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ABSTRACT 

Investigating the effect of physical and chemical properties of gasoline and its surrogates in a 

gasoline compression ignition (GCI) engine 

Nour Atef 

Gasoline compression ignition (GCI) engines show promise in meeting stringent new 

environmental regulations, as they are characterized by high efficiency and low emissions. 

Simulations using chemical kinetic models provide an important platform for investigating the 

behaviors of the fuels inside these engines. However, because real fuels are complex, simulations 

require surrogate mixtures of small numbers of species that can replicate the properties of real 

fuels. Accordingly, the development of high fidelity, well-validated kinetic models for surrogates 

is critical in order to accurately replicate the combustion chemistry of different fuels under 

engine-related conditions. 

This work focuses on the development of combustion kinetic models to better understand 

gasoline fuel combustion in GCI engines. An updated iso-octane detailed kinetic model was 

developed based on new thermodynamic group values and recently evaluated rate coefficients 

from literature. The model was validated against a wide range of experimental data and 

conditions.  

The iso-octane model was further used in 0D simulations for a homogeneous charge 

compression ignition (HCCI) engine. The results showed that the low-temperature heat release in 

engines increases with engine boosting when the addition of alky radicals to molecular oxygen is 

more favored. Ethanol addition was also found to act as a radical sink which inhibits the radical 

pool formation and results in lower reactivity. 
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Although detailed models provide clarification of the combustion chemistry, their high 

computational cost impedes their utilization in 3-D engine simulations. Hence, a reduced model 

for toluene primary reference fuels was developed and validated against ignition delay time and 

flame speed experiments from literature. The model was then used in numerically investigating 

the effects of the fuel’s physical properties using hollow-cone and multi-hole injectors in a 

partially premixed compression ignition (PPCI) engine. It was concluded that the effects of 

physical properties are evident in multi-hole injection cases, which is attributable to the 

differences in mixture stratification.  

Finally, reduced models for multi-components surrogates for three full-blend fuels (light 

naphtha-Haltermann straight-run naphtha and GCI fuels) were developed. The models were 

validated against ignition delay time experiments from the literature and tested in 3D engine 

simulations. 
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“Knowledge is like money:  

To be of value it must circulate, and in circulating  

it can increase in quantity and, hopefully, in value.”  

Louis L’Amour 

1 Introduction 

1.1 Background and Motivation 

Stringent environmental regulations are pushing the combustion community towards cleaner 

combustion processes, triggering the improvement of engine design and fuel optimization to 

reduce emissions, improve efficiency and satisfy the increasing demand for energy. 

Two types of conventional engines are currently on the roadways; spark ignition (gasoline) and 

compression ignition (diesel) engines. Because of their high compression ratio, compression 

ignition engines are the most fuel-efficient; however they are characterized by high NOx and 

particulate emissions. Spark ignition engines are almost entirely emission-free with the 

utilization of three-way catalyst technology, but their efficiency is limited due to the premixing 

of their air/fuel charges. Advanced engines combine the advantages of both types of 

conventional engines and offer huge potential for investigative research to understand the in-

cylinder process. 

In advanced combustion engines, gasoline-like fuels are injected into compression ignition 

engines at earlier crank angles than in diesel engines; therefore, they are known as gasoline 

compression ignition (GCI) engines. Recent studies have explored fuels in the octane number 

range of 60-85 [1-5] as optimal candidates for GCI operation; the longer ignition delay times of 

these fuels relative to diesel result in sufficient time for mixing and consequent leaner burning. 
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Consequently, soot and NOx emissions are reduced, while high efficiency is maintained. The 

level of in-cylinder fuel mixing or stratification can be controlled by varying the start of injection 

(SOI) timings. Very early injection of fuel in the cylinder allows the formation of homogeneous 

fuel/air charge, known as homogeneous charge compression ignition engine (HCCI); later 

injection provides partial premixing before ignition, or partially premixed compression ignition 

(PPCI) engine.  

The coupling of computational fluid dynamics with detailed chemical kinetics offers the promise 

of optimizing engine performance and exploring the effect of fuel variability on pollutant 

formation and engine efficiency in a facile and fundamental scientific manner [6]. However, real 

fuels (gasoline, diesel and jet fuels) consist of a wide range of components, making them very 

challenging for kinetic modelling. Surrogate fuels present an efficient and prevalent 

methodology to model complex real fuels. Surrogate fuels are mixtures of small numbers of 

hydrocarbons with different concentrations which can reproduce the chemical and physical 

properties of real fuels with affordable computational costs [7]. 

The most commonly used surrogates are primary reference fuels (PRF), blends of iso-octane and 

n-heptane matching the octane numbers (ON) of the real fuel. Ternary mixtures of PRF and 

toluene were also proposed as potential fuel surrogates [8, 9]. Pitz et al. [10] discussed the 

importance of matching more properties between gasoline and its surrogate; these targets include 

the chemical composition, H/C ratio, density and evaporation characteristics. Farrell et al. [11] 

discussed the importance of formulating surrogates that match both chemical and physical 

properties for diesel fuels in order to replicate the mixing-controlled and kinetically-controlled 

phenomena occurring in real engines; and Colket et al. [12, 13] examined the development of 

chemical/physical surrogates for jet fuels . These resulted in several methodologies for 
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formulating multicomponent surrogates [6, 14]. The surrogate becomes more complicated when 

more target properties are included in the formulation process.  

Obviously, replicating the combustion chemistry and kinetics of real fuels is crucial for 

improving performance in advanced internal combustion engines (ICE) [15], for example: knock 

(the auto-ignition of end-gases) in spark ignition (SI) engines and combustion phasing in HCCI 

and PPCI engines are driven by chemical kinetic processes [16-18].  A thoroughly tested kinetic 

model enables the accurate simulation of engine experiments and clarifies the effect of fuel 

composition on engine combustion phasing [19]. 

From this aspect, this work focuses on numerically investigating the effects of the physical and 

chemical properties of gasoline surrogate on GCI engine combustion. The work provides 

detailed and reduced kinetic models of surrogate components. The detailed kinetic models follow 

the state-of-the-art in fundamental thermochemistry and kinetics of combustion. The detailed 

models were developed based on recently calculated rate parameters from the literature and new 

group values for the thermochemistry of different species. The reduced models were developed 

according to decoupling methodology. Both detailed and reduced kinetic models presented in 

this thesis were validated across a wide range of experiments, which increased their reliability.  

Furthermore, various surrogates were investigated in engine simulations, using the newly 

developed kinetic models or from the literature. Both HCCI and PPCI engines are investigated in 

this thesis. HCCI engine is controlled by chemical kinetics and can be modelled as perfectly 

homogeneous, so 0-D simulations were conducted to understand the chemistry of different fuel 

mixtures in HCCI engines. On the other hand, PPCI engines are characterized by significant in-

cylinder temperature and composition stratification, attributed to the fuel spray. Accordingly, 3-
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D engine simulations were carried out to understand the effect of different sprays on 

stratification in PPCI engines. 

1.2 Overview of the dissertation 

Chapter 2 addresses the methodologies adopted for the development of kinetic models. First, the 

development of detailed combustion kinetic models is presented in detail. The estimation of the 

thermochemical properties of different species in the model is explored; all classes of chemical 

reactions involved in the detailed models are illustrated with detailed discussion of the 

alternative isomerization pathway. Next, the methodology followed for developing the reduced 

models is discussed. 

Chapter 3 presents an updated detailed kinetic model for iso-octane using the methodology 

presented in chapter 2. The model is validated against a wide range of experimental data 

including shock tube (ST) and rapid compression machine (RCM) ignition delay time data, jet 

stirred reactor (JSR) speciation data, flame speeds, counter flow flame experiments and pyrolysis 

speciation data. The model was then used to explore the important pathways of iso-octane 

combustion and investigate the importance of the addition of the alternative isomerization 

pathway. I would like to express my gratitude to Dr. Goutham Kukkadapu, and PhD students 

Ehson Nasir and Colin Banyon for conducting the rapid compression machine (RCM) 

experiments in University of Connecticut, KAUST and University of Nui-Galway; respectively. 

I am also grateful to Dr. Samah Mohamed (KAUST) and Dr. Mariam Al Rashidi (KAUST) for 

their help with the kinetic modelling, and Dr. Apurba K. Das (University of Connecticut) and Dr. 

Karl Alexander Heufer (University of Nui-Galway) for their help in measuring the experimental 

data. I would like also to thank PhD student Adamu Alfazazi (KAUST) for simulating the 

counterflow flame experiments. 
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In chapter 4, the updated iso-octane model is compiled, with a recent n-heptane model [20] to 

simulate HCCI experiments. The aim of this chapter is to investigate the effect of boosting (i.e 

increasing the intake pressure) on fuel reactivity. The effect of ethanol blending with gasoline is 

also explored. I am so grateful to Dr. David Vuilleumier for performing the engine experiments 

in University of Berkeley. I would like also to thank Dr. Goutham Kukkadapu for carrying out 

the rapid compression machine experiments in University of Connecticut. I would like also to 

thank Dr. Benjamin Wolk (University of Berkeley), Dr. Hatem Selim (KAUST), Dr. Darko 

Kozarace (University of Zagreb), Dr. Samveg Saxena (Lawrence Berkeley National Laboratory) 

and Dr. Zhaowen Wang (University of Berkeley) for their efforts in this work. 

In chapter 5, a reduced kinetic model for gasoline surrogates is presented. The model includes 

three components, iso-octane, n-heptane and toluene. It can be used for simulating binary PRF 

mixtures and ternary TPRF mixtures. The model was validated against 0-D ignition delay time 

data, 1-D flame speeds and 3-D engine experiments. I would like to thank PhD student Adamu 

Alfazazi (KAUST) for his help with the model reduction and Dr. Jihad Badra (Saudi Aramco), 

Dr. Yu Zhang (Aramco Research Center), Dr. Tom Tzanetakis (Aramco Research Center), and 

Dr. Yuanjiang Pei (Aramco Research Center) for the engine simulations. 

The reduced model is then used in chapter 6 to numerically investigate the effect of different 

injectors on fuel stratification in PPCI engine using 3-D simulations. A seven-hole solid-cone 

and a hollow-cone injectors are numerically studied in the same engine geometry using the same 

fuels. The effect of the nature of each injector on in-cylinder stratification is explored for the first 

time in literature. Moreover, the role of the physical properties of the fuel in combustion phasing 

is also discussed. I am so grateful to Dr. Jihad Badra (Saudi Aramco) and PhD student 

Mohammed Jaasim (KAUST) for their help in the simulations. 
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Chapter 7 presents multi-component reduced kinetic models for light naphtha, Haltermann 

straight-run naphtha and gasoline compression ignition fuels; the models were validated against 

0-D ignition delay time data of the real fuels and then used in 3-D engine simulations. 

Finally, all the findings of this thesis are summarized in chapter 8, in addition to some 

projections for future research directions. 
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2 Developing Kinetic Models for Engine Application 

Detailed kinetic models provide insightful understanding of fuel oxidation chemistry; and are 

very reliable in determining the different pathways that occur during the combustion process and 

detecting the different species produced. Detailed models can be used in 0-D simulations of 

homogeneous experiments such as ignition delay time from a shock tube or rapid compression 

machine, speciation data from a jet stirred reactor and HCCI engines, and 1-D simulations of 

flame experiments like laminar flame speed calculations and ignition temperature of counter- or 

co-flow flames. However, using detailed combustion models in CFD is challenging since 

increasing the number of species increases the computational cost, therefore, reduced models 

which can replicate the performance of the detailed models should be developed. The 

methodologies adopted for developing detailed and reduced combustion models are presented in 

the following sections. 

2.1 Detailed kinetic models 

Detailed combustion kinetic models are constructed in hierarchical way, where the sub-

mechanism of the fuel is built upon the chemistry of the lower hydrocarbons. The most recent 

and well-validated base chemistry (C0-C4) is Aramco 2 [21], which is the base chemistry for the 

models presented in this thesis. The combustion chemistry of alkanes consists of 34 classes and 

involves hundreds of species whose thermochemical properties should be defined in the kinetic 

model. The following sub-sections discuss the development of the thermochemical properties of 

the species and different classes of reactions. 

2.1.1 Thermochemistry 

Thermochemical data are used for calculating the mixture temperature and the rates of reversible 

reactions through the equilibrium constant; 
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𝑘𝑏
= exp(

−𝛥𝐻

𝑅𝑇
+

𝛥𝑆

𝑅
) 

 

(1) 

where Keq, kf and kb are equilibrium constant, rates of forward and backward reactions 

respectively, ΔH and ΔS are the change in the enthalpy and entropy of chemical reaction. 

 The thermochemical data of all species involved in the fuel oxidation sub-mechanism  were 

evaluated using Benson’s group additivity method [22] which involves breaking down the 

species into a number of groups in which each group contributes to the thermochemistry of the 

species (i.e ΔH, ΔS, Cp). The thermochemistry in the kinetic models developed for this thesis 

were generated using THERM software [23], which implements the group additivity method and 

the recent group values proposed by Burke et al. [24] and Simmie and Somers [25] were used. 

In addition, non-nearest interactions like gauche and H15 were also carefully implemented 

during development of the thermochemical properties of the species. Gauche is defined as the 

interaction between two groups with dihedral angle 60˚. The number of gauche interactions in a 

species can be determined using the Newmann projection. However, Sabbe et al.[26] calculated 

the enthalpy of formation of 233 species at the CBS-QB3 level of theory and suggested 

corrections to the gauche interactions predicted from the Newmann projection. For example, 

2,2,3 trimethyl-butane, shown in Figure 2-1a,  has four alkane gauche (AG) interactions based on 

the Newmann projection, however, based on the calculations of Sabbe et al. [26] five gauche 

interactions should be considered. Moreover, Sabbe et al. [26] classified the gauche interactions 

in radicals based on the radical site into i) RG1 (shown in Figure 2-1c.), where the interaction is 

between two sp3-hybridized carbon groups, one of which is connected to the radical site, and ii) 

RG2 (shown in Figure 2-1b), where the interaction is between an sp2-hybridized and an sp3-
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hybridized carbon group. According to their calculation [26], both RG1 and RG2 increased the 

heat of formation of the species; however their contribution was less compared to AG by 40% 

and 76% respectively.  

The treatment of the gauche interactions in the species developed for the kinetic models 

presented in this thesis was based on the study of Sabbe et al [26]. The present THERM database 

does not include RG1 or RG2 groups; so RG2 was implemented as full AG while RG1 

interaction was neglected. For cyclic ethers, gauche interactions are considered only if one or 

both of the interacting groups are not within the cycle, as shown in Figure 2-1d and e. In the case 

of olefinic species, gauche interactions between an sp3-hybridized carbon center and an sp2-

hybridized center (such as the interaction between C1 and C6 in 2,2,4 trimethyl-pent-3-ene 

(Figure 2-1f)), were not included because they are accounted for in other group values. For 

example, the C/C3/CD group used for the quaternary carbon center in 2,2,4 trimethyl-pent-3-ene 

includes the interaction between groups 1 and 6. 

Another destabilizing interaction is the 1,5 hydrogen interaction resulting from the repulsion 

between the two methyl groups lying on the same side of the molecule (e.g., C1 and C7 in the 

carbon skeletal Figure 2-1f). This adds 1.5 kcal mol–1 to the heat of formation, as reported by 

Benson et al. [27]. Sabbe et al. [26], noted that this destabilizing effect was lower in the case of 

radicals, especially for the tertiary iso-octyl radical (-0.43 kcal mol–1). When calculating the 

thermodynamic properties of radicals, standard THERM hydrogen interaction groups were used; 

the number of standard groups included was chosen to most closely match the specific radical 

hydrogen interactions.  Thus, the 1,5 hydrogen interaction in this group additivity 

thermochemistry estimation for the tertiary iso-octyl radical (-0.43 kcal mol-1) was neglected.  
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In addition to gauche and 1,5 hydrogen interactions, an optical isomer group (OI) was added for 

every chiral center and hydroperoxy OOH functional group (pseudo-chiral center). This adds 

R×ln 2 to the entropy of the species, which affects the equilibrium constant. 

 

Figure 2-1: Newman projections showing gauche interactions for (a) 2,2,3-trimethylbutane 

molecule along the tertiary-quaternary bond and (b) RG2 (c) RG1 radical interactions , (d,e) 

cyclic ethers, (f) olefin. 

2.1.2 Chemical kinetic mechanism 

Figure 2-2 shows all the classes included in the kinetic models of alkane combustion. 

Conventionally, 29 classes of reactions are included in the combustion models of alkanes, 

following the work of Sarathy et al. [28] for 2-methyl alkanes; these are classified into high- and 

low-temperature classes. The high temperature chemistry includes formation of alkyl radicals 

from the fuel and olefin chemistry, which are presented by nine classes. The low-temperature 

chemistry is more complicated as it involves the successive addition of the alkyl radicals to 
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molecular oxygen and subsequent isomerization. It is comprised of 20 classes in the kinetic 

model. Recently, five more classes were added to the combustion models of alkanes, which 

represent the alternative isomerization pathway for peroxy-alkylhydroperoxide species 

(ȮOQOOH). Following is a more detailed discussion of each class included. 

 

Figure 2-2: Major classes involved in alkane kinetic models. Red, blue and grey represent 

classes of high-temperature, low-temperature and alternative isomerization pathways, 

respectively. 

Class 1: Unimolecular fuel decomposition 
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This class is the initiating step during pyrolysis (the absence of oxygen), which involves 

breaking down the C-C, or the C-H bond in the fuel molecule, resulting in the formation of two 

alkyl radicals, or an alkyl radical+ H. The C-C bond is weaker than the C-H bond in alkanes, and 

therefore pyrolysis begins by C-C bond decomposition. Moreover, the higher branched the 

alkane, the weaker the C-C bond; an example is that the bond energy of the quaternary-tertiary 

bond in 2,2,3 trimethyl-butane is 83 kcal/mole, compared to 83.4 kcal/mole for the quaternary-

secondary bond in iso-octane [29].  

Class 2: H-atom abstraction from the fuel 

Combustion is initiated by H-atom abstraction from the fuel molecule when O2 produces an alkyl 

radical and HȮ2, which in turn attacks more fuel molecules, producing more alkyl radicals; 

H2O2. H2O2 then accumulates and decomposes, producing ȮH radicals. The rate of H-atom 

abstraction by ȮH is very high so that a high concentration of ȮH is accompanied by high rates 

of fuel consumption and temperature rise, which is the definition of ignition. 

Due to their importance, extensive studies have been conducted to provide rate rules for H-atom 

abstraction by ȮH radical based on next-nearest-neighbor (NNN) carbon atoms. Figure 2-3 

shows the different radical sites in iso-octane and 2,2,3 trimethyl-butane according to the NNN 

nomenclature, where P, S and T stand for the nature of the carbon atom (primary, secondary and 

tertiary), and the subscript refers to the number of other carbons bonded to the NNN C atoms of 

the C-H bond of interest. 
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Figure 2-3: Carbon sites in iso-octane (a) and 2,2,3 trimethyl-butane (b) labeled according to 

NNN methodology 

The rate parameters used for P2 and P3 were adopted from the work of Sivaramakrishnan et al. 

[30], who studied the kinetics of H-atom abstraction by ȮH radicals from five saturated 

hydrocarbons in shock tubes and provided rate rules for H-atom abstraction from P1, P2, P3, S00, 

S01, S11, T000 and T002 sites. Badra and Farooq [31] conducted a similar study in which they 

measured the total rate of H-atom abstraction by ȮH radicals from different molecules, including 

iso-octane. Based on their measurements, and the rate rules reported by [30], Badra et al. [65] 

derived their rate rules for H-atom abstraction by ȮH radicals from S20, S21, S22, S30, S31, S32, S33, 

T100 and T101 sites. 

Another work by Liu and coworkers [32] focused on providing experimentally derived rates for 

different tertiary sites. They measured the rates of H-abstraction by ȮH from nine large branched 

alkanes: 2-methyl-3-ethyl-pentane, 2,3-dimethyl-pentane, 2,2,3-trimethylbutane, 2,2,3-trimethyl-

pentane, 2,3,4-trimethylpentane,3-ethyl-pentane, 2,2,3,4-tetramethyl-pentane, 2,2-dimethyl-3-

ethyl-pentane, and 2,4-dimethyl-3-ethyl-pentane. Their measured rates were then combined with 

data from Sivaramakrishnan et al. [30] and Badra and Farooq [31], and rates for T003, T012, T013, 

T022, T023, T111, T112, T113, and T122 were provided.  

Class 3: Alkyl radical decomposition 
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This class of alkyl radicals represents the gateway to the high temperature chemistry where the 

alkyl radical decomposes into smaller species through beta-scission reactions to form a radical 

and alkene. The reactions are added in the exothermic addition direction. 

Class 4: Alkyl radical isomerization 

Alkyl radicals isomerize by intra-molecular hydrogen migration from any carbon to the radical 

site where the more stable radical (i.e lower heat of formation) is more favored. Wang et al. [33] 

conducted CBS-QB3 computations to provide rates for H atom shift reactions in alkyl radicals 

from 3- to 8-membered ring transition state. The rates were classified according to ring size and 

the natures of the radical site and the migrating hydrogen atom.  

Classes 5-10: Olefin chemistry 

Alkenes present in small concentrations in alkane combustion chemistry compared to pure 

alkene fuels combustion; therefore, they are treated in a simplified manner in the alkane models. 

Alkenes undergo H-atom abstraction to produce alkenyl radicals. The radical sites in alkenes are 

classified as vinylic, allylic or similar to alkanes (i.e primary, secondary and tertiary), and 

abstraction by H, ȮH, Ȯ, HȮ2 and CH3 are considered. The rates were treated following the 

work of Mehl et al.[34]. The vinylic sites were neglected, and rate rules similar to abstraction 

from alkanes [28, 30, 31] were assigned to alkane-like alkenyl sites (primary, secondary, 

tertiary). For allylic sites, abstraction rates are very high due to the weak C-H bond at this site. 

The same rate rule for abstraction from alkanes was used for the allylic site, with the activation 

energy reduced by 4 kcal. 
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Other reactions for alkenes include: (1) The addition of radical species Ȯ and ȮH to form an 

intermediate, which directly undergoes beta-scission in single step; (2) reactions of alkenyl 

radicals with HȮ2, CH3O2, and C2H5O2, alkenyl radical decomposition through beta-scission and 

alkene decomposition. In addition, (3) retro-ene decomposition reactions of alkenes were added. 

This class is important during the pyrolysis of olefins and can only proceed when the produced 

alkyl radical has at least three carbons, due to the 6-membered transition state involved in the 

reaction [35].  

Classes 11 and 26: Addition of alkyl (R.) and hydroperoxy-alkyl (QOOH) radicals to O2 

Low-temperature chemistry is characterized by the addition of radicals to molecular oxygen, 

forming peroxy radicals. This addition is favored at low temperatures because it is barrier-less 

(with very low activation energy), however at higher temperatures the reaction proceeds in the 

reverse direction; and if any peroxy radicals are formed, they decompose back to radicals and O2. 

In the case of the dissociation of peroxy radicals (ROȮ), the formed alkyl radical proceeds 

through the high temperature chemistry and forms olefins. However, the hydroperoxy-alkyl 

radicals (QOOH) produced from the dissociation of peroxy hydroperoxy-alkyl radicals 

(ȮOQOOH) form cyclic ethers, or olefins, which result in negative temperature coefficient 

(NTC) behavior. The NTC is characterized by decreasing the reactivity by increasing 

temperature, due to the formation of the less reactive HO2, rather than ȮH. This emphasizes the 

importance of careful treatment of the thermochemistry of the species in kinetic models, since 

they dictate the reversible rates, as discussed in section 2.1.1. 
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Classes 12-14 & 17-22: R + ROȮ = RȮ + RȮ, R + HȮ2 = RȮ + ȮH, R + CH3O2 = RȮ + CH3Ȯ, 

ROȮ + HȮ2 = ROOH + O2, ROȮ + H2O2 = ROOH + HȮ2, ROȮ + CH3O2 = RȮ + CH3Ȯ + O2, 

ROȮ + ROȮ = RȮ + RȮ + O2 , ROOH = RȮ + ȮH and RȮ decomposition. 

Classes 15, 27 and 28: Isomerization of peroxy alkyl radicals (ROȮ) into hydroperoxy alkyl 

radicals (QOOH), isomerization of peroxy hydroperoxy alkyl radicals (ȮOQOOH) and 

decomposition of ketohydroperoxides 

Isomerization of ROȮ takes place through intramolecular hydrogen migration from an alkyl 

group to a peroxy group via a cyclic transition state. According to the size of the transition state 

ring, this class is divided to 5,6 and 7 membered-ring transition states, all of which are included 

in the kinetic models.  

Isomerization of ȮOQOOH followed by O-O bond cleavage and ȮH release is responsible for 

low temperature chain branching. The subsequent pathway for KHP is their decomposition 

which results in the release of one more ȮH. 

Class 16: Concerted elimination 

Production of olefins and HȮ2 from peroxy alky radicals is a formally chain propagation reaction 

which is responsible for reducing the fuel reactivity.  

Classes 23-25: Cyclic ether formation, and scission of QOOH species 

Hydroperoxy-alkyl radicals (QOOH) undergo addition to molecular oxygen, cyclic ether 

formation and scission reactions. The reactions involving QOOH radical addition to molecular 

oxygen are discussed above. The scission reactions are divided into; β- QOOH = olefin + HȮ2, γ-

QOOH = olefin + carbonyl + ȮH and δ-QOOH = olefin + β- QOOH. The formation of HȮ2 and 
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olefin is favored because of the weakness of the C–OOH bond compared to a C–C or C–H bond. 

Another propagation reaction pathway for QOOH radicals is the formation of cyclic ethers + 

ȮH. Branched alkanes are characterized by the production of relatively high concentrations of 

cyclic ethers which affect their reactivity at NTC. 

Class 29: Cyclic ether reactions with ȮH and HȮ2 

Consumption of the produced cyclic ethers in the models takes place by H-abstraction by ȮH 

and HȮ2, which are abundant radicals in the system followed by β-scission of the formed radical 

in a single reaction.  

2.1.2.1 Alternative isomerization 

In previously developed mechanisms [36, 37], the only reaction pathway available for peroxy-

alkylhydroperoxide radicals (ȮOQOOH) was the formation of ketohydroperoxides (KHP) via 

intra-molecular H-atom migration from the C–H site connected to the peroxy group (i.e. COOH); 

this was followed by cleavage of the O–OH bond to form KHP and an ȮH radical. The H-atom 

at the COOH site was abstracted to form the ketohydroperoxide, due to the weak C-H bond. 

However, recent studies [38-43] showed that the intra-molecular migration of H-atoms from 

other carbon sites in ȮOQOOH radicals can be competitive. In their study on 2,5-

dimethylhexane oxidation in a jet stirred reactor, Wang et al. [44] detected species with four and 

five oxygen atoms that were not accounted for in conventional combustion mechanisms. Based 

on these findings, they proposed new oxidation pathways that were instigated by alternative 

isomerization of ȮOQOOH species to produce alkyl-dihydroperoxides (P(OOH)2), followed by a 

third O2 addition, or β-scission, or the formation of hydroperoxy cyclic ethers, as shown in 

Figure 2-4. Later, Wang and Sarathy [45] showed the importance of the third O2 addition 
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pathway in simulating combustion in HCCI engines, and recommended the addition of this 

pathway to mechanisms of large alkanes (> C6). For this reason, alternative isomerization and 

subsequent reactions of P(OOH)2 species were added to the kinetic models in this work.  

 

Figure 2-4: Conventional and alternative isomerization for one ȮOQOOH species 

2.2 Reduced kinetic models 

A thorough examination of combustion processes in different types of combustion engines is 

achieved through computational fluid dynamics (CFD), 3D simulations. However, the 

computational cost of CFD simulations limits the size of the utilized chemical kinetic 

mechanisms and necessitates development of reduced/skeletal mechanisms.  

A decoupling methodology [46-48] was used in developing the reduced models presented here. 

The first stage in the decoupling method involved a detailed description of H2/CO/C1 sub-

mechanisms to capture the flame chemistry, then the reduction of C2/C3 sub-models, using a 
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direct relation graph with expert knowledge (DRG-X) [49]. The DRG-X method is based on the 

assumption that during combustion processes, some species are only weakly connected to others 

and barely contribute to the reaction process. These loosely coupled species can be removed 

from the mechanism and the chemical fidelity of the detailed model is retained. Furthermore, the 

DRG-X method is not restricted by an overall error tolerance, as it allows a specific controlled 

reduction error for heat release and other species of interest.  

The reduced models produced were intended for use in engine 3D simulations, so the 

AramcoMech 2.0 [21] detailed model was reduced across a wide range of suitable engine 

conditions (high pressure and low-to-high temperatures and lean-rich equivalence ratios). 

Propene was specified as the fuel with an error tolerance for heat release set at 0.3. The error 

tolerance for H, CH3 and HCO radicals was 0.5, while the default error tolerance for other 

species was 0.4. 

Lumped sub-mechanisms for the molecules of interest (i.e components of the surrogates) were 

developed  based on recommendations by Tanaka et al. [50]  and Tsurushima [51], in which only 

one species was considered for each reaction class. A simplified scheme for the development of 

lumped sub-mechanisms for alkanes (normal and branched) is illustrated in reactions 1-9 below. 

Reactions are initiated by fuel abstraction by O2. At high temperatures, fuel abstractions by ȮH 

and HO2 occurred, along with beta scission reactions. The low temperature chemistry included 

radical addition to molecular oxygen, RO2 isomerization, second O2 addition and the formation 

of ketohydroperoxide + ȮH. Concerted elimination (RO2 = olefin + HO2) was added to compete 

with the addition to O2 and consequently control, or decrease, reactivity at low temperatures. The 

formed KHP decomposed to aldehydes, then the formed aldehydes and olefins decomposed via 

the reaction with O2 to form smaller species that existed in the base chemistry. 
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RH + (O2/OH/H2O) = R + (HO2/H2O/ H2O2) 1,2,3 

R+O2 = RO2 4 

RO2 = olefin +HO2 5 

RO2 = QOOH 6 

QOOH+ O2 = O2QOO 7 

O2QOOH => KHP + OH 8 

KHP => RCO + CH2O + OH 9 

First, preliminary rate parameters were assigned based on the total rate constants (k) of all 

reactions included within a single class, across a temperature range from 600 to 1500 K in the 

detailed model. To elucidate the dependency of rates on thermodynamic properties, the 

reversible rates of all reaction were assigned, using the same approach. Next, simulations were 

conducted and the results were compared against the experimental data. Finally, rate parameters 

were optimized accordingly to match the experimental data. The reactivity at different pressures 

was controlled by adopting pressure dependent rate rules for concerted elimination of olefins, 

which is applicable in such a unimolecular reaction.  
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3 Comprehensive Chemical Kinetic Modeling of Iso-Octane Combustion 

with Improved Thermochemistry and Kinetics 

Iso-octane (2,2,4-trimethylpentane) is a highly knock-resistant gasoline primary reference fuel 

(PRF) with an assigned octane number of 100. Since PRF mixtures may be used as surrogates for 

gasoline, their kinetics and ignition properties have been extensively investigated both 

experimentally and theoretically over the past few decades. Most practical gasoline fuels have 

octane numbers above 85, for this reason iso-octane is the principal component in PRF 

surrogates and strongly influences their combustion chemistry.  

A comprehensive chemical kinetic model for iso-octane was presented by Curran et al.[37]. The 

model was developed based on the low and high temperature reaction pathways and rate rules 

proposed earlier for the n-heptane model [36] at Lawrence Livermore National Laboratory 

(LLNL). However, some modifications were made to better predict experimental iso-octane 

reactivity. The model was compared against various experimental data sets and showed good 

agreement. Later, Mehl et al. [15] further developed the low temperature reaction mechanism for 

iso-octane oxidation to better predict low temperature heat release (LTHR) in HCCI engines. 

Although both versions of the model are capable of matching a wide range of experimental 

datasets available in the literature, some experimental data sets are difficult to match, in 

particular, shock tube ignition data and HCCI LTHR profiles of PRF mixtures containing large 

amounts of iso-octane (i.e., PRF 85–100) [15, 52-54]. These studies indicated that the currently 

available iso-octane kinetic models were not sufficiently reactive at low and intermediate 

temperatures and lean conditions encountered in HCCI engines. Experimental data of iso-octane 

ignition at 600-800 K and lean conditions are needed to further improve the model.  
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A comprehensive approach was taken in this work to update the iso-octane detailed chemical 

kinetic model developed by Curran et al. [37] and Mehl et al.[15]. The thermochemistry group 

values and reaction rate coefficients, specifically, have been updated, based on new experimental 

or theoretical studies [24, 30, 31, 55-57].  The alternative isomerization pathways for peroxy-

alkylhydroperoxide species (OOQOOH) and third O2 addition pathways suggested by Wang et 

al. [44, 45] have also been incorporated. The updated model was compared against new RCM 

ignition delay data from three different facilities at King Abdullah University of Science and 

Technology (KAUST), the National University of Ireland Galway (NUIG), and the University of 

Connecticut (UCONN). The conditions covered by these facilities were low and intermediate 

temperatures (632–1060K), equivalence ratios of 1 and 0.4, and nominal pressures of 20 and 40 

atm. In addition, new high pressure shock tube ignition delay data at 20 atm from KAUST was 

obtained. The updated model was also tested against data of ignition delay times [58-61], JSR 

oxidation speciation data [62], premixed laminar flame speeds [63-69], counterflow flame 

ignition data [70], and shock tube pyrolysis speciation data [12] available in the literature. 

Chemical kinetic mechanism reduction was utilized to generate a skeletal mechanism that was 

used in flame simulations. 

3.1  Methodology 

The thermochemical data for all species in the iso-octane sub-mechanism were updated using 

new group values and detailed analysis of intra-molecular interactions. Updated thermochemistry 

used here was compared to data in the literature available for a limited number of species 

subjected to high-level theoretical calculations. The chemical kinetic reaction mechanism was 

also updated, with new reaction classes and rate rules. 
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3.1.1 Thermochemistry 

The thermochemical properties of different species involved in the iso-octane oxidation 

chemistry were updated according to the previous discussion in section 2.1.1. 

Computational standard heat of formation values of iso-octane [71], iso-octyl radicals [71], and 

species involved in the potential energy surfaces of secondary [72] and tertiary iso-octyl radical 

+ O2 [73] are available in the literature. These values, calculated at the CBS-QB3 level of theory, 

were compared to those calculated using group additivity, as shown in Table 3-1. The agreement 

between the two sets of values was within the uncertainty limits of the computational values (± 

1.5–2.0 kcal mol–1), except for species with an OOH group attached to the tertiary site and for 

four-membered ring cyclic ethers. The differences observed for these species were likely due to 

uncertainties in the magnitudes of the gauche and 1,5 hydrogen interactions. To correct for such 

systematic discrepancies, a +2 kcal mol–1 correction was applied to the heat of formation of all 

species with a tertiary OOH group and a –4 kcal mol–1 correction to the heat of formation of all 

four-membered ring cyclic ethers. These corrections did not affect simulated ignition delay times 

or jet stirred reactor species profiles. High level quantum chemical calculations with 

uncertainties of less than 1 kcal mol–1 were needed to develop a rigorous set of group values and 

counting schemes that allow for more accurate estimation of thermochemical properties of 

complex species. The species dictionary for the iso-octane model is in Appendix A of this work. 

Table 3-1: Comparison of calculated [71-73] and THERM estimated heats of formation of 

different species.  Species exhibiting large discrepancies are in bold. All values in kcal mol−1. 
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Fuel and fuel 

radicals 

IC8H18 −54.40 ± 1.60 −53.14 1.26    

AĊ8H17 −5.00 ± 1.69 −4.89 0.11    

BĊ8H17 −9.03 ± 1.84 −7.17 1.86    

CĊ8H17 −12.30 ± 2.02 −10.22 0.06    

DĊ8H17 −5.18 ± 1.69 −4.89 0.29    

ROOH,QOOH, 

RO2 

BC8H17OOH −75.47 −75.77 −0.30    

BC8H17Ȯ2                                                             −42.75 −42.60 0.15    

BĊ8H16OOH-A −26.30 −27.52 −1.22    

BĊ8H16OOH-C −31.00 −31.35 −0.35    

BĊ8H16OOH-D −26.88 −27.52 −0.64    

CC8H17OOH −77.85 −80.10 −2.25 −78.10 −0.25 (+2) 

CC8H17Ȯ2 −45.80 −46.93 −1.13    

CĊ8H16OOH-B −31.90 −34.13 −2.23 −32.13 −0.23 (+2) 

CĊ8H16OOH-D −28.50 −31.85 −3.35 −29.85 −1.35 (+2) 

CĊ8H16OOH-A −29.70 -31.85 −2.15 −29.85 −0.15 (+2) 

Cyclic ethers IC8ETERCD −55.12 −54.17 0.95    

IC8ETERAC −76.82 −76.74 0.08    

IC8ETERAB −57.42 −53.44 3.98 −57.44 −0.02 (−4) 

IC8ETERBC −58.72 −58.20 0.52    

IC8ETERBD −58.32 −53.44 4.88 −57.44 0.88 (−4) 

Alkoxy 

radicals 

BC8H17Ȯ −38.30 −40.46 −2.16    

CC8H17Ȯ −45.50 −42.93 2.57    

3.1.2 Chemical kinetic mechanism 

The updated iso-octane oxidation sub-mechanism was built hierarchically on H2 and C1–C7 

hydrocarbons. AramcoMech 2.0 [9] was used for the C0–C4 base chemistry; whereas the 

chemistry of C5–C7 species was taken from LLNL’s gasoline surrogate mechanism [15], with the 

addition of the mechanism by Metcalfe et al. [50] for the di-isobutylene isomers (olefins) 

produced from iso-octane’s alkylperoxy radicals (ROȮ) by concerted HȮ2 radical elimination 
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reactions and C-H β-scission of the iso-octyl radicals. The original high and low temperature 

chemistry of iso-octane was taken from [15], and the rate coefficients for nine reaction classes 

(11,15,16, 23-28) associated with low temperature kinetics were updated.  

The rate coefficients of all H-atom abstraction reactions were updated based on the rate rules 

suggested by Sarathy et al. [28], excepting H-atom abstraction by ȮH radicals, for which 

experimentally-derived rate rules were only recently made available [30, 31]. The rate rules 

proposed by Miyoshi [57] were used for the addition of iso-octyl radicals to O2 to form alkyl 

peroxy radicals (ROȮ). The same rules were used for the addition of hydroperoxy-alkyl radicals 

(QOOH) to O2 to form peroxy-alkylhydroperoxide radicals (ȮOQOOH); however, the rates were 

divided by 2, based on the findings of Goldsmith et al. [74]. The rates for isomerization of ROȮ 

and ȮOQOOH, KHP decomposition and scission of QOOH were assigned from the work of 

Villano et al. [56], Sharma et al. [38] , Mohamed et al. [41] and Bugler et al. ; respectively. 

Class 16 represents the concerted elimination to form olefins and HO2 radicals from alkylperoxy 

radicals (ROȮ). This class of formally chain propagation reactions produces relatively stable 

olefins and relatively less reactive HȮ2 radicals, effectively inhibiting reactivity and slowing 

ignition. Villano et al. [56] calculated the rate coefficients of these reactions for C2 to C6 

alkylperoxy radicals using CBS-QB3 electronic structure calculations combined with B3LYP/6-

31G(d,p) optimized geometries, and provided rate rules dependent upon the degree of 

substitution in the olefins produced. Based on their reported values, the formation of highly 

substituted olefins from alkylperoxy species is two to three times faster than that of less 

substituted olefins, contributing to the lower reactivity of branched alkanes. Reaction kinetics 

involved in the potential energy surfaces of secondary and tertiary iso-octyl radicals + O2, 

including concerted HȮ2 radical elimination reactions, were computationally examined by  [72] 
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and [73], respectively, both using optimized geometries from B3LYP/6-31G(d,p) and CBS-QB3 

for the energy calculation. In both studies, it was shown that the calculated rate constants for 

different classes were in good agreement with those of analogous reactions available in the 

literature [38, 55-57], except for the concerted elimination of HȮ2 radicals from the tertiary site. 

Figure 3-1 compares rate constants of concerted HȮ2 radical elimination for secondary and  

tertiary peroxy radicals, calculated using rate rules from Villano et al. [56], and compared to 

those reported for iso-octyl peroxy by Auzmendi-Murua and Bozzelli [72] and Snitsiriwat and 

Bozzelli [73], respectively. As shown in Figure 3-1, the rate constants obtained from [72] for the 

HȮ2 radical elimination from tertiary iso-octyl peroxy radicals were nearly two orders of 

magnitude higher than those reported by [56] for tertiary peroxy, regardless of temperature. 

Therefore, for consistency, Villano et al.’s [56] rate rules of concerted HO2-elimination were 

used for primary and secondary peroxy radicals, whereas Snitsiriwat and Bozzelli’s [73] rate 

coefficients were used for the tertiary iso-octyl peroxy radical. By analogy, the rates calculated 

by Villano et al. [56] were also used for the concerted elimination from ȮOQOOH. 
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Figure 3-1: Rates of (upper left) CC8H17Ȯ2 <=> IC8H16 + HȮ2 and (upper right) 

CC8H17Ȯ2<=>JC8H16+HȮ2 from Snitsiriwat et al.  [73] (dashed line) vs. Villano et al.[56] (solid 

line), and (bottom) BC8H17Ȯ2<=>IC8H16+HȮ2 from Auzemendi-Murua et al. [72] (dashed line) 

vs. Villano et al. [56] (solid line). See Appendix A for species dictionary. 

Another propagation reaction pathway for QOOH radicals is the formation of cyclic ethers + 

ȮH. The kinetics of such reactions were computationally studied by Villano et al. [55] and 

Miyoshi [57] at the CBS-QB3 level of theory. Villano et al. [55] found that the activation 

energies of these reactions vary depending on the thermochemistry of the specific reaction. 

Therefore, they reported rate rules with activation energies written as a function of standard heat 

of reaction (ΔHrxn). Meanwhile, Miyoshi [57] distinguished between different cyclic ether 

formation reactions based on the degree of branching. As the number of substituents on the 

formed ring increases, the exothermicity of the reaction increases, implying that the rate of the 
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reaction depends on the nature of the radical and hydroperoxy sites in the QOOH radical. In their 

work, Villano et al. [55] compared their calculated rate constants to those from Miyoshi’s work 

[57]; both sets of rate rules gave good agreement.   

When applied to iso-octane however, the rate rules from [55] and [57] did not give similar rate 

constants for cyclic ether formation reactions. Figure 3-2 compares the rate constants of cyclic 

ether formation from BĊ8H16OOH-A (7a), CĊ8H16OOH-B (7b), CĊ8H16OOH-D (7c) and 

CĊ8H16OOH-A (7d) using the rate rules from Miyoshi [57] and Villano et al. [55]. (See 

Supplementary Material for species glossary.)  

Using ΔHrxn-dependent rate rules from Villano et al. [42], three values of ΔHrxn were tested in the 

comparison: i) computational values for ΔHrxn from Bozzelli’s group [72, 73] (solid black lines 

in Figure 3-2), ii) THERM-calculated values with the corrections mentioned previously (dashed 

black line in Figure 3-2), and iii) THERM-calculated values without the corrections (dotted black 

line in Figure 3-2).  Figure 3-2 clearly shows that the rate constants of cyclic ether formation 

reactions were highly sensitive to the thermochemistry of the reaction. The best agreement was 

observed between Miyoshi’s [57] rate constants and those obtained using rate rules from Villano 

et al., with ΔHrxn calculated using computational values from Bozzelli’s group [72, 73]. Since 

computational thermochemical properties were not available for all iso-octane QOOH and cyclic 

ether species, Miyoshi’s rate rules for cyclic ether formation reactions were chosen for this 

model.  
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Figure 3-2: Rates of cyclic ether formation from (a) BĊ8H16OOH-A, (b)CĊ8H16OOH-B, (c) 

CĊ8H16OOH-D, and (d) CĊ8H16OOH-A calculated using Miyoshi’s rate rules [57] (grey line), 

Villano’s rate rules [55] with computationally calculated heats of formation from Bozzelli and 

co-workers [72, 73] (solid black line), heat of formation from THERM after adding corrections 

to the groups (dashed black line), without adding these corrections (dotted black line). 

Finally, alternative isomerizations, concerted eliminations, hydrogen-exchange and third O2 

addition pathways for peroxy-alkyl hydroperoxide (ȮOQOOH) radicals were also added to the 

mechanism. When the kinetic model was being developed for this work, no information existed 

in the literature regarding the kinetics of these reactions. Therefore, analogies and estimations 

were used to assign rate coefficients of these reactions. For alternative isomerization and β-

scission of P(OOH)2 species, Villano et al.’s [55] rate coefficients for ROȮ/QOOH 
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isomerization and β-scission of QOOH, respectively, were used here. Meanwhile, Miyoshi’s [57] 

rate coefficients of cyclic ether formation were used for the formation of hydroperoxy cyclic 

ethers. Finally, Miyoshi’s [57] coefficients for alkyl radical addition to O2 were used for the third 

O2 addition (P(OOH)2 + O2), with an A-factor divided by two, similar to the second addition to 

O2 reactions. 

The subsequent reaction pathway of OOP(OOH)2 species is isomerization to keto-

dihydroperoxides (KDHP), for which the KHP formation rate coefficients of Sharma et al. [38] 

were used. Similar to KHP, the KDHP species decompose via O–OH bond scission. However, 

unlike the decomposition of KHP (for which the activation energy is 41.6 kcal mol–1), the 

activation energy of KDHP decomposition chosen was 39 kcal mol–1, following the 

recommendations of Sarathy et al. [28].  

The complete updated mechanism consists of 9220 reactions and 2768 species, with 481 

reactions and 179 species specific to the iso-octane sub-mechanism. 

However, the addition of all these reaction pathways and rate constant updates led to a model 

that under-predicted  ignition delay time at low and intermediate temperatures, compared to 

experimental data [61], with an example comparison shown in Figure 3-3. Further modifications 

to the rate rules, based on OH radical sensitivity analysis performed using CHEMKIN-PRO [75], 

were required to achieve better agreement between model-simulated and experimental ignition 

delay time profiles. The best agreement was obtained when the rate constants of cyclic ether and 

hydroperoxide cyclic ether formation reactions for iso-octane moieties were doubled.  
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Figure 3-3: Simulated IDT using updated and untuned model, compared to experimental data 

from literature [61] at 40 atm, stoichiometric fuel/air mixture 

3.1.3 Experimental 

3.1.3.1  RCM 

Experimental ignition delay time measurements at low and intermediate temperatures were 

conducted using rapid compression machines (RCM) at UCONN, NUIG and at KAUST.  

In the RCM facilities, the homogeneous fuel/air mixtures were compressed rapidly to the desired 

pressure and temperature. The compressed temperature was estimated using the adiabatic core 

hypothesis. After compression, and an induction period, a rapid rise in pressure was observed 

due to auto-ignition. Ignition delay time is defined as the timed interval between the end of 

compression and the maximum rate of pressure rise. First (1) and total ignition delays () are 

defined similarly. A minimum of 5 concordant experimental runs were performed for each data 

point reported. A representative experimental pressure trace close to the mean was chosen to 

report the ignition delay. The compressed gas temperature at the end of compression (EOC) was 
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 ∫
γ

γ − 1

dT

T

TC

TI

 = ln (
p𝐶

pI

) (2) 

where, subscripts C and I refer to the EOC (end of compression) and initial conditions, 

respectively. 

The typical scatter in ignition delay time is ~10% of the reported value, and the temperature 

uncertainty is ±5 K. Inert runs in which oxygen was replaced by nitrogen were conducted at 

every set of temperature, pressure and equivalence ratio condition to infer the heat loss 

characteristics during the compression stroke and the post-compression period. 

Experiments at UCONN RCM were conducted in the low to intermediate temperature range, 

with temperatures at compression end (TC) varying between 640 K and 960 K at equivalence 

ratios of 0.4 and 1 in air. Highly compressed pressures of nominal pC  near 20 and 40 atm are 

examined here.  

In the NUIG RCM, the diluent was varied from pure nitrogen to a mixture of nitrogen and argon 

to reach temperatures up to 950 K, and a mixture of nitrogen and carbon dioxide to reach 

temperatures as low as 635 K.  

Low to intermediate temperature (650-1000 K) ignition delay times for stoichiometric mixtures 

of iso-octane, in a 21:79 oxygen to diluent bath gas, at nominal pressures of near 15 and 20 atm, 

were measured in two RCM facilities at NUIG; low compression piston head (LCPH) and high 

compression piston head (HCPH). The details of the experimental platform and the methodology 

used to measure fuel ignition delay times within the device have been documented extensively in 

[41, 76-79]. 
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3.1.3.2 KAUST HPST 

Since the high-pressure shock tube (HPST) facility has been described in detail in [80], only a 

brief overview is given here. The facility consists of a stainless steel, electropolished tube 

divided by aluminum diaphragms into a 6.6 m driven section, and a modular driver section that 

can be extended up to 6.6 m. The inner diameter of the tube is 10 cm. Measurements were 

conducted under reflected shock conditions via a pressure transducer (Kistler 6045A) mounted at 

1 cm from the shock tube end wall. The reflected shock conditions were determined from the 

incident shock wave velocity measurements using five axially-spaced pressure transducers 

(PCB113B26) over the last 3.2 m length of the driven section. The reactant mixture was prepared 

in a 40 L stainless steel mixing vessel equipped with a magnetic stirrer. The vessel and shock 

tube were heated to 800C for these experiments, using heating jackets to prevent fuel 

condensation. As with the RCM, the ignition delay time was determined by the time of 

maximum pressure rise. The uncertainty in the ignition delay measurement is +/-20 %.  A non-

ideal pressure rise (dp/dt) of approximately +3% /ms was observed behind the reflected shock 

wave in these experiments. This non-ideality was accounted for in numerical shock tube 

simulations using a representative volume profile.  

3.2 Results and Discussion 

3.2.1 Model validation against new experimental data 

The chemical kinetic model was compared against experimental data at a range of conditions, 

including newly acquired data and data available in the literature, as shown in Table 3-2.  The 

experimentally measured ignition delay time profiles were simulated using the closed 

homogeneous batch reactor model in CHEMKIN-PRO software [75], along with the updated iso-
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octane model. To account for heat losses, RCM experiments were simulated using 

experimentally determined variable volume profiles.  

Table 3-2: Summary of experimental conditions employed for validating iso-octane model. 

Technique 

Pressure 

(atm) 

Equivalence 

ratio φ 

Temperature 

range (K) 

% Fuel Diluent Reference 

ST ignition 50 0.5,1 700-1200 100% air [61, 81] 

ST ignition 10-50 0.25,0.5, 1 870-1250 100% air [60] 

ST ignition 14,17,50 0.5, 1 855-1170 100% air [59] 

ST ignition 1.4 0.5,1,2 1250-1810 0.25%,0.5%,1% Ar [58] 

ST ignition 20 1 893-1060 100% air KAUST* 

JSR 

oxidation 

10 0.3,0.5,1,1.5 750-1100 0.1% N2 [62] 

Laminar 

flame speed 

1 0.6-1.7 298,355 100% air [63-68] 

Laminar 

flame speed 

10 0.8-1.1 323,373,423,473 100% air [69] 

RCM 

ignition 

15,20 1 

635-787 100% 100% N2 

NUIG* 

765-965 100% 25%N2/75%Ar 

RCM 

ignition 

20,40 0.4,1 632-958 100% 100% N2 UCONN* 

RCM 
20 1 632,655 100% 80%CO2/20%N2 KAUST* 
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ignition 666-813 100% 100% N2 

851-948 100% 20%N2/80%Ar 

ST pyrolysis 25,50  900-1700 137, 149 ppm Ar [12] 

*This study 

Figure 3-4 shows a comparison of the simulated ignition delay time (IDT) profiles against those 

measured experimentally using the RCM facility at UCONN. Simulations were conducted using 

the updated iso-octane model developed in this study, as well as the original model developed by 

Mehl et al. [15].  As shown in Figure 3-4, the updated model matches the experimental data 

better than the original model, particularly at φ = 0.4. Matching the reactivity under fuel-lean 

conditions is crucial for HCCI engine simulations because those engines are typically operated at 

equivalence ratios of less than 0.5. The updated model under-predicts the measured ignition 

delay times by a factor of nearly two at the lowest temperature conditions at φ = 0.4, 40 bar and 

φ = 1, 20 and 40 bar.  At φ = 0.4, 20 bar, the model slightly over-predicts the measured ignition 

delay time.   Despite the improved agreement between the updated model and experimental data 

at φ = 0.4 and pC = 20 atm, the updated model shows higher reactivity at φ = 1 and pC = 20 atm 

for temperatures higher than 750 K. This discrepancy warranted further investigation. 

To ensure the validity of RCM experiments conducted at UCONN (particularly at conditions 

where significant discrepancies were observed between experimental and simulated data) the 

same experiments (φ = 1 and pC = 20 atm) were run using RCM facilities at NUIG and at 

KAUST. However, as mentioned earlier, experiments at UCONN were conducted in air (O2/N2), 

whereas argon was added to the nitrogen bath gas at NUIG and at KAUST to achieve high 

temperatures at EOC (end of compression).  Figure 3-5a shows that for temperatures greater than 

850 K, NUIG and KAUST RCM ignition delay data do not match those recorded at UCONN. 
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This discrepancy is attributed to the diluent effect. As shown in Figure 3-5, for temperatures 

greater than 850 K the ignition delay times measured by NUIG (diluent gas was 25% N2 and 

75% Ar) and KAUST (diluent gas was 20% N2 and 80% Ar) are longer than those measured by 

UCONN (diluent gas was only N2). The diluent effect is not observed at 630 K and 655 K where 

80% CO2/20% N2 were used as diluent at KAUST compared to 100% N2 at NUIG and UCONN. 

This is largely due to the lower heat loss due to the lower thermal diffusivities (with 

correspondingly lower thermal conductivities and higher heat capacities) of N2 and CO2.  

The diluent effect is not observed in comparable simulated ignition delay times at NUIG and 

UCONN, as shown in Figure 3-5a.  For example, simulated ignition delay times using the inert 

volume profiles and bath gas conditions from UCONN and NUIG show similar ignition delay 

times at all temperatures.  Simulations under the conditions at KAUST (i.e., volume profiles and 

inert composition) show longer ignition delay times than the UCONN simulations, using Ar as 

the diluent; but the differences are not as apparent as those observed experimentally.  
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Figure 3-4: Iso-octane/air ignition delay times measured at UCONN RCM, and corresponding 

simulations. Left panels are 20 atm; right panel are 40 atm. Upper panels are 0.4 equivalence 

ratio; lower panels are stoichiometric. Solid and dashed lines represent simulations using updated 

and original models [15], respectively. Insets are first stage IDT profiles.  

Figure 3-5a shows a typical trend for the reactivity of alkanes. At low temperatures, reactivity 

increases with increasing temperature and then starts to be inversely proportional to temperature. 

This region is known as the negative temperature coefficient regime (NTC), characterized by the 

competition between chain branching reactions, mainly isomerization of ȮOQOOH compounds 
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(production of keto hydroperoxides), and chain propagation reactions, such as the formation of 

cyclic ethers and olefins from QOOH species (QOOH = cyclic ether + ȮH and QOOH = olefin + 

HȮ2). After the NTC region, reactivity is more controlled by high-temperature chemistry and 

HȮ2 radical chemistry, and increases again with higher temperatures. 

 

Figure 3-5: Iso-octane/oxygen/diluent ignition delay times at φ = 1 and 20 atm from (a) various 

RCM facilities and (b) KAUST ST and RCM. Solid lines are variable volume simulations; 

dashed lines are constant volume simulations in (b). Open and closed circles represent RCM 

experiments with only N2 and N2+Ar bath gases, respectively. Closed squares represent RCM 

experiments with N2+CO2 diluent; open squares in (b) represent KAUST shock tube 

experiments. Dashed circle identifies shock tube experiments exhibiting significant pre-ignition 

heat release.  

To further clarify discrepancies between simulated and experimental measurements, ignition 

delay times measured in the KAUST HPST are presented in Figure 3-5b and compared with the 

KAUST RCM data and simulations. The HPST simulations include a 3% per millisecond (dp/dt) 

pressure rise rate.  An interesting observation from Figure 3-5b is the factor of three discrepancy 
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in IDT between the HPST and RCM experiments at an intermediate temperature TC of ~ 870 K. 

This phenomenon has been noticed in previous studies [52, 82, 83] of other high-octane fuels, 

but the reason for this difference has not been identified. It may be attributable to the invalidity 

of the homogeneous core assumption of the RCM due to mass loss in the facility crevices, or 

heat loss through walls.  Inhomogeneity and boundary layer phenomenon in the shock tube may 

also contribute to the discrepancy. The updated kinetic model captures the IDTs measured by the 

HPST at temperature above 900 K, but the model is more reactive when compared to the RCM 

data at these temperatures.  

Figure 3-6 shows the ignition delay time for stoichiometric iso-octane mixtures using different 

diluents at 15 and 20 atm in the NUIG RCM. Decreasing the pressure lowers reactivity, due to 

the lower production rate of ȮH radicals from H2O2 (+M) = ȮH + ȮH (+M); which is a pressure 

dependent reaction. In addition, high pressure promotes low temperature chemistry, specifically, 

the addition of alky radicals to O2. Overall, the model shows good agreement with the 

experimental data at low and intermediate temperatures; however, at higher temperatures the 

model is more reactive than the experiments. 
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Figure 3-6: Iso-octane/air ignition delay times at φ =1 and 15 atm and 20 atm. Closed circles 

and straight lines represent experiments and simulations respectively with only N2 as diluent in 

LCPH RCM. Triangles and dotted lines represent experiments and simulations in HCPH RCM 

with only N2 as diluent. Open circles and dashed lines represent experiments and simulations 

with 20% N2 and & 80% Ar diluent.  

3.2.2 Model validation against experimental data in the literature 

3.2.2.1 Shock tube ignition delay data 

The updated chemical kinetic model was used to simulate shock tube experiments from the 

literature. Simulations were performed using the constant volume batch reactor code in 

CHEMKIN-PRO [75], assuming homogeneous and adiabatic conditions behind the reflected 

shock wave. 

Hartmann et al. [61] and Fieweger et al. [81] measured ignition delay times of iso-octane/air 

mixtures at 40 atm and φ = 0.5 and 1.0 in a high pressure shock tube. Figure 3-7 shows the 

experimental and simulated ignition delay time profiles over a 700–1200 K temperature range. 

Reactivity at this temperature range is sensitive to the equivalence ratio of the mixture because 
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chain branching is dominated by KHP production. The leaner the mixture, the lower the fuel 

concentration and the less KHP produced, resulting in a less reactive system [36].  Figure 3-7 

also shows that the present model offers improved agreement with experimental data when 

compared with the original model by Mehl et al.  [15]. 

 

Figure 3-7: Iso-octane/air ignition delay times at 40 atm and equivalence ratios of 0.5 and 1.0. 

Experiments are from [61] (circles) and [81] (open squares).  Simulations (lines) with updated 

and original model [1] represented by solid and dashed lines, respectively. 

Shen and co-workers [60] carried out ignition delay time experiments of iso-octane/air mixtures 

in a high pressure shock tube at different equivalence ratios (0.25, 0.5 and 1.0) and at pressures 

of 10, 12, 25, 45 and 50 atm. Their experimental data, and those simulated by our updated model 

and the original model [15] under the same conditions, are presented in Figure 3-8. Both models 

match the experimental data relatively well under all conditions investigated, with better 

predictions for the updated model at high pressures and low temperatures.  
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Figure 3-8: Iso-octane/air ignition delay times at various pressures and (a) φ = 1.0,  (b) φ = 0.5, 

and (c) φ = 0.25. Experiments are from [60] (symbols).  Simulations (lines) with updated and 

original [15] model represented by solid and dashed lines, respectively.  

Shock tube iso-octane oxidation experiments were also conducted by Davidson and coworkers 

[59] for fuel/air mixtures at pressures between 14 atm and 59 atm, temperatures between 855 K 

and 1270 K, and equivalence ratios of 0.5 and 1. Figure 3-9 compares the experimental IDT 

profiles from [59] to those simulated using the updated and original [15] iso-octane models. At 
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high pressures and low temperatures the updated model is more reactive than the original, which 

gave better agreement with experimental data at these conditions (particularly at φ =1.0). 

 

Figure 3-9: Iso-octane/air ignition delay times at two pressure and (a) φ = 1.0 and (b) φ =0.5. 

Experiments are from [59] (symbols).  Simulations (lines) with updated and original model [1] 

represented by solid and dashed lines, respectively. 

Oehlschlaeger et al. [58] used a shock tube to  measure IDT for iso-octane/O2/Ar mixtures at 1.4 

atm and 0.5 < φ < 2 using different fuel concentrations (0.25%, 0.5% and 1%). Figure 3-10 

compares experimental data from [58] to those simulated using the updated and original models. 

Both models show good agreement with the experimental data. However, for 1% fuel in air 

mixtures, the updated model is more reactive than the original, especially at lower temperatures; 

and it shows better agreement with the experimental data. 
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Figure 3-10: Iso-octane/O2/Ar ignition delay times at 1.4 atm, various equivalence ratios, and 

fuel concentrations of  (a) 1%, (b) 0.25%,  and (c) 0. 5%. Experiment are from [58] (symbols).  

Simulations with updated and original [1] models are represented by solid and dashed lines, 

respectively. 

3.2.2.2 Jet Stirred Reactor data 

Dagaut et al. [62] carried out iso-octane oxidation experiments in a JSR for 0.1% fuel/oxidizer 

mixtures at φ = 0.3, 0.5, 1.0 and 1.5. The experiments were performed at 10 atm, with a mean 

residence time of 1 s. Gas chromatography and mass spectrometry were used to identify and 

quantify intermediates formed during iso-octane oxidation. The updated iso-octane model was 
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compared against species concentration profiles measured in [62] using the perfectly stirred 

reactor code in CHEMKIN-PRO [75] with a transient solver to obtain a steady-state solution. 

Figure 3-11-14] show the experimental and simulation profiles for different species at the four 

experimentally investigated equivalence ratios. Qualitatively, the updated model matches the 

experimental concentration profiles of all detected species, which include iso-octane, CO, CO2, 

O2, CH4, H2, CH2O, C2H4, C3H6, iso-butene, 2,4-dimethyl-1-pentene, 2,4-dimethyl-2-pentene 

and 4,4-dimethyl-1-pentene. The profiles of iso-octane, carbon monoxide (CO), and carbon 

dioxide (CO2) are well captured by the model at different equivalence ratios. Based on the shape 

of the iso-octane and CO profiles, neither simulations nor experiments showed NTC behavior at 

the conditions studied. At all investigated conditions, CO concentrations are lower than those of 

CO2; however, the concentration profiles of these species cross over at lean conditions as a result 

of oxidation of CO forming CO2 at high temperatures. The leaner the mixture, the lower the 

crossover temperature. In the data presented, the crossover temperature is 1000 K and 1050 K for 

φ = 0.3 and 0.5, respectively. The simulated concentration profiles of H2, CH4 and CH2O agree 

well with those measured experimentally at φ = 0.5, 1.0 and 1.5. For φ = 0.3, H2 concentrations 

are under-predicted by 51% whereas CH2O concentrations are over predicted by 36% at peak 

values. CH4 concentrations are under-predicted below 900 K and over-predicted above 900 K.  

The concentration profiles of C2H4 and C3H6 are quantitatively well predicted by the model at 

fuel-rich and stoichiometric conditions; however, the peak concentrations are under-predicted by 

50–61% and 41–44%, respectively, at fuel-lean conditions. The predicted profiles as a function 

are temperature for 2,4-dimethyl-1-pentene (XC7H14), 2,4-dimethyl-2-pentene (YC7H14) and 4,4-

dimethyl-1-pentene (PC7H14), the β-scission products of iso-octyl radicals, are generally broader 
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that the experimental measurements. However, the maximum concentrations of YC7H14 and 

PC7H14 are under predicted with maximum deviation at φ = 0.3 of 52% and 73%, respectively. 

 

Figure 3-11: JSR species concentration profiles (points) and simulations (lines) using updated 

model (straight lines) and original model [15] (dashed lines) for 0.1 % iso-octane at φ =1.5. 

Experiments are from [62]. 
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Figure 3-12: JSR species concentration profiles (points) and simulations using updated model 

(straight lines) and original model [15] (dashed lines) for 0.1 % iso-octane at φ =1.0. 

Experiments are from [62]. 

 

Figure 3-13: JSR species concentration profiles (points) and simulations using updated model 

(straight lines) and original model [15] (dashed lines) for 0.1 % iso-octane at φ =0.5. 

Experiments are from [62]. 
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Figure 3-14: JSR species concentration profiles (points) and simulations using updated model 

(straight lines) and original model [1] (dashed lines) for 0.1 % iso-octane at φ =0.3. Experiments 

are from [62]. 

3.2.2.3 Laminar Flame Speed 

In addition to IDT measurements, the updated model was tested against laminar flame speed data 

available in the literature and carried out at atmospheric pressure [63-68] and high pressure [69]. 

Flame speeds depend strongly on the base chemistry; however, different fuels produce different 

concentrations of C1-C4 species and this impacts the flame speed. In their analysis, Ji et al. [67] 

showed that a high concentration of iso-butene is produced during the oxidation of iso-octane, 

mainly from the β-scission of iso-octyl radicals, which affects its flame speed. To minimize 
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The model was reduced using a direct relation graph with expert knowledge (DRG-X) [49].  The 

detailed mechanism was reduced by specifying the error tolerance for heat release as 0.01, for Ḣ 

atoms and ȮH radicals as 0.1, for iso-octane as 0.5, and for other species as 0.4. The target 

temperatures and pressures for the reduction were 1000-2300 K and 1-10 atm respectively. A 

skeletal mechanism with 189 species was generated from the detailed mechanism 

Simulations were carried out on CloudFlame [84-86], a cyber-infrastructure that presents a web 

front-end for Cantera [87]. The premixed laminar flame speed module was used with a domain 

size of 5 cm and an initial base grid of 20 points; the final solution exhibited grid-convergence 

with approximately 260 grid points. Figure 3-15 shows the experimental and simulation results 

for flame speeds measured at 1 atm and at 298 K and 353 K. Simulations show good agreement 

with experimental data for fuel-lean conditions at both temperatures; however, the model under-

predicts flame speeds at fuel-rich conditions at 298 K. In general, the model matches well with 

the experimental data at 355 K [64-68, 88] across the entire range of equivalence ratios, when 

considering the typical experimental uncertainty of ± 2 cm s–1.   

The model was also used to simulate high pressure flame speed experiments carried out at 10 

atm and temperatures of 323 K, 373 K, 423 K and 473 K with a high-speed shadowgraph system 

[69]. Figure 3-16 shows that the updated model agrees within the experimental uncertainty with 

the experimental data of [69] . 
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Figure 3-15: Iso-octane/air premixed laminar flame speeds at 1 atm and (a) 298 K and (b) 355 

K. Experimental data (symbols) given for open squares [63], closed triangles [65], crosses [68], 

open triangles [64], open circles [66], and closed squares [67]. Solid lines represent simulations 

using updated model. 

 

Figure 3-16: Iso-octane/air premixed laminar flame speeds at 10 atm initial pressure and 

different initial temperatures. Experiments  (symbols) are from [69].  Solid lines represent 

simulations using updated model. 
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3.2.2.4 Counterflow Diffusion Flame 

Numerical simulations were also performed to compare the skeletal model against ignition 

temperature measurements by [70] at different strain rates and iso-octane mass fractions. The 

experiments were carried out in counterflow diffusion flames. The fuel stream was comprised of 

pre-vaporized iso-octane in a nitrogen diluent, while the oxidizer stream was air. Counterflow 

flame ignition simulations were performed using the OPPDIF solver in CHEMKIN-PRO [75]. A 

temperature profile was first established with cold mixtures at the oxidizer and fuel inlets, the 

temperature of the oxidizer stream was then gradually raised until ignition. The composition of 

the fuel and the oxidizer streams and the temperature of the fuel stream, T1, were maintained 

constant while carrying out this procedure. Calculations were performed with thermal diffusion, 

mixture-averaged transport and convergence parameters of GRAD = 0.25 and CURVATURE = 

0.25. Overall, the model captured the trend in the experiment, with a maximum 10 K difference 

observed in the ignition temperatures, as shown in Figure 3-17. 
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Figure 3-17: Iso-octane/air counterflow diffusion flame ignition temperature. Experiments  

(symbols) are from [70]. Solid lines represent simulations using updated model. 

3.2.2.5 Pyrolysis in shock tube 

The updated model was also tested against shock tube pyrolysis experiments from Malewicki et 

al. [89]. Pyrolysis mechanisms generally consist of unimolecular decomposition of fuel, β-
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calculated  rate constants are much higher than those of Tsang et al. [90], which were used in the 
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concentration profile of iso-octane measured by [89]. 
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of iso-octane to those simulated using unimolecular decomposition rate constants from Tsang et 

al. [90] and from Ning et al. [29]. The Figure clearly shows that the values from Tsang el al. [91] 

are necessary for the model to match the experimental profile. Therefore, the values from Tsang 

et al. were retained in the updated mechanism.  

 

Figure 3-18: Experimental [89] (symbols) and simulated (lines) concentration profiles of iso-

octane pyrolysis at 25 atm (grey) and 50 atm (black). Solid and dashed line represents 

simulations using unimolecular decomposition rates from [90] and [29], respectively. 

Figure 3-19 shows the concentration profiles of the major measured species at 25 atm and 50 

atm. The model matches the experimental concentration profiles of all detected species, except 

those of acetylene (C2H2) and methane (CH4), which are over-predicted and under-predicted, 

respectively. 
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Figure 3-19: Concentration profiles of propene (C3H6), iso-butene+1-butene (C4H8), propyne 

(C3H4-P), ethane (C2H6), methane (CH4) and acetylene (C2H2) produced from iso-octane 

pyrolysis at 25 atm (grey) and 50 atm (black). Symbols and lines represent experiments and 

simulations, respectively. 
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3.2.3 Sensitivity Analyses 

To clarify the reactions responsible for iso-octane ignition under different conditions, brute force 

sensitivity analyses were carried out using CHEMKIN-PRO [75] for stoichiometric iso-

octane/air mixtures at 20 atm and at 650 K, 750 K and 850 K. 

First, OH sensitivity analyses were performed at each condition to identify reactions that should 

be considered for brute force sensitivity analysis. The sensitivity coefficient of every reaction, at 

each temperature condition, was then calculated using the following equation:  

 𝜎 =
log (

𝜏2
𝜏0.5

)

log (
2

0.5
)
 (3) 

where τ2 and τ0.5 are the ignition delay times computed with rate constant multiplied and divided 

by a factor of two, respectively. A positive sensitivity coefficient (σ) indicates that the specified 

reaction increases the simulated ignition delay time, and thus, decreases reactivity, and vice 

versa.  

Figure 3-20 shows the results of the brute force sensitivity analyses at 650, 750 and 850 K. Of all 

the considered temperatures, the ignition delay time is most sensitive to rates of H-atom 

abstraction by OH radicals. However, abstractions from primary (AC8H17 and DC8H17) and 

secondary (BC8H17) sites increase reactivity, whereas abstractions from the tertiary site (CC8H17) 

decreases reactivity, due to the lack of low temperature chain branching paths from this site, and 

the production of relatively unreactive olefins (discussed in the following section). The 

sensitivity analysis also shows that the rate of H-atom abstraction from the secondary site by 

HO2 radicals is more important than ȮH radicals only at 850K, where the high activation barrier 

of H-atom abstraction by HO2 radicals is overcome. 
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The isomerization of AC8H17O2 to AC8H16OOH-C has a negative effect on sensitivity because 

these reactions compete with the formation of AC8H16OOH-B; the addition of O2 significantly 

promotes this formation (Figure 3-21).  Formation of H2O2 molecules from HO2 radical self-

reaction also exhibites positive sensitivity, since this is a chain termination step in which HO2 

radicals form two stable species. 

The formation of cyclic ethers from hydroperoxy alkyl radicals (QOOH) exhibits a positive 

sensitivity coefficient at all temperatures, while its competing pathway the addition of O2 

(second O2 addition) shows a negative sensitivity coefficient. The effect of both classes is more 

significant at 750 K (NTC region). Moreover, the rates of production of hydroperoxy cyclic 

ethers (e.g. D(OOH)ETRBD, Figure 3-21), and third addition to O2 (e.g. C8(OOH)BD-DO2) 

showed a positive and negative sensitivity respectively, for the low temperature case (650 K). 

The appearance of these rates in the sensitivity analysis confirmed the importance of these added 

pathways. 

3.2.4 Rate of production analysis 

Rate of production (ROP) analysis for stoichiometric iso-octane/air mixture at 20 atm, 750 K, 

and 20% fuel conversion is presented in Figure 3-21. The ROP demonstrates that the major 

radical produced from iso-octane is AC8H17 , due to the presence of nine equivalent hydrogen 

atoms at this site. The Figure also shows that the predominant pathway for alkyl radicals at 750 

K is addition to molecular oxygen. Once the alkylperoxy radical is formed, it either undergoes 

concerted elimination to form an olefin + HO2 radical or it isomerizes to hydroperoxy alkyl 

(QOOH) radicals. For example, 98 % of the formed tertiary peroxy radical (CC8H17) follows the 

concerted elimination pathway, which agrees with the findings of Snitsiriwat and Bozzelli [73], 
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who argued that the main product of the tertiary iso-octyl radical + O2 system is iso-octene + 

HO2. 

 

Figure 3-20: Brute force sensitivity analyses for ignition delay of stoichiometric iso-octane/air 

mixtures at 20 atm and different temperatures. (See Appendix A for species dictionary.) 
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absence of beta hydrogens, but rather, it experiences isomerization reactions involving 6-member 

ring transition states that lead to low temperature chain branching and promote reactivity.  

None of the hydroperoxy alkyl radicals (QOOH) shown in Figure 3-21 are β-QOOH radicals, 

therefore, the primary consumption pathways are: formation of cyclic ethers and addition to O2. 

In general, the pathway forming cyclic ethers shows a higher flux than addition to O2 due to the 

low thermodynamic stability of the OOQOOH radicals.  Once formed at the relatively high 

temperature investigated, they favor dissociation back to O2 and QOOH. RO2 isomerizations 

involving seven-membered ring transition states often lead to cyclic ether formation rather than 

low temperature chain branching, because these isomerizations have lower rate constants than 

those involving six-membered rings that lead to chain branching. This behavior is evident in the 

seven-membered ring RO2 isomerization leading to AC8H16OOH-C radicals (98% of these 

radicals form the cyclic ether (IC8ETERAC)). 

Figure 3-21 also shows the ROP of different species from the original model [15], which 

emphasizes the mechanistic difference between both models. The rate of consumption of IC8H18 

is generally lower using the original model when compared to the updated one. The original 

model shows a higher flux going to CC8H17 compared to BC8H17, which contradicts the updated 

model. The updated model has different branching ratios due to the implementation of updated 

iso-octane+OH abstraction rates, which accounts for the NNN effects. Moreover, the original 

model shows that addition to O2 is favored by the alkyl radicals, except for CC8H17 where β-

scission is more favored. This is attributed to the absence of consumption pathways for the 

peroxy-hydroperoxy alkyls (ȮOQOOH) with a tertiary hydroperoxy group, which prevents the 

initial tertiary radical from contributing to radical chain branching.  
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3.2.5 Effect of Alternative Isomerization and 3rd O2 Addition Pathways on Reactivity 

Including the alternative isomerization pathway in the mechanism required the addition of 206 

reactions and 100 new species to the model. Figure 3-22 demonstrates that the addition of this 

pathway increased the reactivity of the mechanism at low temperatures and NTC. This agrees 

with the findings of Silke et al. [43] and Mohamed et al. [41] for n-heptane and 2-methylhexane 

models, respectively. These findings encourage a more thorough investigation of other low 

temperature oxidation pathways, which may be relevant to combustion kinetic models. 

Peroxy-hydroperoxy alkyls (OOQOOH) with a tertiary hydroperoxy group do not form KHPs 

due to the absence of -hydrogen atoms. In the original mechanism, these species were 

accumulated into the system, but in the current model they form alkyl-dihydroperoxides 

(P(OOH)2).  



78 

 

Figure 3-21: ROP analysis for stoichiometric iso-octane/air mixture at 20 atm-750 K and 20% 

fuel consumption corresponding to 788 K for the updated model in bold and 791 K for original 

model [1] in italic. 
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Figure 3-22: Ignition delay simulation at 20 atm and φ = 1.0 demonstrating the effect of 

alternative isomerization pathways. 

To better understand the importance of the added pathways, ROP analyses were performed for 

the three P(OOH)2 radicals with the highest concentrations at a pressure of 20 atm, equivalence 

ratio of 1, and temperatures of 650 K and 750 K, where 650 K displays  behavior in the low 

temperature region and 750 K in the middle of the NTC region. The analyses were conducted at 

20% of fuel consumption for each case, and results are shown in Figure 3-23. 

Figure 3-23 shows that the formation of alkyl-dihydroperoxides from OOQOOH radicals may be 

more important than the formation of KHPs, depending on the size of the transition state rings. 

Alternative isomerization pathways with 6-membered ring transition states are the most favored 

due to lower ring strain energy than other isomerization reactions. However, in cases where the 

migrating hydrogen atom is at a tertiary site, the 7-membered ring transition state isomerization 

is more favorable than the 6-membered ring, in which an H-atom migrates from the primary site, 

based on the reaction rate rules assigned in Section 2-3. For example, in Figure 3-23-a, at 750 K, 

51% of BC8H16OOH-AȮ2 forms CC8H15(OOH)AB via a 7-membered ring transition state, 

compared to 28 % for the formation of AC8H15(OOH)AB via a 6-membered ring transition state. 

Figure 3-23 also shows that reactivity of ȮOQOOH species at low and intermediate temperatures 

are very similar. However, temperature-dependent variations in ROP are observed for P(OOH)2 

species. The third O2 addition reactions are more favorable at low temperatures. For example, 

44% of AC8H15(OOH)BD (Figure 3-23(a)) experiences a third O2 addition at 650 K, compared to 

13.3% at 750 K. Similarly, 24.6% and 59.4% of DC8H15(OOH)BD (Figure 3-23-a) and 

AC8H15(OOH)AB (Figure 3-23-b) species experiences a third O2 addition at 650 K, compared to 

4.55% and 13.1% at 750 K, respectively. It is notable that in the added alternative isomerization 
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pathways both hydroperoxy cyclic ether (HPCE) formation and the third O2 addition (followed 

by formation of ketodihydroperoxides (KDHP)), are chain branching pathways. 

Although HO2 radical elimination reactions from P(OOH)2 species were added to the model, they 

do not affect reactivity, as shown in Figure 3-23. For iso-octane, hydroperoxy olefins may only 

be produced from P(OOH)2 species via 5-membered ring transition states that are energetically 

unfavored. 

Figure 3-23 also shows that H-transfer from the hydroperoxy group, attached to a primary site, to 

the peroxy group, attached to a secondary site via H-exchange pathway, is more favorable than 

in the opposite direction. 

 

Figure 3-23: Flux analysis for alkyl-dihyroperoxides with the OOH on (a) B-D sites and (b) A-B 

sites for stoichiometric iso-octane/air mixture at 20 atm at 20% fuel consumption. Values in 

italic and bold represent ROP percentages at 650 K (low temperature region), and 750 K (NTC 

region), respectively. 
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3.3 Conclusions 

A comprehensive chemical kinetic model for iso-octane, an important gasoline primary reference 

fuel surrogate, was presented. The iso-octane thermochemistry and mechanism were thoroughly 

updated using newly evaluated group values, reaction pathways, and rate rules. An alternative 

pathway for the isomerization of peroxy-alkyl hydroperoxides (ȮOQOOH) was included in the 

updated model, along with third O2 addition reactions. The new model was compared against the 

new rapid compression machine and in high pressure shock tube experiments. The new 

experiments covered a range of temperatures and pressures that were not previously available in 

the literature. Additional comparisons were presented against ignition delay, laminar flame 

speed, counterflow diffusion flame ignition and speciation measurements available in the 

literature. The present model was compared against experimental data acquired across a 

temperature range of 630-1800K, pressure range of 10-50 atm, and an equivalence ratio range of 

0.25-2. 

The present model shows improved agreement at lower equivalence ratios when compared to 

other mechanisms available in the literature; thus, the present model is appropriate for simulating 

engine combustions modes operating at lean conditions, such as various low temperature 

combustion engines.  

Sensitivity analysis showed that the model is highly sensitive to H-atom abstraction from fuel 

molecules by ȮH radical.  Flux analysis showed that the main pathway available for tertiary iso-

octyl peroxy radical is concerted elimination, and this decreases the reactivity.  The importance 

of the additional reaction pathways was also investigated. The addition of alternative 

isomerization increases the model reactivity, as all subsequent reaction pathways result in chain 

branching. The third O2 addition reaction pathway was shown to be more important at lower 
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temperatures. These findings on the significance of new reaction pathways stress the need for 

theoretical and experimental investigation of low temperature oxidation mechanisms,  

particularly since the kinetic model presented here represents only the current state of knowledge 

on alkane auto-oxidation; and reaction pathways currently unexplored are not included in the 

model.  
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4 Investigating the influence of pressure and fuel composition on single- and 

dual-stage ignition of gasoline  

It is critical to understand the auto-ignition behavior of any fuel used in an HCCI engine, so that 

the conditions for auto-ignition of the fuel/oxidizer mixture can be developed in the engine at the 

appropriate part of the cycle. Furthermore, other advanced engine concepts, such as gasoline 

compression ignition [91, 92] and partially premixed compression ignition [93, 94], also feature 

an auto-ignition process that partially controls combustion behavior. Understanding the auto-

ignition of fuels in these engines is critical to their operation; however, due to the highly 

inhomogeneous mixture found in these other advanced engine concepts, the HCCI engine is a 

more suitable system for studying fuel auto-ignition.  

In an HCCI engine, two types of auto-ignition are typically encountered [95, 96]. Generally, 

fuels with low reactivity, such as iso-octane or methane, ignite in a single stage; on reaching a 

certain temperature and pressure, the fuel auto-ignites rapidly, releasing all of the fuel’s chemical 

energy [53]. In contrast, highly reactive fuels, such as n-heptane, typically display a two-stage 

auto-ignition process, in which heat is released at low temperatures (typically on the order of 1% 

to 5% of the fuel’s chemical energy [53]), which is termed low-temperature heat release (LTHR), 

and is followed by the main auto-ignition event, which releases the majority of the chemical 

energy in the fuel.  

LTHR has been shown to depend on both fuel type and engine operating conditions. In [96], it is 

shown that a primary reference fuel (PRF), PRF 80, can display either no LTHR behavior at low 

intake pressures and high engine speeds, or display LTHR at high intake pressures and low 

engine speeds. This behavior was further explored in [53]. This LTHR behavior was found to be 
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sensitive to fuel composition (ratio of iso-octane to n-heptane), intake pressure, engine speed 

(residence time), and exhaust gas recirculation (charge composition).  

Previous investigations into LTHR in high octane fuels focused on PRF’s, or traditional 

gasolines. However, interactions between alcohols and various gasoline components, such as 

alkanes, alkenes, and aromatic species, or blends of components, have not been thoroughly 

explored.  

In this chapter, auto-ignition sensitivity to intake pressure of two gasoline blends and one 

primary reference fuel is investigated using the updated iso-octane model presented in chapter 3. 

In addition, the effects of adding ethanol to these gasolines and to the gasoline surrogate (PRF 

84) were studied by adding 10% and 20% ethanol by volume to the three base fuels. The updated 

iso-octane model was compiled with an updated n-heptane model [20] and used to simulate both 

HCCI engine and rapid compression machine (RCM) experiments. The engine experiments were 

performed by conducting an intake pressure sweep of each fuel to measure at which intake 

pressure the fuel begins to display LTHR while running in HCCI operation. Ignition delay times 

were then measured for the fuels, using the RCM under conditions similar to those encountered 

in the engine in the low temperature regime.  

4.1 Methodology 

4.1.1 Experimental 

4.1.1.1 HCCI engine 

All engine experiments were performed using a single cylinder of a 4-cylinder VW TDI engine, 

modified for HCCI operation. For each engine operating point, an intake pressure, fuel, charge 

equivalence ratio, and combustion phasing (defined as the crank angle at which 50% of the total 
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heat is released, or CA50) were specified, and the intake temperature was adjusted to attain the 

correct CA50. Thus, for less reactive conditions, a higher intake temperature was required to 

achieve a fixed CA50, and for more reactive conditions a lower intake temperature was 

necessary. Engine parameters are shown in Table 4-1. 

Table 4-1: Engine Parameters 

 

Three fuels were investigated: PRF 85, PRF 84+10 % ethanol (E10) and PRF 84+20% ethanol 

(E20). It is notable that the new data was acquired for constant combustion phasing (CA50) of 6 

CAD aTDC, while for PRF 85 was 8 CAD aTDC; the same experimental apparatus was used in 

both cases, with minor modifications between data sets. Despite these differences, PRF 85 data 

can still be used for comparing trends, although quantitative comparisons were not made.  

4.1.1.2 RCM 

Ignition delay time experiments were conducted at UCONN RCM, previously introduced in 

section 3.1.3. The experiments were carried out for lean (φ=0.4) fuel/air mixtures at [632 - 745 

K], 20 and 40 bar pressures. The compressed temperature and pressure were altered via 

uncompressed pressure and compression ratio (varied with changes to the stroke and the 

clearance volume), while uncompressed temperature was held constant at 333 K. All mixtures of 

Compression Ratio 17:01 Fuel Injection System Port Fuel Injection

Displacement 0.474 L Fuel Pressure 45 PSI

Bore 79.4 mm
Number of Valves per 

Cylinder
2

Stroke 95.5 mm Intake Valve Opening 2 °bTDC

Connecting Rod Length 144 mm Intake Valve Closure 47.5 °aBDC

Coolant Temperature 95 °C Exhaust Valve Opening 47.5 °bBDC

Oil Temperature 100 °C Exhaust Valve Closure 8 °aTDC

Experimental Engine Specifications
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fuel and air were prepared in a stainless-steel chamber, separate from the RCM, and sufficient 

mixing time was allowed to ensure homogeneity.  

4.1.2 Simulations 

The HCCI engine experiments were simulated using a 0D multi-zone model (coupled 

homogeneous batch reactors) created in CHEMKIN-PRO [75]. Auto-ignition in HCCI engines 

was controlled by chemical kinetics [8] and to better understand the effect of different conditions 

and ethanol addition on PRF chemistry, a Chemkin model was used, rather than a CFD model, to 

allow the use of detailed chemical kinetic mechanisms when simulating reacting cases. This 

multi-zone HCCI model was created as follows: First, RANS CFD simulations of the 

experimental engine were carried out using CONVERGETM [97] for non-reacting (motoring) 

cases to determine the temperature distribution at TDC for a given intake pressure and 

temperature. At TDC, the charge was divided into 20 zones, so that the maximum temperature in 

each zone varied by 10 Kelvin (except in the highest and lowest temperature zones, which had 

small mass fractions < 5%). These results were used to create a Chemkin multi-zone model. The 

model was created so that the average temperature and pressure of the model mimicked CFD 

results during compression and expansion strokes, as demonstrated in Figure 4-1. The 20 zones 

in the Chemkin model used the same mass fractions as the 20 groupings from the CFD work. 

Relative heat transfer rates were scaled to give the same temperature distribution at TDC as in 

the CFD results. The model acceptably reproduced the in-cylinder temperature distribution 

predicted by the CFD simulation for both high and low intake pressures (1.0 bar to 2.2 bar), with 

high and low intake temperatures (~ 175 C to ~ 30 C), respectively. 

The 0-D simulations in CHEMKIN-PRO were conducted using three different mechanisms: Cai 

et. al. [98] Lawrence Livermore National Laboratory (LLNL) [15], and a newly updated PRF 
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model.  Cai et al. [98] developed an optimized model for PRF/toluene/ethanol mixtures (iso-

octane, n-heptane and toluene) with 1027 species and 4236 reactions. The model was validated 

against ignition delay times, burning velocities, and jet stirred reactor and flow reactor data of 

pure fuels and binary, ternary and quaternary mixtures of n-heptane, iso-octane, toluene, and 

ethanol. The LLNL model included detailed combustion chemistry of PRF mixtures, 1-hexene 

and toluene, which are used as gasoline surrogates. The model demonstrated good agreement 

with shock tube and RCM experiments at pressures and temperatures relevant to advanced 

compression ignition engines. However, several engine studies [52-54] reported the inability of 

the current LLNL model to reproduce the LTHR of HCCI engines, which motivated the update 

of the LLNL model. 

The updated PRF model was based on updating the LLNL model with the recently developed 

iso-octane model presented in chapter 3 and the n-heptane sub-model by Zhang et al. [20].  As 

will be shown later, the updated PRF model used here better predicted the RCM and HCCI 

engine data obtained in this study. 

 

Figure 4-1: Comparisons of pressure (a) average temperature, (b) profiles for RANS and 0-D 

models at 2.2 bar intake pressure under a non-reacting condition. 
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4.2 Results and Discussion 

Chemical kinetic simulations were performed to elucidate underlying causes of fuel sensitivity to 

ethanol addition and boosted intake pressures. The three mechanisms, Cai’s, the LLNL gasoline 

surrogate, and the updated LLNL PRF, were evaluated against both the RCM data and HCCI 

engine data included in this paper. Figure 4-2 shows the simulation results using the three 

mechanisms against RCM ignition delay measurements for PRF 84 neat and +10% ethanol at 20 

and 40 bar pressures. The lowest level of agreement was shown by the mechanism of Cai et al., 

with a maximum deviation of 160 % for PRF at 20 bar, 714 K and 0.4 equivalence ratio. The 

LLNL and updated models were in reasonable agreement with the experimental measurement, 

with better results shown by the LLNL mechanism especially for PRF+10% ethanol mixtures.  

Figure 4-3 plots the intake temperatures required to maintain constant combustion phasing for 

each fuel at a given intake pressure, both experimentally and as predicted by the three kinetic 

models used. By holding combustion phasing constant at a fixed engine speed, the effective 

ignition delay time (time between start of the compression stroke and auto-ignition) of the fuel-

oxidizer charge was held constant. Thus, the required intake temperature was a function of a 

fuel’s overall reactivity under a given set of conditions, and indicative of the type of heat release 

exhibited by the fuel at ignition. The Figure demonstrates that at low intake pressures, all tested 

fuels required approximately the same intake temperature to auto-ignite at a fixed combustion 

phasing, which indicates a similar level of reactivity among the fuels. Generally, by increasing 

the intake pressure, the intake temperature required to maintain constant combustion phasing 

decreased, indicating increased fuel reactivity. At first this decrease was linear, then it exhibited 

a transition point, above which the required intake temperature decreased rapidly. This transition 

shifted to higher intake pressures with the addition of ethanol, compared to PRF 84. 
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Increasing the intake pressure activates the low temperature chemistry (LTC) of the fuels, where 

it favors the addition of alkyl radicals and hydroperoxy alkyl radicals to molecular oxygen 

(R+O2=RO2 and QOOH+O2=O2QOOH), which are the gateways to the LTC, as previously 

discussed in chapter 2. However, different fuels exhibit different levels of LTC, therefore 

different intake temperatures were required to achieve the same combustion phasing. Generally, 

the addition of ethanol suppresses the LTC and increases the required intake temperature, due to 

the chemistry of ethanol combustion, as will be discussed later. 

The Figure shows generally poor agreement between the experimental data and the LLNL 

mechanism with regards to the onset of LTHR, with only Figure 4-3-a showing this regime 

change in the case of the original LLNL mechanism. While the original LLNL gasoline surrogate 

mechanism did not accurately predict the activation of the low temperature pathway in intake 

pressure space, the Cai mechanism and the updated LLNL mechanism showed significantly 

better ability to simulate the experimental data; however, the agreement was still not sufficient to 

predictively model this regime change in an engine. It is worth mentioning that the ignition event 

in the engine was around 800 K, while the RCM experiments were conducted at lower 

temperatures, illustrating the contradictory behavior of the LLNL [15] and Cai et al. [98] 

mechanisms against different sets of data. Regardless, the experimental trends were reproduced 

(albeit at elevated pressures), so the updated LLNL gasoline surrogate mechanism was used to 

gain insight into the activation of the low temperature pathway, as well as to clarify the in-

cylinder process under conditions which resulted in gasoline LTHR.  
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Figure 4-2: Ignition delay times for PRF84/air mixture at 20 bar (a) and 40 bar (b), and PRF 84 

+ 10% ethanol at 20 bar (c) and 40 bar (d) with an equivalence ration = 0.4. Insets represent first 

stage IDT using the updated model. 

The effects of ethanol addition to PRF84 on auto-ignition in an HCCI engine were investigated 

by comparing HCCI engine simulation results for both PRF 84 and PRF 84 +10% ethanol (PRF 

84 E10) at an intake pressure of 1.55 bar. The intake temperatures required to keep CA50 at 6 

CAD aTDC in the simulations were 390 K and 426 K for PRF 84 and PRF 84 E10, respectively. 

The PRF84 results showed prominent LTHR, which increased the mixture temperature so that 

the temperature after the end of the LTHR matched that of PRF84E10, as shown in Figure 4-4, 

which clearly shows that the onset of hot ignition occurred at the same temperature for both PRF 

84 and PRF 84 E10, indicating a primarily thermal effect of LTHR.  



91 

 

 

Figure 4-3: Experimental and simulated intake temperatures and pressures required for PRF 84 

(a), PRF 84 + 10% ethanol (b), and PRF 84 + 20% ethanol (c) at 0.4 equivalence ratio and 

constant combustion phasing (CA50 = 6 CAD aTDC). 

The transition to the LTHR regime for PRF84 at elevated pressures is attributed to the low 

temperature chemistry (LTC) of IC8 and NC7, which produced a radical pool that advanced 

auto-ignition and decreased the required intake temperature to achieve the desired CA50. 

However, the addition of ethanol to the mixture replaces the relatively active fuel components 

(IC8 and NC7) with a less reactive component (C2H5OH). The chemistry of ethanol oxidation is 

shown in the flux analysis in Figure 4-5. Ethanol acted as a radical sink in the LTHR regime 

because it consumed OH radicals while producing HO2 instead, as shown in Figure 4-5. Figure 

4-6 plots the concentrations of HO2 and H2O2 radicals in crank-angle space. The buildup of HO2 
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radicals decreased reactivity; however, the HO2 radicals were converted to H2O2 via hydrogen 

abstraction reactions as the cylinder temperature increased. Prior to hot ignition, H2O2 

concentrations were higher in PRF 84 E10 than PRF 84 (Figure 4-6), and at hot ignition, H2O2 

decomposed to 2 ȮH resulting in a higher fraction of ȮH for the ethanol mixture, as seen in 

Figure 4-7.  

 

Figure 4-4: HRR (straight lines) and temperature (dashed lines) profiles for PRF 84 (back) and 

PRF84+10% ethanol (red) mixtures 
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Figure 4-5: Flux analysis of ethanol at 20% fuel consumption 

 

Figure 4-6: HO2 and H2O2 profiles for PRF84 and PRF84+10% ethanol. Dotted blue line 

represents hot ignition timing. 
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Figure 4-7: ȮH profile for PRF 84 (black) and PRF84+10% ethanol (red). Inset represents OH-

profile for entire cycle. 

In the case of PRF 84, the radical pool produced in the LTHR regime accelerated fuel 

consumption compared to PRF 84 E10 (Figure 4-8), even though the CA50 was fixed at 6 CAD 

in both cases. Approximately 40% of PRF 84 was consumed in the LTHR regime, while a 

negligible amount of PRF 84 E10 was consumed at the same CAD. In case of E10, the addition 

of ethanol suppressed the LTC and the rate of conversion was the same throughout the cycle. 

This is illustrated by the conversion profiles of NC7 and IC8 in Figure 4-8. 
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Figure 4-8: Conversion profiles of NC7 (left) and IC8 (right) for E0 (black) and E10 (red). 

Dotted line represents end of LTHR. 

Finally, the Chemkin multi-zone model was used to clarify the effect of LTHR throughout the 

cylinder of an HCCI engine. Different regions of the combustion chamber could experience 

higher or lower LTHR intensity based on their temperature – pressure trajectory. This hypothesis 

is verified in Figure 4-9, which plots the heat release rate normalized by mass for different zones 

in the multi-zone model against temperature, for -15.5 to -4.7 CAD aTDC. Figure 4-9 shows that 

over the same crank-angle range, zones that were at different temperatures exhibited varying 

levels of LTHR; here, the hottest zones were the least active, while the coolest zones released the 

most heat. This has implications for both the experiment and the simulations. In the experimental 

system, the varying levels of LTHR reduced the differences in temperature across the 

combustion chamber, likely influencing combustion duration, ringing intensity, and emissions. In 

the simulation, the varying levels of LTHR resulted in different levels of fuel conversion prior to 

hot ignition in the different zones, as well as concentrations of key radicals. While in the physical 

system there was mixing between the different regions of the combustion chamber, in the 
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Chemkin multi-zone model, mass transfer between zones was not modeled, this may affect the 

accuracy of the simulation. 

 

Figure 4-9: Temperature vs LTHR in seven zones for the E0 mixture at intake pressure 1.55 bar 

and intake temperature 390 K 

4.3 Conclusion 

In this chapter, the low-temperature heat release (LTHR) behavior of PRF 84, and PRF 84-

ethanol blends, was explored in an HCCI engine, RCM, and through zero-dimensional chemical 

kinetic modeling. A key focus of these investigations was the transition of a fuel from single- to 

dual-stage heat release in an engine with increased intake pressure. At low intake pressures, lean 

mixtures and moderate engine speeds, gasoline exhibited single-stage heat release when burned 

in an HCCI combustion system. As intake pressure increased, gasoline began to exhibit low 

temperature heat release. LTHR, while producing both thermal and chemical effects on ignition 

delay, primarily encouraging ignition through the release of chemical energy, which raised 

charge temperatures, as concluded from the simulation results. Consequently, low temperature 
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heat release significantly changed the intake temperature required to maintain constant 

combustion phasing. This is both a thermal and a chemical effect. 

 The effect of ethanol addition to PRF 84 was also investigated. It was found that the addition of 

ethanol to gasoline increased the pressure at which LTHR onset begins. At low intake pressures, 

where LTHR does not occur for gasoline, ethanol addition had a minimal effect on auto-ignition 

behavior. This is attributed to the nature of ethanol as a radical sink, which reduces LTHR 

magnitude and delays ignition. Finally, simulation results demonstrated that LTHR was not 

uniform across the combustion chamber due to temperature gradients near the TDC. The coolest 

regions of the combustion chamber exhibited the most LTHR; however, these zones were 

spatially decoupled from the hottest zones, which auto-ignited first and thermally triggered 

ignition in colder zones.  

These results have many implications for the operation and simulation of HCCI: chiefly, ethanol 

significantly inhibits the low temperature chain-branching pathways of gasoline, which typically 

become active at higher pressures for engine-relevant timescales. By inhibiting these chain-

branching pathways, the overall auto-ignition process is inhibited under these conditions, 

reducing system reactivity. It is important to consider this effect of ethanol addition in the 

operation strategy of ACE’s. In HCCI engines, the shift in reactivity that accompanies the 

activation of low temperature chain branching drastically changes the intake conditions required 

to hold combustion phasing constant. Thus, this effect is critical for the design and operation of 

an HCCI engine (or similar type of ACE) that must run on commercially available gasoline with 

varying levels of ethanol. Similarly, ethanol has been shown to provide significant anti-knock 

qualities in gasoline in SI engines, especially at elevated intake pressures [99]. Results from this 

work suggest the kinetic portions of ethanol blending effects. The inhibition of the low 
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temperature chain-branching pathway (still not well captured by kinetic mechanisms), 

significantly alters the operating range of turbocharged SI engines, as shown in [99]. 

Understanding the operating range of an engine is critical in the design of modern SI engines 

because it affects the sizing of all key components, making the underlying kinetics of ethanol 

equally important for this application, as well as other forms of advanced engines. 
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5 Reduced gasoline surrogate (toluene/n-heptane/iso-octane) chemical 

kinetic model for compression ignition simulations 

The most commonly used gasoline surrogates include primary reference fuel (PRF) mixtures of 

n-heptane and iso-octane and toluene PRF (TPRF) mixtures comprising toluene, n-heptane and 

iso-octane.  There are numerous chemical kinetic models in the literature for such mixtures; 

however, most of these are based on older detailed kinetic models for C0-C4 chemistry and n-

heptane, iso-octane, and toluene [15, 36, 37]. This chapter discusses the development and 

validation of  a skeletal kinetic model for TPRF mixtures that is based on newly developed and 

widely validated kinetic models for C0-C4 species (AramcoMech 2.0)  [21] n-heptane [20], iso-

octane [100] and toluene [101, 102].  In addition, the model was validated against recently 

published ignition delay data for PRF [103]  and TPRF [83] mixtures. Furthermore, the present 

model was utilized for multi-dimensional compression ignition engine simulations. 

5.1 Methodology 

As previously discussed in section 2.2, a decoupling methodology was employed to develop the 

reduced TPRF model. A detailed C0/C1 chemistry from AramcoMech 2.0 [21] was adopted. In 

addition, a skeletal model for C3H6 was developed based on AramcoMech 2.0 [21] using DRG-X 

code [49]. Sub-mechanisms for iso-octane and n-heptane were added; each sub-mechanism 

consisted of the nine classes already presented in section 2.2. 

Aromatic combustion chemistry is different from alkanes.  Toluene does not exhibit low 

temperature combustion and begins to react at elevated temperatures.  One of the major products 

in toluene combustion chemistry is benzene, which required the addition of several reactions for 

the benzene consumption.  
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The same reactions included in the model by Liu et al. [48] were implemented, but rate 

parameters from the detailed toluene model by Mehl et al. [15] were adopted. Twenty-one 

reactions and eight species were included in the sub-model. Figure 5-1 shows a schematic 

diagram for the toluene sub-model. 

 

Figure 5-1: Schematic diagram showing pathways added for toluene combustion. 

In terms of predicting engine-out emissions, a reduced NOx mechanism that contains four 

species and 13 reactions was used to capture the in-cylinder NOx emissions [104]. 

The skeletal PRF mechanism developed here comprises 67 species and 354 chemical reactions.  

The addition of toluene for TPRF mixtures resulted in a skeletal model with 76 species and 401 

reactions.  The complete skeletal model, including NOx chemistry, is 80 species and 414 

reactions. This compact chemical kinetic model is suitable for use in CFD simulations. 
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5.2 Results and Discussion 

5.2.1 Validation against fundamental combustion data 

The skeletal model was validated against a range of fundamental experimental data available in 

the literature.  These included premixed fuel/air laminar burning velocities and homogeneous 

gas-phase ignition delay times (IDT).  Simulations were performed using the respective reactor 

modules in CHEMKIN PRO [75].  Ignition delay time was defined as the time between start of 

simulation to the point of maximum rate of change of temperature with time (max dT/dt).  The 

premixed laminar flame speed was defined as the propagation speed of the unstretched flame 

front, balanced by convection, diffusion and reaction.  The proposed skeletal model was also 

compared against two widely used skeletal models from the literature, specifically the models by 

Liu et al. [48] and Wang et al. [105]. 

Figure 5-2 and 5-3 compare the proposed skeletal model against laminar flame speeds for pure n-

heptane, iso-octane and toluene, as well as PRF mixtures.  At atmospheric conditions (Figure 

5-2), the new skeletal model accurately reproduced laminar flame speeds for all fuels at all 

equivalence ratios.  The new model performed notably better than skeletal models available in 

the literature.  The improvements in the new model were attributed to the improved C0-C4 

chemistry.  The current skeletal model predicted PRF 87 laminar flame speeds at 10 bar well; but 

it under predicted the data at high pressures (Figure 5-3). 
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Figure 5-2: Flame speed of pure components (n-heptane/iso-octane/toluene) and PRF mixtures 

at 1 atm. and 298 K. Symbols represent experiments [66]. Solid, dashed and dotted lines 

represent simulations using new model, Wang et al. [105] and Liu et al. models [48], 

respectively. 
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Figure 5-3: Laminar flame speed for PRF87/air at different pressures. Symbols are experiments 

from [106]. Solid, dashed and dotted lines present simulations using new model, Wang et al. 

[105] and Liu et al. models [48], respectively. 
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Figure 5-4.  IDT for pure iso-octane and n-heptane. iso-octane experiments are from [61], n-

heptane experiments are from [20] (closed symbols) and [107] (open symbols). Solid, dashed 

and dotted lines present simulations using new model, Wang et al. [105] and Liu et al. models 

[48], respectively. 

Figure 5-4 compares the present skeletal model against experimental shock tube ignition delay 

data for iso-octane/air and n-heptane/air mixtures at various initial temperatures, pressures and 

equivalence ratios. The proposed model accurately reproduced ignition delay times for these 

pure components in the low temperature, negative temperature coefficient (NTC), and high 

temperature regimes.  In general, the proposed model performed better than the skeletal models 

in the literature, although all the models performed reasonably well. 

IDT simulations for PRF/air mixtures are presented in Figure 5-5.  The IDT of various PRF 

mixtures from PRF 60 to 95 were measured in a shock tube by [103].  Both lean and 

stoichiometric conditions were investigated at pressures from 10 to 40 bar and various 

temperatures.  The simulation results showed that all models behaved similarly at high 

temperatures above 1000 K and were able to reproduce experimentally measured IDT for various 

PRFs at different initial conditions.  However, the models differed notably in the intermediate 

temperature NTC and low temperature regimes.  It was apparent that models from the literature 

did not perform well for the lower octane PRFs (PRF 60, PRF 70 and PRF 80) in the NTC 

regime.  The new skeletal model developed here was better able to reproduce the experiment in 

the NTC regime.  Given that the present work focused on studying low octane gasoline fuels 

(RON 60-80), the new skeletal model is expected to better capture ignition regimes of these fuels 

in PPCI engine simulations. 
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Figure 5-5: IDT for different PRF mixtures at different pressures and equivalence ratios. 

Symbols show experimental data from [103]. Solid, dashed and dotted lines show simulations 

using new model, Wang et al. [105] and Liu et al. models [48], respectively. 

Figure 5-6 presents IDT simulations for TPRF/air mixtures across a range of pressures, 

temperatures and equivalence ratios.  The simulations were compared against shock tube 

experimental data from [83]; details of the TPRF mixture compositions are available in that 

study.  It was evident from the dashed line simulations representing the model from Wang et al. 

[105], that it poorly predicted the experimental data across most conditions.  For this reason, this 

model is not recommended for TPRF ignition simulations. The model by Liu et al. [48] 

performed much better and was able to predict IDT measurements at most conditions; however, 
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some discrepancies were observed in the NTC regime.  The new skeletal model developed here 

reproduced the experimental data more accurately, especially for lower octane TPRF mixtures 

(TPRF 70 and TPRF 80). 

Figure 5-6: IDT for different TPRF mixtures at different pressures and equivalence ratios. 

Symbols represent experimental data from [83]. Solid, dashed and dotted lines represent 

simulations using new model, Wang et al. [105] and Liu et al. models [48], respectively. 
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5.2.2 Validation in 3-D CFD engine simulations 

The reduced PRF mechanism was also validated in 3-D CFD engine simulations, simulating the 

combustion of a higher reactivity gasoline with a research octane number (RON) of 59 in a 

heavy-duty diesel engine. The commercial CFD software package, CONVERGETM [97], was 

used to conduct closed-cycle, sector mesh, combustion simulations. The model setup used in this 

study was the same as those in [108, 109]. A detailed description of the primary CONVERGE 

sub-models can be found in Table 5-1. The base grid size was set at 1.4mm, while the smallest 

grid size was at 0.35mm, with the implementation of fixed nozzle embedding and adaptive mesh 

refinement (AMR) on velocity and temperature. 

Table 5-1: Primary CONVERGE sub-models 

Spray Models 

Injection Blob 

Evaporation Frossling 

Collision NTC 

Break-up  KH-RT 

Combustion and Emissions          SAGE 

Solver SAGE 

Fuel Liquid Physical Properties DHA & Aspen HYSYS 

Fuel Gas-Phase Surrogate PRF for RON59 gasoline 

Chemical Kinetic Mechanism Reduced mechanism from this study 

NOx Four species and 13 reactions  

Soot Hiroyasu-NSC 

Turbulence RNG k-ε 

Wall Heat Transfer O’Rourke & Amsden 

Grid Size 

Base 1.4 mm 

Smallest  0.35 mm  
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The reduced mechanism developed in this chapter was used to simulate the gas-phase chemistry 

of the RON59 gasoline. To capture the liquid physical properties of the RON59 gasoline, a 

physical surrogate was formulated based on the results of the detailed hydrocarbon analysis 

(DHA). A PRF 59 mixture was used as the surrogate because the target fuel did not include a 

significant aromatic fraction. The octane sensitivity of the fuel was very low, and previous 

studies showed that PRF is a good auto-ignition surrogate at intermediate and high temperatures 

for low sensitivity fuels.  In addition, the two-step Hiroyasu-NSC (Nagle and Strickland-

Constable) approach was used to predict the soot formation and oxidation process. In the soot 

model, acetylene was selected as the soot inception species.  

The engine experimental data used in this study was from an investigation of the combustion and 

emissions characteristics of a RON59 gasoline in a model year (MY) 2013, Cummins ISX15 

heavy-duty diesel engine [108].  The key engine specifications can be found in Table 5-2.   

Table 5-2: Engine Specifications 

Displacement Volume 14.9 L 

Number of Cylinders 6 

Bore 137 mm 

Stroke 169 mm 

Compression Ratio 18.9 

Diesel Fuel System 2500 bar common-rail 

Air System single-stage VGT  

high pressure EGR loop with charge air cooler 

Engine Ratings 336 kW @ 1800 rpm 

2375 N-m @ 1000 rpm 
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Model validation focused on 10 and 15 bar BMEP at 1375 rpm. The key engine operating 

boundary conditions can be found in Table 5-3.  For the closed-cycle, sector mesh combustion 

simulations performed in this study, the initial thermal conditions at intake valve closing (IVC) 

were acquired from a well-validated 1-D GT-Power model [110] for the engine. A single fuel 

injection strategy was used at both engine operating points.   

The KH spray break-up model time constant and the spray plume angle were tuned based on 

spray experiments for the RON59 gasoline, conducted in a constant-volume combustion chamber 

under a thermal environment, and fuel injection pressures similar to those encountered in [111].  

The spray experiments covered an ambient pressure range of 30-100 bar and an ambient 

temperature range of 800-1200 K, while the fuel injection pressure for the RON59 gasoline 

varied from 1000 to 2500 bar [111, 112].  In addition, the soot pre-exponential factor was 

adjusted, and both were maintained at the same engine operating points. 

As seen in Figure 5-7 and 5-8, the onset of combustion and general heat release progression was 

captured reasonably well by the model. Note that the peak apparent heat release rate (AHRR) 

was under-predicted in both Figure 5-7 and 5-8, suggesting room for improvement on the 

surrogate fuel kinetics used, or the high temperature chemistry of the reduced mechanism. In 

Figure 5-7, the model also predicted a slightly longer ignition delay, moderately enhanced 

premixed combustion and a faster transition from premixed to mixing-controlled combustion. 

Therefore, the low-to-intermediate temperature chemistry can probably also be further refined by 

modifying the surrogate mixture to address these minor misalignments.  Figure 5-9 shows that 

engine-out NOx and soot emissions were well aligned between the measured data and the model 

predictions at the two engine operating points examined in this study. Overall, the reduced 

mechanism demonstrated reasonably good fidelity in terms of predicating both global 
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combustion behavior and engine-out NOx and soot emissions under the high pressure, mixing-

controlled combustion conditions encountered in modern heavy-duty diesel engines. 

Table 5-3: Operating boundary conditions at 10 and 15 bar BMEP 

Engine Load 
10 bar 

BMEP 

15 bar 

BMEP 

SOI [°ATDC] -9 -6 

Inj. Pressure [bar] 1450 1900 

Pivc [bar] 2.165 3.035 

Tivc [K] 385 405 

XO2 [-] 0.160 0.163 

 

Figure 5-7: Comparison of cylinder pressure and AHRR at 10 bar BMEP 
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Figure 5-8: Comparison of cylinder pressure and AHRR at 15 bar BMEP 

 

 

Figure 5-9: Comparison of NOx and soot emissions at 10 and 15 bar BMEP 

The model was also used to simulate GCI engine experiments conducted by Badra et al. [2] for 

PRF62. The experiments were carried out in a single cylinder 4 valve engine with a 14:1 

geometric compression ratio and an outwardly-opening piezo-electric hollow-cone gasoline 

direct injection (GDI) injector. Simulations were conducted using CONVERGETM software [97] 
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and the reduced model presented herein. Table 5-4 presents the different engine parameters. 

More details about the engine and the simulation setup are presented in the next chapter. 

Table 5-4: Engine parameters for GCI simulations 

Compression ratio 14:1 

Injector Hollow-cone 

Injection pressure (bar) 130 

Injected mass (mg/cycle) ≈10  

Injection duration (CAD) ≈4 

SOI (CAD aTDC) -40 to -14 

Fuel PRF 62 

 

Figure 5-10: CA50 for the GCI experiments (black) vs simulation results using the model by Liu 

et al. [48] (blue) and the new reduced model (red) 

Figure 5-10 shows the experimental and simulated CA50 using the new reduced model and the 

model by Liu et al. [48]. It can be clearly seen that the new model is more reactive and better 

captures the experimental results. 
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5.3 Conclusions 

This chapter presented a comprehensively validated skeletal kinetic model for TPRF mixtures.  

The model was validated against laminar flame speed and ignition delay time measurements for 

pure components and mixtures across a range of temperatures, pressures and equivalence ratio 

conditions.  The proposed model showed a reasonable level of agreement with the wide range of 

experimental data simulated. The skeletal mechanism was then utilized to simulate the 

combustion of a low octane gasoline fuel in a heavy-duty compression ignition engine.  The 

model was able to qualitatively predict both premixed and mixing controlled combustion regimes 

observed experimentally, as well as soot and NOx emissions.  Discrepancies observed between 

the CFD simulations and experiments were attributed to the use of a simple PRF mixture as a 

surrogate for the real gasoline fuel.  Future work will explore the use of a multicomponent 

surrogate chemical kinetic model to simulate the combustion properties of low octane gasolines 

in compression ignition engines.  
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6 Numerical investigation of injector geometry effects on fuel stratification 

in a GCI engine 

As discussed in chapter 1, gasoline compression ignition (GCI) engines are considered a 

promising technology to enable throttle-less operation at diesel-like efficiencies. 

The performance of fully blended fuels and their surrogates in GCI engines was studied recently.   

Badra et al. [2] conducted GCI experiments in a single cylinder four valve engine with an 

outwardly-opening piezo-electric hollow-cone gasoline direct injection (GDI) injector, using 

three fuels: primary reference fuel (PRF) 62 (62% by volume iso-octane and 38% n-heptane), 

Saudi Aramco light naphtha (SALN), and Haltermann straight run naphtha (HSRN). They 

performed a start-of-injection sweep from -60 to -11 CAD aTDC to study the fuel effect on 

engine combustion and emissions. Measured research octane numbers (RON) for SALN and 

HSRN were 62 and 60, respectively, and their motored octane numbers (MON) were 60 and 

58.3, respectively. From a chemical kinetics perspective, the three fuels have similar ignition 

characteristics. This was confirmed by showing that the three fuels had similar combustion 

phasing and emissions at SOI earlier than -30 CAD aTDC, despite the apparent differences in 

their physical properties. 

Similar work was performed by Naser et al. [113] in a single-cylinder compression ignition 

engine (AVL 5404) equipped with a Bosch seven hole injector for light naphtha (LN), with a 

measured RON of 65 and PRF65 across SOI sweep from -40 to -19 CAD aTDC. PRF65 was 

chosen as the kinetic surrogate of LN, as recommended by Javed et al. [114]. However, the 

engine results showed significant differences in the combustion phasing of the two fuels at GCI 

relevant injection timings (-19 to -40 CAD aTDC). The work concluded that primary reference 
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fuels are suitable surrogates only for HCCI tests, where combustion processes are driven 

primarily by chemical kinetics. In PPCI modes however, combustion processes are also 

controlled by the physical properties of the fuels, leading to observable differences. 

These contradictory results from two studies with very similar operating conditions are assumed 

to be the effect of the different injectors employed in the two engines. Both hollow-cone and 

multi-hole injectors are commonly used in GCI engines [4, 5, 113, 115, 116], or in spray-guided 

gasoline spark ignition engines [117]. To corroborate the hypothesis, a comparison study of the 

two injectors in an identical engine configuration is necessary. To our knowledge, a comparison 

of the performance of both types of injectors in the same engine has not been previously carried 

out.   

In this work, numerical simulations, using the CONVERGETM software package [97], were 

conducted to provide a clear understanding of the different findings from Naser et al. and Badra 

et al. [2, 113].  Three fuels with similar chemical kinetics were tested: PRF62, light naphtha 

(LN), and Haltermann straight run naphtha (HSRN) for an SOI sweep from -40 to -14 CAD 

aTDC at partial load conditions. Inert simulations (reactions turned off) were also conducted to 

investigate further details of in-cylinder stratification for different injectors. Both the inert and 

reactive simulations with the three fuels were conducted using hollow-cone and solid-cone multi-

hole injectors with the same engine geometry. Detailed analysis of the results was performed and 

discussions about the similarities and differences between the two injectors and the three fuels 

were provided. 
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6.1 Methodology 

Full cycle 3D engine simulations in CONVERGETM were conducted using the Reynolds-

averaged Navier-Stokes (RANS) with the renormalization group (RNG k-ε) model, and the 

multi-zone SAGE combustion sub-model [118], with bin sizes of temperature and equivalence 

ratio of 5 K and 0.05, respectively.  

For the modeling of spray dynamics, the Lagrangian discrete parcel method was used. In the 

spray break-up models, Sim et al. [119] modified the Kelvin-Helmholtz-Rayleigh-Taylor (KH-

RT) model for the Lagrangian spray parcels produced from the outwardly-opening hollow-cone 

spray. The model was validated against constant volume spray [119] and engine data [3], and 

yielded good prediction in 3D engine simulations [3]. Moreover, the 3D engine simulations with 

the hollow-cone spray using the same three fuels studied here, were successfully validated in 

recent work by this group [2]. Therefore, the models, parameters and approach that were utilized 

in [2] were implemented here without any modifications for the GCI engine simulations with the 

hollow-cone injector. 

For the multi-hole Bosch injector, the standard spray models implemented in CONVERGE were 

optimized and validated against the engine combustion network (ECN4) spray G data [120], 

which is close to the injection parameters considered in this study in terms of the spray angle 

(80º), injection pressure (200 bar) and the utilized fuel (iso-octane). A Lagrangian discrete parcel 

method was used for spray modeling by introducing parcels (groups of droplets) of liquid into 

the gas phase computational domain with Rosin-Rammler distributions. As a breakup algorithm 

of liquid spray, the modified Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT) model was 

primarily  used, without an ad hoc breakup length [121].  
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For better accuracy, the injection size distribution model was based on the nozzle exit diameter. 

Furthermore, the dynamic drag model was implemented by determining the droplet drag 

coefficient as part of the simulation, accounting for variations in the drop shape through a drop 

distortion parameter. The effect of the turbulent flow on spray drops was modeled using the 

turbulent dispersion model by accounting for fluctuating velocities [122]. For the collision 

model, the traditional O’Rourke collision scheme [122] and no-time-counter (NTC) method 

[123] were extended with Post and Abraham’s inclusion of collision regimes [124]. For spray 

evaporation, Frossling’s [125] evaporation model was implemented. More details about the spray 

and turbulent models and validation can be found in [126].   

Grid independence was obtained with base grid 4 mm, coupled with a fixed embedding scale of 

four for the injector spray and scale of two for the entire cylinder, in addition to temperature and 

velocity adaptive mesh refinement (AMR) for 1 m/s and a 2.5 K difference, respectively, with a 

scale of 4 [2]. A variable time step algorithm was used with maximum and minimum values of 

10-4 and 10-8 respectively. The order of accuracy of the temporal and spatial schemes was first 

and second, respectively. 

The fuels used in the study were the straight-run light naphtha (LN), the Haltermann straight-run 

naphtha (HSRN) and PRF62. These fuels were chosen for close cetane and octane numbers and 

different physical characteristics, as shown in Table 6-1. The temperature ranges of the boiling 

characteristics for these fuels are shown in Figure 6-1. LN is highly paraffinic (>90%) and has a 

low sensitivity (S = RON – MON) of about two. However, HSRN has more than 20% aromatics 

and naphthenes, which are reflected as a lower sensitivity of 1.7. The boiling range of HSRN is 

wider than LN, while PRF62 has a very narrow boiling range, as expected from the similar 

boiling temperatures of n-heptane (98.4°C) and iso-octane (99°C). 
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Table 6-1: Properties of the tested fuels. 

Fuel LN HSRN PRF62 

DCN from IQT 34.7 34.2 34.2 

RON 62 60 62 

MON 60 58.3 62 

Sensitivity 2 1.7 0 

Density (kg/m3) at 15˚ 661 705 695 

Lower heating value (LHV) (MJ/kg) 45.1 44.6 44.4 

Hydrogen to carbon (H/C) ratio 2.175 2.146 2.262 

Normal-paraffins vol.% 53.3 36 38 

Iso-paraffins vol.% 38.7 40.8 62 

Aromatics vol.% 1.14 8.94 0 

Naphthenes vol.% 6.87 14.24 0 

Sulfur (ppm) <1 14 0 

Final boiling point (FBP (°C)) 90.7 138 99 

 

To eliminate the effect of chemistry in the simulations, PRF62 ( 59% and 41% by mole iso-

octane and n-heptane, respectively) was used for all three fuels with the reduced model presented 

in chapter 5. However, the liquid physical properties of each fuel (density, viscosity, surface 

tension, specific heat capacity) were enforced on the chemical PRF surrogate, so that any 

differences in the results were attributed to their physical properties. The liquid physical 

properties were calculated from the properties of the three components’ surrogate, developed by 
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Ahmed et al. [127] for LN and Badra et al. [2] for HSRN, using mass basis additivity. The 

formulation of these surrogates was intended to match the evaporation of a single real fuel 

droplet.  

 

Figure 6-1: Distillation curves of the tested fuels using American Society for Testing and 

Materials (ASTM) D86 method. 

Simulations for both injectors were conducted using the same GDI engine geometry from the 

study of Badra et al. [2, 3]. The GDI engine is a 4-valve single cylinder engine with 499 cm3 

displacement, 84 mm bore and 90 mm stroke. The geometrical compression ratio of the engine 

was 14:1, but it was adjusted to 13.85:1 in the simulations to match the motored pressure traces 

from experiments and compensate for non-idealities of the real engine, such as blow-by [2]. The 

intake air pressure and temperature were 1.2 bar and 304 K, respectively. The temperature of the 

liner and head were set to 403 K, while the piston temperature was at 423 K. For all SOI, the 

same amount of fuel at 10 mg was injected.  The injection parameters are listed in Table 6-2. The 

trapezoidal injection rate shape, with a ramp up and down, presented in [2, 3], was used for all 
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the hollow-cone and multi-hole simulations. More details about the simulated engine and its 

operating conditions can be found in [2, 3].  

Table 6-2: Injection parameters 

Injector Hollow-cone Multi-hole 

Injection pressure (bar) 130 300 

Injected mass (mg/cycle) ≈10  ≈10 

Injection duration (CAD) ≈4 ≈4 

SOI (CAD aTDC) -40 to -14 -40 to -14 

Spray angle (º) 100 72 

Number of holes single hole 7 holes 

Hole diameter (mm) 0.62 0.18 

 

6.2 Results and Discussion 

Figure 6-2 shows the simulated crank angle corresponding to 50% of total heat release (CA50) 

for all the cases using the multi-hole and hollow-cone injectors. For the multi-hole injector, 

different combustion phasings were observed for the tested fuels at all SOIs, which is in 

agreement with the findings of the AVL experiments [113]. On the other hand, the cases with 

hollow-cone injectors did not show significant differences in the combustion phasings of the 

three fuels at all SOIs. This agrees, again, with the findings of Badra et al. [2]. Comparing the 

simulation results of the two injectors showed that the hollow-cone injector resulted in earlier 

combustion phasing for SOIs -40 and -30 aTDC, while the opposite trend was observed for SOIs 

-18 and -14 CAD aTDC. The results were found to be consistent for the three fuels.  
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Figure 6-2: Simulated CA50 for the three fuels using multi-hole injector (left) and hollow-cone 

injector (right) 

Figure 6-2 shows that the simulations from this work successfully reproduced the different 

experimental trends observed in [2, 113], so that the data were further analyzed to examine the 

main effects of the two different injectors. Note that any observed differences are attributable 

exclusively to the physical properties of the fuel, because the simulations of the three fuels used 

the same combustion kinetics of PRF62.  

For this reason, and to isolate the mixing behavior, inert non-reacting runs were conducted for all 

the fuels and SOIs. Figures 6-3 and 6-4 present the total in-cylinder liquid and vapor mass 

histories from the non-reacting cases. These quantities affect the spray penetration and 

subsequent fuel/air mixing characteristics of evaporating sprays. Figure 6-3 shows that the 

hollow-cone injector produced a much larger amount of in-cylinder liquid for all SOIs. As a 

related outcome, Figure 6-4 shows that the total vapor mass was significantly lower for the 

hollow-cone injector case. This is attributed to the nature of the two injectors; the hollow-cone 

spray allows liquid parcels to cluster at the nozzle exit, resulting in slower evaporation. 
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Additionally, the spray exit area of the hollow-cone injector was larger due to the nature of the 

outwardly opening injections. The total injection area of the hollow-cone and multi-hole (all 

seven holes counted) injectors were 0.302 mm2 and 0.178 mm2, respectively. The smaller 

injection cross-sectional area of the multi-hole injector caused higher injection velocities, as 

shown in Figure 6-5. This higher injection velocity increased the instability of the droplet due to 

the higher shear stress on the surface, resulting in easier break-up and evaporation [128].  

Regarding the differences between the three fuels, it is evident from Figures 6-3 and 6-4 that the 

liquid mass of the LN was lower than those of the PRF62 and HSRN for the same SOI and 

injector type. This was mainly due to the lower boiling point of the LN compared to PRF62 and 

HSRN, as seen in Figure 6-1.  

 

Figure 6-3: Liquid spray mass at different SOIs using hollow-cone (red lines) and solid-cone 

injectors (black lines) for PRF, LN and HSRN 
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Figure 6-4: Fuel vapor in-cylinder mass at different SOIs using hollow-cone injector (red 

lines) and solid-cone injector (black lines) for LN, PRF 62 and HSRN 

Figure 6-6 shows temperature-equivalence ratio maps, colored by fuel mass fraction, in addition 

to the mass average temperature and equivalence ratio at TDC for LN. The mass average 

temperature and equivalence ratio are calculated using the following equations: 

   Φ𝑚𝑒𝑎𝑛  =  
∑ Φ𝑖𝑚𝑖

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑓𝑢𝑒𝑙 𝑚𝑎𝑠𝑠
 (4) 

 T𝑚𝑒𝑎𝑛  =  
∑ T𝑖𝑚𝑖

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑓𝑢𝑒𝑙 𝑚𝑎𝑠𝑠
 (5) 

where Ti , mi and Φi denote the temperature, fuel mass and equivalence ratio of i-th cell in the 

computational domain. Note that only fuel containing cells are accounted for when calculating 

Φmean and Tmean because of the mi term, which by definition is zero for cells with no fuel. Similar 

T-Φ maps for PRF 62 and HSRN can be found in Appendix C. 
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Figure 6-5: Spray exit velocity using hollow-cone injector (red lines) and solid-cone 

injector (black lines) for LN (dashed line), PRF 62 (solid line) and HSRN (dotted lines) at 

SOI -40˚(a), -30˚(b), -18˚(c) and -14˚(d) 

The figure also shows that for both injectors, a later SOI increased the equivalence ratio because 

less time was available for mixing. The mass-averaged in-cylinder temperatures were also lower 

for later SOI because richer fuel pockets were formed and the evaporative cooling of the fuel 

reduced the temperature of the fuel containing cells. Note that if all the cells in the cylinder 

domain were considered for calculation in Eq. (4) and (5), the in-cylinder Tmean would be the 

same for fuels with similar latent heat of vaporization, regardless of the SOI.  Also, at the same 

SOI, the hollow-cone injector always produced richer mixtures and a lower mass average 

temperature than the solid-cone injector.  

Mass-average temperatures and equivalence ratios for all cases are summarized in Figure 6-7. In 

all three fuels, the distinct trends resulting from the two injectors were evident. 
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The nature of both sprays is further investigated here. The percentage of the unused air 

calculated at TDC for all SOI cases was: 

 % unused air =  
mass of air in fuel free bins

total mass of incylinder air
× 100 (6) 

Figure6-8 clearly shows that the percentage of unused air was always higher in the hollow-cone 

injector because fuel parcels were clustered and the equivalence ratios were higher. The multi-

hole solid-cone injector penetrated further into the chamber and vaporized more rapidly, 

resulting in leaner and hotter mixtures.  

SOI Hollow-cone Solid-cone 

-40 

 

 

 

 

 

-30 

 

 

  

Φmean=0.74 

 

Tmean=814 K 

Φmean=0.56 

 

Tmean=811K 

Φmean=0.92 

Tmean=806K 

Φmean=0.6 

Tmean=818K 
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-18 

 

  

-14 

 

  

Figure 6-6: T-Φ maps colored by fuel mass fraction at TDC for LN at different SOIs, using 

solid-cone and hollow-cone injector. 
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Tmean=767K Φmean=0.9 

Tmean=810K 

Φmean=2.4 

Tmean=732K 

Φmean=1.1 
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Figure 6-7: Calculated mass-average temperature (left) and mass-average equivalence ratios 

(right) for different fuels using hollow-cone (hollow squares) and solid-cone (solid circles) 

injections. Lines are for eye guidance. 

 

 

Figure6-8: Percentage of unused air for different fuels at different SOIs using solid-cone injector 

(solid symbols) and hollow-cone injector (hollow symbols). Lines are for eye guidance. 
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Both equivalence ratio and temperature distribution affect ignition. To assess the relative 

significance of the two factors, constant volume ignition delay time (IDT) calculations were 

carried out at the different Tmean and Φmean values, reported in Figure 6-7, and a representative 

pressure of 40 bar.  Simulations were performed in CHEMKIN-PRO [75] using the same 

reaction mechanism presented in chapter 5. The results are shown in Figure 6-9. IDT are also 

presented in CADs. 

In earlier injection cases (SOI -40 and -30 CAD), the difference between the in-cylinder mass-

average temperatures of the two injector cases was small, as previously seen in Figure 6-7. 

Consequently, the equivalence ratio differences dominated, and the richer hollow-cone injection 

cases ignited faster, as evidenced from the combustion phasings in Figure 6-2. On the other hand, 

the difference in the mass-average temperature became large in later injection cases (SOI -18 and 

-14), shown in Figure 6-7, and overrode the effects of the equivalence ratio differences. 

Accordingly, the hotter solid-cone injection cases ignited faster, as shown earlier in the 

combustion phasings (CA50). In summary, the combustion phasing trends in Figure 6-2 can be 

explained by the distinct spray characteristics of the two different nozzles; the subsequent 

ignition can be properly captured by the homogeneous ignition model as the ignition locations 

are locally well mixed.  
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Figure 6-9: Simulated IDT for three fuels conducted at 40 bar and calculated Tmean and Φmean for 

different SOIs using solid-cone injector (solid symbols) and hollow-cone injector (hollow 

symbols). IDT are shown in ms and CAD. Lines are for eye guidance. 

The simplified homogeneous IDT analysis is not sufficient to explain the differences observed 

between combustion phasings of the fuels in multi-hole injection engine experiments [113], 

however. Figure 6-9 shows that the calculated ignition delay times were identical for the three 

fuels at each SOI. Note that ignition favors a locally richer and hotter spot; therefore, the 

probability density functions (PDF) for the in-cylinder equivalence ratio and temperature at TDC 

are clarified in Figure 6-10 and 6-11. To generate PDFs, all computational cells were classified 

into bins, according to their equivalence ratio or temperature ranges, and the total volume of each 

bin was determined. Figure 6-10 shows the Φ range favored by combustion (close to 

stoichiometry). The total equivalence ratio PDF can be found in Appendix C. Obviously, the 

PDF for the three fuels is similar at all SOIs for the hollow-cone injection, which explains the 

similar combustion phasings presented in Figure 6-2. Some differences between the three fuels 

were observed in the highly rich regions where lower temperatures prevented auto-ignition. 
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However, differences were observed in the multi-hole injector. For all cases considered, PRF62 

and HSRN had similar PDF distributions in the multi-hole injection case. The similar densities 

and surface tensions of the two fuels (Figure 6-12) contributed to the similarities in the PDF 

distributions because the droplet breakup was directly affected by these two physical properties. 

In addition, the distillation curves of PRF62 and HSRN (Figure 6-1) were not very different, so 

the evaporation of the two fuels was expected to be similar when injected into the relatively 

hotter in-cylinder region. The differences in the distillation curves of PRF62 and HSRN showed 

some minor differences in the PDF distributions, as can be seen in Figure 6-10, especially at later 

SOIs. But the narrower boiling point range of LN resulted in leaner mixtures than the PRF62 and 

HSRN. Specifically, in the earlier injection cases (-40 and -30 CAD), PRF and HSRN showed 

richer mixtures compared to LN, resulting in their earlier CA50 (Figure 6-2). In later injection 

cases of -18 and -14 CAD, LN showed richer mixtures than PRF 62 and HSRN, which explained 

its earlier CA50 in Figure 6-2. LN parcels break up and evaporate easier due to its physical 

properties. Figure 6-5 shows that LN cases always have higher injection velocity for all SOIs 

because of its lower density, as shown in Figure 6-12. This, in addition to its lower surface 

tension (Figure 6-12), facilitates the breakup of LN compared to PRF 62 and HSRN. 

Furthermore, according to the evaporation curves in Figure 6-1, LN is more volatile than PRF 

and HSRN and so, easier to evaporate. This agrees with the liquid mass profiles shown in Figure 

6-3, where lower in-cylinder liquid mass is observed for LN.  

Figure 6-11 shows temperature PDF for all investigated cases across a narrow temperature range. 

The total temperature PDF can be found in Appendix C. The temperature PDF for the three fuels 

is identical in the case of multi-hole injection; the difference in their combustion phasing is 

attributable to their equivalence ratio distribution, as discussed earlier. However, the hollow-cone 
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cases showed some slight discrepancies in the temperature PDF of the three fuels, which did not 

affect the ignition characteristics of the mixtures, as interpreted by their similar CA50. With 

early injection, the LN cases were very lean compared to PRF and HSRN cases, resulting in later 

CA50.  For late injection cases, the time available for mixing was insufficient, so PRF62 and 

HSRN mixtures were leaner than LN mixtures, which impeded ignition. 

 

Figure 6-10: Equivalence ratio PDF at TDC for the three fuels LN, HSRN and PRF 62 using 

hollow-cone injector and solid-cone injector 
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Figure 6-11: Temperature PDF at TDC for the three fuels LN (dashed line), HSRN (dotted lines) 

and PRF 62 (straight lines) using hollow-cone injector (red lines) and solid-cone injector (black 

lines). 

SOI -40 SOI -30 

SOI -18 SOI -14 
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Figure 6-12: Computed surface tension and density for the three fuels: PRF 62 (red dotted line), 

LN (straight line) and HSRN (dashed line). 

6.3 Conclusions 

The effects of injector geometry on a gasoline compression ignition engine (GCI) were 

numerically investigated by sweeping SOI from -40 to -14 CAD aTDC and using three fuels 

with different physical properties (PRF 62, LN, HSRN). It was found that a hollow-cone injector 

created richer mixtures, which were accompanied by lower in-cylinder temperatures. In cases 

with early injection, the hollow-cone injector showed earlier combustion phasing than the multi-

hole injector. However, in cases at later injection, the in-cylinder temperature for the multi-hole 

injection cases was higher than that of hollow-cone injection, overriding the equivalence ratio 

effect and resulting in earlier ignition. 

The effects of the physical properties of different fuels were also studied. The equivalence ratio 

PDF across the ignitable range varied for fuels injected with the multi-hole injector, resulting in 

combustion phasing differences. However, the hollow-cone injection cases showed similar 

equivalence ratio distributions for all fuels. It was concluded that although primary reference 
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fuels were able to replicate the ignition delay time of real fuels with the same octane number in 

shock tube and rapid compression machines [52, 114], their actual performance in engines can be 

markedly different. The present study demonstrated the importance of formulating surrogates 

that match the physical properties of the real fuels, as well as the octane number [6, 10, 127]. 
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7 Development of reduced multi-components kinetic models for engine 

simulations 

PRF and TPRF surrogates for simulating different fuels in engines have been extensively 

reported in the literature. The main target of these surrogates was matching the chemical 

reactivity of the fuel in terms of octane number and fuel sensitivity, the difference between the 

RON and MON, and very important for advanced combustion engines. However, as discussed in 

section 1.1, surrogates that can emulate the physical properties of real fuels are crucial for engine 

simulation. Volatility and distillation curve are important fuel characteristics in spark ignition 

engines; they affect cold start and emissions, as demonstrated by Skippon and Norton [129] and 

Takei et al., respectively. Moreover, fuel volatility is crucial in gasoline direct injection engines, 

where it directly impacts the fuel/air mixing, as shown in chapter 6. 

For these reasons, the development of kinetic models for multi-components surrogates is 

essential for better understanding of fuel chemistry. Despite the presence of many detailed multi-

components kinetic models in the literature [15, 52], reported research on the reduced models is 

scarce. 

The development of reduced multi-components kinetic models for surrogates of three full-blend 

fuels is presented in this chapter. The three fuels are light naphtha (LN), Haltermann straight-run 

naphtha (HSRN) and GCI fuels. The models were developed for the surrogates developed based 

on the methodology of Ahmed et al. [130] and validated against shock tube ignition delay data, 

in addition to engine experiments, when available. 
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7.1 Methodology 

Sub-mechanisms for alkanes including n-butane, n-pentane, iso-pentane and 2 methyl-hexane 

were added to the reduced TPRF model presented in chapter 5. The same methodology discussed 

in section 2.2 was used to lump the species in each sub-mechanism; so, nine reactions were 

included for the combustion chemistry of each alkane. A sub-mechanism was also included for 

cyclopentane with seven reactions and seven species; rates were assigned from work by Al 

Rachidi et al. [131]. 

The sub-model for each component was validated against the analogous detailed model, or 

experimental data, when available. The targeted detailed model for iso- and n-pentanes was from 

Bugler et al. [39], while for 2 methyl hexane and cyclopentane the models were from Mohamed 

et al. [41] and Al Rachidi et al. [131], respectively. 

The detailed 1,2,4 trimethyl benzene mechanism from the FACE gasoline model [52] was 

reduced. First, detailed model simulations were conducted; then sensitivity analyses were 

performed under different conditions to determine the important pathways. Although the detailed 

model showed that two radicals were produced by H-abstraction from T124MBZ, only the para 

radical was included in the reduced model, and the rate parameters were lumped, similar to the 

approach of this group in the reduced alkane models. Only the important pathways (high rate of 

production) for the para T124MBZyl and subsequent radicals were included, resulting in a 

reduced model for T124MBZ with eight species and 11 reactions. 

Finally, simulations using the reduced model were compared against simulation results from the 

detailed model; rate parameters were tuned to achieve good agreement. Figure 7-1 shows a 

schematic diagram for the reduced T124MBZ model. 
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The current reduced model included eight fuel components, shown in Figure 7-2. The model was 

further validated against ignition delay time experiments for three full-blend fuels, HSRN, GCI 

and LN, as will be discussed in the next section. 

 

Figure 7-1: Schematic diagram showing pathways added for T124MBZ combustion. 

 

Figure 7-2: Palette of components in reduced model. 

7.2 Results and Discussion 

7.2.1 Validation against ignition delay time experiments for HSRN 

Alabbad et al. [132] measured the ignition delay time of HSRN in a shock tube and RCM at two 

pressures, 20 and 60 bars, and three equivalence ratios: 0.5, 1 and 2. The experiments covered a 

temperature range of 620-1223 K. In addition, they simulated their experiments using a multi-
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component surrogate, presented in the same study. The surrogate composition, shown in Table 7-

1, was also used in the simulations, using the developed reduced model in this work. 

Table 7-1: Composition of HSRN surrogate 

Species Mole % 

n-pentane 14 

n-heptane 24 

2 methyl hexane 20 

cyclo pentane 9 

iso-octane 21 

toluene 11 

 

The reduced model was used to simulate shock tube experiments using CHEMKIN-PRO [75]. 

The results are shown in Figures 7-3 and 7-4. Very good agreement can be seen between 

experiments and simulation results. 
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Figure 7-3: Ignition delay time for HSRN at 20 bar and different equivalence ratios. Symbols 

represent experiments [132]. Lines represent simulations with the reduced model. 

 

Figure 7-4: Ignition delay time for HSRN at 60 bar and different equivalence ratios. Symbols 

represent experiments [132]. Lines represent simulations with the reduced model. 
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7.2.2 Validation against ignition delay time experiments for GCI fuel 

Finding the optimum fuel for GCI engines has been the focus of much research; and evaluating a 

new fuel is essential prior to commercialization. Recently, Saudi Aramco’s fuel technology team 

designed a new fuel targeting the characteristics required for GCI engine operation.  

Using the new fuel in the shock tube facility at KAUST, shock tube experiments were conducted 

at two pressures, 20 and 40 bars, and three equivalence ratios: 0.5, 1 and 2. Moreover, a five-

component surrogate was formulated that matched the physical and chemical properties of the 

real GCI fuel. Table 7-2 shows the composition of the proposed surrogate for GCI fuel. 

Table 7-2: Composition of GCI surrogate 

Species Mole % 

n-pentane 27 

iso-pentane 13 

2 methyl hexane 22 

cyclo pentane 20 

T124MBZ 18 

 

The new reduced multi-component model was used for simulating the new experiments. 

Experimental and simulation results are shown in Figure 7-5. Again, very good agreement was 

seen between experiments and simulations. 
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Figure 7-5: Ignition delay time for GCI fuel at 20 and 40 bars and different equivalence ratios. 

Symbols represent new experiments. Lines represent simulations with reduced model. 

7.2.3 Validation against LN experiments 

Light naphtha has an octane number from 62-65 and lies perfectly within the optimum range for 

GCI engines. Various engine experiments were conducted for LN to investigate its performance 

under different engine conditions [2, 3, 113, 133, 134]. As shown in chapter 6, LN is very 

volatile compared to PRF, and its physical properties influence in-cylinder temperature and 

equivalence stratification. However, PRF is usually used to simulate the chemistry of LN and the 

physical properties of the real fuel are forced into the code, as discussed in chapter 6. Although 

this practice generally provides reasonable results, it does not differentiate the various properties 

of different components; therefore, it was important to develop a reduced multi-component 

kinetic model for LN surrogate. 

a) Validation against IDT experiments 
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Javed et al. [114] conducted shock tube and RCM experiments for LN. They provided IDT data 

at 20 and 40 bars, three equivalence ratios: 0.5, 1 and 2, and over a temperature range of 640-

1250 K. The composition of the surrogate suggested for LN is shown in Table 7-3.  

Table 7-3: Composition of LN surrogate 

Species Mole % 

n-pentane 43 

n-heptane 12 

2 methyl hexane 10 

cyclo pentane 10 

iso-pentane 25 

 

Figure 7-6: IDT for LN at 20 and 40 bars for three equivalence ratios: 0.5, 1 and 2. Symbols 

represent real light naphtha experiments [114]. Lines represent simulations using reduced model 

for the five component surrogate. 

Figure 7-6 shows the shock tube IDT for LN and simulation results using the new reduced 

model. Good agreement can be seen between the experiments and simulations. 
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b) 3D engine simulations 

The new LN reduced model was also used to simulate the hollow-cone experiments conducted 

by [2] and discussed in chapter 6. Experiments were also simulated using the new reduced PRF 

model presented in chapter 7, using the liquid properties of LN. The CA50 (crank angle 

corresponding to 50% of heat release) for all cases is presented in Figure 7-7. 

 

Figure 7-7: CA50 for hollow-cone experiments from [2] vs. simulations using reduced PRF 

[135] and reduced LN model presented  in this chapter. 

Figure 7-7 shows good agreement between the experimental CA50 and the simulations using the 

new reduced PRF [135] presented in chapter 5. However, the results using the newly developed 

LN model were less reactive than the experiments. Further improvement to the model should be 

applied for better agreement with the engine experiments. 

7.3 Conclusions 

In this chapter, reduced multi-components kinetic models were developed for full-blend fuels. 

The reduced models targeted three fuels: light naphtha (LN), Haltermann straight run naphtha 

(HSRN) and GCI fuels. The reduced models showed very good agreement in simulating the 
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ignition delay time experiments of the real fuels. However, the LN model in 3D engine 

simulations showed poor agreement with the experimental CA50. This urges further 

improvement of the reduced model; and further validation of the reduced models against more 

experimental data on the real fuels which will increase the fidelity of the developed models.  

  



145 

 

8 Conclusions and Future Work 

8.1 Conclusions 

This work focused on numerically investigating the effects of the physical and chemical 

properties of gasoline surrogates on gasoline compression ignition (GCI) engine combustion. 

The work presents detailed and reduced kinetic models for components of gasoline surrogates. 

The models were validated against a wide range of experiments which increased their fidelity 

and reliability. In addition, these models were used for simulating different GCI engine 

experiments in 0-D and 3-D simulations. The effect of physical properties of the fuels in GCI 

engines was also investigated using different types of injectors.  

The most commonly used surrogates for gasoline are primary reference fuels (PRF). Since 

gasoline fuels are characterized by high octane number, their PRF surrogates have a high content 

of iso-octane (>60% by volume). Accordingly, the first work was aimed at providing a 

comprehensive and widely validated iso-octane model. Iso-octane thermochemistry and its 

mechanism were thoroughly updated using newly evaluated group values, reaction pathways, 

and rate rules. An alternative pathway for the isomerization of peroxy-alkyl hydroperoxides 

(ȮOQOOH) was included in the updated model, along with third O2 addition reactions. The new 

model was compared against new rapid compression machine and high pressure shock tube 

experiments, in addition to ignition delay, laminar flame speed, counterflow diffusion flame 

ignition, and speciation measurements, available in the literature. The present model was 

validated against experimental data acquired across a temperature range of 630-1800K, pressure 

range of 10-50 atm, and equivalence ratio range of 0.25-2. 
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The present model showed improved agreement at lower equivalence ratios when compared to 

other mechanisms available in the literature, making it appropriate for simulating various low 

temperature combustion engines that operate at lean conditions. Sensitivity analysis showed that 

the model is highly sensitive to H-atom abstraction from fuel molecules by OH radical. Flux 

analysis showed that the main pathway available for tertiary iso-octyl peroxy radical is concerted 

elimination, and this decreases the reactivity. The importance of the additional reaction pathways 

was also investigated. The addition of alternative isomerization increases the model reactivity, as 

all subsequent reaction pathways result in chain branching. These findings on the significance of 

new reaction pathways highlight the need for theoretical and experimental investigations of low 

temperature oxidation mechanisms.  

The updated iso-octane model was then combined with a recent n-heptane model from the 

literature and the combined model was used to simulate homogeneous charge compression 

ignition (HCCI) engine experiments for PRF 84 and blends of PRF 84 with ethanol. This study 

focused on investigating the transition of fuels from single- to dual-stage heat release by 

increasing the intake pressure. Simulations replicated the experimental trend and were used to 

clarify the effects of pressure on heat release and ethanol addition. It was found that low 

temperature chemistry was promoted by increasing the pressure where the addition to molecular 

oxygen was more favored. Low temperature heat release (LTHR) was accompanied by a radical 

pool and temperature rise, which accordingly increased the charge reactivity.  On the other hand, 

ethanol was found to act as a radical sink, suppressing the low temperature chemistry of iso-

octane and n-heptane. Thus, the addition of ethanol to PRF 84 decreased the charge reactivity, 

and a higher intake temperature was required to achieve the same combustion phasing of the 

base fuel. 
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The later fuel injection creates in-cylinder stratification and the engine can be no longer treated 

as homogeneous 0-D system. Thus, 3-D engine simulations are needed which require reduced 

kinetic models. A toluene primary reference reduced kinetic model was developed. The model 

consisted of 76 species and 401 reactions; it was validated for different PRF and TPRF mixtures 

across a temperature range of 700-1200 K, 10-40 bars and 0.5 and 1 equivalence ratios. The 

model was then validated against engine experiments and showed very good agreement with the 

experimental measurements. 

The model was further used to investigate the influence of the physical properties of the fuels on 

ignition in GCI engines. The performance of three fuels with the same chemistry and different 

physical properties was investigated in GCI engine simulations using two injectors: a hollow-

cone and a multi-hole solid-cone injector. Results showed that the physical properties only 

affected reactivity in solid-cone injectors in which different fuels had different combustion 

phasing, due to the difference in the in-cylinder stratification in equivalence ratio. The effect of 

different injectors on stratification was also examined. Hollow-cone injection was always 

accompanied by richer mixtures and lower in-cylinder temperatures. In early injection cases, the 

hollow-cone injector cases showed earlier combustion phasing than the multi-hole injector. 

However, in cases of later injection, the in-cylinder temperature for the multi-hole injection cases 

was higher than that of hollow-cone injection, overriding the equivalence ratio effect and 

resulting in earlier ignition. 

Finally, reduced models for multi-component gasoline surrogates were developed. Reduced 

models for light naphtha (LN), Haltermann straight-run naphtha (HSRN) and GCI fuels were 

created and validated against ignition delay data for the full-blend fuels. In addition, the LN 



148 

 

reduced model was compared against engine experimental data. Generally, the reduced models 

showed good agreement across all the experimental data available. 

The work highlights the importance of the rigorous development of detailed kinetic models with 

careful treatment of the thermochemistry of different species and rate parameters computed at 

high levels of theory for better understanding of the combustion chemistry of different surrogate 

components. GCI engines operate at low temperature; hence detailed kinetic models with 

improved low temperature chemistry are crucial for better understanding of the chemical effect 

of gasoline surrogates. While having a thermal and chemical effect, the LTHR increases the 

reactivity of the air/fuel mixtures in HCCI engines and decreases the required temperature for a 

specific combustion phasing. Moreover, the low temperature chemistry of high octane fuels is 

activated under boosting conditions. This understanding contributes to the choice of the suitable 

fuels for advanced combustion engines and their operating conditions. 

The physical properties of the gasoline surrogates also influence their combustion characteristics 

in GCI engines, especially at PPCI conditions. Volatility, density and surface tension play an 

important role in the spray breakup, which consequently affects the in-cylinder stratification and 

combustion phasing. Thus, the physical properties of the fuels should be considered while 

choosing the optimum fuel for GCI engines. 

8.2 Future work 

Simulations present a very reliable tool in understanding different physical and chemical 

phenomena in various experiments, especially when accompanied by the current advances in 

computational power. The development of high fidelity kinetic models opens the door to more 

insightful understanding of combustion chemistry under different operating conditions.  
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Widening the validation range of the developed models is essential to increase their reliability. 

Therefore, the reduced models for multi-components surrogates presented in chapter 7 should be 

validated against more experiments from engines and spray chambers. Using these models in 3-

D simulations will increase the computational cost due to the more species involved compared to 

binary PRF or ternary TPRF surrogates. So it is important to evaluate their merit over the 

conventional surrogates. 

Using octane boosters is commonly used to increase the efficiency of spark ignition engines. The 

most commonly used octane booster nowadays is ethanol which is blended with conventional 

gasoline at 5-10 %. However, several limitations hinder the increased use of ethanol, such as 

higher latent heat of vaporization relative to hydrocarbons and low calorific value. 2,2,3 

trimethyl butane (triptane) is classified as a potential gasoline bio-additive with the 

characteristics of a typical fuel, such as boiling and melting points, corrosivity, toxicity, 

flammability and flash point [136]. It can be catalytically produced from dimethyl ether at high 

selectivity as reported by several recent studies [137-139]. A detailed kinetic model was 

developed for triptane and validated against ignition delay time experiments from RCM and jet 

stirred reactor speciation data. Further investigation of triptane and gasoline blends should be 

carried out to assess triptane as octane-booster. In the future, engine experiments for triptane and 

gasoline blends should be conducted and simulated using the developed model to understand the 

chemical effect of triptane addition to gasoline, in a similar way to the ethanol and gasoline 

blends presented in chapter 4. 

HCCI engines were treated as perfectly homogeneous systems in this thesis. However, real 

engine experiments include some stratification. The effect of this stratification on the simulation 

results should be assessed by conducting 3-D HCCI engine simulations. Also, the effect of 
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residual gases on HCCI reactivity should be studied by including gas exchange in the simulations 

to investigate the effect of residual gases on reactivity at different operating conditions. Finally, 

multi-components gasoline surrogates should be used in simulating HCCI engines.  
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Appendix A 

Species dictionary of the iso-octane model 

IC8H18 

 

AC8H16OOH-D 

 

AC8H17                                                                

   

BC8H17OOH 

 

BC8H17 

 

BC8H17O2                                                              

 

CC8H17 

 

BC8H16OOH-A 

    

DC8H17 

 

BC8H16OOH-C 

    

AC8H17OOH 

 

BC8H16OOH-D 
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AC8H17O2                                                              

 

CC8H17OOH 

 

AC8H16OOH-A 

 

CC8H17O2 

 

AC8H16OOH-B 

 

CC8H16OOH-A 

 

AC8H16OOH-C 

 

CC8H16OOH-B 

 

DC8H17OOH 

 

CC8H16OOH-D 

 

DC8H17O2 

 

DC8H16OOH-A 

 

DC8H16OOH-B 

 

DC8H16OOH-C 

 

DC8H16OOH-D 

 

AC8H17O 
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BC8H17O 

 

CC8H17O 

 

DC8H17O 

 

IC8H16 

 

JC8H16 

 

IC8ETERAA 

 

IC8ETERAB 

 

IC8ETERAC 

 

IC8ETERAD 

 

IC8ETERBC 

 

IC8ETERBD 

 

IC8ETERCD 

 

IC8ETERDD 

 

AC8H16OOH-AO2 
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AC8H16OOH-BO2 

 

AC8H16OOH-CO2 

 

AC8H16OOH-DO2 

 

BC8H16OOH-AO2 

 

BC8H16OOH-CO2 

 

BC8H16OOH-DO2 

 

CC8H16OOH-AO2 

 

CC8H16OOH-BO2 

 

CC8H16OOH-DO2 

 

DC8H16OOH-AO2 

 

DC8H16OOH-BO2 

 

DC8H16OOH-CO2 

 

DC8H16OOH-DO2 IC8KETAA 
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IC8KETAB 

 

IC8KETAC 

 

IC8KETAD 

 

IC8KETBA 

 

IC8KETBC 

 

IC8KETBD 

 

IC8KETDA 

 

IC8KETDB 

 

IC8KETDC 

 

IC8KETDD 
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BC8H16OH-C 

 

BC8H16OH-CO2 

 

BC8H16O-CO2H 

 

CC8H16OH-B 

 

CC8H16OH-BO2 

 

CC8H16O-BO2H 

 

CC8H16OH-D 

 

CC8H16OH-DO2 

 

CC8H16O-DO2H 

 

DC8H16OH-C 

 

DC8H16OH-CO2 

 

DC8H16O-CO2H 
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AC8H15(OOH)AA 

 

AC8H15(OOH)AB 
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Appendix B 

Supplementary material to chapter 6 
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T-Φ maps colored by fuel mass fraction at TDC for PRF 62 at different SOIs; using solid cone 

and hollow cone injector 
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T-Φ maps colored by fuel mass fraction at TDC for HSRN at different SOIs, using solid 

cone and hollow cone injector. 
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Equivalence ratio PDF at TDC for the three fuels LN (dashed line), HSRN (dotted lines) and 

PRF 62 (straight lines). 
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Temperature PDF at TDC for the three fuels LN (dashed line), HSRN (dotted lines) and 

PRF 62 (straight lines) using hollow-cone injector (red lines) and solid cone injector (black 

lines). 
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