 under combustion conditions [167]. Consequently, such 

resonantly stabilized radicals can accumulate high concentrations in reactive 

hydrocarbon systems, and their self-recombination or cross radical-radical reactions 

become dominant loss channels at high temperatures. 

There are quite a few experimental studies on the self-recombination reaction of allyl 

radicals. Most of these studies are limited to temperatures lower than 1000 K except a 

recent laser densitometry study (T = 900 – 1700 K, P  0.16 bar) of Lynch et al. [168] 

and a single-pulse shock tube speciation study (T = 650 – 1300 K, P  10 bar) of 

Fridlyand et al. [169]. Most previous works employed UV absorption of allyl radicals 

to follow the kinetics of self-recombination reaction of allyl radicals. Except a low-

pressure pyrolysis study of Rossi et al.[170], all literature experimental rate coefficients 

below 800 K show no pressure effects indicating the reaction is close to the high-

pressure limit. These data show a slight negative temperature dependence, though the 

rate coefficient results are still quite close to (2.7  0.8)10-11 cm3molecule-1s-1 

determined by Selby et al. [171] at 298 K. Matsugi et al. [172] questioned the accuracy 

of these rate data for T  298 K arguing that the measurements might have been affected 

by the assumption of temperature-independent values for the absorption cross-section 

of allyl radicals. For this reason, Matsugi et al. [172] first measured the temperature 

dependent absorption cross-section of allyl radicals at 402.9 nm, and then determined 
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the rate coefficient of allyl recombination over the temperature range of 295-800 K and 

pressures of 20-200 Torr. Their measured rate data show good agreement with earlier 

studies, indicating that the assumption of temperature-independence of the absorption 

coefficient of allyl radicals is probably valid. Moreover, Matsugi et al. [172] did not 

observe any fall-off effects. Since the low-pressure / high-temperature measurements 

of Throssel [173], Golden et al. [174] and Rossi et al. [170] may have indicated fall-off 

effects, Matsugi et al. [172] further performed RRKM/Master-Equation calculations to 

predict the temperature- and pressure- dependent rate coefficients of allyl 

recombination. Their theoretical predictions capture the low-pressure data of Throssel 

[173] and Rossi et al. [170] reasonably well, and exhibit pronounced pressure-

dependence above 500 K. However, their computed k(T) show much steeper inverse 

temperature-dependence than those of the experiments, and their predicted rates 

overestimate Lynch et al. [168] data by at least a factor of 2 at high temperatures. The 

discrepancy between theoretical calculations and experiments warrants additional 

studies for allyl + allyl reaction at high temperatures. 

Both C3H5 and OH radicals are important combustion species. The reaction of these 

radicals can lead to the formation of enol which has been detected in flames [70, 75]. 

Therefore, understanding of the reaction pathways for the removal of these radicals 

under combustion conditions is crucial. To the author’s knowledge, there are no 

previous experimental studies which report rate coefficients for allyl + OH reaction. 

For this important reaction, most chemical kinetic models currently rely on Tsang’s 

[139] estimated rate (error bounds of factor of 3).  This clearly evokes an investigation 

for this reaction. 

In this work, we investigated the self-reaction of allyl radicals and its cross-reaction 

with hydroxyl by employing shock tube and laser absorption techniques. We carried 

out the experiments behind reflected shock waves over the temperature range of 800 – 

1200 K and pressures of 1.1 – 2.5 bar. We generated allyl (C3H5) and OH radicals by 

fast thermal decomposition of allyl iodide (C3H5I) and tert-butyl hydroperoxide 

(TBHP), respectively, and monitored reaction progress by detecting OH near 306.69 

nm and C3H5 near 220 nm using UV laser absorption.  
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6.2 Experimental details 

Allyl (C3H5) and hydroxyl (OH) radicals were generated thermally behind reflected 

shock waves by their corresponding well-known precursors, allyl iodide (C3H5I) [175] 

and tert-butyl hydroperoxide ((CH3)3-C-O-OH) [59], via following reactions: 

C3H5I  C3H5 + I       R1a 

             C3H4 + HI       R1b 

(CH3)3-C-O-OH  CH3C(O)CH3 + OH + CH3   R2 

Elimination of hydrogen iodide (HI) from C3H5I, R1b, plays a minor role because the 

branching ratio (k1b/k1a) for this channel was previously found to be 0.003 [169]. This 

value of the branching ratio is consistent with an upper limit of  0.01, reported by 

Lynch et al. [168]. Therefore, one can safely rule out reaction R1b. Furthermore, I atoms 

produced via reaction R1a remain virtually inert under shock tube conditions [176] 

which makes C3H5I an excellent thermal source of C3H5 radicals. 

All experiments were carried out behind reflected shock waves. Details of the shock 

tube, OH diagnostic and the allyl diagnostic setups are given in the experimental 

methods chapter of this thesis (chapter 2). A schematic of the experimental set up is 

shown in Figure 6-1.  Two pairs of quartz windows mounted 2 cm away from the shock 

tube end-wall were used to propagate 307 nm light for OH detection and 220 nm to 

detect C3H5.   
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Figure 6-1: A schematic of the optical set up for simultaneous detection of allyl and OH 

radicals. 

For OH radical detection, we employed a narrow width Spectra-physics dye laser 

system to generate ultra-violet (UV) light at 307 nm utilizing the external frequency 

doubling of red light (614 nm) produced by a ring-dye cw laser. We tuned the UV light 

to the center (306.6868 nm) of the well-characterized R1(5) absorption line in the (0, 

0) absorption band of A2 Σ+ ← X2 Π transition of OH radical. Allyl exhibits a broad 

UV absorption spectrum in the wavelength range of  = 210 – 240 nm with a peak 

absorption cross-section of max (298 K) = 5.7  10-17 cm2 molecule-1 near max = 223 

nm [32]. Bergh et al. [32] attributed this strong UV absorption of allyl radicals to the 

B(2B1)X(2A2) electronic transition.  We monitored C3H5 radicals near 220 nm by 

utilizing a Ti:Sapphire laser system coupled to a fourth-harmonic generator.  The output 

power of the laser beam was ~ 2.6 W at 880 nm, and ~ 25 mW at 220 nm. The linewidth 

of the laser was ~ 1 nm at 880 nm (as measured by the Ocean Optics spectrometer 

USB2000+) and calculated to be ~ 0.25 nm at 220 nm which is much less than that of 

the allyl radical absorption feature (>10 nm , [32]). Two silicon photodetectors 

(Newport R2032, bandwidth 900 kHz) equipped with a laser-line filter near 220 nm 

were used to measure the laser intensity before and after the shock tube. The noise of 

the laser beam after common-mode-rejection was less than 0.1% of the signal. 
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The chemicals used were: 70% solution of TBHP in water, allyl iodide (≥ 98% purity), 

and argon (99.999% purity). Gas mixtures containing radical precursors (C3H5I or 

C3H5I + TBHP) in argon were prepared manometrically in a 24-litre Teflon-coated 

stainless-steel vessel equipped with a magnetically-driven stirrer. The mixtures were 

left to homogenize for at least one hour. Prior to gas mixture preparation, the mixing 

vessel was turbo-pumped down to < 10−5 Torr. Capacitance pressure gauge (MKS 

Baratron) of 0–20 Torr range was used to accurately measure partial pressures of radical 

precursors. During these experiments, no heating of the shock tube and/or mixing vessel 

or manifold was involved. 

6.3 Results and discussion 

6.3.1 Absorption cross-sections of C3H5I and C3H5  

A series of shock tube experiments were performed over 794 – 1172 K and 1.15 – 2.5 

bar with C3H5I/Ar mixtures by monitoring C3H5 radicals at 220 nm. Figure 6-2 shows 

a typical laser transmission profile, illustrating very high signal-to-noise ratio. 

 

Figure 6-2: A typical absorption profile recorded at 220 nm for a mixture of 50 ppm 

C3H5I/Ar. Regions identified as 1, 2 and 5 denote the pre-shock (T1=296 K, P1=0.125 atm), 

the post incident shock (T2=585 K, P2=0.55 atm) and post reflected shock (T5=946K, 

P5=1.66 atm) regions, respectively. Time zero indicates the arrival of the reflected shock 

wave at the center of the optical ports. Black trace is the normalized laser transmission signal 

and blue trace is pressure. 

We observed absorption interference caused by C3H5I at 220 nm, in accordance with 

previous studies [177, 178] which reported an absorption cross section of C3H5I, 220nm 
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= 1.07  10-17 cm2/molecule at 296 K and 1 bar. The interference by C3H5I needs to be 

accounted for to reliably extract desired kinetic information. We recorded the 

absorption of allyl iodide (C3H5I) at pre-shock and incident-shock conditions (T  700 

K and P  0.5 bar) where C3H5I is thermally stable. Using Beer-Lambert law, we 

determined absorption cross-sections of C3H5I which did not exhibit any temperature 

dependence, and agreed with previous values [177, 178] within 10% (see Figure 6-3). 

Therefore, we used a temperature-independent value of C3H5I, 220nm = 1.07  10-17 

cm2/molecule to evaluate our high-temperature data. 

 

Figure 6-3: Absorption cross-sections of allyl iodide at 220 nm as a function of temperature. 

Mean value derived is 220 nm (C3H5I, 298 – 800 K) = (1.07  0.1)  10-17 cm2 molecule-

1. 

As stated earlier, the reliability of rate coefficients for allyl recombination depends on 

the accuracy of absorption cross-sections. There are no previous studies which 

measured the temperature-dependent absorption cross-section of allyl radicals at 220 

nm. This was accomplished in the current work by recording the absorption of allyl 

radicals at 220 nm after the fast thermal decomposition of C3H5I (  4 s for T ≥ 1000 

K, P ≥ 1.5 bar [169]). The measured absorbance time-histories followed second-order 

kinetics with respect to allyl concentration. The absorbance at time zero was easily 

obtained by extrapolation of reciprocal absorbance vs time plot. Absorption cross-

sections of allyl (C3H5, 220nm) were obtained by applying the Beer Lambert law and 

equating [C3H5I]0 = [C3H5]0. Our measurements were kept below 1200 K because allyl 

radicals begin dissociating in appreciable amounts beyond 1200 K (t1/2 ~ 725 s [175]). 
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We obtained an average value of C3H5, 220nm = (3.1  0.3)  10-17 cm2 molecule-1 over 

950 – 1200 K. Uncertainty in measured absorption cross-section was caused mainly 

due to uncertainties in the mixture composition (5%) and location of time zero (2 

s). Earlier measurements [32, 177, 179] showed some scatter ( 5.0 to 7.2 ×10-17 cm2 

molecule-1) for the absorption cross-section of allyl at 220 nm.  These room-temperature 

values are roughly a factor of two higher than our high-temperature data. Combining 

our determination with room-temperature values from Jenkin et al. [177] and Van den 

Bergh and Callear [32], we recommend C3H5, 220 nm (T) = 5.7×10-17 (T/298)-0.45   cm2 

molecule-1 over 298 – 1200 K (see Figure 6-4). The absorption cross-section of allyl 

near 220 nm is found to be almost two orders of magnitude higher than the value at 403 

nm reported by Matsugi et al. [172]. 

 

Figure 6-4: Absorption cross-sections of allyl radicals. Black line represents our recommended 

value given by C3H5, 220 nm (T) = 5.7×10-17 (T/298)-0.45 cm2 molecule-1 over 298 – 1200 K. 

 

6.3.2 C3H5 + C3H5 reaction 

Self-recombination reaction of allyl radicals proceeds by a barrierless addition to yield 

1,5-hexadiene, R3a, followed by several isomerization and dissociation channels [172]. 

The disproportionation channel, R3b, has negligible contribution (k3b/k3a = 0.003) [169]. 
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Back dissociation of 1,5-hexadiene (R-3a) becomes important at high temperatures, e.g., 

k = 36 s-1 at 900 K [168]. 

C3H5 + C3H5  1,5-C6H10    R3a and R-3a 

                   a-C3H4 + C3H6   R3b  

 

Figure 6-5: Measured time-histories of allyl radicals at 220 nm. The vertical axis of the insets 

is in (a) log scale and (b) reciprocal scale.  

Figure 6-5 plots allyl time-histories at two representative conditions which show 

complex kinetic behavior due to the characteristics of reactions R1a, R3a and R-3a. 

Therefore, a careful analysis of the data is required. Differential rate laws for major 

species can be expressed as: 

 
𝑑[𝐶3𝐻5]

𝑑𝑡
= 𝑘1𝑎[𝐶3𝐻5𝐼] − 2𝑘3𝑎[𝐶3𝐻5]

2 + 2𝑘−3𝑎[1,5𝐶6𝐻10] 6.1 
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𝑑[𝐶3𝐻5𝐼]

𝑑𝑡
= −𝑘1𝑎[𝐶3𝐻5𝐼] 6.2 

 
𝑑[1,5𝐶6𝐻10]

𝑑𝑡
= 𝑘3𝑎[𝐶3𝐻5]

2 − 𝑘−3𝑎[1,5𝐶6𝐻10] 6.3 

 

With [C3H5I] = [C3H5I]0 exp(-k1at) and [1,5C6H10] = ([C3H5I]0-[C3H5I]-[C3H5])/2, 

Eq. 6.1 becomes: 

 

𝑑[𝐶3𝐻5]

𝑑𝑡
= (𝑘1𝑎 − 𝑘−3𝑎)[𝐶3𝐻5𝐼]0 exp(−𝑘1𝑎𝑡) + 𝑘−3𝑎[𝐶3𝐻5𝐼]0

− 2𝑘3𝑎[𝐶3𝐻5]
2 − 𝑘−3𝑎[𝐶3𝐻5] 

6.4 

 

Since both C3H5 and C3H5I absorb at 220 nm, we define a quantity [X] to express our 

experimentally measured time histories: 

 [𝑋]𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = [𝐶3𝐻5] + [𝐶3𝐻5𝐼] 6.5 

where  is the ratio of absorption cross-sections of C3H5I and C3H5. Thus, it leads to: 

 

𝑑[𝑋]

𝑑𝑡
= ((1 − )𝑘1𝑎 − 𝑘3𝑎)[𝐶3𝐻5𝐼]0 exp(−𝑘1𝑎𝑡) + 𝑘−3𝑎[𝐶3𝐻5𝐼]0

− 2𝑘3𝑎[𝑋]
2 − (𝑘−3𝑎 − 4𝑘3𝑎[𝐶3𝐻5𝐼]0 exp(−𝑘1𝑎𝑡)). 𝑋

+ 𝑘−3𝑎[𝐶3𝐻5𝐼]0 exp(−𝑘1𝑎𝑡)

− 2𝑘3𝑎
2[𝐶3𝐻5𝐼]0

2exp(−2𝑘1𝑎𝑡) 

 

6.6 

The unknowns (k1a, k3a and k-3a) were determined by iteratively fitting experimental [X] 

time-histories. For early stage of the reaction and low temperatures, our profiles are 

sensitive mostly to C3H5I decomposition (R1a). Therefore, for early stage of the 

reaction, Eq. 6.6 reduces to: 

 [𝑋] − [𝐶3𝐻5𝐼]0 = (− 1)[𝐶3𝐻5𝐼]0exp(−𝑘1𝑎𝑡) 6.7 

Thereafter, k1a and  are obtained from the slope and intercept of the 𝑙𝑛([𝑋] −

[𝐶3𝐻5𝐼]0) vs time plot (inset of Figure 6-5 (a)), respectively. We note that the 

absorption signal is affected by schlieren spike for few microseconds after time zero 

(passage of reflected shock). 
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In cases where allyl self-reaction (R3a) dominates, e.g., later stage of Figure 6-5 (a) and 

early stage of Figure 6-5 (b), the decay is purely second order (as demonstrated in the 

inset of Figure 6-5 (b)). For such conditions, the measured profiles are sensitive only to 

R3a, and Eq. 6.6 becomes: 

 
1

[𝑋]
=

1

[𝐶3𝐻5𝐼]0
+ 2. 𝑘3𝑎. 𝑡 

6.8 

Thereafter, k3a is obtained from the slope of 
1

[𝑋]
 vs time plot.  

Finally, at high temperatures and late reaction times, equilibrium is established for 

reaction R3a. Consequently, k-3a can be deduced according to Eq. 6.9: 

 𝐾 =
𝑘3𝑎
𝑘−3𝑎

=
([𝐶3𝐻5𝐼]0 − [𝑋])

2. [𝑋]2
 

6.9 

Additionally, we employed detailed kinetic model [168] fitting of the experimental 

profiles employing k1a, k3a and k-3a values determined through Eqs. 6.7 − 6.9. Those fits 

are shown by red lines in  Figure 6-5. The determined rate coefficients k3a is compared 

with literature data in Figure 6-6. 

 

Figure 6-6: Arrhenius plot for the rate coefficient (k3a) of allyl self-recombination. Figure 

adopted from Matsugi et al. [8] to compare with literature data. 
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As can be seen in Figure 6-6, our measured rate coefficients for allyl self-recombination 

exhibited slight negative temperature dependence over 950 – 1200 K and 1.15 – 1.96 

bar. Under these conditions, we determined a mean value of (1.0  0.2)×10-11 

cm3molecule-1s-1 for k3a. No obvious fall-off effects were observed within our narrow 

pressure range. Our rate coefficients are close (within 40%) to the predicted high-

pressure limit of Matsugi et al. [172]. Our high-temperature data matched excellently 

with RRKM/ME calculations of Matsugi et al. [172] for 1 bar. However, these 

calculations under-predicted our lower temperature data by ~ 40% but captured the 

trend reasonably well. Below 1000 K, our data (P = 1.15 – 1.96 bar) matched very well 

with the 120 Torr data of Lynch et al. [168] indicating that fall-off effects are not 

significant for those conditions. 

6.3.3 C3H5 + OH reaction 

The attack of OH on either the radical site or the terminal-vinylic site of allyl radical 

results in the formation of allyl alcohol, reaction R4a. This reaction is highly exothermic; 

r,298KH°  -334 kJ/mol, based on f,298KH° (C3H5) = 171  3, f,298KH° (OH) = 38.99 

and f,298KH° (C3H5OH) = -123.61.5 in units of kJ/mol taken from [180]. Reaction R4a 

is found to be a bit more exothermic than that of a similar reaction (R5), 

cyclopentadienyl radical (c-C5H5) + OH  cyclopentadienol (c-C5H5OH), the 

exothermicity of which is r,298 KH°  -304 kJ/mol from G3B3 value [181]. 

 

C3H5 + OH   C3H5OH        (R4a) 

 C2H3CHO + 2H      (R4b) 

         C3H4 + H2O       (R4c) 

 c-C5H5 + OH  c-C5H5OH      (R5) 

The reaction of OH and C3H5 may also lead to the formation of acrolein (C2H3CHO) 

and two hydrogen atoms, reaction R4b [139]. Here, OH substitution in allyl radical 

weakens alpha C-H bond which results into an alpha H-atom elimination followed by 

another hydrogen release to eventually produce acrolein (C2H3CHO). Taking reaction 

analogy to c-C5H5 + OH  c-C5H4OH + H  (r,298 KH°   -16 kJ/mol [181]), ejection of 

the first H-atom can also be a slight exothermic process overall. The third pathway of 
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C3H5 + OH is a disproportionation reaction (R4c) which leads to the formation of allene 

and water. 

To our knowledge, there are no previous measurements for the rate coefficients of allyl 

+ OH. However, Tsang [139] recommended a temperature-independent value of the 

rate coefficients, k4a+4b = (2.5−1.25
+2.5 )  10-11 cm3molecule-1s-1 for the sum of reactions 

R4a and R4b. His RRKM calculations revealed no fall-off effects except at the highest 

temperatures. According to his reports, reaction R4b contributes negligibly (k4b/k4a+4b  

0.2%) under our experimental conditions (T = 930 – 1200 K, P = 1.5 – 2.5 bar). He 

further provided an estimate for reaction R4c to be k4c = (1−0.66
+2.0 )  10-11 cm3molecule-

1s-1. 

We assembled a kinetic model which consisted of C3H5 + OH reaction (R4) with the 

rate estimates from Tsang [139], Zhou et al. [3] base chemistry, Pang et al. [59] sub-

chemistry for tert-butyl hydroperoxide (TBHP), and Lynch et al. [168] sub-chemistry 

for C3H5 radicals. We updated the rate coefficients of C3H5 + C3H5 reaction from this 

work. 

We investigated R4 by carrying out several shock tube experiments with 

C3H5I/TBHP/Ar mixtures over the temperature range of 930 – 1200 K and pressures of 

1.5 – 2.2 bar. We monitored the reaction progress by simultaneously measuring allyl 

and OH radicals near 220 and 307 nm, respectively. One particular set of our 

experiments used a 10 times higher concentration of C3H5I than TBHP to maintain 

pseudo-first order kinetics. Figure 5 shows representative time-histories for OH and 

C3H5 radicals. We see that OH reacts very quickly in excess of allyl radicals, and it 

decays according to pseudo-first-order kinetics. On the other hand, OH has negligible 

effect on allyl radical decay as indicated by the simulations with and without TBHP. In 

this case, allyl decays via self-recombination reaction by second-order kinetics. Using 

the assembled kinetic model, we iteratively varied the rate coefficient of reaction R4 to 

obtain best fits with the experimentally measured profiles. Figure 6-7 shows the results 

of such kinetic simulations with 50% perturbation from the mean value of the rate 

coefficient for C3H5 + OH  products. 
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Figure 6-7: Mole fraction time-histories of (a) allyl and (b) OH radicals. Red lines represent 

the kinetic model with the best fit of k4 = (9.9  1.7)  10-11 cm3molecule-1s-1 for C3H5 + 

OH reaction. Dashed green lines show the sensitivity of C3H5 + OH reaction with 50% rate 

perturbation. 

   

 

Figure 6-8: Mole fraction time-histories of (a) allyl and (b) OH radicals. The best fit resulted 

in k4 = (9.9  4.0)  10-11 cm3molecule-1s-1 for C3H5 + OH reaction. 
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We further assessed the reliability of k4 by conducting several shock tube experiments 

with the OH concentration much larger than the allyl concentration. Figure 6-8 displays 

representative time-histories for OH and C3H5 for such a case. As can be seen, allyl 

radicals disappear rapidly in excess of OH radicals. In the absence of OH radicals, allyl 

would decay much slower as indicated by the dashed blue line in Figure 6-8 (a). We 

note here that the rapid decrease in OH concentration as shown in Figure 6-8 (b) is 

mainly due to the reaction of OH radicals with CH3. For the mixture used in this case, 

both OH and CH3 are produced in excess compared to C3H5. As can be seen by the 

dashed blue line in Figure 6-8 (b), C3H5 has negligible effect on OH decay. 

From 14 reflected-shock experiments, we obtained an average value of (9.3  0.7)  10-

11 cm3molecule-1s-1 for the rate coefficient of C3H5 + OH reaction over T = 930 – 1200 

K and P = 1.5 – 2.2 bar. Our data exhibited virtually no temperature dependence which 

may indicate a barrierless addition of OH to allyl yielding C3H5OH as the major initial 

product. The measured rate coefficients are found to be close to the collision encounter 

limit. We did not observe any appreciable fall-off effects within the limited pressure 

range of our study. As stated earlier, there are no previous measurements of this reaction 

to compare with. The upper limit of Tsang [139] for k4 = 8  10-11 cm3molecule-1s-1 

agrees reasonably well with our temperature-independent value of the rate coefficient. 

Based on G3B3/RRKM-ME results, Robinson and Lindstedt [181] reported a rate 

expression, k5 (T, P = 1 bar) = 4.511029T-11.703exp(-10849/T) cm3molecule-1s-1 for c-

C5H5 + OH  c-C5H5OH reaction (R5). Their rate expression results in an average 

value of (6.2  1.0)  10-11 cm3molecule-1s-1 under our experimental conditions. As both 

c-C5H5 and C3H5 are resonantly stabilized radicals, and are likely to undergo similar 

reaction model, one expects that they would exhibit similar reactivity with OH radicals. 

A slightly slower reactivity of reaction R5 than R4 may indicate that c-C5H5 is more 

thermodynamically stable than C3H5. For further comparison, we employed the 

geometric mean rule ‘GMR’ [182] to estimate the rate coefficient for the cross-reaction 

of allyl and OH radicals. Using the present results for C3H5 + C3H5 reaction and 

literature values for OH self-reaction, GMR calculations result in a temperature-

independent value of (4.0  0.1)  10-11 cm3molecule-1s-1 for the rate coefficients of 

C3H5 + OH. The GMR method predicted the temperature-independence of the reaction 
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quite well but the estimated value is lower by more than a factor of 2. While GMR 

method works remarkably well for the cross-reaction of hydrocarbon radicals including 

resonantly stabilized radicals [172, 183], it appears to make poor predictions for polar 

molecules [184]. 

6.4 Conclusion 

We employed the shock tube / laser absorption technique to measure the self-

recombination reaction of allyl radicals and the cross-reaction of allyl with hydroxyl 

over 930 – 1200 K and 1.1 – 2.2 bar. From the measured absorption time-profiles, we 

determined rate coefficients for allyl iodide decomposition (R1a), allyl self-

recombination (R3a), dissociation of 1,5-hexadiene (R-3a) and cross-reaction of allyl and 

OH (R4). While the measured rate coefficients for reactions R1a and R-3a validated 

earlier studies, our rate data for allyl + allyl (R3a) fulfilled the need of high-temperature 

data to resolve existing discrepancy in the literature. Our data showed a slight inverse 

temperature dependence but no discernible pressure effects that complemented the 

RRKM/ME predictions of Matsugi et al. [172] as well as the Gorin-type RRKM 

predictions of Lynch et al. [172]. Our work provides the first direct measurements of 

the rate coefficients of allyl + OH reaction. Measured data exhibited negligible pressure 

and temperature effects under our experimental conditions. This may indicate that the 

reaction undergoes a barrierless process leading to the formation of C3H5OH as the 

major initial product.  
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Chapters 3 – 6 of this thesis were a dive into the elementary chemistry relevant to 

combustion kinetics through experimental measurements of the rate coefficients of the 

reaction of OH with stable species (alkenes, dienes) and unstable intermediates (allyl 

radical). These studies complement continuing literature efforts in understanding the 

kinetics of fuels, the different pathways, their importance and their dependence on 

different thermodynamic conditions for correct modeling of the combustion of fuels. 

Combustion kinetic models of fuels are becoming increasingly efficient with great 

predictive capabilities under many reactive processes. Among many macro behaviors 

of fuels that these models aim to predict, ignition delay time is a very important one. 

The next chapter of this thesis details few experimental measurements of the ignition 

delay times of fuel components that I performed in the high pressure shock tube facility 

at KAUST (propene, isobutene, 2-methylbutanol and 2-methylhexane) that have been 

used for validation and improvement of chemical kinetic models by kinetic modelers. 

In Chapter 8, we describe how we take advantage of the predictive ability of combustion 

models in predicting ignition delay times to suggest a scheme for ignition delay time 

correlations of pure components and fuel blends for application in real engine CFD 

tasks where ignition timing is the sole target instead of perform computationally 

expensive reactive CFD simulations. 
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7 IGNITION DELAY TIME MEASUREMENTS OF PROPENE, 

ISOBUTENE, 2-METHYLBUTANOL AND 2-

METHYLHEXANE 

7.1 Introduction 

The content of this chapter is published in four peer-reviewed papers [3, 19-21] where 

I was a co-author. Ignition delay time (IDT) measurements were carried out in our lab 

in collaboration with other research groups. This chapter details some of the motivation, 

experimental challenges and findings of these works. It is important to note that these 

experiments are done under collaboration projects and hence much of the content 

reported here is inspired by the content of the papers in which this work was published. 

I will detail here the experiments carried out by me with brief conclusions and 

challenges. 

7.2 Experimental setup 

The high-pressure shock tube (HPST) used for this work is already described in the 

experimental method chapter of this thesis. Sidewall pressure trace is measured using a 

Kistler 603B1 PZT located at 1.0 cm from the endwall. Additionally, OH* 

chemilimuniscence at 307 nm is monitored at the endwall and sidewall (1.0 cm from 

the endwall) ports (with sapphire windows) using PDA36A photo-detectors. The 

spectral response range of this photo-detector is 350-1100 nm. Hence, the photodiode 

of the PDA36A was changed by a Silicon Pin photodiode type S1722-02 purchased 

from Hamamatsu Corporation. The modified photodetector is valid in the 190-1100 nm 

waverange. A detailed description of the HPST and the mixing facility as well as the 

main experimental procedures are given in chapter 2. For the experiments involving 2-

methybutanol and 2-methylhexane, the mixing tank, the manifold system and the HPST 

were electrically heated to approximately 110 °C (75 °C, respectively). At these 

temperatures, the saturation vapor pressure of these two liquid fuels is at least 1.5 times 

the partial pressure used in the mixture. For the case of propene and isobutene, heating 



151 

 

Fethi Khaled - November 2018    

was not needed since their vapor pressures at room temperatures are already much 

higher than their partial pressures in the prepared mixtures. The injection of liquid fuels 

(2-methylbutanol and 2-methylhexane) is made through a septa rubber valve that has 

high sealing properties. Whereas, gaseous fuels (propene and isobutene) are directly 

flowed inside the mixing tank from the manifold system. Furthermore, a He-Ne laser 

beam at 3.39 m is used to monitor the fuel concentration inside the shock tube prior 

to each run. 2-Methylbutanol (99.9 % purity), 2-Methylhexane (99% purity) were 

procured from Sigma Aldritch,.research grade propene, isobutene, oxygen and nitrogen 

cylinders (99.999% purity) were purchased from Abdullah Hashim Gas Company. A 

molar ratio of 3.76:1 of N2:O2 is used to prepare fuel/air mixtures. Driver-gas tailoring 

(nitrogen in helium) was carried out with the help of two mass flow controllers to extend 

the shock tube test times up to 11 ms (when needed). A small pressure rise behind 

reflected shock wave (dP5/dt) is observed which varied from 1%/ms to 3%/ms. 

7.3 IDTs of 2-methylbutanol 

7.3.1 Motivation 

In recent years, the interest in alternative fuels has increased due to more stringent 

emission regulations and health concerns related to the combustion of traditional fuels. 

Oxygenated fuels have been considered as potentially attractive alternative fuels, or 

fuel additives to fossil fuels in order to reduce NOx and particulate emissions [185]. In 

addition, the production of oxygenated fuels from renewable sources can offset 

CO2 emissions from combustion devices. However, the combustion characteristics of 

oxygenated fuels need to be evaluated to determine advantages and disadvantages in 

the context of practical applications. Some oxygenated fuels can be used directly, while 

others need to be blended with traditional fuels prior to entering the combustor [186].  

The interest for using 2-methylbutanol as a bio-derived fuel candidate has increased 

because it can be produced from various substrates by modified Escherichia 

coli bacteria [187] and photosynthesis by cyanobacteria [188]. However, there have 

been limited studies on 2-methylbutanol combustion. Tang et al.[189] measured the 

high temperature ignition behavior of C5 alcohols (n-pentanol, iso-pentanol, and 2-

methylbutanol) in the temperatures ranging from 1100 to 1500 K and pressures of 1.0 
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and 2.6 atm. The ignition delay time and the global activation energy of the three 

isomers both decreased in the order of iso-pentanol, 2-methylbutanol, and n-pentanol. 

The purpose of our experimental study is to expand experimental data available for 2-

methylbutanol ignition at a broader range of conditions, in order to improve the 

mechanistic understanding of its combustion using a detailed chemical kinetic 

modeling. This study presents a comprehensive experimental dataset for 2-

methylbutanol oxidation over a wide range of temperatures, pressures, and equivalence 

ratios. A comprehensive chemical kinetic model for 2-methylbutanol was developed by 

Park et al. [21] based on these data and using the rate rules established for modeling 

studies on other C4 and C5 alcohols.  

7.3.2 Results 

Ignition delay time measurements were carried out at three equivalence ratios (0.5, 1 

and 2) and at two pressures (20 and 40 bar). Reflected shock temperatures ranged 950 

– 1250 K for 20 bar experiments and 750 – 1100 K for 40 bar data. Different mixtures 

used for fuel rich, lean and stoichiometric ignition are summarized in Table 7-1. An 

example ignition delay time measurement is shown in Figure 7-1. Time zero was 

defined as the time of mid-point of pressure jump from P2 (pressure behind the incident 

shock wave) to P5 (pressure behind the reflected shock wave). Ignition delay times 

investigated in this work ranged from 100 s to 8 ms.  
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Figure 7-1: Typical pressure and OH* trace during 2-methylbutanol ignition delay 

experiments. 

 

Table 7-1: Mixtures compositions for 2-methylbutanol ignition delay experiments 

Equivalence Ratio 2-methylbutanol Oxygen Nitrogen 

Phi=0.5 1.38% 20.72% 77.90% 

Phi=1 2.72% 20.44% 76.84% 

Phi=2 5.30% 19.9% 74.80% 
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Figure 7-2: Comparison between 2-methylbutanol and iso-pentanol ignition delay times at 20 

bar. Iso-pentanol data are from [190] using a shock tube (ST) at NUI Galway. Lines are 

simulation results from the assembled Kinetic model 
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Figure 7-3: Comparison between 2-methylbutanol and iso-pentanol ignition delay times at 40 

bar. Iso-pentanol data are from [190]  using a shock tube (ST) at NUI Galway. Lines are 

simulation results from the assembled Kinetic model 

IDTs of 2-methylbutanol/air mixtures at intermediate temperatures are similar to those 

of iso-pentanol, while the reactivity of 2-methylbutanol is higher than iso-pentanol in 

the high temperature region (Figure 7-2 and Figure 7-3). This trend is consistent with 

high-temperature shock tube ignition data at 1 atm [189]. For this work, the iso-

pentanol model from Sarathy et al. [191] has been extended by adding 109 species and 

429 reactions to represent the combustion chemistry of 2-methylbutanol and its various 

intermediate species by the main author, Dr. Sungwoo Park [21]. The resulting kinetic 

model for 2-methylbutanol was able to capture the experimentally measured ignition 

delay times, as shown in Figure 7-2 and Figure 7-3. 

7.4 IDTs of 2-methylhexane 

7.4.1 Motivation 

The measurement of 2-methylhexane ignition delay time at high pressure was initiated 

by a collaborative study with Prof. Sarathy and coworkers under the FACE gasoline 

surrogate model project. In this study, a kinetic model for 2-methylhexane, a molecule 



156 

 

Fethi Khaled - November 2018    

which has been proposed as a surrogate component for iso-alkanes in the middle boiling 

range of gasoline fuels [192], is updated and re-evaluated. The high-temperature model 

for 2-methylhexane oxidation was initially proposed by Westbrook et al.[193] as part 

of an experimental and modeling study on the heptane isomers. Later, Sarathy et al. 

[194] updated this model and added low-temperature oxidation pathways based on 

Curran et al.’s models of n-heptane and iso-octane [149, 195]. In addition to updating 

the reaction rate parameters and base chemistry, Sarathy et al.[194] added concerted 

elimination pathways to the model. The updated model was compared against rapid 

compression machine measurements performed by Silke et al. [196], and it was shown 

that the implemented updates improve agreement with the experimental data. Since the 

publication of Sarathy et al.’s[194] work, important advancements have been made in 

the field of combustion kinetics and thermodynamics. Therefore, the model of 2-methyl 

hexane oxidations needs to be revisited yet again. 

7.4.2 Results 

Ignition delay time experiments span two equivalence ratios (0.5 and 1) and two 

pressures (20 and 40 bar). Reflected shock temperatures ranged from 758 to 1280 K for 

40 bar experiments and 740 – 1290 K for 20 bar data. Mixture compositions used for 

fuel lean and stoichiometric ignition measurements are summarized in Table 7-2. 

Representative ignition delay time measurement case in shown in Figure 7-4. Time zero 

was defined as the time of mid-point of pressure jump from P2 (pressure behind the 

incident shock wave) to P5 (pressure behind the reflected shock wave. He-Ne laser ( 

= 3.39 m) transmitted signal. The two-stage ignition phenomenon has been clearly 

identified for 2-methylhexane at temperatures near 800K at all conditions of pressure 

and equivalence ratio (see Figure 7-4). He-Ne laser ( = 3.39 m) transmitted signal 

can qualitatively follow the evolution of fuel concentration. In fact, at this vibrational 

region of the spectrum, C-H bond present in the fuel molecule has a strong absorption 

spectra. The pressure jump due to first stage ignition is very small at some conditions. 

For this reason, the He-Ne laser signal, proportional to fuel decay, is used to identify 

the first stage ignition delay time when possible (see Figure 7-4). Ignition delay times 
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investigated in this work ranged from 64 s to 10.5 ms. Ignition delay time results as a 

function of pressure, temperature and equivalence ratio are plotted in Figure 7-5.  

 

 

Figure 7-4. Typical pressure, He-Ne laser and OH* traces for two-stage 2-

methylhexane ignition 

Table 7-2: Mixtures compositions for 2-methylhexane ignition delay experiments 

Equivalence Ratio 2-methylhexane Oxygen Nitrogen 

0.5 0.95% 20.81% 78.24% 

1  1.88% 20.61% 77.51% 
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Figure 7-5: All Measured ignition delay time of 2-metyhylhexane. Lines are form kinetic 

model corrected based on this works measurements. 

The obtained ignition delay time data from our laboratory and from the rapid 

compression machine at NUIG were used to improve the 2-methylhexane kinetic sub-

model by the main author, Dr. Samah Mohammed [20]. The updated model is based on 

that of Sarathy et al. [194]. Refinement of the model was possible based on these data 

giving more insights into the reactivity of the heptane isomer at low, intermediate to 

high temperature conditions. 

7.5 IDTs of propene 

7.5.1 Motivation 

An extensive experimental and modeling study of propene by Curran and coworkers 

was undertaken in order to improve the Aramcomech 1.3 model [67]. The first part of 

this study included speciation measurements in jet-stirred and flow reactors [70]. In the 

second part, ignition and flame speed characteristics for propene across a wide range of 

conditions were measured using experimental facilities from various groups [19] and 

the results were compared against the predictions of Aramcomech 1.3 model [67]. 

Under this project, at KAUST, ignition delay times for propene were measured at wide 

ranges of pressures, equivalence ratios and temperatures in the shock tube facility. 
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7.5.2 Results 

The delay times of propene are measured at equivalence ratios of 2.0, 1.0 and 0.5. 

The pressure is approximately 40 bar while the temperature ranges from 1000 to 1332 

K. Mixture concentration is reported in Table 7-3. 

Table 7-3: Mixtures composition from the different equivalence ratios 

Propene % O2% Nitrogen % φ 

2.25 20.53 77.22 0.5 

4.46 20.07 75.47 1.0 

8.54 19.21 72.25 2.0 

 

These data obtained at KAUST is combined with those from other institutions for 

validation of the modified AramcoMech 1.3. 

 

Figure 7-6: Propene IDTs at different pressures and equivalence ratios. 

The new chemical kinetic model, as described by Burke et al. [19], is able to reproduce 

experimental data across a wide range of temperatures and pressures. The reactions that 

were highlighted as sensitive to the ignition delay time during the course of this study 

include the reactions between propene and molecular oxygen, allyl and hydroperoxyl 

radicals, molecular oxygen and 1- and 2-propenyl radicals and the reactions of propene 

and hydroxyl radical (this reaction was the focus of chapter 5). The general dependance 

of ignition delay time on different thermodynamic properties, as shown in Figure 7-6, 

will be further discussed in the next correlation chapter. It is worth noting here that the 
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obtained data suggest that the high temperature ignition delay time of propene is weakly 

dependant on the equivalence ratio but strongly dependant on pressure. The 

combination of these high temperature measurements with low temperature 

measurment of the IDT of propene that can be consulted in the paper of Burke et al.[19], 

clearly points towards the absence of the NTC behaviour for propene. This is mainly 

due to the presence of the unsaturated double bond in propene discussed in chapter 3 

and 4 of this thesis. 

7.6 IDTs of isobutene 

7.6.1 Motivation 

Under the effort of improving AramcoMech 1.3, Curran and coworkers extensively 

studied the speciation data and combustion chemistry of many species that include 2-

butene [197], methanol [198], propene [19, 70] and isobutene [3] that led to the 

developement of AramcoMech 2.0. The AramcoMech 2.0 builds upon AramcoMech 

1.3 and has been developed to characterise the kinetic and thermochemical properties 

of a large number of C1 – C4 based hydrocarbon and oxygenated fuels over a wide 

range of experimental conditions. Under this project, at KAUST, ignition delay times 

of isobutene were studied under wide conditions of pressures, temperatures and 

equivalence ratios.  Further laminar flame speed (LFS) and speciation measurements 

have been performed in other laboratories. 

7.6.2 Results 

Ignition delay times of isobutene in air are shown in Figure 7-7 for rich, stoichiometric 

and lean mixtures. Ignition delay times of isobutene are sensitive to pressure, and so all 

data are scaled to a pressure of 40 bar as shown in Figure 7-8. TH experimental 

pressures scattered a wide range of pressures around 40 bar (35 – 46 bar) explaining 

the induced scatter in Figure 7-8. For that, an Arrhenius fitting using 7.1 below is 

performed. The Arrhenius fitting equation is: 

 𝜏𝑖𝑔𝑛 = 𝐴𝜙
𝑛𝑃𝑚 exp (

𝐸

𝑅𝑇
) 

7.1 
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The fitting results are presented in Table 7-4. This equation is used to scale all the 

experimental data points to 40 bar. Scaled data is presented in Figure 7-8. 

Table 7-4: The fitting parameters of the Arrhenius form of the ignition delay time of 

isobutene. 

n M E/R r* 

-0.093 -1.76 13002.8 0.942 

*r: Adjusted root mean square error. 

 

Figure 7-7: Isobutene/Air ignition delay time at ∅ of 2.0, 1.0 and 0.5. 

 

Figure 7-8: Isobutene/Air ignition delay time scaled to 40 bar and ∅ of 2.0, 1.0 and 0.5. 
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From Figure 7-8, experiments suggest that ignition properties of isobutene have weak 

negative dependence on equivalence ratio at the conditions of this work, as also 

depicted in the coefficient n fitting in Table 7-4. On the other hand, from Figure 7-7, 

dependence on pressure (although our data spanned a confined range: 35 – 46 bar) 

seems to be high (coefficient m in the same Table 7-4). The dependences of ignition 

delay time on various thermodynamic conditions will be the main focus of the next 

chapter. 

7.7 Conclusions 

In this chapter, we reported ignition delay time measurements in the shock tube facility 

for 4 different fuel components: 2-methylbutanol, 2-methylhexane, propene and 

isobutene. Experiments spanned a wide range of temperatures (800 – 1200 K), 

pressures (20 – 40 bar) and equivalence ratios (0.5 – 2). These measurements where 

important for the combustion community for model validation and performance 

enhancement. We noted that for all fuels the well-known observation that ignition delay 

time in air decreases with increasing pressure and equivalence ratio. Two fuels (2-

methylhexane and 2-methylbutanol) showed a clear NTC region. In combination with 

IDT measurements from other groups, it was clear that propene and isobutene showed 

no NTC behavior. In the case where NTC behavior is present, correlation of the ignition 

delay time of fuels as a function of different thermodynamic conditions becomes a 

difficult exercise. The next chapter is an investigation of this complex dependence 

where methods from predictive correlations of IDT are presented. 

  



163 

 

Fethi Khaled - November 2018    

8 IGNITION DELAY TIME CORRELATIONS 

8.1 Introduction 

In the previous chapter, we have presented ignition delay time (IDT) measurements of 

various pure components including propene, isobutene, 2-methylbutanol and 2-

methylhexane. These measurements were important in the task of chemical kinetic 

modeling of fuels. Sarathy et al. [4] were able to develop a detailed kinetic model of 

the FACE gasoline surrogate combustion based on these data together with many other 

experimental works on the combustion behavior of fuels that included ignition, 

speciation, pyrolysis and fundamental reaction rates measurements. This kinetic model 

included 2,315 species and 10,079 reactions. The performance of these detailed kinetic 

model is spectacular in many combustion applications. However, the size of such 

models makes these very difficult to include in reactive CFD simulations. One of the 

proposed solutions for this short fall is the use of skeletal and reduced models. 

However, the use of such techniques is usually associated with induced inaccuracy of 

the kinetic models and also the narrowness of the space of thermodynamic conditions 

over which the reduction is applicable.  

In some ignition related CFD simulation tasks, such as knock and pre-ignition studies, 

ignition timing is the key target. In such cases, the coupling of an ignition prediction 

tool can potentially replace the use of kinetic models. This motivated the work on the 

development of a universal rule for IDT correlation of pure components and fuel blends 

over wide range of thermodynamic conditions, for application in predictive simulation. 

We also went further and proposed a high temperature IDT correlation of fuel blends 

that encompass many components by postulating and proving a theory for high-T 

universal IDT of real fuels: gasolines, jet fuels and diesels. 

8.2 Ignition delay time correlation of fuel blends based on Livengood-

Wu description 

In this work, a universal methodology for ignition delay time (IDT) correlation of 

multicomponent fuel mixtures is reported. The method is applicable over wide ranges 
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of temperatures, pressures, and equivalence ratio. n-Heptane, iso-octane, toluene, 

ethanol and their blends are investigated in this study because of their relevance to 

gasoline surrogate formulation. The proposed methodology combines benefits from the 

Livengood-Wu integral, the cool flame characteristics and the Arrhenius behavior of 

the high-temperature IDT to suggest a simple and comprehensive formulation for 

correlating the IDTs of pure components and blends. The IDTs of fuel blends usually 

have complex dependences on temperature, pressure, equivalence ratio and 

composition of the blend. The Livengood-Wu integral is applied here to relate the NTC 

region and the cool flame phenomenon. The integral is further extended to obtain a 

relation between the IDTs of fuel blends and pure components. IDTs calculated using 

the proposed methodology are in excellent agreement with those simulated using a 

detailed chemical kinetic model for n-heptane, iso-octane, toluene, ethanol and blends 

of these components. Finally, very good agreement is also observed for combustion 

phasing in homogeneous charge compression ignition (HCCI) predictions between 

simulations performed with detailed chemistry and calculations using the developed 

ignition delay correlation. 

8.2.1 Motivation and literature review 

Commercial gasoline and diesel fuels are characterized according to their octane and 

cetane numbers which are measured in Cooperative Fuel Research (CFR) engine and 

Ignition Quality Tester (IQT), respectively. Octane and cetane ratings can be related to 

the IDT of fuels which makes IDT a critical chemical property in the fuels’ database 

[199-203]. Several studies have focused on trying to link the octane number (ON) from 

the CFR engine to basic chemical kinetic parameters. Leppard [204] related the 

sensitivity of the fuel to the negative temperature coefficient (NTC) behavior of various 

fuels. Curran et al. [205] and Mehl et al. [206] proposed that the ON might actually 

correlate with the critical compression ratio (CCR). Hori et al. [207, 208] investigated 

a possible relation between ON and ignition properties within micro-flow reactors 

(MFR). Furthermore, Singh et al. [202], Badra et al. [201], Mehl et al. [96] and Sarathy 

et al. [209] examined the possibilities of relating the ON to the homogeneous gas-phase 

IDTs. Singh et al. [202] proposed correlations between octane numbers (ON) and IDTs 

of stoichiometric fuel/air mixtures at 750 K, 25 bar for RON and 825 K, 25 bar for 
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MON. They also examined the relationship between the fuel’s IDT pressure exponent 

and its sensitivity. Badra et al. [201] investigated the possible correlation between ON 

and IDT at various pressures and temperatures. They have proposed RON-like and 

MON-like conditions to be best representatives of the ON. Mehl et al. [96] tried to 

correlate the anti-knock index (AKI = (RON + MON)/2) with IDTs of stoichiometric 

fuel/air mixtures at 825 K and 25 atm, whereas Sarathy et al. [209] chose slightly 

different conditions (835 K and 20 atm) to relate RON to homogeneous IDTs. A 

constant volume assumption was utilized in most of the simulations for the formulation 

of proposed correlations. Naser et al. [203] related the octane and cetane numbers of 

various fuel mixtures to IDTs measured in an ignition quality tester (IQT). 

Various experimental apparatus have been employed to measure homogenous IDTs. 

Shock tubes, rapid compression machines and ignition quality testers are the common 

experimental tools utilized to assess the ignition characteristics of fuels. Nowadays, 

detailed chemical kinetic models are available and can efficiently predict IDTs at 

various thermodynamic conditions. However, using these detailed (or even skeletal or 

reduced) models to get ignition information in engine combustion simulations can be 

very time consuming [210-213]. Therefore, researchers have tried to come up with 

correlations to calculate IDTs [199, 214-219]. These correlations ranged from a simple 

three-parameter Arrhenius expression [220] to codes with dozens of parameters [218]. 

Yate et al. [221] developed a comprehensive correlation of the IDT of PRF mixtures 

and blends of methanol with PRF 80. Their method relies on 14 parameters to correlate 

the IDTs of each blend [221]. Recently, Ma et al. [222] demonstrated that IDTs of fuel 

blends may be expressed as a function of individual fuel components’ IDTs. They used 

single-component correlations, similar to  Yates et al. [221], for n-heptane, iso-octane, 

ethanol and toluene to propose correlations for blends containing these species and 

tested it against wide range of experimental IDTs. Ma et al.’s [222] methodology was 

restricted to stoichiometric mixtures and presented some limitations in predicting the 

IDTs of blends at intermediate and low temperatures where chemical interactions are 

expected to alter the autoignition characteristics of fuel blends [222]. In the present 

work, we aim to upgrade the methodologies of Yates et al. [221] and Ma et al. [222] 



166 

 

Fethi Khaled - November 2018    

and provide a straightforward correlation method to rapidly get the IDTs of a fuel 

mixture over a wide range of conditions. 

It is widely accepted that the IDT is strongly dependent on temperature and this 

relationship can be described by an Arrhenius slope similar to that of reaction rate 

coefficients [223]. Mullins [224] (in 1951) and Miller [225] (in 1958) provided 

illustrative Arrhenius plots of IDT that covered a wide range of fuels and conditions. In 

addition, it is widely accepted that IDT depends on pressure and fuel concentration 

according to this modified Arrhenius expression [215, 220, 226]: 

 𝜏 = 𝐴.∏[𝑋𝑖]
𝑎𝑖 . 𝑃𝑛 . exp (−

𝐸

𝑅𝑇
) 

8.1 

where  is the IDT at temperature T and pressure P, [Xi] represents the concentration of 

various mixture species (oxygen, fuel, nitrogen, etc.), A is the pre-exponential 

parameter, ai is the power dependence coefficient of species concentration, n is the 

power dependence coefficient of pressure, E is the activation energy and R is the gas 

constant. Equation (1) was proven to be a good correlation for IDTs, particularly for 

high temperatures (usually > 1000 K) and for simple fuels [227]. At intermediate 

temperatures (650 K < T < 900 K), some fuels, such as n-heptane and iso-octane, show 

a negative temperature dependence (NTC) region which is manifested by a curvature 

and decrease of IDTs with decreasing temperature in the Arrhenius plot ln() = f(1/T) 

[149, 195]. In this case, a simple expression like Eq. 8.1 is no longer a good 

representation of the IDTs. Many physiochemical explanations of the NTC behavior 

are provided in literature and these are mainly summarized into two phenomena: (a) 

cool flame effect and (b) coupling of low-temperature and high-temperature chemistry. 

Weisser [228] was the first to relate high- and low- temperature kinetic observation of 

the NTC and was able to correlate it using a parallel resistant-like model where the 

high-, intermediate- and low- temperature IDTs are coupled to draw the final S-shape 

of total IDT. This was further adopted by Blomberg et al. [229], Steurs et al. [230] and 

Vandersickel [231]. On the other hand, many other researchers reported that the cool 

flame initiation is the cause for accelerating ignition phenomena in the NTC region 

[221, 232]. 



167 

 

Fethi Khaled - November 2018    

In the current work, a relatively simple phenomenological description of IDT is 

presented that not only depends on empirical findings but rather on physical 

descriptions of the ignition phenomena. Specifically, the Livengood-Wu description 

[215] is adopted to calculate the IDTs of pure components (n-heptane, iso-octane, 

toluene and ethanol). Subsequently, a descriptive algorithm is formulated and applied 

to predict the IDTs of fuel blends. Finally, the proposed algorithm is validated against 

HCCI engine simulations using detailed chemistry. 

8.2.2 Livengood-Wu integral 

 Proof of Livengood-Wu integral 

The Livengood-Wu (L-W) integral describes the advancement of a specific mixture 

towards ignition. Its formulation is [215]: 

 
𝑥(𝑡)

𝑥(𝜏𝑖𝑔𝑛)
= ∫ 𝐹 (

𝑡

𝜏
) . 𝑑𝑡

𝑡

𝑡=0

 
8.2 

where x describes the amplitude (or concentration) of an ignition carrier, 𝜏 is the IDT 

at the conditions corresponding to time t (pressure, temperature and composition at time 

t), 𝜏𝑖𝑔𝑛 is the overall IDT of the mixture and 𝐹 is an empirical function. The identity of 

the ignition carrier is not well understood [233-235]. The best approximation so far for 

x could be the heat release or the concentration of carbon monoxide [233]. 

As stated by Livengood and Wu [215], the physical interpretation of the L-W integral 

is that the amplitude of ignition carriers x can only increase towards its critical value, 

xc, at ignition and this can be described as: 

 𝑥

𝑥𝑐
= 𝑓 (

𝑡

𝜏
) 8.3 

where f is an increasing function such that f(0)=0 and f(1)=1. Thus, f is reversible and 

if we denote ℎ = 𝑓−1, then Eq. 8.3 becomes: 

 𝑡

𝜏
= ℎ (

𝑥

𝑥𝑐
) 8.4 
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where h is also an increasing function such that h(0)=0 and h(1)=1. The IDT 𝜏 is not 

directly dependent on time but rather depends on pressure and temperature which can 

be functions of time. 

If we assume that in the interval [t, t+dt], pressure and temperature are constant, thus 

𝜏 is also constant in this interval and Eq. 8.4 becomes: 

 
𝑑 (ℎ (

𝑥
𝑥𝑐
))

𝑑𝑡
=
1

𝜏
 

8.5 

A more rigorous derivation of the previous expression is available in the Appendix D. 

If we integrate Eq.8.5 we find: 

 
ℎ (

𝑥(𝑡)

𝑥𝑐(𝜏𝑖𝑔𝑛)
) = ∫

1

𝜏

𝑡

0

𝑑𝑡 8.6 

Equation 8.6 is another way of writing the L-W integral expressed in Eq. 8.2. 

Equation 8.6 is simpler than Eq. 8.2 since the unknown function is no longer inside the 

integral. For convenience, it will be called here the h-Livengood-Wu (h-L-W) integral. 

Many of the properties classically derived using the Livengood-Wu integral under 

augmented assumptions can now be derived in a much simpler and rigorous manner. 

For instance, at time 𝑡 = 𝜏𝑖𝑔𝑛, we have 𝑥 = 𝑥𝑐 and thus h(x/xc)=h(1)=1 and we have: 

 
1 = ∫

1

𝜏

𝜏𝑖𝑔𝑛

0

𝑑𝑡 8.7 

Livengood and Wu [215] were able to derive Eq. 8.7 only by assuming a zeroth order 

kinetics for which the F function in Eq.8.2 becomes constant. In fact, the h-L-W integral 

shows that Eq. 8.4 is valid even in the case of no clear order of kinetics. This may 

explain the success of the L-W integral despite the general non-zeroth order of kinetics 

of most reactions during combustion. Similar findings and further restrictive analyses 

are given in Appendix D and also by Pan et al. [214] where it is demonstrated that the 

L-W integral is valid for any global kinetics order. A detailed section about the 

applicability of the Livengood-Wu integral is also provided in Appendix D. 
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 Livengood-Wu integral and NTC behavior 

Previous works [214, 228-231] have divided the IDT plot of fuels that show NTC region 

into three domains: (a) the high-temperature (HT) region (usually higher than 1000 K) 

in which the IDT is a simple Arrhenius function of temperature, pressure and 

composition (see Eq. 8.1), (b) the low-temperature (LT) region (usually lower than 650 

K) in which the IDT is also a simple Arrhenius function (see Eq. 8.1), (c) intermediate-

temperature or NTC region where the cool flame phenomena becomes important (see 

Figure 8-1). 

 

Figure 8-1: Three distinct regions of fuel reactivity (figure adapted from Blomberg[229]). 

Blue dots are overall IDTs. Magenta dots are 1st stage IDTs. 

Yates et al. [221] suggested that the increased reactivity in the NTC region is solely 

caused by the cool flame temperature and pressure rises. In fact, after dividing the IDT 

behavior into two regions (before and after the cool flame development), the 

Livengood-Wu integral becomes: 

 

1 = ∫
1

𝜏ℎ(𝑇, 𝑃)
𝑑𝑡

𝜏

0

= ∫
1

𝜏ℎ(𝑇0, 𝑃0)
𝑑𝑡

𝜏1

0

+ ∫
1

𝜏ℎ(𝑇0 + ∆𝑇𝐶𝐹, 𝑃0 + ∆𝑃𝐶𝐹)
𝑑𝑡

𝜏

𝜏1

 

8.8 
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where 1 is the pre-cool flame IDT (or 1st stage IDT), 𝜏ℎ is the high temperature 

Arrhenius IDT, ∆𝑇𝐶𝐹 and ∆𝑃𝐶𝐹 are the temperature and pressure increases following 

the cool flame heat release. Neglecting T and P variations from t=0 to the initiation of 

pre-cool flame time and from the end of the cool flame to the second stage IDT, the 

overall IDT can then be expressed as: 

 
𝜏(𝑇, 𝑃) = 𝜏1 + 𝜏ℎ(𝑇 + ∆𝑇𝐶𝐹, 𝑃 + ∆𝑃𝐶𝐹). (1 −

𝜏1(𝑇, 𝑃)

𝜏ℎ(𝑇, 𝑃)
) 8.9 

8.2.3 Ignition delay times of a multi-component fuel blend 

 Formulation 

In this section, we suggest a formulation to correlate the IDTs of a fuel mixture of N 

pure components, Xi (i=1...N), where each component has a molar fraction of yi. To 

obtain a first approximation of the IDT of a mixture of components, independent 

chemistry is assumed. Hence, the effect of the cross-over reactions is neglected and it 

is suggested that the individual components, Xi, of the mixture react independently and 

advance simultaneously towards ignition. In this sense, the oxygen content of the 

mixture is divided among the different components and the individual equivalence ratio 

i of each Xi can be defined as follows: 

 𝜙𝑖 = 𝜙 

 
8.10 

The h-L-W integral applied for the mixture is: 

 
𝑑 (ℎ (

𝑥
𝑥𝑐
))

𝑑𝑡
=
1

𝜏
 

8.11 

where x is the ignition carrier amplitude due to the reactions from all fuel components 

Xi. With the assumption of independent chemistry interactions, it can be written as: 

 
𝑥 =∑𝑥𝑖

𝑁

𝑖=1

 8.12 
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where xi is the carrier concentration caused by the component Xi as it advances towards 

ignition. The simultaneous advancement towards ignition of all fuel components 

translates to: 

 𝑥𝑖,𝑐 = 𝑦𝑖. 𝑥𝑐 8.13 

where xi,c is the ignition carrier concentration produced by the ignition of component i 

of the blend, xc is the concentration of the ignition carrier at the critical conditions (i.e., 

at ignition) produced by the ignition of all components of the blend. The critical 

concentration xc of the carrier is supposed to be a universal constant that does not 

depend on the initial mixture composition or thermodynamic conditions [215]. Thus, 

we obtain Eq. 8.14: 

 
(
𝑥

𝑥𝑐
) = (∑𝑦𝑖

𝑥𝑖
𝑥𝑖,𝑐

𝑁

𝑖=1

) 8.14 

Invoking Eq. 8.4, Eq. 8.14 can also be rewritten in the form of Eq. 8.15: 

 
(
𝑥

𝑥𝑐
) =∑𝑦𝑖ℎ

−1 (
𝑡

𝜏𝑖
)

𝑁

𝑖=1

 8.15 

At the IDT of the mixture, we have: 

ℎ (
𝑥𝑖

𝑥𝑐
) = ∫

1

𝜏𝑖
. 𝑑𝑡

𝜏𝑖𝑔𝑛
0

=
𝜏𝑖𝑔𝑛

𝜏𝑖
 and ℎ (

𝑥

𝑥𝑐
) = 1 

Thus, we obtain Eq.8.16: 

 
1 =∑𝑦𝑖ℎ

−1 (
𝜏𝑖𝑔𝑛

𝜏𝑖
)

𝑖=𝑁

𝑖=1

 8.16 

Equation 8.16 allows the calculation of IDTs of a fuel blend based on the individual 

components’ IDTs. It is important to note here that in the particular case of the zeroth 

order kinetics, h simplifies to the identity function. In this case, for a single stage 

ignition phenomena, we obtain: 

 1

𝜏(𝑇, 𝑃, 𝜙)
=∑𝑦𝑖

1

𝜏𝑖(𝑇, 𝑃, 𝜙)

𝑁

𝑖=1

 8.17 



172 

 

Fethi Khaled - November 2018    

Equation 8.17 was also suggested by other authors [222] following different analysis. If 

we suppose a non-zero order of kinetics n, then the function h is defined as: 

 
ℎ (

𝑥

𝑥𝑐
) = (

𝑥

𝑥𝑐
)
1−𝑛

 8.18  

In this case, Eq. 8.17 becomes: 

 1

(𝜏(𝑇, 𝑃, 𝜙))
1

1−𝑛

=∑𝑦𝑖
1

(𝜏𝑖(𝑇, 𝑃, 𝜙))
1

1−𝑛

𝑁

𝑖=1

 8.19 

To allow for some kinetic dependence and to account for the effect of cross-over 

reactions, the ignition carrier can be assumed to be produced by two phenomena: (a) 

advancement of each fuel towards ignition, and (b) chemical interaction of fuel 

components. The second factor is obviously a function of the concentration of the two 

fuel components and their chemical interactions. At first order, this can be modeled as: 

 
𝑥𝑖 = 𝑥𝑖,𝑖 + 𝑥𝑖,𝑖∑𝑦𝑗 . 𝛿𝑖,𝑗

𝑗=𝑁

𝑗=1
𝑗≠𝑖

 8.20 

where 𝛿𝑖,𝑗represents the effect of cross-over reactions of specie i and specie j in the 

mixture. 𝛿𝑖,𝑗 is zero in the case of negligible chemical interactions.  

The total production of the ignition carrier can be then written as: 

 

𝑥

𝑥𝑐
=∑

𝑦𝑖𝑥𝑖
𝑥𝑖,𝑐

𝑁

𝑖=1

=∑
𝑥𝑖,𝑖
𝑥𝑖,𝑐

𝑦𝑖

(

 
 
1+∑ 𝑦𝑗. 𝛿𝑖,𝑗

𝑗=𝑁

𝑗=1
𝑗≠𝑖 )

 
 

𝑁

𝑖=1

 

 

8.21 

Thus, we obtain Eq. 8.22: 

 

(
𝑥

𝑥𝑐
) =∑𝑦𝑖

(

 
 
1 +∑𝑦𝑗 . 𝛿𝑖,𝑗

𝑗=𝑁

𝑗=1
𝑗≠𝑖 )

 
 
ℎ−1 (ℎ (

𝑥𝑖,𝑖
𝑥𝑖,𝑐
))

𝑖=𝑁

𝑖=1

 

 

8.22 

Then at ignition, we obtain Eq. 8.23: 
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1 =∑𝑦𝑖

(

 
 
1 +∑𝑦𝑗 . 𝛿𝑖,𝑗

𝑗=𝑁

𝑗=1
𝑗≠𝑖 )

 
 
ℎ−1 (

𝜏𝑖𝑔𝑛

𝜏𝑖
)

𝑖=𝑁

𝑖=1

 

 

8.23 

If we assume nth order of kinetics for the carrier x, then we get: 

 

1

(𝜏(𝑇, 𝑃, 𝜙))
1

1−𝑛

=∑𝑦𝑖

(

 
 
1 +∑𝑦𝑗 . 𝛿𝑖,𝑗

𝑗=𝑁

𝑗=1
𝑗≠𝑖 )

 
 1

(𝜏𝑖(𝑇, 𝑃, 𝜙))
1

1−𝑛

𝑁

𝑖=1

 8.24 

 

Equation 8.24 is a relation between the ignition delay of the individual components of 

a blend and the overall IDT of the blend. It is more general than Eq. 8.19 because it 

takes into account chemical interactions between the mixture components and the non-

zeroth order of kinetics. The interaction coefficient 𝛿𝑖,𝑗 may be dependent on 

temperature, pressure, equivalence ratio and overall composition. In order to account 

for the chemical interaction effect, more than 5000 ignition delay simulations of pure, 

binary, ternary and quaternary mixtures of n-heptane, iso-octane, toluene and ethanol 

were performed using the ‘FACE gasoline surrogate model’ of Sarathy et al. [4]. The 

conclusion drawn from these simulations is that the chemical interactions can be 

expressed as effective cool flame T and P increases, as will be detailed in the following 

sections. 

 Algorithm 

In this section, the details given in the previous sections are summarized. The 

correlation of the IDT of a multicomponent mixture (N components) applicable over 

wide ranges of temperatures, pressures, equivalence ratios and compositions can be 

established by following the below steps: 

i. Provide the correlation parameters of IDTs for all N pure components of the 

mixture. If the Yates et al. [221] correlation is adopted, a total of 15 

parameters should be given for each of the pure components. 

ii. Provide the N(N-1)/2 second order chemical interaction coefficients i,j for 

each combination of the two components i and j. These coefficients can be 
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obtained by best fit of binary mixture IDTs as a function of the individual 

IDTs of each of its components i and j using Eq. 8.24, in which case the only 

unknown would be i,j. These coefficients i,j are in fact implicit and it is 

hard to give an explicit expression for these as a function of mixture 

conditions. The best way to account for these coefficients is by using 

effective cool flame temperature and pressure rise multiplier, i,j, as will be 

shown later. 

iii. Use Eq. 8.24 to get the staged IDTs 1 and h of the mixture.  

iv. Use Eq. 8.19 to calculate the overall IDT of the mixture. 

Steps (i) and (ii) are about the generation of parameters needed for the IDT correlation. 

These parameters can be determined either by fitting the simulated or measured IDTs. 

In the following section, values of these parameters for n-heptane, iso-octane, toluene 

and ethanol are evaluated based on the simulated IDTs over a range of pressures (10, 

30 and 50 atm), temperatures (600 -1300 K), and equivalence ratios (0.5, 1, and 1.5).  

8.2.4 Ignition delay time correlation 

 Ignition delay times of single-component fuels 

The aim of this section is to provide an illustrative example of the step (i) of the 

algorithm presented in the previous section. The correlation formulation for pure 

components given by Yates et al. [221] is adopted here. The FACE gasoline surrogate 

model [4] is utilized to obtain wide-ranging IDT data to determine the correlation 

parameters. Yates et al. [221] reported that 15 parameters are needed to adequately 

correlate the IDTs of fuels over wide ranges of temperatures, pressures and equivalence 

ratios. They used Westbrook and Curran models of iso-octane and n-heptane [149, 195] 

to derive values of these parameters for n-heptane and iso-octane. The derived 

parameters are obviously model-dependent because these are found by fitting the 

simulated IDTs to the correlation functions. In our work, values of these parameters are 

found by fitting to the simulations carried out using the FACE gasoline surrogate model 

for n-heptane, iso-octane, ethanol and toluene mixtures in air (3.76/1:N2/O2). The 

obtained parameters are listed in Table 8-1 and these are slightly different than those 

obtained by Yates et al. [221] for n-heptane and iso-octane. The differences in the 
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parameters are obviously caused by the different models used here and by Yates et al. 

[221]. The cool flame T rises are obtained by measuring the simulated temperature 

jump between the inflection points before and after the first stage ignition. In 

Figure 8-2, the correlated IDTs are plotted versus the simulated IDTs for the four 

studied fuels. Overall, the correlation is able to reproduce the simulated results within 

3% average deviation. 

Table 8-1: Correlation parameters of the IDTs of n-heptane, iso-octane, toluene and ethanol in 

air (3.76/1:N2/O2) based on Yates et al. methodology and fitted to the FACE gasoline 

surrogate model [4] simulations. 

Fuels Correlation parameters 

  
 

High-temperature IDT: 

 𝜏ℎ = 𝐴ℎ. 𝜙
𝛽ℎ . 𝑃𝑛ℎ . 𝑒𝑥𝑝 (

𝐵ℎ

𝑇
) 

Ah nh Bh βh 

n-Heptane 3.33E-02 -1.2 14401 -0.55 

Iso-octane 0.36E-02 -1 16369 -0.5 

Ethanol 0.82E-03 -0.87 16766 -0.61 

Toluene 2.96E-03 -1.04 18216 -0.32 

 
 

 
1st stage IDT: 

 𝜏1 = 𝐴1. 𝑃
𝑛1 . 𝑇𝑚1. 𝜙𝛽1 . 𝑒𝑥𝑝 (

𝐵1

𝑇
) 

A1 n1 B1 β1 m1 

n-Heptane 6.46E-06 -0.03 14210 -0.07 0 

Iso-octane 1.78E-19 -0.255 51 -0.22 57.7 

Ethanol  NA NA NA NA NA 

Toluene NA NA NA NA NA 

 

 

     

Cool flame parameters: 

 𝑇𝐶𝐹 = 𝑇𝑖 + 0.5(Δ𝑇𝐶𝐹 + √(Δ𝑇𝐶𝐹)
2 + 𝐶0)  

Δ𝑇𝐶𝐹 = 𝜔(𝑇𝑖 − 𝑇𝐸𝑄 . 𝑝
𝜅 . 𝜙𝑚𝑢 . (

100

99 + 𝜙
)
𝑠𝑖𝑔𝑚𝑎

) 
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TEQ ω κ C0 mu sigma 

n-Heptane 865 -1.407 0.031 1145 32E-3 1.41 

Iso-octane 680 -1.731 0.061 4734 -18E-4 -5.08 

Ethanol NA NA NA NA NA NA 

Toluene NA NA NA NA NA NA 

             

*NA: Not applicable; toluene and ethanol do not exhibit two-stage ignition  

 

Figure 8-2: Performance of IDT correlation for single-component fuels (green background 

line width represents ±20% deviations) 

 

 Ignition delay times of binary mixtures 

The aim of this section is to provide illustrative example of step (ii) of the algorithm 

presented in section 3.2. It is worth noting here that the second order coefficients i,j are 

expected to be characteristic of components i and j. Therefore, ignition delay 

simulations of different binary mixtures of n-heptane, iso-octane, ethanol and toluene 

were performed using the FACE gasoline surrogate model [4]. These simulations were 

carried out for different conditions of temperature (650 -1300 K), pressure (10, 30 and 

50 atm), equivalence ratio (0.5, 1 and 1.5) and mixture mole fractions (0.1/0.9 0.2/0.8 
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and 0.5/0.5). Subsequently, Eq. 8.9 and Eq. 8.22 were used to calculate the IDT of the 

binary mixtures. It is noted here that while using Eq. 8.9, the cool flame properties of 

the mixture are needed. Ma et al. [222] reported that the cool flame temperature rise of 

the mixture can be calculated by the specific-heat-weighted cool flame temperature 

rises of individual components according to the following averaging formula: 

 
Δ𝑇𝐶𝐹 =

∑ yiCp,iΔ𝑇𝐶𝐹,𝑖
𝑁
𝑖=1

∑ yiCp,i
𝑁
𝑖=1

 8.25 

where Cp,i is the molar heat capacity at constant pressure of component i, yi is the mole 

fraction of component i and Δ𝑇𝐶𝐹,𝑖 is the cool flame temperature rise of pure component 

i at the thermodynamic conditions of the fuel blend. The cool flame heat release is 

conventionally defined to occur in a constant volume reactor rather than a constant 

pressure process. Therefore, in our formulation, the molar heat capacity at constant 

volume Cv,i is used instead of Cp,i. Secondly, the energy released during cool flame is 

used to heat all mixture components including oxygen and nitrogen. Thus, a modified 

averaging formula for the cool flame temperature rise is introduced and represented by 

Eq. 8.26: 

 Δ𝑇𝐶𝐹

=
(∑ 𝑦𝑖. (𝜙. 𝐶𝑣,𝐶𝑤𝑖𝐻𝑥𝑖𝑂𝑧𝑖 + (

𝑥𝑖
4 + 𝑤𝑖 −

𝑧𝑖
2) . (𝐶𝑣,𝑂2 + 3.76. 𝐶𝑣,𝑁2)Δ𝑇𝐶𝐹,𝑖

𝑁
𝑖=1 )

∑ 𝑦𝑖 (𝜙. 𝐶𝑣,𝐶𝑤𝑖𝐻𝑥𝑖𝑂𝑧𝑖 + (
𝑥𝑖
4 + 𝑤𝑖 −

𝑧𝑖
2) . (𝐶𝑣,𝑂2 + 3.76. 𝐶𝑣,𝑁2))

𝑁
𝑖=1

 
8.26 

where 𝐶𝑤𝑖𝐻𝑥𝑖𝑂𝑧𝑖 is the chemical formula of component Xi of the fuel blend. It is also 

worth noting that the pressure and temperature increases during cool flame are mainly 

due to the heat release and not due to the increase in species concentrations. Thus, the 

pressure rise can be related to the temperature rise through the ideal gas equation: 

 Δ𝑃𝐶𝐹
𝑃

=
Δ𝑇𝐶𝐹
𝑇

 8.27 

Furthermore, i,j and n in Eq. 8.24 are varied for each binary mixture combination to 

best fit the simulated mixture IDTs using pure components IDTs. During the fitting 

procedure, it was found that the zeroth order of kinetics (n = 0) produced the best fitting 

results. Secondly, it was hard to find a simple explicit expression of the interaction 

coefficients i,j as a function of the mixture conditions (temperature, pressure, 
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composition). It was noticed that Eq. 8.19 was sufficient to give good predictions of 

first stage IDTs and also for single stage IDTs but not for the post cool flame ignition 

timing. Thus, chemical interactions seem to have noticeable effects only at the post cool 

flame conditions. Therefore, it was chosen to transform the chemical interaction effects 

into effective cool flame temperature and pressure rises, similar to the methodology 

adopted by Yates et al. [221] for pure components (refer to the x parameters in Yates et 

al. formulation [221]). For each binary mixture, the cool flame T and P rises are first 

calculated using Eq. 8.26 and then multiplied by a coefficient i,j, which represents the 

effect of chemical interactions between the two fuel components in the mixture, to 

calculate the post cool flame IDT: 

 
𝜏ℎ,𝐶𝐹 = 𝐴ℎ. 𝜙

𝛽ℎ . (𝑃 + 𝜎𝑖,𝑗. Δ𝑃𝐶𝐹)
𝑛ℎ . 𝑒𝑥𝑝 (

𝐵ℎ
𝑇 + σi,j. Δ𝑇𝐶𝐹

) 8.28 

Correlation results are shown in Figure 8-3 and compared with the case where no 

chemical interactions are considered (i,j=0). The optimized chemical interaction 

coefficients are summarized in Table 8-2. 

     

Figure 8-3: Performance of IDT correlation for binary mixtures (only 0.5/0.5 binary mixtures 

are shown). (a) Without chemical interactions (i,j=1 or i,j=0). (b) With chemical interactions. 

Simulations are performed using the FACE gasoline surrogate model [4]. Distinction is made 

between the low T (650-950 K) cases and high T cases (950-1300 K) by open and filled 

symbols to highlight the low T window where chemical interactions are important to consider. 

By comparing Figure 8-3(a) and Figure 8-3(b), it is observed that the inclusion of 

chemical interaction has improved the IDT correlation significantly; the average 

deviation between the correlation and the simulation decreased from ~34% to 11%. 
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Table 8-2 suggests that the chemical interaction coefficients either vary between 1 – 

1.3 or depend on the molar fraction of the fuel components in the mixture. An 

interaction coefficient i,j of 1 means that the chemical interactions are not important 

and that a simple blending formula, as in Eq. 8.19, is sufficient to get ignition delay 

correlation of a blend. An interaction coefficient higher than 1 means that chemical 

interactions increase the reactivity of the blend more than what would be expected from 

a simple linear blending rule. Likewise, an interaction coefficient smaller than 1 (e.g., 

yiso-octane) means that chemical interactions inhibit the reactivity of the blend. For 

example, ethanol seems to inhibit the ignition of iso-octane but it does not alter the 

reactivity of n-heptane. Detailed sensitivity and rate-of-production analyses may be 

performed to gain fundamental understanding of these interaction coefficients. 

However, such analyses and discussions are beyond the scope of the current work. The 

coefficients given in Table 2 were calculated by fitting the simulated IDTs obtained 

from the FACE gasoline surrogate model [4]. 

Table 8-2: Chemical interaction coefficients, i,j, for the various components considered in 

this work. yi represents the molar fraction of fuel component i. 

 Iso-octane n-Heptane Toluene Ethanol 

Iso-octane 1 1.3 1.2 𝑦𝑖𝑠𝑜−𝑜𝑐𝑡𝑎𝑛𝑒 

n-Heptane 1.3 1 1

𝑦𝑛−ℎ𝑒𝑝𝑡𝑎𝑛𝑒
 

1 

Toluene 1.2 1

𝑦𝑛−ℎ𝑒𝑝𝑡𝑎𝑛𝑒
 

1 1 

Ethanol 𝑦𝑖𝑠𝑜−𝑜𝑐𝑡𝑎𝑛𝑒 1 1 1 

 

 Ignition delay times of multi-components mixtures 

The aim of this part is to provide illustrative example of the steps (iii) and (iv) of the 

correlation algorithm. Provided with correlation parameters for the individual IDTs (h 

and CF) for the various components of the mixture and the coefficients i,j that 

represent the interaction between these components, the mixture IDTs can be obtained 
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by combining Eq.8.9 and Eq.8.24. The interaction parameter  for the mixture can be 

approximated by the average of the mutual interaction coefficients i,j between the 

mixture components, according to Eq. 8.29: 

 

𝜎 =
1

𝑁 − 1
∗ ∑ 𝑦𝑗𝜎𝑖,𝑗

𝑁

𝑖,𝑗=1
𝑖≠𝑗

 

 

8.29 

 

Figure 8-4: Performance of IDT correlation for ternary mixtures. (a) Without chemical 

interactions. (b) With chemical interactions. The fractions given in the legend represent molar 

fractions of fuel components. Simulations are performed using the FACE gasoline surrogate 

model [4]. 

   

Figure 8-5: Performance of IDT correlation for quaternary mixtures. (a) Without chemical 

interactions. (b) With chemical interactions. The fractions given in the legend represent molar 

fractions of fuel components. Simulations are performed using the FACE gasoline surrogate 

model [4]. 
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Figure 8-4 and Figure 8-5 compare the correlated IDTs of ternary and quaternary 

mixtures of iso-octane, n-heptane, ethanol and toluene in air (3.76/1: N2/O2) with the 

simulated ones over a wide range of pressures, temperatures, equivalence ratios and 

compositions. Similar to the case of binary mixtures, the correlation methodology 

proposed in the current work performs well in predicting the simulated IDTs. A 

MATLAB code based on the algorithm presented here can be found in the 

supplementary material of the paper [22]. This code may be used as a simple and 

computationally efficient method to calculate autoignition and time of peak heat release 

rate of various mixtures over a range of thermodynamic conditions. We believe that 

such a code will be very helpful for engine simulations of gasoline surrogates. 

8.2.5 Application to HCCI combustion  

Reactive internal combustion (IC) engine simulations require the simultaneous solution 

of various physical and chemical equations. Robust chemistry is usually solved using 

detailed chemical kinetic models that may contain thousands of species and chemical 

reactions making these kinds of simulations complex and very time consuming. 

Researchers make use of reduced or skeletal models that are simplified and tailored to 

a specific kind of application (specific reactive systems, fuel mixture, temperature, 

pressure and equivalence ratio ranges). The skeletal or reduced models, however, suffer 

from the drawback of being non-universal and, nevertheless, do contain some degree 

of complexity that may pose limitations for expensive CFD reactive simulations. Many 

CFD targeted engine simulations focus on studying physiochemical phenomena such 

as pre-ignition, knock (normal and super), heat release, cycle-to-cycle variations, heat 

transfer and more. Such kind of simulations only require information about the local 

low-T heat release and ignition timings. Therefore, IDT correlations could be 

particularly useful to predict the ignition event without the need to solve complex and 

time consuming chemical reactions.  

As an illustration, the correlation presented in the previous sections is utilized to predict 

the low-temperature and main heat release timing for a homogenous charged 

compression ignition (HCCI) engine operation where the auto-ignition of the premixed 

fuel/air mixture is the primary controlling event. The predictions are compared with 
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detailed simulations using the FACE gasoline surrogate model [4] and the HCCI reactor 

model in Chemkin [34]. The HCCI engine properties used for these simulations are 

given in Table 8-3. Three fuels in air (3.76/1: N2/O2) with the same RON (91) and 

different compositions are tested here at an equivalence ratio of 0.7. The three fuels are 

PRF 91, TPRF 91 and TPRF+ethanol 91. The TPRF 91 surrogate was formulated using 

the methodology of Kalghatgi et al. [236] and the TPRF+ethanol 91 surrogate was 

developed using the method of AlRamadan et al. [237]. The composition, RON and 

MON of the studied surrogates are provided in Table 8-4. 

Table 8-3: HCCI engine parameters for the simulations 

Engine speed (r/min) 600 

Compression ratio 16 

Bore (cm) 8.6 

Stroke (cm) 9.46 

Connection rod (cm) 14.8 

Piston offset 0 

Temperature (K) 293 − 353 

Pressure (atm) 2 

 

Table 8-4: Composition of the three surrogates used for HCCI engine simulations 

Blend RON MON n-Heptane 

(%) 

Iso-octane 

(%) 

Toluene 

(%) 

Ethanol 

(%) 

PRF91 91 91 9 91 0 0 

TPRF91 91 83.4 17.1 28.9 54 0 

TPRF+ 

ethanol 91 

91.1 83.5 16.6 22.5 40.9 20 

 

A MATLAB script was coded which enables prediction of the crank angle degrees 

(CAD) for the low-T heat release and for the main ignition event using the correlation 

presented in this work. The MATLAB script is available as supplementary material our 

journal publication [22]. Figure 8-6 summarizes the results obtained for the three 

surrogates at an equivalence ratio of 0.7, and comparison is made between full Chemkin 

HCCI simulations and the correlation based predictions. The correlation is able to 

predict the CAD for both the low-temperature heat release and the main heat release 
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with an average deviation of 1 CAD for intake temperatures ranging from 20 to 80 C. 

The reasons for some deviations seen in Figure 8-6 may be attributed to the deviations 

in the IDT correlation reported in earlier and also to the differences in IDT of fuels from 

one thermodynamic process to another as detailed in Appendix C. These deviations can 

be reduced further if the correlation coefficients are optimized over smaller windows 

of pressure, temperature, equivalence ratio and compositions which are relevant to the 

specific working conditions of the selected engine. Nevertheless, the results reported 

here show that the developed IDT correlation could be used effectively to predict 

combustion phasing in practical combustion engine simulations. These can be very 

useful to quickly screen out various geometrical and physical parameters to optimize 

modern engines without the need to solve complex chemistry. 

 

Figure 8-6 : Crank angle timing of the peak of low-temperature heat release and main 

heat release rates as a function of inlet temperature. Camparison between HCCI 
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simulations (solid symbols) and predictions using the correlation developed in this 

work (hollow symbols). 

 

8.3 Universal ignition delay time of Gasolines, Jet fuels, and Diesels  

8.3.1 Motivation and literature review 

Recently, Wang and co-workers [238-241] have sought to develop a simplistic hybrid 

chemistry chemical kinetic model, termed HyChem, for the high-temperature oxidation 

of fuels with a particular emphasis on jet fuels. The HyChem approach mainly suggests 

that ignition at high temperature is a two-stage phenomenon, comprising of a fast 

decomposition step which leads to the formation of smaller intermediates, and an 

oxidation step where the formed decomposition products undergo oxidative 

combustion leading to ignition. Based on this, Xu et al.[240] observed that the IDT of 

different mixtures of jet fuel components tends to converge to a unique value at high 

temperature. This universal value is independent of fuel composition and only depend 

on pressure, temperature and equivalence ratio[239] for multicomponent mixtures. 

Sarathy et al.[242] recently reported that the experimental IDTs of various gasolines 

with different compositions and octane numbers exhibited very similar IDTs at high 

temperatures. These phenomenological and experimental findings, as well as the 

simplicity of high-temperature ignition process, motivated us to universal high-

temperature IDT correlations for real fuels. We first start by a comparison of the IDTs 

of pure hydrocarbons, all the way from methane up to n-dodecane, using data from 

experiments and models. We then introduce the Livengood-Wu ignition delay limit of 

mixtures of fuels and the theoretical distribution of the IDTs of random mixtures of 

simple fuels[222]. Finally, we propose modified Arrhenius IDT correlations of three 

types of real fuels, namely gasoline, jet fuel and diesel. 
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8.3.2 Mathematical basis of the ignition delay time of random 

mixtures 

Khaled et al.[22] and Ma et al.[222] reported that the IDT of fuel mixture can be 

expressed as a harmonic average of the individual IDTs of the mixture’s components 

as in Eq. 8.30. 

 1

𝜏
=∑

𝑥𝑖
𝜏𝑖

𝑛

𝑖=1

 8.30  

 

Figure 8-7: Limiting IDT of random multicomponent mixtures versus average IDT 

using L-W integral 

 

Let Si be a set of n components. Let M = (Si, xi) be a mixture of these n components Si 

with specific mole fractions xi, respectively. Suppose a condition of temperature T=T0, 

pressure P=P0 and equivalence ratio =0 and that the IDT of each of these components 

at these conditions is given by i. Then, according to the Livengood-Wu  description of 

ignition phenomena (see Ma et al.[222] and Khaled et al.[22]), the IDT of M 𝜏 can be 

obtained from the IDT of each of the components using Eq. 8.30. 
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Suppose that we take a random mixture, then each of the compositions xi is a uniform 

random variable from 0 to 1 subject to the condition (Eq.8.31): 

 
∑𝑥𝑖

𝑛

𝑖=1

= 1 8.31  

The condition (Eq.8.31) relates the n originally independent random variables. The 

distribution that correctly describes the vector of xi is well known and is called the 

Dirichlet distribution [243]. The question now is to find the PDF of the IDT of the 

mixture based on the relation given by Eq.8.30. The expected value of the inverse of 

the IDT can be directly derived since it is a linear property and it is given by: 

 
𝐸 (
1

𝜏
) =

1

𝑛
∑

1

𝜏𝑖

𝑛

𝑖=1

 

 

8.32  

We note that in general 𝐸 (
1

𝜏
) ≠

1

𝐸(𝜏)
 which in other words says that the arithmetic 

average is different than the harmonic average but it can be considered equal as an 

initial approximation. 

Let us define these problems: 

 

𝑃1 :

{
  
 

  
 𝑆1 =∑

𝑥𝑖
𝜏𝑖

𝑛

𝑖=1



𝑥𝑖 ∈ [0, 1]

∑𝑥𝑖

𝑛

𝑖=1

= 1

 8.33  

  8.34  

To obtain the PDF of S1, we can rely on the Monte-Carlo approach which states that 

the distribution of enough numbers of samples converges towards the PDF of the 

random variable. The mixture mole fractions actually can be modeled by a Dirichlet 

distribution [243]. A MATLAB code is written to generate 107 mixtures, then these are 

used to get the PDF of the system S1 introduced previously and is given here: 

tau=[242.1979   908.7463    576.0656    835.1798    584.6889    

2080.681    225.5653    167.5967    2162.695    3904.015    504.5637    

1053.857    262.4092    742.7221    1189.801    439.7106    683.3542    

543.8597    723.9203    738.0268    523.9803    685.4724]; 
n=length(tau); 
alpha=ones(1,n); 
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M=10^7; 
realizations=zeros(M,n-1); 
parfor i=1:M  
realizations(i,:)=dirichrnd(alpha); 
end 
real=[realizations 1-sum(realizations,2)]; 
real=real*(1./tau)'; 
approx_mean=mean(real) 
exact_mean=sum(1./tau)/n 
a=1/max(tau) 
b=1/min(tau) 
x=a+0.00001:((b-0.00001)-(a+0.00001))/(100*n):b-0.00001; 
y=log((b-a)./(x-a)-1); 
real_y=log((b-a)./(real-a)-1); 
f=ksdensity(real_y,y); 
f1=f.*(b-a)./((x-a).*(b-a)-(x-a).^2); 
plot(1./x,f1/max(f1)) 

  

The code now is set for the 22 components at the condition given in Table 8-5. The 

theoretical normalized PDF of the IDT is given in Figure 8-8. As can be seen, the peak 

IDT is exactly equal to the predicted one using Eq.8.32 and the variance is less than 

20% with a near Gaussian distribution. 

 

 

Figure 8-8: Comparison between theoretical PDF and calculated PDF based on 30 

samples of the IDT of mixtures of 22 gasoline relevant components 
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In Figure 8-9, we plotted the PDF of S1 in the case of a mixture of 22 components of 

respective IDT given in table 1  at 20 bar and 1100 k and =1 as obtained from the 

model of Sarathy et al. [4]: 

Table 8-5: IDT at 20 bar, 1100K and =1 

Component IDT (s) 

ethanol 242 

n-butane 909 

1-butene 576 

2-butene 835 

1-pentene 585 

2-pentene 2081 

1-hexene 226 

2-hexene 168 

toluene 2163 

benzene 3904 

1-heptene 505 

2-heptene 1054 

methanol 262 

cyclopentene 743 

iso-butene 1190 

 iso-pentane 440 

iso-hexane 683 

iso-octane 544 

n-pentane 724 

n-hexane 738 

n-heptane 524 
n-octane 685 
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Figure 8-9: Theoretical PDF of S2 for mixtures of 3 to 22 components at 20 bar, 1100 

K and =1 

We can clearly see from Figure 8-9 that as the mixture gets more components, the 

variance of the PDF of the IDT gets narrower around an expected value that is, 

interestingly, nearly equal to the IDT of an equi-molar mixture as given by Eq.8.32. 

The problem P1 is multidimensional and finding the exact analytical solution for its 

PDF is a hard exercise (for small N, the solution is given in Appendix E). 

8.3.3 Constraints on the mixture composition 

We want to find the conditions under which one can assume that the IDT of mixtures 

is universal and is independent of the mixture composition under some uncertainty 

level. For our analysis to work correctly, the mixture has to be diversified enough. In 

other words, if sigma is a measure of the suitability of the mixture and if the mixture 

satisfies certain criteria (𝜎 > 𝑦) then the ignition delay of the mixture would surely be 

within d% uncertainty of the expected value. Where d is the satisfaction level (usually 

±15% is a good satisfaction level for IDT). 

A possible measure of suitability can be defined phenomenologically as the following: 

let us have an initial mixture of n-1 components, then the most probable IDT of that 

mixture is given by eq.8.30 (for n-1), if we want to add a new component j to the 

100 1000 10000
0.000

0.002

0.004

0.006

0.008

P
D

F

IDT(s)

 3 components

 4 components

 5 components

 6 components

 7 components

 8 components

 9 components

 10 components

 11 components

 12 components

 13 components

 14 components

 15 components

 16 components

 17 components

 18 components

 19 components

 20 components

 21 components

 22 components



190 

 

Fethi Khaled - November 2018    

mixture such that the resulted IDT given by Eq.8.30 (for n) is almost equal to the 

previous IDT (for n-1), in this sense we can say that adding the new component does 

not affect the IDT of the mixture a lot. In this sense, the new criteria is given by the 

following: 

|(
𝑥𝑗
𝜏𝑗
+
1 − 𝑥𝑗
𝑛 − 1

∑
1
𝜏𝑖

𝑖=𝑛
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1
𝑛 − 1

∑
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1
𝑛 − 1
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∑

1

𝜏𝑖

𝑖=𝑛

𝑖=1′𝑖≠𝑗

 8.35  

For the 22 components of Table 8-5, this new measure give the following results of the 

upper bond for the mole fraction of each of the components for d=±10% and d=±15%: 

 

Figure 8-10: Upper bound of the mole fraction of each component at d=±10% (blue) and 

d=±15% (red) uncertainties of the IDT from the nominal (the harmonic average) value. 
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the upper limit of mole fraction does not actually exist (can go all the way up to 1), such 

as 1-heptene, 1-hexene, 1-butene, iso-octane and n-heptane. This is due to the fact that 

these components have a reactivity (IDT) similar to that of the blend. This indicates 

that these specific components can actually be nanocomponents surrogates for the high 

temperature reactivity of the blend. 

8.3.4 Constraints on other thermodynamic conditions 

In the context of this work, conditions of temperature and pressure are mainly about 

ranges within which mixture ignitability is not significantly altered by the chemical 

interactions between fuel components. In other words, under conditions where Eq.8.30 

is a good approximation of the IDT of mixtures, the proof of universal high-T IDT of 

mixtures as detailed in the previous section stands true. 

At low-T, high-P, the L-W average is not valid any more as explained by in the IDT 

correlation of mixture above and detailed in our paper publication [22] and thus the 

previous analysis of the theoretical PDF of the IDT of mixtures is not valid.  The criteria 

for setting the thermodynamic limits within which the IDT of mixture can be supposed 

as approaching a limiting universal value is the following: T and P and  conditions 

should be as such, the PDF of the IDT of random mixtures is fairly narrow, for example 

at the 2 sigma standard (>95%) and ±15% (with similarity to the Gaussian distribution). 

This means that the IDT of the random mixture is within ±15% of the optimal IDT at 

95% certitude. Ji et al.[244] reported the pressure and equivalence ratio of the higher 

crossover temperature which defines the high temperature end of the NTC region. 

Inspired by the work of Ji et al.[244], a possible correlation of such a relationship can 

be written as: 

 
𝑇 =

1000

𝑎1. ln (
𝑃
𝑃0
) + 𝜑𝑎2 + 𝑎3

 

 

8.36  

The T-P-Phi surface of Eq.8.36 could be a good approximation of the thermodynamic 

constraints. For the above 22 components and after the fitting exercise, the coefficients 

are: a1=-0.073, a2=-0.0338 and a3=0.0938 (see Figure 8-11).  
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Figure 8-11: T-P-phi surface. Upper volume is the space of thermodynamic conditions at 

which the current high-T IDT universality is valid 

The trends in Figure 8-11 are in agreement with the general observation that NTC 

regions starts at higher temperatures as pressures and equivalence ratios increases.[25, 

244, 245] 

8.3.5 Application and case studies 

 Application 1: Gasolines: 

The illustrative case in the previous formulation section was gasoline. Thus, we only 

give concluding remarks here. Sarathy et al. [242] reported experimental IDTs of 

different gasoline type fuels with RON ranging from 70 up to 100 and showed that at 

high-T (>900K) the  IDT is weakly dependent on RON number. These gasolines are all 

multicomponent mixture and they should obey the universal rule detailed in the 

previous section. IDT correlation of the universal limit of IDT for a gasoline like 

mixture (C4-C8) as per simulations using the FACE gasoline surrogate model [4] is 

given by the following equation: 

 
𝜏𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒 = 4.53.1042𝑃−1.36𝜑1.3−

1960
𝑇 ∗ 𝑒𝑥𝑝 (−

1534.6

𝑇
) ∗ 𝑇−12.33 8.37  
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This expression is only valid within a P-T-phi constraint as shown in Figure 8-11 and 

hence extreme care has to be taken before using it in predictive tasks. It is also worth 

noting from Figure 8-11 that at very high pressure combustion (>100 bar), our postulate 

is still valid for temperatures as low as 1000K. 

Plotting this Eq.10 at 20 bar, =1 shows that this expression agrees very well with high 

temperature experimental measurements (see Figure 8-12).  

  

Figure 8-12: IDT obtained from the limiting Monte Carlo approach (red line) as 

compared to different experimental IDTs of gasolines (symbols, taken from [242]) 

 Application 2: Jet fuels 

Composition of Jet fuels can vary significantly depending on the refinery source as well 

as the required usage. Different kinds of jet fuels are being used widely such as Jet A, 

S-8, JP-4. Examples of jet fuel composition can be found in [246]. Mainly, Jet fuels are 

composed of Paraffins, Monocyclo-paraffins, Dicycloparaffins, Alkylaromatics and 

Naphthalenes. Xu et al. [247] followed a similar but less detailed approach to come up 

with a correlation of the IDT of jet fuels at high temperatures. They defined a set of 18 
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note here that their approach to generate the random mixtures was biased towards 

equimolar mixtures due to “the randomly assigning then normalizing procedure” that 

they followed that approaches the Dirichlet distribution but does not reach it (See 

Appendix E). We note here also that Xu et al.[247] were able to show using extensive 

Chemkin simulations that the principle of the large component number does not apply 

only to IDT but also to flame speed, extinction limit and even intermediate time-

histories. Our present work is mainly more rigorous and with mathematical proof of 

their findings with a focus on the IDT. In this application case, we considered the same 

palette components as Xu et al.[247]. We generated a set of 100 random Dirichlet 

mixtures and calculated their IDT using the modified JetSurf model from Xu et al.[247]. 

Universal Jet fuel IDT correlation is found to be: 

 
𝜏𝑗𝑒𝑡𝑓𝑢𝑒𝑙 = 0.982𝑃

−0.836𝜑1.52−
2156
𝑇 ∗ 𝑒𝑥𝑝 (−

12781

𝑇
) ∗ 𝑇−0.458 8.38  

Comparison with recently published Jet fuel ignition data at stoichiometry and 

pressures near 13 bar from Shao et al.[238] is shown in Figure 8-13 where a great 

agreement could be seen. 
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Figure 8-13: Comparison between recommended high-T universal IDT of jet fuels with 

experimental measurements from Shao et al.[238] 

Similarly to gasolines, Eq.8.38 is only valid within a P-T-phi volume constraint. The 

surface constraint can be modeled by Eq.8.36 with coefficients a1= -0.0371, a2= -
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Figure 8-14: T-P-phi surface constraint of the validity of the high T universal IDT of Jet fuels 

It is important to note that most of jet fuel relevant thermodynamic conditions are 

actually within this T-P-  volume constraints making the universal IDT postulate 

particularly important.  

 Application 3: Diesels: 

Although the composition of petroleum-based diesel fuel is highly variable, there are 

some trends [36, 37, 248, 249]: The carbon numbers of the components range from 

approximately C10–C22. An average carbon number is 14 or 15 [36]. There is limited 

literature data about the IDT of diesel components, mainly because of their low vapor 

pressure, although shock tube preheating and the use of aerosol shock tubes have helped 

generating various data [37, 250-252]. Most of this data is obtained in diluted argon 

due to the high vapor pressure of diesels. After a literature survey, the only experimental 

IDT of full blend diesel measurement in air, is found in the work of Gowdagiri et 

al.[253]. This points towards the scarcity of validation data for the oxidation of diesels 

at engine relevant conditions. Various chemical kinetic models of diesel surrogates are 

available [254, 255] although their performance is expected to be lower than those of 

gasoline like fuels. This is mainly because of the limited experimental validation data 

and the wide variability of actual diesel properties. Petroleum based diesels are mainly 
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composed of n-alkanes from C6 to C22, iso-alkanes are usually lightly branched with 

one or two side methyl groups, cycloalkanes may comprise one-third or more by weight 

of diesel fuels, depending on the crude source and degree of hydro-processing. The full 

diesel range for cycloalkanes extends up to about C22 with an average of C14 or 

C15[37]. Aromatics comprise a large fraction of diesel (about 30–35% by weight on 

average), most of these aromatics are mono-aromatics (compounds with 1 aromatic 

ring) with alkyl substitutions [37]. Table 5 summarizes diesel relevant species that have 

readily available ignition kinetic models that can be used to develop an Arrhenius 

expression for the universal high-T IDT of diesels. The palette of components in 

Table 8-6 are clearly baised towards shorter chain alkanes, shorter branched 

cycloalkanes and smaller Aromatics which could eventually lead to inefficiency of the 

application of the current methodology in setting a high-T recommended IDT of diesels. 

Figure 8-15 is a plot of the calculated IDT at 1000 K, 20 bar and =1 of the different 

components in Table 8-6 using kinetic models from respective references. 

Table 8-6: Diesel relevant components with available combustion kinetics models 

Component Reference 

n-octane, n-nonane, n-decane, n-undecane, n-dodecane, n-

tridecane, n-tetradecane, n-pentadecane, n-hexadecane.  

[254] 

Iso-cetane [256, 257] 

n-propylcyclohexane [258, 259] 

decalin [260] 

methylcylcohexane [261, 262] 

cyclohexane [263] 

Toluene [96] 

n-butylbenzene and n-propylbenzene [264, 265] 

Methylnaphtalene [266] 
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Figure 8-15: calculated IDT of diesel components in air at 1000K, 20bar and stoichiometry. 

There are also included the recommended high T IDT of diesels based on this work as well as 

a previous IDt measurements by Gowdagiri et al.[253] of a real diesel 

Using the mixture of the components given in table 5 with kinetic modeling from the 

respective references and the analysis presented in the previous section of this work, 

the Arrhenius expression of the high T IDT of diesels in air can be modeled by the 

following expression: 

 
𝜏𝑑𝑖𝑒𝑠𝑒𝑙𝑠 = 0.342𝑃−0.972𝜑1.255−

1891
𝑇 ∗ 𝑒𝑥𝑝 (

15332

𝑇
) ∗ 𝑇0.5205 8.39  

The only available experimental measurement of an actual diesel IDT in air that we can 

use for comparison is that of Gowdagiri et al.[253]. Figure 8-16 shows comparison of 

our high-T diesel IDT fit with those of two diesels; F-76 and HDF-76 from the work of 

Gowdagiri et al.[253]. The predicted high T IDT is almost twice that of the F-76 US 

diesel fuel. This over-prediction can be mainly explained by a shortage in ignition delay 

data of diesel components that are used in fitting Eq.8.39. We note that our study shows 

that branched cycloalkanes and >C15 n-alkanes are in fact the highest reactive diesel 

components and eventually adding more of these fuels while setting Eq.8.39 would 

result in a better fit. Unfortunately, the only available kinetic model of the oxidation of 

branched cycloalkanes is for methyl cyclohexane and n-propylcyclohexane. A study of 

the oxidation of ethylcyclohexane and other branched cycloalkanes as well as n-alkanes 

longer than C16 (n-hexadecane) in air would be of great value in improving our 
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understanding of diesel ignition. To account for this, the obtained high-T IDT of diesel 

from available kinetic models is divided by a correction factor 1.7, based on the data 

from Gowdagiri et al.[253]. The corrected IDT formula is also plotted in Figure 8-16. 

 

Figure 8-16: Comparison between experiments and correlations of the high T diesel IDT 

8.4 Conclusions 

A new correlation scheme is proposed in this work to predict ignition delay times 

(IDTs) of fuel blends from the IDTs of pure components with the inclusion of chemical 

interaction parameters. The proposed formulation is based on the Livengood-Wu 

integral and we have provided some new insights on the applicability of this integral. 

Various literature formulations are described and it is suggested that the cool flame 

description of Yates et al. [221] is suitable for single-component fuels containing NTC 

region. The methodology proposed in this work for fuel blends is tested against 

simulated IDTs of mixtures of iso-octane, n-heptane, toluene and ethanol. We believe 

that this methodology is universal and that it can be applied for any mixtures of fuels 

over wide ranges of thermodynamic conditions with overall uncertainty bounds of as 
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low as 10%. The developed correlation, however, is dependent on the specific kinetic 

model used to derive the correlation parameters. The outputs of this study could be 

applied in advanced engine simulations to predict combustion phasing and heat release 

patterns for optimization of engine design. 

On the other hand, we presented a detailed mathematical and simulation proof of the 

universality of IDTs of real fuels at high temperatures, mainly due to the high number 

of components these fuels are comprised of and the simplicity of the high temperature 

combustion mechanism. We based our analysis on the Livengood-Wu description of 

the ignition phenomenon which predicts that high-temperature IDTs of mixtures is the 

harmonic mean of the components individual IDT. This procedure also enabled us to 

suggest constraints on temperature, pressure and composition ranges over which such 

universality holds. We applied our results on three types of real fuels: gasolines, jet 

fuels, and diesel. We reported a modified Arrhenius expression that expresses their IDT 

at high temperature as function of pressure, temperature and equivalence ratio. We 

believe that these expressions could be used as a reference in engine ignition modeling 

and other tasks where ignition is an important factor. We also noted the scarcity in the 

ignition data and modeling works of the IDT of heavier diesel components, especially 

> C16 paraffin and > C4 branched cycloalkanes, which makes it difficult to find a 

universal IDT for diesels.  
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9 SUMMARY AND FUTURE WORK 

9.1 Summary 

This thesis is a detailed study of the kinetics of fuel components based on elementary 

reaction rate measurements and IDT correlations. Based on an extensive literature 

review, the need for deeper studies of the reactivity of OH radicals with unsaturated 

hydrocarbons and combustion intermediates is identified. Indeed, most of the previous 

studies on these very important types of reactions in combustion systems focused on 

saturated hydrocarbons. These studies concluded that the reaction of OH with these 

saturated hydrocarbon chains occurs via H-abstraction and hence estimation methods, 

such as SAR and NNN, were developed which are proven to be predictive over a wide 

range of conditions.On the other hand, the reaction of OH with unsaturated 

hydrocarbons is much more complex as we detailed in this thesis since it may occur via 

many pathways including H-abstraction, OH addition and dissociation channels. 

Quantifying the contribution of each of these channels in the overall rate of the reaction 

of OH with unsaturated hydrocarbons is experimentally challenging due to the 

unavailability of robust diagnostic techniques for the measurements of the various 

products. 

The first section of this thesis focused on optimizing OH-detection based kinetic 

measurements for the identification of the competition between different pathways of 

the reaction of OH with unsaturated hydrocarbons by: (1) employing selective 

deuteration of the hydrocarbon species (chapter 3 and 5) and rationalize the obtained 

kinetic isotopic effect to draw conclusions on the active pathways (chapter 3, 5) or by  

(2) expanding the rate measurement to wide ranges of temperature where clear shifting 

in the reaction pathway can be detected through severe changes in the activation energy 

of the overall rate coefficients (chapter 4) or by (3) simultaneous multispecies 

measurements (chapter 6). 

The second section of the thesis deals with a macro-understanding of the behavior of 

fuels in practical combustion systems. After we presented an experimental case study 

measurement of the homogeneous IDT of four fuels (propene, isobutene, 2-
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methylbutanol and 2-methylhexane, chapter 7), we presented a correlation scheme for 

the IDT of fuel blends under wide conditions of temperature, pressure and equivalence 

ratio for application in computationally inexpensive CFD engine simulation for the 

detection of combustion phasing and local ignition initiation (knock and pre-ignition). 

We also studied the possibility of a universal high temperature IDT of practical 

multicomponent real fuel where correlation becomes easier. We gave theoretical 

evidence of this postulate and the pressure-temperature-equivalence ratio surface above 

witch is becomes invalid (chapter 8). 

9.2 Future work: 

Here are some improvement ideas that can build upon the work reported in this thesis: 

9.2.1 Intermediate temperature (500K – 800K) precursor of OH 

radicals 

As we stated mainly in the third and fourth chapter of this thesis, the reaction of OH 

with unsaturated hydrocarbons represents an interesting and complex competition 

between direct H-abstraction and OH-addition/dissociation pathways at intermediate 

temperatures. As temperature increases a switch from OH-addition/dissociation to H-

abstraction pathways arises, this change mostly occurs at the intermediate temperature 

region of 500  800 K. Neither the work presented here, nor works in literature could 

efficiently explore this temperature region for many reasons related to mainly how to 

prepare the right OH-precursor or how to create the right experimental conditions for 

clean measurement of the OH radical and the rate of the reaction. Neither H2O2 flow 

photolysis coupled with OH laser induced fluorescence nor a OH thermal precursor 

coupled with direct OH absorption in the shock tube were possible at this intermediate 

region during this PhD. In the flow reactor setup, as temperature starts to increase, the 

OH yield of the H2O2/Urea flow starts to decrease. Also, the temperature non-

uniformities and the heat losses aggravate when heating temperatures are too high 

leading to increased uncertainty in the LIF signal. In this work, we stopped our 

measurements at 200 C. Similarity, in the shock tube, the OH thermal precursor used 

here is tertbutyl-hydroperoxide (TBHP). At temperatures lower than 800 K, the 
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decomposition of TBHP to OH and tert-butoxy radicals becomes very slow leading to 

a decrease in the yield of OH and an increase in the sensitivity of the OH signal to 

secondary chemistry. The discovery of a new OH thermal source at this intermediate 

temperature region or an implementation of an OH photolysis setup in the shock tube 

are main ideas that could prove promising to investigate the temperature region between 

500 K and 800 K. 

9.2.2 Laser based diagnostic of the products of the reaction of OH 

with fuels 

Another challenge that we reported in this thesis is about the quantification of the 

contribution of the different pathways during reaction of OH radicals with unsaturated 

hydrocarbons. An OH based diagnostic gives information on the overall rate of the 

reaction with OH and eventually hides the contribution of the different pathways. Laser 

based diagnostic of the products of the reaction of OH with fuels would surely answer 

part of the problem. The main challenge in here would be the spectroscopy of the 

formed products (especially for unstable products like adducts and fuel radicals) which 

in many cases is not well established. Also, another issue would be the secondary 

chemistry of the direct products of the reaction of the reaction of OH with fuels which 

would surely lead to complication in data analysis and post-processing. In Chapter 6 of 

this thesis, we demonstrated an experimental setup for simultaneous measurement of 

the reaction of OH radicals and allyl radicals. Allyl radical are also the product of the 

H-abstraction from the allylic CH site in propene. Simultaneous diagnostics of allyl and 

OH radicals during the reaction of OH with propene would infer a lot of information 

on the preferred pathways of this reaction system. Chapter 5 actually tried to answer 

this question by utilizing deuterium kinetic isotopic effect which required the use of 

many assumptions and postulates. In other systems, even simultaneous measurements 

of methane, ethane, butadiene and other stable species could infer quantification of the 

pathways of the reaction of OH with the parent molecule. 
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9.2.3 Machine learning application for ignition delay time 

regression 

Chapter 8 of this thesis reported a correlation scheme for the ignition delay time of pure 

components and fuel blends at wide thermodynamic conditions. Despite the simplicity 

of the procedure, it needs a huge amount of effort to optimize the fitting coefficients. 

Machine learning algorithms could be a huge improvement in this regard due to the 

reduced work needed to develop these and the level of automation they offer. The 

challenge in this case would be the training data that will be used to train the algorithm 

and how much are the expected levels of accuracy and operability.  

9.2.4 Ignition delay time measurement of very long chain 

hydrocarbons 

In chapter 8 of this thesis, we reported a universal correlation of ignition delay times of 

multicomponent hydrocarbons at high temperature. We noted a deficiency of the 

currently available literature data for the ignition delay time of very long chain 

hydrocarbons in developing an accurate estimation of this universal limit for diesel 

streams. We also noted that these very long chain hydrocarbons are expected to be the 

main reason of the higher reactivity in diesels, as seen from measured ignition delay 

times of diesel fuels compared to the measured reactivity of diesel surrogates such as 

iso-cetane. Deep investigation of the kinetics of very long chain n-alkanes (> C16) and 

long branched cycloalkanes / aromatics (>C4) would surely be a step forward in the 

task of understanding the kinetics of diesels and heavy fuels. 
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Appendix A: Mixture preparation for gas phase reaction studies 

For gas phase kinetic studies, mixture preparation could be performed in many ways. 

In flow experiments, preferred method is admission of the different components of the 

mixture via flow lines. The flow rates are optimized to match the desired composition 

of the final stream inside the reactor. For static experiments (such as the shock tube 

experiments), mixture preparation in a separate vessel is preferred due to the many 

advantages that it could have mainly including the perfect mixing through the use of  

magnetic stirrers as well as longer diffusion mixing times. However, one has to be 

alerted about adsorption to the vessel’s wall and reaction initiation due long time 

residence times inside the vessel. In fact, many precautions have to be taken into 

consideration during mixture preparation for gas phase kinetic studies and here are 

some of them that I learned during this PhD: 

Vapor pressure VS partial pressure 

It is a gas phase reaction, so all mixture’s components have to be in gaseous state. This 

is the main property that is mandatory to check whenever a flowing or static mixture is 

being envisaged. Especially, in combustion studies, many of the long chain 

hydrocarbons have lower volatility and hence there is always a risk of condensation and 

liquid-vapor equilibrium especially for very rich mixtures. A rule of thumb that one has 

to follow is that the partial pressure of each specie in the mixture have to be at most 

half of its vapor pressure. Vapor pressures databases are usually easy to find in different 

thermodynamic databases and are usually given in the form of Antoine equation. The 

Antoine equation describes the vapor pressure of substances as function of temperature 

and is defined by: 

𝑙𝑜𝑔10(𝑃) = 𝐴 −
𝐵

𝑇 + 𝐶
 

Where A, B and C are substances’ specific coefficients. Usually, heating could level up 

the vapor pressure of the substance and hence ensure evaporation of low vapor pressure 

substances. Another precaution include slow filling of liquid fuel inside flow stream 

and mixing vessel to prevent local or temporal condensation of fuel inside the flow lines 
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and inside the mixing vessel. These can induce large uncertainties about the actual 

composition of the blend leading to fatal experimental uncertainties and errors. 

Dalton’s Law vs Raoult’s Law 

For gas phase reactions, partial pressures and mole fractions are equivalent as stated by 

the Dalton’s law. 

𝑥𝑖 =
𝑃𝑖
𝑃𝑡𝑜𝑡

 

Thus, generally gas phase reactions are prepared through pressure readings 

(manometry) when all components could be evaporated beforehand. However, 

especially for low vapor pressure substances, if much fuel is inserted in the mixing 

vessel, condensation of that fuel can occur leading to equilibrium between the liquid 

and vapor phase. In this case, the Dalton’s law is not anymore valid but rather the 

Raoult’s Law leading to erroneous interpretation of the mixture composition. The 

Raoult’s law states that the partial pressure of a substance for a liquid-vapor equilibrium 

mixture is equal to its vapor pressure multiplied by the overall mole fraction of the 

substance in the mixture and hence the difference with regard to the Dalton’s Law. 

Similarly when manometrically preparing a fuel/ diluent mixture starting from a pre-

prepared liquid fuel blend Raoult’s Law may apply. In this case, if injection of the fuel 

mixture is driven by the low pressure inside the filling tubes leading to evaporation of 

the liquid blend and subsequent admission into the mixing vessel, it is clear that the 

composition of the fuel vapor is not that of the liquid blend but rather dictated by 

differences in the vapor pressure of the different components composing the fuel.   

For preparation of blend/diluent gaseous mixture, volumetric preparation of the blend 

and then direct injection inside the mixing vessel by means of a Syringe. In this case, 

the mole fraction can be calculated using the molecular mass and density of each of the 

liquid components and their volumetric fraction. 

𝑁𝑗 =
𝑉𝑗

𝑉
.
1

𝑀𝑗 . 𝜌𝑗
 

𝑥𝑖 =
𝑁𝑖
∑𝑁𝑗
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Appendix B: MATLAB - Chemkin code for OH+ fuel reaction rate 

optimization 

Chemical kinetic models are said to be validated once they could reproduce 

experimentally measured kinetic behaviors (ignition, flame speed…) or concentration 

profiles of various species at various thermodynamic processes. This validation process 

require comparison of simulated plots generated given boundary conditions with 

experimental measurements of different combustion properties and may also 

incorporate kinetic routes and rates tuning making it a tedious exercise that is worth 

automation. In this work, OH concentration profile is monitored using a laser based 

technique, and then the obtained profile is compared with the calculated profile (from 

chemkin) to validate the Arrhenius representation of these reactions inside the kinetic 

model. The traditional method was to set manually the OH concentration and the fuel 

+ OH rate constant of the model (through Chemkin graphical user interface). Then after 

running the simulation, the simulated OH(t) curve is visually compared to the 

experimental data. If there is a judgment that no good agreement was seen, new initial 

TBHP concentration and rate constants are suggested (based on best guess). These new 

parameters are again entered in the Chemkin GUI. This procedure is repeated until there 

is agreement between the experimental data and the simulated one. Obviously, this 

exercise is time consuming and subjective. Many of the rate coefficient results reported 

in this thesis are actually obtained using an automated scheme by linking Chemkin to 

an in house written MATLAB code.  
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Figure 11-1: Schematic of the procedure used to link MATLAB and Chemkin for rate 

coefficient measurements 

 

Figure 11-2: Validation case of this code is represented in figure 1 for the case of propene-

3,3,3-D3 using the a modified Jetsurf model as detailed in the work by Badra et al.[24] 
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Figure 11-3:  MATLAB GUI for Fuel + OH rate coefficient measurement. 
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Appendix C: Constant UV, constant UP and constant TP and 

constant TV ignition delay times 

Ignition delay time is defined as the time that takes a mixture of fuel and oxidizer to 

release energy after being settled to specific thermodynamic conditions. The 

thermodynamic process going from the initial state of the unburned gas to the 

combusted gas affect this ignition delay time. As a prototype example, following 

Figure 11-4 shows the temperature or the enthalpy (where appropriate) evolution of a 

stoichiometric mixture of iso-octane in air using 0D homogeneous batch reactor 

simulations in Chemkin Pro for constant UV, constant UP, constant TV and constant 

TP problems. Initial conditions are P=20 bar, T=1100 K and V=1 m3. It is clear that 

ignition delay times are processes dependent. In fact, constant volume ignition delay 

times (as in the shock tube) are usually the shortest. In other processes, energy built 

during oxidation is partially dissipated due to either volume expansion or heat release 

causing partial relaxation and retardness of heat release rates. 

 

Figure 11-4: Ignition delay times under different thermodynamic processes 
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In real engine conditions, thermodynamic processes are neither of the 4 previous 

processes but a combination of all of them. It is important to note here that the ignition 

delay time in the Livengood-Wu integral refers to a specific thermodynamic process 

and hence the seen shortage in its application for engine reactive scenarios. In the 

chapter 8 of this thesis we showed an example of an HCCI engine prediction of 

combustion phasing using Livengood-Wu integral in combination with correlation of 

constant UV ignition delay times. Ideal, adiabatic HCCI simulations in Chemkin can 

be seen as combination between constant UV and constant UP processes. Perhaps, a 

deeper understanding of this combination can lead to better predictive ability of the 

combustion phasing in HCCI simulations using IDT correlations. 
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Appendix D: Livengood- Wu integral 

The same nomenclature of chapter 8 is used here. 

Section A: Integration time and Livengood-Wu integral 

We want to prove that under relevant engine conditions: 

𝑑 (ℎ (
𝑥
𝑥𝑐
))

𝑑𝑡
=
1

𝜏
 

where: 

ℎ (
𝑥

𝑥𝑐
) =

𝑡

𝜏
 

Differentiating, we get: 

𝑑 (ℎ (
𝑥
𝑥𝑐
))

𝑑𝑡
=
𝑑 (
𝑡
𝜏)

𝑑𝑡
=
1

𝜏
−
𝑡

𝜏2
𝑑𝜏

𝑑𝑡
 

We know that the ignition delay time is a function of pressure and temperature. In 

differential form, this can be written as following: 

𝑑𝜏

𝑑𝑡
=
𝜕𝜏

𝜕𝑇
.
𝑑𝑇

𝑑𝑡
+
𝜕𝜏

𝜕𝑃
.
𝑑𝑃

𝑑𝑡
 

Using the the general Arrhenius expression of IDTs (Eq. 8.1), we can write: 

𝜕𝜏

𝜕𝑇
≅ −

𝐸

𝑅
.
1

𝑇2
. 𝜏    and 

𝜕𝜏

𝜕𝑃
≅

𝑛

𝑃
. 𝜏,  

Then: 

𝑑𝜏

𝑑𝑡
= 𝜏. (

𝐸

𝑅
.
1

𝑇2
.
𝑑𝑇

𝑑𝑡
+
𝑛

𝑃
.
𝑑𝑃

𝑑𝑡
) 

Typical value for E/R is -20000 K, n is -0.7 (values taken from high T IDT of iso-octane 

and n-heptane) and for relevant engine operating conditions dT/dt is about 180 K/ms 

and dP/dt is about 1.25 bar/ms. Thus: 
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𝑑𝜏

𝑑𝑡
≅ −10000𝜏 

Then we finally get: 

 

𝑑(ℎ(
𝑥

𝑥𝑐
))

𝑑𝑡
=

1

𝜏
−
1000.𝑡

𝜏
=

1

𝜏
(1 + 10000. 𝑡) 

If the previous integral is calculated over a time step of 100 s, then the second term 

(10000t) becomes 0.01 which is small enough to be considered negligible.  

In general, a critical time scale can be derived for the L-W integral that can be written 

in the form: 

휀 =
1

|
𝐸
𝑅 .

1
𝑇2
.
𝑑𝑇
𝑑𝑡
|𝑚𝑎𝑥 +

𝑛
𝑃 .
𝑑𝑃
𝑑𝑡
|𝑚𝑎𝑥|

 

While calculating ignition delay times of a real T-P process using the L-W integral, one 

has to make sure that the data acquisition time interval is small enough compared to the 

critical time scale 

Section B: L-W integral for nth order of kinetics: 

 

We want to prove that the Livengood-Wu integral is valid for any global order of 

kinetics. 

The order of kinetics, n, can be written as: 

𝑑 [
𝑥
𝑥𝑐
]

𝑑𝑡
= 𝑐𝑜𝑛𝑠𝑡. [

𝑥

𝑥𝑐
]
𝑛

 

We can then write: 

𝑑 (([
𝑥
𝑥𝑐
])
1−𝑛

)

𝑑𝑡
= (1 − 𝑛). [

𝑥

𝑥𝑐
]
−𝑛

.
𝑑 [
𝑥
𝑥𝑐
]

𝑑𝑡
= 𝑐𝑜𝑛𝑠𝑡. (1 − 𝑛) 

Thus: 
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[
𝑥

𝑥𝑐
]
1−𝑛

= ∫ 𝑐𝑜𝑛𝑠𝑡. (1 − 𝑛). 𝑑𝑡
𝑡

𝑡=0

 

At ignition, 𝑥 reaches its critical value 𝑥𝑐, then this integral becomes 1 and we have: 

1 = 𝑐𝑜𝑛𝑠𝑡. 𝜏. (1 − 𝑛) 

We conclude then: 

[
𝑥

𝑥𝑐
]
1−𝑛

= ∫
1

𝜏
.

𝑡

0

𝑑𝑡  

And at ignition, we recover the L-W integral: 

1 = ∫
1

𝜏
.

𝑡𝑖𝑔𝑛

0

𝑑𝑡  

 

 

Section C: Test of the Livengood-Wu integral 

As a proof-of-concept and to further demonstrate the performance of the Livengood-

Wu integral, zero dimensional IDT simulations are performed using the detailed 

chemical kinetic model of primary reference fuels (n-heptane, iso-octane) [267] and 

these simulated IDTs are compared against those calculated with L-W integral 

approach. Stoichiometric n-heptane/air (3.76/1 N2/O2) mixture at a pressure of 10 atm 

was considered for this comparison. A stepwise T-P process is chosen as a validation 

case where P is unchanged and T is increased by 10% of its initial value halfway 

between the start of simulation and ignition (see inset of Figure 11-5). The ignition 

delay time of this process according to the Livengood-Wu integral is given by: 

 
𝜏𝑖𝑔𝑛(𝑇0, 𝑃0) = 𝜏(1.1𝑇0, 𝑃0) +

𝜏(𝑇0, 𝑃0)

2
. (1 −

𝜏(1.1𝑇0, 𝑃0)

𝜏(𝑇0, 𝑃0)
) 

=
(𝜏(1.1𝑇0, 𝑃0) + 𝜏(𝑇0, 𝑃0))

2
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where 𝜏(𝑇0, 𝑃0) (or 𝜏(1.1𝑇0, 𝑃0)) is the typical constant U-V ignition delay time at 

initial pressure of P0 and temperature T0 (or 1.1T0). A comparison between the 

simulated and calculated IDTs using Eq.8.1 is shown in Figure 11-5, where an excellent 

agreement is observed. 

 

Figure 11-5: Ignition delay times of of n-heptane at P = 10 atm and =1: Comparison between 

Chemkin simulations and L-W integral calculations. Process 1 is a constant T, P process 

whereas process 2 is a constant P, staged T process, as shown in the inset. 

Simulations were performed using the Chemkin-Pro [34] software where the 

continuation option was used to create a constant volume simulation with a stepwise T-

P profile. Comparing the black and the red lines in Figure 11-5, it is concluded that the 

imposed rise of temperature in process 2 resulted in a reduction of the ignition delay 

time as compared to the constant UV case (process 1). A similar behavior is seen at 

intermediate temperatures for some hydrocarbons where a cool flame temperature and 

pressure rises increases the reactivity of fuels. This region of the Arrhenius plot of 

ignition delay time is called the negative temperature coefficient (NTC) region. 

Experimental and theoretical evidences show that the NTC region is correlated to the 

cool flame phenomena [20, 214, 221]. The cool flame causes a sudden rise in pressure 

and temperature before the main ignition event and this process is known as the two-

stage ignition [268]. These observations led many authors to solely explain the NTC 
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region by coupling the cool flame T-P rise to the L-W integral [214, 221]. For example, 

the correlation of Yates et al. [221] describes the NTC region of n-heptane and iso-

octane using information on the high-temperature ignition delay time, the first stage 

ignition and the cool flame temperature and pressure rises. Yates et al. [221] 

successfully applied their methodology to describe ignition delay times of n-heptane 

and iso-octane and in this paper we adopted this methodology for single component 

fuels IDT correlation. 
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Appendix E: Dirichlet distribution 

The composition of a perfectly randomly generated mixture of N components follows 

a flat Dirichlet distribution. These are special cases for the more general Dirichlet 

distribution. Hence, the mole fraction of each component in the mixture follows the 

following density distribution function: 

𝑓(𝑥1, 𝑥2…𝑥𝑁) = (𝑁 − 1)! 

To generate a sample of random mixture of N components, it is equivalent to randomly 

generate n random positive number yi with gamma distribution: 

𝑓(𝑦𝑖) = exp(−𝑦𝑖) 

Then, by normalization, we can obtain the mole fraction of each component i: 

𝑥𝑖 =
𝑦𝑖

∑ 𝑦𝑘
𝑛
𝑘=1

 

It is important to note here that, generating N uniformly distributed positive numbers 

between 0 and 1 and then normalize them by the sum is not a correct sampling method 

for uniformly random mixtures.  


