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ABSTRACT 

First principles based fuel design: investigating fuel properties and 

combustion chemistry  

Ahfaz Ahmed 

Advanced combustion engine concepts require fuels which are meticulously designed to 

harness full potential of novel engine technologies. To develop such fuels, better 

understanding of fuel properties and their effect on combustion parameters is needed. The 

investigations reported in this work establishes relationships between several fuel 

properties and combustion parameters at engine relevant conditions. Further, these findings 

along with conclusions from other studies are utilized to synthesize fuels and surrogate 

fuels with tailored combustion properties.  

This approach of designing fuels relies on constrained non-linear optimization of several 

combustion properties simultaneously to design surrogate fuels for transportation fuels to 

enable combustion simulations. This scheme of fuel design has been devised and presented 

as Fuel Design Tool in Ahmed et al. Fuel 2015.  

Detailed investigations have been made to understand the effect of fuel properties on the 

ignition of fuels in Rapid compression machines utilizing a custom built multi-zone model. 

The study was further extended to explore fuel effects on engine combustion utilizing 

experiments and modelling to gather understanding of instances of engine knocking and 

pollutant formation. 

Bio-blended fuels allow mitigation of harmful pollutants and also enables engines to 

operate at higher efficiency. Ignition characteristics of two high octane bio-blended 

gasolines were studied experimentally in rapid compression machine and shock tube and 
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detailed chemical kinetic analysis was conducted to understand how the presence of 

biofuels (i.e., ethanol) in gasoline influences the evolution of important radicals controlling 

ignition.  

Another set of biofuels namely methyl acetate and ethyl acetate were studied employing 

fundamental experimental and computational methods. The investigation involved 

development and analysis of combustion chemistry models, speciation studies in jet stirred 

reactors, ignition delay measurements and determination of laminar burning velocities. 

These fuels are found suited for high performance advanced spark ignition engines and the 

developed model and analysis will lead to optimization of combustion performance. 

The developed fuel design tool along with enhanced understanding of combustion 

chemistry and fuel properties enables a complete toolkit ready to be utilized to develop 

fuels with better suited properties for the advanced combustion modes. 
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1.                                   Chapter 1: Introduction 

 

1.1 Background and Motivation 

 

In 1859, Edwin Drake dug the first oil well (Fig. 1-1) in Pennsylvania, USA [1] and 

distilled the oil to produce kerosene for lighting. The distillation process as we know today 

produced complete suite of petroleum products, including gasoline and diesel. But at that 

time, Drake had no use for the gasoline and other products, so he discarded them. It wasn't 

until 1892, with the invention of internal combustion engine powered automobile, that 

gasoline was recognized as a valuable fuel. Today, gasoline fuels majority of light-duty 

vehicles around the world. 

 

Figure 1-1: The well near Titusville, Penn., that pumped the petroleum industry into existence 100 years ago. The 

picture was taken four years after Col. Edwin L. Drake struck oil on Aug. 27, 1859. 

Since its discovery as a valuable fuel for mobility, gasoline has undergone dramatic 

transformation in terms of its composition, fuel properties and subsequently in combustion 

behavior. 
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 The gasoline formulation in 1908 was quite simple, when Ford motors produced Model T 

as the first affordable automobile with an engine compression ratio of 3.98 it had an octane 

appetite of 60. This innovation revolutionized the markets but there was a constant push to 

increase the engine’s compression ratio so that more power can be extracted with higher 

fuel efficiency. Amid these attempts, Midgely and his colleagues introduced tetra ethyl 

lead [2] to the automotive industry as an effective antiknock agent around World War I. 

This discovery led to rapid improvement in engine’s performance due to momentous 

increment in the compression ratio still without complex fuel composition and also without 

risking knock. However the sense of achievement was short-lived and usage of lead in 

gasoline was soon phased out in stages around major parts of the world due to its toxic 

effects on human health. However this was an important discovery towards high 

performance engine/fuel system and it led to exploration of other non-toxic antiknock 

agents. Interestingly during this period only, the knock mitigating potential of ethanol was 

also realized but was not promoted much as it was not as profitable as tetraethyl lead to the 

patent holders [2]. As Tetraethyl lead was slowly phased out of the fuels, fuel 

manufacturers found other ways of increasing octane numbers of the gasoline such as 

isomerization, catalytic reforming and blending of high octane additives such as ethanol to 

the base fuel. During this time gasoline development was also driven by legislations on 

environment protection and fuel efficiency.  

 Today, the commercial gasoline is primarily of AKI 91 (antiknock index = 

(RON+MON)/2) with significant octane sensitivity (Octane sensitivity = RON-MON) and 

much higher complexity and functionality. The regular gasoline blends are now comprised 

of hundreds of compounds from different hydrocarbon classes and weights. This 
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complexity allows multiple degrees of freedom to tailor the physical and chemical 

properties of the final blend thus allowing the fuel to perform well on multiple parameters. 

This evolution in fuel technology enabled engine manufacturers to produce engines with 

higher power density and better fuel efficiency with superior drivability.   

Several energy outlooks by British Petroleum [3], Exxon Mobil [4] predict that at least till 

2050 transportation sector would be dominated by internal combustion engines however 

the bio-component in fuel is expected to increase at a much faster pace among other 

advances. These developments are mainly directed at making fuel cleaner to burn and also 

to adapt to rapidly evolving engine technologies such as Gasoline compression ignition 

(GCI) [5, 6], Direct injection spark ignition (DISI) [7, 8] etc. These technologies have been 

in development phase within industry, government labs and academia and some of them 

are already commercialized. These new technologies offer several advantages such 

improved power density, higher fuel efficiency, reduced pollutant emissions. However the 

processes leading to combustion in these engines are quite different from the conventional 

multipoint fuel injection (MPFI) technique and hence mixture formation and subsequent 

combustion depends largely on fuel properties and composition [8-10]. In order to reap full 

benefits of such engine technologies it is imperative to use fuel blends which are designed 

keeping the workings of engine technology in mind. For example, the advantageous 

features of GCI engine stems from the elimination of throttle and introduction of direct fuel 

injection leading to reduction of pumping losses and improvement of engine’s efficiency. 

Also, the fuel for GCI engine is significantly less reactive than the diesel fuel which allows 

more time for mixing and thus leads to reduction in pollutant emissions.  Autoignition in 

GCI engine is governed by stratification of fuel in the combustion chamber and its chemical 
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kinetics. Commercially available fuels are either produced for gasoline or diesel engines 

and thus are not best suited for GCI engine technology. Design of well suited fuels for GCI 

engine needs a re-evaluation of significance of various fuel properties and the weighting 

factors are expected to be notably different from regular gasoline fuel. A set of such fuel 

for GCI engine technology has been designed by Saudi Aramco’s Fuel technology team 

and it has been named as GCI blend. They placed significant importance on Research and 

Motor octane numbers, volatility attributes and density. These properties were chosen 

based on extensive experimental and numerical campaign during which several fuels were 

tested to arrive at aforementioned fuel properties [11-17]. 

On the other hand DISI engine technology also shares some similarities with GCI engine 

technology in terms of absence of throttle and direct injection of fuel but uses spark plug 

for igniting the fuel mixture. Unlike GCI, DISI technology is already commercialized by 

many automotive manufacturers including Ford, Honda etc. and requires fuels with higher 

research octane number and higher octane sensitivity. In addition, density, heat capacity 

and viscosity of the fuel/air mixture also plays a significant role in combustion phasing, 

knock mitigation and pollutant emissions formation [8, 18-20]. 

Apart from fuel properties, combustion in such advanced engine concepts is increasingly 

dependent on combustion chemistry of fuels [21-25] which controls several significant 

engine parameters such ignition delay, heat release rate, combustion phasing and pollutant 

formations. The fuel design process also needs to integrate combustion chemistry of the 

fuel constituents in order to develop engine-fuel system with improved performance, 

reduced emissions and higher fuel efficiency.  
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In addition to fuel properties and fuel’s combustion chemistry another critical element in 

the development of fuel and engine technology is the surrogate fuel. Refined gasoline fuels 

are complex mixtures of hydrocarbons that often vary with location and time and hence 

exploring fundamental combustion aspects of real gasoline fuels is exceedingly 

challenging. However, this task is simplified to a large extent by replacing real fuels with 

surrogate fuels for experimental and computational studies. Surrogate fuels are simpler 

representations of real fuels with significantly fewer components that reproduce a certain 

number of physical and chemical properties, termed “target properties”. Surrogate fuels 

provide a fixed datum for experimental fuel studies, which is invariant with time and 

location. The suite of species formed in the course of combustion is also scaled down to a 

considerable extent owing to the limited number of compounds present in the surrogate 

fuel. This simplification of combustion chemistry is imperative for development of 

chemical kinetic models and for enabling computational fluid dynamic (CFD) for 

simulating practical fuels and engines. 

The most widely used surrogates for gasoline fuels are binary mixtures of n-heptane and 

iso-octane, termed primary reference fuel (PRF), that are blended in proportions to match 

the knocking behavior of a real gasoline using standardized ASTM methodologies for 

research octane number (RON) (ASTM D 2699-13b) [26] and motor octane number 

(MON) (ASTM D 2700-13b) [26]. Ternary mixtures of PRFs plus toluene (i.e., TPRF) 

have also been proposed as surrogates for gasoline fuels with satisfactory reproduction of 

important target properties. However, to deduce the underlying chemistry of combustion, 

a wider range of physical and chemical properties of the surrogate should be aligned with 

the target fuel and for this this purpose multicomponent surrogates are developed.  
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These multicomponent surrogate mixtures allow inclusion of combustion chemistry to a 

larger extent while maintaining correct description of physical properties thus ensuring 

accurate computational fluid dynamic (CFD) reacting flow simulations of practical 

combustors. Recently there has been immense interest in the development of 

multicomponent surrogate fuels. These developments have helped derive improved 

understanding of Engine/Fuel interaction by utilizing experiments and modelling exercises. 

These simulations highlight the differing importance of various fuel properties and these 

learnings are translated to improve the fuel design and formulation process.  

Efforts for gasoline fuel surrogate formulations, kinetic model development, and 

experimental validation were reviewed by Sarathy et al. [27] for gasoline fuels. In an 

attempt to arrive at suitable surrogate fuel compositions, various computational and 

experimental approaches have been developed with focus on different set of target 

properties. These studies help sharpen the understanding of relationship between physical 

properties and combustion targets in various configurations in an iterative way and help 

the fuel design process at large. A limited number of studies have emphasized matching 

ignition delay of surrogate blends to those of real gasoline and the properties responsible. 

Ignition delay characterizes the start of combustion following an induction period, which 

is an integral aspect of combustion phasing in low temperature combustion (LTC) engines 

and directly relevant to knocking in spark-ignition (SI) engines [28] . Mehl et 

al. [29] formulated a four-component surrogate (n-heptane, iso-octane, toluene, and 2-

pentene) for RD-387 gasoline fuel and implemented a two-stage reduction of detailed 

chemical mechanisms while capturing the ignition and burning characteristics of the real 

fuel. An important contribution of the aforementioned study [29] is the ability to predict 
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the antiknock index (AKI, average of RON and MON) and sensitivity (RON minus MON) 

of surrogate mixtures using chemical kinetic simulations of homogeneous gas-phase 

ignition delay. The surrogate mixture from Mehl et al. [29] was later compared against 

RD-387 gasoline in a rapid compression machine (RCM) for ignition delay measurements 

by Kukkadapu et al. [30]. The Mehl et al. [29] surrogate reproduced the ignition behavior 

of the real fuel better than a TPRF surrogate. Puduppakkam et al. [31] utilized Reaction 

Design’s Surrogate Blend Optimizer to formulate gasoline surrogates based on the 

distillation curve, hydrogen to carbon (H/C) ratio, and estimated RON and MON values. 

The surrogates from [31] were evaluated by conducting CFD simulations and comparing 

them to engine data across a range of temperatures, and a good agreement was observed 

apart from a few exceptions. Additionally, Sarathy et al. [32] formulated surrogate blends 

for FACE (fuels for advanced combustion engines) gasolines A and C to match the PIONA 

composition (paraffin, iso-paraffin, olefin, naphthene, and aromatic) and ignition delay 

characteristics by using chemical kinetics simulations together with rapid compression 

machine and shock tube experiments. The surrogate compositions from [32] and the target 

properties specified in this study along with ignition delay data explains the influence of 

compositional aspects on ignition characteristics. In addition, Knop et al. [33, 34] proposed 

TPRF, TPRF + ethanol, and a 6 component mixture to represent gasoline fuel (ULG-95) 

by matching RON, MON, H/C ratio, O/C ratio, and several other physical properties where 

octane numbers of blended surrogates were determined by linear mole fraction blending, 

and no optimization or weighting factors were used to match the various targets. The 

authors demonstrated that a TPRF surrogate matches the combustion characteristics of the 

real fuel (ULG 95) in a single cylinder CFR engine. Very recently, Gani et al. [35] 
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presented a novel approach of simulating combustion by formulating two compound 

surrogates with detailed description of the functional groups of the target fuel. The authors 

employed NMR to identify various functional groups present in the target fuel and then the 

surrogate fuels were prepared with compounds having multiple functionalities showing 

that functional groups hold the key to fuel properties affecting combustion. In another 

work, Govindraju and Ihme [36] demonstrated a methodology in which they prepared 

surrogate fuels for transportation fuels while incorporating experimental uncertainties of 

the combustion targets and utilizing an optimization framework with multiple target 

properties. Recently, Dooley et al. [37, 38] developed a comprehensive approach to 

formulate jet fuel surrogates by targeting the real fuel’s average molecular weight 

(MW), H/C ratio, derived cetane number (DCN), and threshold sooting index (TSI). The 

authors [38] demonstrated that their multi-component surrogates reproduced the 

combustion behavior of a real jet fuel (Jet-A POSF 4658) under a wide range of 

fundamental combustion experiments. They concluded that in a homogenous combustion 

environments it’s the radical pool which ultimately controls combustion targets. Kim et 

al. [37] developed a model-based approach to replicate target properties including H/C, 

lower heating value (LHV), volatility, etc. for a target jet fuel (Jet-A POSF 4658). The 

target properties specified in [37] aligned closely with the properties of the identified target 

fuel. These recent studies collectively span a large number of fuel properties for surrogate 

fuel formulations and also highlight the role of these properties in attaining the target 

properties. However there are still several such fuel properties which are not very well 

understood in terms of their implications on combustion.  Thus in this thesis various such 

unexplored fuel properties are studied in engine relevant conditions along with the effects 
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of combustion chemistry of chemical species to arrive at an improved understanding of 

fuel design process. 

To further supplement the fuel design process, in this thesis a novel tool for formulating 

multicomponent surrogate fuels is developed and validated. Then surrogate fuels are 

extensively utilized to conduct detailed investigations to enhance understanding of effect 

of unexplored physical properties on combustion and role of combustion chemistry in 

controlling ignition in advanced combustion engines. Within the investigations the 

produced surrogates are also tested in several configurations against the target fuels 

successfully and then they are utilized to unravel the combustion chemistry insights of the 

target fuels while studying combustion into Jet stirred reactors, shock tubes etc.. These 

surrogates were also utilized for simulation of transportation fuels in various combustion 

systems such as rapid compression machine, and DISI engine to enable the understanding 

of effect of fuel’s physical properties on combustion. 

1.2 Objectives and Contributions 

 

This thesis describes development of a novel computational algorithm to develop surrogate 

fuels with desired fuel properties. The research work in this thesis investigated various 

aspects of fuel properties and their effect on combustion in fundamental and applied 

systems. It also performs detailed combustion chemistry explorations to unravel the role of 

radical pool (which is a function of compounds in the fuel) in defining vital combustion 

parameters. These findings can then be translated to design fuels tailored fuels for advanced 

combustion engines with consideration to physical properties, thermochemical properties 

and combustion chemistry. The thesis has been written into 7 sections: 
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Chapter 2 presents in details the significance of various fuel properties and their effect on 

different combustion parameters such a flame speed, reactivity, spray characteristics and 

stratification. It further provides a detailed overview on surrogate fuel development 

methodologies in literature and also discusses the methodology developed during the 

course of research of this PhD thesis. I would like to acknowledge the support provided by 

Dr. Gokop Goteng in devising the computational architecture for calculating the ignition 

delay of surrogate mixtures. Assistance of Ph.D. student Vijai Shankar Bhavani Shankar 

and Dr. Khalid Qureshi is highly appreciated in conducting CFR engine measurements to 

validate the surrogate fuel formulation methodology.  

Chapter 3 emphasizes upon the applications of surrogate fuels to enable modelling of 

fundamental systems such as a RCM and then a detailed analysis is conducted about how 

surrogate formulations and their properties can affect ignition in RCM. Further, this study 

also investigates the effect of RCM heat loss on ignition of fuels. Author would like to 

express his gratitude towards PhD Student Mireille Hantouche for help with conducting 

variance analysis of the RCM ignition data. Author would also like to acknowledge here 

the help of Dr. Samah Mohamed and PhD Student Muneeb Khurshid for help with 

calculating and organizing the huge sets of thermodynamic datasets. 

Chapter 4 further extends the investigation of effect of fuel properties into engines. It 

discusses the application of multicomponent surrogate fuels to study the effect of fuel’s 

physical properties on in-cylinder combustion parameters with the assistance of engine 

experimentation and GT-power simulations. Author would like to express his gratitude 

towards PhD Student Muhammad Waqas for help with GT-Power simulations, help from 

PhD students Nimal Naser and Eshan Singh for conducting and analyzing engine data. 
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In Chapter 5, autoignition behavior of high octane oxygenated fuels at conditions relevant 

to advanced combustion engines are discussed. In addition, the effect of ethanol addition 

is analyzed kinetically on the radical pool evolution controlling ignition. The study of these 

fuels are in line with recent energy outlooks which predict increment of biofuel content 

and provides understanding of the effect of the oxygenated content on combustion 

parameters.  Author would like to thank Dr. Changyoul Lee (NUIG) for conducting the 

shock tube and RCM experiments for fuels and surrogates. I would also like to thank PhD 

student Ehson Nasir for helping with RCM simulations.  

Small esters are high octane biofuels with proven synthesis pathways, due to their favorable 

combustion properties they are considered suitable for advanced spark ignition engines. 

Chapter 6 outlines the detailed chemical kinetic modelling approach for small esters and 

its validation.  These small esters are potential fuels for advanced spark ignition engines 

and validation of this mechanism has been discussed at conditions relevant to such engines. 

I would like to thank Dr. William Pitz (LLNL), Dr. Marco Mehl (LLNL), Dr. Scott Wagnon 

(LLNL) for their help with the kinetic model development. I would also like to thank PhD 

student Nitin Lokachari (NUIG) who provided the shock tube ignition delay data. Dr. Elna 

Nilsson’s (Lund University) help with flame speed measurements and assistance of Dr. 

Zhandong Wang, PhD student Bingjie Chen and MS student Jui-Yang Wang in collecting 

jest stirred reactor speciation data is highly appreciated. At last I am thankful to Dr. Carlo 

Cavalloti (POLIMI), Dr. Stephen Klippenstein (Argonne National Lab) and Dr Seonah 

Kim (NREL) for providing accurate reaction rates for the mechanism development.   
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Chapter 7 summarizes the findings of the thesis work and will orient these findings towards 

designing fuels with improved understanding of physical properties and combustion 

chemistry. Another section about future works will theorize some possibilities this work 

can lead to for researchers investigating fuel design for advanced combustion engines. 

2.  

3.  

4.  

5.  

6.  

7.  

8.  
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9.  

10. Chapter 2: Surrogate fuel development methodologies 
 

In this chapter, a detailed overview of several fuel properties has been provided mainly 

from literature. In addition, relationship between these fuel properties and combustion 

parameters has been discussed. In the later sections of the chapter, details about surrogate 

fuels the surrogate formulation methodology developed within course of this research work 

is described in detail. In addition, a case for surrogate fuel formulation of FACE A and C 

has been discussed, surrogates are prepared and validated in CFR engine experiments. 

2.1 Fuel Properties and their significance 

During the process of surrogate fuel formulation, several fuel properties were considered 

to attain the closest possible complement of combustion properties with the target fuel. 

Among the comprehensive list of fuel properties, some received more attention than others, 

such as RON and MON, but there are many such properties that are critical to combustion 

in advanced engines. Fuel volatility is one property that has received limited attention in 

surrogate formulation methodologies. In direct injection engines, fuel volatility governs 

the fuel vaporization stratification. Another aspect affected by fuel volatility is vehicle 

drivability, which includes ease of cold start, mitigation of vapor lock, smoothness and 

steadiness of acceleration. Historically, fuel volatility has been characterized by ASTM 

standard D-86, which represents the percentage of fuel evaporated against vapor 

temperature in the evaporation flask.  However, this methodology (ASTM D-86) includes 

several drawbacks, such as major uncertainties in temperature measurement and little 

theoretical significance to true thermodynamic liquid–vapor equilibrium states. Early in 
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2006, Thomas Bruno at NIST [39] demonstrated an advanced distillation curve 

measurement approach, an improved approach and apparatus  for distillation temperature 

measurement at atmospheric pressure; it is more relevant to the characterization of real 

fuels and multi-component mixtures such as surrogate fuels. It was a significant 

improvement over the ASTM D-86 procedure because ADC measurements are based on 

thermodynamic equilibrium points, which can be modeled using equations of state. The 

ADC technique is an improvement over ASTM D 86 distillation measurement [26] for 

several reasons, one being the ability to accurately reproduce thermodynamic equilibrium 

states, making it possible to predict distillation characteristics using state equations. 

Recently several studies [15, 27, 40-43] have considered ADC to describe volatility 

characteristics of transportation and surrogate fuels. Apart from volatility measurements, 

ADC measurements study heat content [44, 45] of distillate fractions of a fuel; this can also 

be used to tailor heat release of distillate fuels, which is particularly applicable to GCI 

engines. To enable these measurements, an experimental setup for advanced distillation 

measurements was assembled at KAUST (Fig. 2-1). The setup was successfully 

characterized against measurements performed at NIST, as presented in Fig. 2-1. Here, the 

measurements presented are for FACE J gasoline performed at NIST and KAUST (Fig. 2-

2). Note that the evaporation behavior of liquid was greatly affected by the atmospheric 

pressure, and since the atmospheric pressure at Boulder was around 85.4 KPa during the 

measurements (adjusted to sea level pressure conditions using Sydney Young equation 

[46]), some discrepancy can be assumed, as described in Ott et al.[47]  
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Figure 10-1: Schematic of Advanced distillation curve measurement setup [39] (reproduced with permission) 
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Figure 10-2: Advanced distillation curve measurements for FACE J gasoline conducted at NIST and KAUST 
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Another fuel property which immensely affects combustion process is Research octane 

number (RON)[48] and Motor octane number (MON) [49]. Historically RON and MON 

are measured in a cooperative fuels research engine at conditions detailed in ASTM 

standards ASTM D 2699-17 and ASTM D 2700-17a and also shown in Table 2-1. 

 

 

Table 10-1: Conditions of RON and MON testing in CFR engine 

  Intake temp [C] RPM 

Spark Advance 

[CAD]   

RON 52 600 13 BTDC 

MON 149 900 19 to 26 BTDC 

 

In physical terms, a larger octane number signifies greater resistance to autoignition, which 

means higher fuel compression ratios, allowing the extraction of more power without 

risking knock in the engine and providing greater fuel efficiency and lower pollutant 

emissions. The RON and MON of a fuel also have strong bearing on fuel ignition delay; in 

general, higher RON or MON implies higher ignition delay, and thus, lower reactivity. 

Along with RON and MON, another quantity--equally vital in determining fuel 

autoignition characteristics--is octane sensitivity (OS), defined as OS = RON-MON. The 

significance and origins of OS was described in detail by Leppard [50] for various 

hydrocarbon classes such as paraffins, mono-olefins and aromatics. In general, paraffinic 

fuels do not demonstrate sensitivity, however significant sensitivity was exhibited by 

mono-olefins and aromatics. This distinction in fuel properties is often visible in their 

ignition characteristics. Fig. 2-3 shows ignition delay in three fuels: isooctane, 1-hexene 

and toluene, pointing out the effect of sensitivity on ignition delay, and therefore, on 

reactivity. Here, the strongest NTC behavior was exhibited by isooctane, because it is a 
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fuel with no sensitivity; 1-hexene also demonstrated weaker NTC behavior due to its mid-

range sensitivity. 
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Figure 10-3: Ignition characteristics of fuels of various octane sensitivities 

 

Finally, toluene showed no NTC behavior due to significantly high sensitivity; it also 

displayed the strongest dependence temperature in low temperature regions.    

In multicomponent mixtures, overall sensitivity was manifested by the antagonistic and 

synergistic nature of the compounds present in the mixture--difficult to predict 

theoretically. However, certain relevant points should be noted, i.e. fuels with higher 

sensitivity had a weaker negative temperature coefficient effect (NTC) and stronger 

dependence of ignition delay on temperature in the low temperature region. In Fig. 2-4, the 

ignition delay time of three surrogate fuels from Sarathy el al. [10] FGG-KAUST, FGF-
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KAUST and PRF91.5 is presented against temperature; their properties are shown in Table 

2-2. As discussed previously, FGG-KAUST (with higher sensitivity) showed weak NTC 

as compared to FGF-KAUST, while PRF91.5 showed the strongest NTC. In accordance 

with earlier discussions, the fuel with highest sensitivity (FGF-KAUST) displayed the 

strongest dependence of ignition on temperature while PRF91.5 showed the least 

dependence. 

 

Table 10-2: Properties of surrogate fuels for gasoline FACE F and G 

Properties PRF 91.5 FGF-KAUST FGG-KAUST 

RON 91.5 93.6 95.2 
MON 91.5 88.9 87.9 
AKI [(RON+MON)/2] 91.5 91.5 91.6 

S 0 4.7 7.3 
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Figure 10-4: Ignition characteristics of three fuels: FGF-KAUST, FGG-KAUST, PRF91.5 
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Octane sensitivity has acquired additional significance in defining the octane index (OI) 

with the advent of modern, boosted, downsized engines. The octane index was recently 

defined by Kalghatgi [51] as the effective octane quality, based on three factors: RON, 

MON and K, all of which are dependent upon engine operating conditions. The 

mathematical expression for the octane index is, 𝑂𝐼 = 𝑅𝑂𝑁 − 𝐾 (𝑅𝑂𝑁 − 𝑀𝑂𝑁).          

The concept of OI is particularly applicable to direct injection spark ignition (DISI) 

engines. DISI engines experience direct injection of fuel into the boosted combustion 

chamber, later the mixture is ignited by spark discharge. This concept promises to 

overcome the deficiency of an SI engine (limited by throttling and knocking) by allowing 

direct injection of gasoline, stimulating higher efficiency and compressing air significantly, 

instead of the charge leading to a significant decrease in knock. 

Several other properties are important in controlling combustion of transportation fuels in 

engines. One such property is fuel density, a critical bulk fuel property that affects several 

fuel characteristics, such as spray formation, including droplet breakup, 

air entrainment and evaporation. Advanced gasoline combustion engine concepts utilize a 

direct injection fuel delivery system, so these spray parameters are significant in the fuel 

design process. To emphasize the importance of density on liquid penetration length, 

Higgins et al. [52] and Kook et al. [53] conducted detailed tests with different fuels and 

concluded that liquid penetration length correlates well with fuel density and other 

vaporization heat. Both studies concluded that fuels with higher density demonstrate higher 

liquid length. This is a significant parameter for combustion chamber design since fuels 

with higher penetration are expected to exhibit wall wetting, which may lead to crank case 
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oil dilution, lower fuel efficiency and high unburned fuel and soot concentrations in the 

exhaust [54, 55]. 

Compositional characteristics of the fuel are also critical in controlling various combustion 

properties such as burn and heat release rate [56], overall fuel reactivity [40] and 

thermodynamic properties of the mixture [57]. During the course of this thesis, one of the 

compositional attributes of complex mixtures of hydrocarbons are expressed in terms of 

carbon types [58]. This scheme classifies the carbon atoms present in the molecule in terms 

of its bonds types within the molecule, as shown in Fig. 2-5. 

 

Figure 10-5: Scheme for carbon type classification employed in this study for surrogate fuel formulation 
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This scheme could be further extended to complex hydrocarbon mixtures; and carbon type 

mole fractions could be calculated elucidating the overall formation of the mixture. The 

application of this approach has been shown in earlier studies of surrogate fuel formulations 

[10, 42, 59] which helped in emulating the molecular character of the mixture. Another 

significant fuel parameter is the H/C ratio, which affects the heat content of the fuel (LHV), 

burning velocity and transport properties, such as viscosity and coefficient of heat 

conduction affecting flame and spray parameters. 

2.3 Surrogate formulation methodology 

 

The surrogate formulation methodology described in this work expands on the earlier 

works of Mueller et al. [40] and Kim et al.[37], which focused on diesel and jet fuels 

respectively. This work centers on gasoline fuels; to demonstrate the methodology, 

surrogate fuels for a set of gasolines were prepared and validated. The target properties 

were identified based on their relevance to gasoline combustion. The fuels utilized in this 

study are FACE gasoline fuels [60],  designed for a more detailed understanding of fuel 

effects in advanced combustion engines. The fuels selected were gasoline FACE A and C 

(supplied by Conoco Philips Chemical Company), which are refinery-finished fuels, and 

consist of numerous hydrocarbon compounds (like all other petroleum fuels). To determine 

the composition of gasoline FACE A and C, a detailed hydrocarbon analysis (DHA) was 

conducted at Saudi Aramco’s Research and Development Center, in compliance with the 

standard test methods ASTM D-6733 [26] and ASTM D-6730 [49]. The DHA identified 

and quantified 99.97 mol% of hydrocarbons in FACE A and 99.47 mol% in FACE C. 
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Also, based on the DHA report and availability of chemical kinetic mechanisms, a set of 

palette species were selected to formulate the surrogates. A surrogate palette is a set of pure 

compounds that can be blended in measured proportions to formulate a surrogate fuel. The 

palette of species selected to formulate a surrogate is critical for matching the desired 

properties of the target fuel. Sarathy et al. [32] identified the surrogate palette for FACE A 

and C using the DHA data. The DHA results indicated that gasoline FACE A contained 

primarily 84 mol% iso-alkanes, 13 mol% n-alkanes, and 2 mol% of cyclo-alkanes. While 

FACE C is comprised mostly of 65 mol% iso-alkanes, 29 mol% n-alkanes, and 4 mol% 

aromatics. The PIONA for FACE A and C is represented in Fig. 2-6 (a) and (b) 

respectively. As described earlier, FACE A and C consist mainly of C4-C6 n-alkanes 

and iso-alkanes and C7 and C8 mono-, di-, and tri-methyl alkanes. FACE A and C had 

comparable amounts of di- and tri-methylalkanes, while the foremost dissimilarities were 

observed in the percentages of n-alkanes and mono-methylalkanes. In line with DHA 

results and other physical properties (boiling point and molecular weight), n-butane and n-

heptane were selected to represent the paraffinic contents. Similarly, 2-methylbutane, 2-

methylhexane, and 2,2,4-trimethylpentane were selected to represent the iso-paraffinic 

components. n-Heptane and 2-methylbutane were not found in DHA, but were selected as 

representative species to span the carbon number range and molecular functionalities of 

the actual alkanes/iso-alkanes in the FACE fuels. Both the fuels have aromatic contents in 

minor fractions, having a nominal effect on the properties. In this case, any simple aromatic 

ring could be chosen to represent the aromatic content of the real fuels. Attention was given 

to the boiling point temperature and density of the aromatic constituents in the real fuel; 

thus toluene was chosen to represent aromatic species. The naphthenic contents of FACE 
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A and C were neglected due to their low percentage (∼1–2 mol %), so the chosen surrogate 

palette did not include cyclo-alkanes. 

 

Figure 10-6: PIONA compositions of gasoline FACE A and FACE C 

The complete surrogate palette for FACE A and C consists of n-butane, 2-methylhexane, 

2-methylbutane, 2, 2, 4-trimethylpentane (i.e., iso-octane), n-heptane, and 1-

methylbenzene (i.e., toluene) as shown in Figure 2-6. The relevant physical and chemical 

kinetic properties of the palette species are represented in Table 2-3. The standard 

REFPROP [61] distribution does not include equation-of-states for 2-methylhexane (a 

surrogate palette compound), so it was created for this study by Dr. Marcia Huber from 

NIST, using the Peng–Robinson equation of state [62].  

Table 10-3: Physical and chemical properties of palette compounds at 1 atm. 

Palette compound CAS # C H 
Melting 

point (K) 

Boiling 

point (K) 
Density     

(kg/m3) 

Mol. Wt. 

(g/mol) 
RON 

2-Methylbutane 78-78-4 5 12 113 303 625 72 92 

2-Methylhexane 591-76-4 7 16 155 363 696 100 42 

2,2,4-Trimethylpentane 540-84-1 8 18 166 373 696 114 100 

n-Butane 106-97-8 4 10 133 273 602 58 93 

n-Heptane 142-82-5 7 16 183 372 688 100 0 

Toluene 108-88-3 7 8 180 384 870 92 124 

 

https://www.sciencedirect.com/science/article/pii/S0016236114011168#f0010
https://www.sciencedirect.com/science/article/pii/S0016236114011168#t0005
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Figure 10-7: Finalized surrogate palette for FACE A and C 

A detailed computational methodology was developed to prepare surrogate blends of these 

palette compounds, which focusses on two aspects: first the calculation of physical and 

kinetic properties of the surrogate mixture, and second, optimization of the surrogate blend 

composition to accurately match the targets’ properties. During optimization, the physical 

properties of the surrogate mixtures were calculated using REFPROP [61], which utilizes 

Helmholtz equations of state to assess various fluid properties and to predict the distillation 

profile with dependably high accuracy.  Other properties, such as H/C ratio, and carbon 

types were calculated using equations within MATLAB. Furthermore, for calculating 

RON, a unique computational architecture was devised utilizing MATLAB and Chemkin 

[63] to calculate ignition delay and facilitate RON estimations. An overall schematic of the 

surrogate formulation approach is presented in Fig. 2-8. 

https://www.sciencedirect.com/science/article/pii/S0016236114011168#f0015
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Figure 10-8: Computational approach for surrogate formulation 

In this study, ignition delay times are calculated using homogeneous batch reactor 

simulations in CHEMKIN PRO [63] for stoichiometric fuel/air mixtures at 20 atm and 

835 K, which is relevant to the near TDC (top dead center) condition in an SI engine [29]. 

All simulations were performed using the detailed chemical kinetic model presented 

in Sarathy et al. [32]. The calculated ignition delay times, identified by maximum dT/dt, 

for several pure components, are plotted on a log scale against measured RON values, as 

shown in Fig. 2-10. The correlation of RON and simulated ignition delay (ID) times 

follows an observable trend with Equation 2-1, providing the best fit with the available 

data. 

𝑅𝑂𝑁 = 𝐼 + 𝐵1 ∗ 𝐼𝐷 + 𝐵2 ∗ 𝐼𝐷2 + 𝐵3 ∗ 𝐼𝐷3                                                                   (2-1) 

I = −59.8085 
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B1 = −223.2980; 

B2 = −85.55; 

B3 = −5.308; 

𝐼𝐷 = 𝑙𝑜𝑔10(𝐼𝑔𝑛𝑖𝑡𝑖𝑜𝑛𝐷𝑒𝑙𝑎𝑦(sec)) 

A task scheduling script was written to coordinate the synchronization of communication 

between MATLAB and CHEMKIN PRO, and to execute simulations without the need of 

a graphical user interface (GUI). This script consists of three sub modules. The first script, 

written in bash, obtains the mole fraction sent by MATLAB and replaces the mole fractions 

in the CHEMKIN PRO boundary condition input file. The second sub module, also written 

in bash, uses the new boundary input file, kinetic mechanism, and thermodynamic input 

files to run a CHEMKIN PRO simulation obtain the value of the thermal ignition delay. It 

then sends the ignition delay to MATLAB. This script calls the application programming 

interfaces (APIs) exposed by CHEMKIN PRO to run the pre-processing, calculations and 

post-processing simulation stages. The third sub module is written in Python and triggers 

the process of running CHEMKIN PRO whenever a new set of mole fractions is furnished 

by the MATLAB algorithm. MATLAB will then use this new ignition delay to calculate 

RON using Equation 2-1. This process continues until the value of global minima for an 

objective function is attained within the specified bounds of mole fractions.  

The objective function, O, is a regression model broadly representing the difference 

between the target properties of the real fuel and the surrogate blend. The global minima 

for O (Eq. 2-2) represents a surrogate composition with the closest resemblance to the 



 

42 
 

target fuel. Separate objective functions were developed for gasoline FACE A and FACE 

C.   

  O=∑ 𝑾𝒊,𝑪𝑻𝑭𝒊,𝑪𝑻
𝟐  +  𝑾𝑹𝑶𝑵𝑭𝑹𝑶𝑵

𝟐 + 𝑾𝑫𝑪 ∑ 𝑭𝒊,𝑫𝑪
𝟐 + 𝑾𝝆𝑭𝒊,𝝆

𝟐  
𝑵𝑨𝑫𝑪
𝒊=𝟏

𝑵𝑪𝑻
𝒊=𝟏 +𝑾𝑯/𝑪𝑭𝑯/𝑪

𝟐  …(2-2)  

Where 

𝐹𝑖,𝐶𝑇 =   𝑋𝐹𝐴𝐶𝐸 𝐴/𝐶,𝐶𝑇 − 𝑋𝐵𝑙𝑒𝑛𝑑,𝐶𝑇 

𝐹𝑖,𝑅𝑂𝑁 =  ( 𝑋𝐹𝐴𝐶𝐸 𝐴/𝐶,𝑅𝑂𝑁 −  𝑋𝐵𝑙𝑒𝑛𝑑,𝑅𝑂𝑁)/𝑋𝐹𝐴𝐶𝐸 𝐴/𝐶,𝑅𝑂𝑁 

𝐹𝑖,𝐷𝐶 =  (  𝑋𝐹𝐴𝐶𝐸 𝐴/𝐶,𝐷−86 −  𝑋𝐵𝑙𝑒𝑛𝑑,𝐴𝐷𝐶)/ 𝑋𝐹𝐴𝐶𝐸 𝐴/𝐶,𝐷−86 

𝐹𝑖,𝜌 =   (𝑋𝐹𝐴𝐶𝐸 𝐴/𝐶,𝜌 −  𝑋𝐵𝑙𝑒𝑛𝑑,𝜌)/𝑋𝐹𝐴𝐶𝐸 𝐴/𝐶,𝜌 

𝐹𝑖,𝐻/𝐶 =  ( 𝑋𝐹𝐴𝐶𝐸 𝐴/𝐶,𝐻/𝐶 − 𝑋𝐵𝑙𝑒𝑛𝑑,𝐻/𝐶)/ 𝑋𝐹𝐴𝐶𝐸 𝐴/𝐶,𝐻/𝐶 

𝑊𝑖,𝑋 = 𝑤𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟  𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑡𝑎𝑟𝑔𝑒𝑡 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑋 

 𝐹𝑋 is defined as the difference in magnitudes of corresponding properties for the fuel and 

surrogate blend. CT represents carbon type, RON is research octane number, DC stands 

for distillation temperature points, ρ is density, H/C represents hydrogen to carbon ratio 

and W denotes the weighting factors. All the differences between the surrogate and target 

fuel were normalized by the reference property, except for carbon types, as some of the 

carbon-to-carbon bond types identified in the scheme were not present in the real fuel. 

Weighting factors were assigned to signify varying importance to the target properties. A 

target property X with a higher weight drives the optimization towards the composition, 

which eventually results in a blend that better matches the real fuel’s value for target 

property X.  To arrive at the final weighting factors for different properties, the objective 
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function was first optimized with all the weighting factors as 1. This optimization, with the 

same weighting factors to the all the numbers, quantified the magnitude of F2s for different 

properties. Based on this magnitude, a rough estimate was made for a new set of weighting 

factors. 

If FX
2 is very small (<<1) for a property X , then retaining the weighting factor as one would 

work well for the final optimization, since assigning a higher weight would make little 

difference to the magnitude of FX
2 , or eventually, to the magnitude of the objective function.  

However, if the magnitude of FX
2 was relatively higher (>>1), then a higher weight could 

be allocated. In this manner, a new set of weighting factors were assigned to different 

parameters and another optimization was made, eventually leading to a new set of F2s.  

This enabled calculation of sensitivity parameters (Eq. 2-3) for all the properties, signifying 

the respective reduction of error-per-unit increment of the weighting factor.  

The sensitivity is defined as  

Ii,X =
FX

2 −FX
2′

WX
′ −WX

………… (2-3) 

Where FX
2′ and WX

′  denotes FX
2 and WX for the second optimization with new set of 

weighting factors. Based on the magnitude of the sensitivity factor, a decision was made 

about whether further increase of the weighting factors was necessary. There is no 

minimum or maximum threshold for the sensitivity, it depends on the desired degree of 

precision. Weighting factors can be incremented until the sensitivity is <<1. Assigning a 

relatively high weighting factor to a certain property may increase the error for other 

properties, so careful selection of weighting factors is necessary to reduce global error. The 
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physical and chemical properties of the palette species collectively determine a lower 

boundary for the objective function, beyond which it cannot be minimized. The final 

weighting factors arrived at for this study were 100 for CT, 1 for H/C, 100 for density, 

1000 for ADC and 10000 for RON. 

While running the optimization scheme, the upper and lower boundaries for concentration 

of individual species were specified. In general, it is satisfactory to look for a minima 

through the entire span (3% to 100%), but such a wide search domain increases 

optimization time. In this work, the DHA composition was studied to assign the bounds for 

optimization; this reduced computation time without compromising the quality of the 

surrogate composition.  

2.4 Results of surrogate formulation 

 

The distillation characteristics of surrogate mixtures were estimated using a MATLAB 

algorithm in conjunction with REFPROP. The simulation method calculated 

thermodynamic vapor–liquid equilibrium states, obtained from the model data using the 

ADC methodology. No experimental data is publicly available regarding ADC 

measurements of the FACE fuels; therefore, this study approximated ASTM D 86 data as 

ADC points. Figs. 2-9 and 2-10 present distillation curves for FACE A, FACE C and their 

respective surrogates. The surrogates displayed close agreement with FACE A and FACE 

C. For FACE A, the surrogate had a slightly higher initial boiling point and slightly lower 

final boiling point, which can be attributed to the boiling points of the surrogate palette 

compounds n-butane and iso-octane. Similar observations were made regarding distillation 

behavior for FACE C and its surrogate. As shown in Fig. 2-9, the distillation curves for the 
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surrogate began slightly lower than FACE C. At 20% distillate, the curve for the surrogate 

crossed the FACE C curve, due to increasing fractions of higher boiling species. The 

distillation curves for the surrogates flattened near 371 K, which was the boiling point of 

the highest molecular weight species, iso-octane (373 K). Higher molecular weight 

components would need to be added to the surrogate to reproduce the top end of the FACE 

C distillation curve. However, the maximum difference in temperatures between FACE C 

and the surrogate did not exceed 20 °C (≈ 5%). 
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Figure 10-9: Comparison of distillation curve of FACE A and its surrogate 
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Figure 10-10: Comparison of distillation curve of FACE C and its surrogate 

 

As described earlier, the RON for the surrogate blends, FGA-2 and FGC-2, were estimated 

using CHEMKIN PRO simulations. A graphical representation, shown in Fig. 2-11, depicts 

the RON and calculated ignition delay times for all the surrogates formulated and analyzed 

in this study, as well as FGA-1 and FGC-1 from Sarathy et al. [32]. Chemical kinetic 

modeling simulation for the surrogates proposed by Gauthier et al. [64] for RD-387 (RON 

83.2) are also presented on the curve (denoted as “surr A” and surr B”), and the proposed 

correlation predicted a RON of 84.2. It is evident that the RONs of the surrogate blends for 

FACE A and C were in good agreement with the target fuels, as presented in Table 2-

4 (results were within two octane units of the real fuels). H/C ratio depends on hydrogen 

and carbon contents of the species in the composition. Comparing the H/C ratio of the 

surrogates with targets FACE A and C revealed a deviation of -0.43% and -1.7% for FACE 

E A and C surrogates, respectively. The density of a mixture is determined by the density 

and concentration of constituent species, and this target was reproduced well by the 

https://www.sciencedirect.com/science/article/pii/S0016236114011168#t0010
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surrogates. Hence, these fuel targets were met within narrow margins, using the 

methodology described. 
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Figure 10-11: Correlation of RON with ignition delay time obtained using chemical kinetic simulations. Data are 

plotted for pure species and surrogate mixtures from Sarathy et al. [34] (FGA-1 and FGC-1) and from Gauthier et al. 

[65]  (Surr A and Surr B). 

Table 10-4: Properties of fuel and surrogates for FACE A and C 

Properties FACE A FGA-2 FACE C FGC-2 

RON 83.5 86.6 84.7 85.3 

Density 

(kg/m3) 
685 694 690 696 

H/C 2.29 2.28 2.27 2.23 

 

The entire DHA of FACE A has been classified into 15 carbon types. This distribution of 

carbon types is based on major C to C bond types present in the fuel. The mole fractions 

of various carbon types are presented for FACE A and its surrogate in Fig. 2-12. The 

carbon-type scheme employed here broadly categorized FACE A gasoline into carbon 

types 1, 2, 3, 4, and 11. The carbon-type mole fraction comparison agreed well across the 

range of carbon types. However, modest deviations were observed for all three surrogates 
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for FACE A in carbon types 1, 3 and 11, corresponding to primary, tertiary and quaternary 

carbon types.  
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Figure 10-12: Comparison of carbon-type distribution of FACE A and its surrogate 

The mole fractions of carbon types for FACE C and its surrogate are shown in Fig. 2-13. 

FACE C gasoline was broadly decomposed into carbon types 1, 2, 3, 7, and 11. FACE C 

surrogate displayed minor deviations for type 3 and 11 compared to FACE C, which can 

be explained by the lower percentage of tertiary and higher fraction of quaternary carbon 

atoms in the surrogate blend. In the present work, the weight assigned to all the carbon 

types was 100; however, specific weighting factors could be given to each carbon type for 

the surrogate to more accurately match specific carbon type mole fractions present in the 

real fuel. 
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Figure 10-13: Comparison of carbon type distribution of FACE C and its surrogate 

 

2.5 Surrogate validation 

The reactivity of the surrogate mixtures (FGA-2, FGC-2) was tested against their respective 

FACE gasolines in a cooperative fuels research (CFR) engine with characteristics 

presented in Table 2-4. The engine was operated under a controlled autoignition (CAI) 

mode [65, 66] to constrain the combustion phenomenon purely as a function of the kinetics 

of fuel/oxidizer reactivity. The port fuel injection (PFI) method was used to avoid the 

complexity of two-phase flow [34] and to ensure a homogeneous charge in the cylinder at 

intake valve closure (IVC). 

 

Table 10-5: CFR Engine specifications and test conditions 

Engine type Single cylinder 

Injection system Port fuel injection 

Combustion mode Controlled auto-ignition 

Bore 82.55 mm 

Stroke 114.3 mm 

Connecting rod length 254 mm 

Compression ratio Variable till 12:1 
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Engine speed 600 RPM 

Fuel/air Eq. ratio 0.5 

Intake pressure 98 kPa 

Air flow rate 9.378 kg/h 

Inlet air temperature 150 ± 2 °C 

 

The engine was operated under the conditions presented in Table 2-4. The compression 

ratio (CR) of the engine was varied from six, where little or no reactivity was observed 

until the indication of knock. A pressure sensor determined the knock limit; and global 

reactivity was established by the measurement of carbon monoxide from the exhaust. CO 

was chosen because it is a characteristic intermediate during hydrocarbon combustion at 

low, intermediate, and high temperatures, and indicative of global reactivity [50] . CO 

measurements were performed using an FTIR spectrometer (AVL SESAM i60 FT), which 

measures multiple gas components at an acquisition frequency of 1 Hz, a spectral 

resolution of 0.5 cm−1, and response time of 1 s in real time operation. 

The measured CO profiles for FACE A, FACE C and their surrogates are presented in Fig. 

2-14 and 2-15. The values were averaged over 100 cycles and the variation is presented as 

error bars. The surrogates reproduced the reactivity of the FACE gasolines with acceptable 

accuracy at regimes corresponding to low temperature combustion (LTC), negative 

temperature coefficient (NTC), and high temperature combustion (HTC). FACE A surr 

consistently showed higher reactivity (∼10%) than its respective FACE gasoline, while 

FACE C surr demonstrated nearly identical reactivity at most operating points. These 

results indicate that the proposed computational methodology for formulating gasoline 

surrogates was able to experimentally reproduce the global reactivity of the target fuels. 
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Figure 10-14: FACE gasoline A compared with its surrogate in a CFR engine using CO as an indicator of reactivity. 
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Figure 10-15: FACE gasoline C compared with its surrogate in a CFR engine using CO as an indicator of reactivity. 

 

11.  
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Chapter 3: Impact of thermodynamic properties and heat loss on 

ignition of transportation fuels in rapid compression machines 

 

Rapid compression machines (RCM) are used extensively to study autoignition in a wide 

variety of fuels at engine relevant conditions. Fuels ranging from pure species to full 

boiling range gasoline and diesel can be studied in an RCM to develop a better 

understanding of autoignition kinetics in low to intermediate temperature ranges. In an 

RCM, autoignition is achieved by compressing a fuel/oxidizer mixture to higher pressures 

and temperatures, initiating the chemical reactions that promote ignition. During these 

experiments, the pressure was continuously monitored and used to deduce significant 

events such as the end of compression and the onset of ignition. The pressure profile also 

assessed temperature evolution of the gas mixture with time, using the adiabatic core 

hypothesis and the heat capacity ratio of the gas mixture. In such RCM studies, real 

transportation fuels with many components are often represented by simpler surrogate 

fuels. While simpler surrogates such as primary reference fuels (PRFs) and ternary primary 

reference fuel (TPRFs) can match research and motor octane number of transportation 

fuels, they may not accurately replicate thermodynamic properties (including heat capacity 

ratio). This non-conformity can exhibit significant discrepancies in the end of compression 

temperature, thereby affecting ignition delay (τ𝑖𝑔𝑛) measurements. Another aspect of 

RCMs that affect τ𝑖𝑔𝑛 measurement is post compression heat loss, which depends on 

various RCM parameters, including geometry, extent of insulation, pre-heating 
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temperature etc. To, better understand the effects of these non-chemical kinetic 

parameters on τ𝑖𝑔𝑛, thermodynamic properties of several FACE G gasoline surrogates 

were calculated and simulated in a multi-zone RCM model. The problem was further 

investigated using a variance-based analysis, and individual sensitivities were calculated. 

This chapter highlights the effects on τ𝑖𝑔𝑛 from thermodynamic properties of various 

surrogate fuels and differences in post compression heat loss over low, intermediate and 

high temperature region. 

 

3.1. Introduction 

Rapid compression machines (RCM) are routinely used to study autoignition of fuels under 

temperatures and pressures relevant to practical engines. A wide variety of fuels, from 

pure hydrocarbons to regular gasoline and diesel [30, 67, 68] can be investigated in an 

RCM. Fig. 3-1 describes a typical RCM experiment where a fuel/oxidizer mixture is 

rapidly compressed to top dead center (TDC), thereby reaching a higher pressure and 

temperature. After TDC, the compressed gases experience heat loss (manifested as 

pressure decay), followed by a small pressure rise that marks the onset of first stage 

ignition. Second stage, or final ignition, is recorded by a sharp pressure rise; this duration 

between TDC and final ignition is designated as ignition delay (τ𝑖𝑔𝑛). In this experiment, 

two parameters are of particular significance for the accurate determination of τ𝑖𝑔𝑛: 1) The 

temperature of the fuel/oxidizer mixture  at TDC (𝑇𝑇𝐷𝐶), and 2) the post compression heat 

loss, manifested as pressure decay. 
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Figure 0-1: RCM pressure profile for a gasoline/air mixture at equivalence ratio ∅ = 1 and 𝑃𝑇𝐷𝐶=20 bar  𝑇𝑇𝐷𝐶=718 K 

 

The effect of 𝑇𝑇𝐷𝐶 on τ𝑖𝑔𝑛 is well known from several RCM studies [69-72] and the effect 

of post compression heat loss on τ𝑖𝑔𝑛 is also well understood. Briefly, 

higher 𝑇𝑇𝐷𝐶 increases the rate of reactions, promoting ignition (except for negative 

temperature coefficient (NTC) region), so that a shorter τ𝑖𝑔𝑛 is observed. Higher heat loss 

rate effectively reduces the bulk gas temperature, reducing the reaction rate and yielding a 

longer τ𝑖𝑔𝑛. Except for a few attempts [73-76], accurate temperature measurement in an 

RCM remains a challenge. The adiabatic core hypothesis [72] is used mostly to estimate 

temperature profile from the measured pressure trace. Eq. (3-1) describes the relation 

between 𝑃𝑇𝐷𝐶, 𝑇𝑇𝐷𝐶 of the adiabatic core and its dependence on γ, defined as the ratio 

of specific heats (Cp/Cv) of the fuel/oxidizer mixture. 

∫
𝛾

𝛾−1

𝑇2

𝑇1

𝑑𝑇

𝑇
=  ln

𝑃2

𝑃1
                                                                                                     (3-1) 
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Eq. (3-1) implies that γ must be well known to estimate 𝑇𝑇𝐷𝐶 precisely. Fig. 3-2 shows the 

effect of 𝑇𝑇𝐷𝐶 on measured τ𝑖𝑔𝑛 in an RCM for iso-octane from the data set of Atef et 

al. [77] at 𝑃𝑇𝐷𝐶=20 bar and 𝑇𝑇𝐷𝐶= 803, 841, 884 K. The measurements from these 

experiments demonstrated a reduction in τ𝑖𝑔𝑛 with an increase in temperature, a well-

known result, reiterated to substantiate the arguments in this study. In later sections, it will 

be shown that the differences in 𝑇𝑇𝐷𝐶 could be introduced by dissimilarities in γ of 

surrogates, in agreement with Eq. (2-1). Such surrogates could have identical ignition 

delays across a range of experimental conditions, but due to the differences in γ, they could 

show dissimilarities in τ𝑖𝑔𝑛 in RCM. 

 

Figure 0-2: The effect of 𝑇𝑇𝐷𝐶  on measured ignition delay for iso-octane in air at ∅ = 1 (O2: N2 = 1: 3.76) at 𝑃𝑇𝐷𝐶  = 20 bar 
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It must be noted that differences in 𝑇𝑇𝐷𝐶 in Fig. 3-2 are not due to dissimilar γ, but were 

attained through variation in initial experimental conditions; they are presented solely to 

substantiate the effect of 𝑇𝑇𝐷𝐶 on τ𝑖𝑔𝑛. 

The implications of this observation lie in the practice of using surrogate fuels to represent 

transportation fuels in RCM simulations and experiments. Traditional surrogates for 

gasoline-type fuels are primary reference fuels (PRF) and ternary primary reference fuels 

(TPRF), which are comprised of iso-octane/n-heptane and iso-octane/n-heptane/toluene 

respectively. The PRFs and TPRFs were prepared to match research and motor octane 

numbers of the target fuel; they do not necessarily match other fuel properties, including 

specific heat ratio (γ over the temperature range). If such discrepancies exist, they could 

introduce uncertainty in 𝑇𝑇𝐷𝐶, eventually affecting τ𝑖𝑔𝑛 measurements and simulations. 

The other parameter considered in this study, which has a potential effect on τ𝑖𝑔𝑛 

measurements in RCM, is the post-compression heat loss, specific to an RCM facility. 

In Fig. 3-3, RCM pressure traces from the National University of Galway, Ireland (NUIG) 

and the University of Connecticut, USA (UCONN), are shown under identical TDC 

conditions from the data set of Atef et al. [78]. 



 

57 
 

 

Figure 0-3: Comparison of RCM pressure traces from NUIG and UCONN under identical TDC conditions with iso-

octane in air at ∅ = 1 (O2: N2 = 1: 3.76) (Note: Initial mixture temperature differed in cases between 𝑇𝑇𝐷𝐶≅740K and 

791K). 

In both the cases, measurements from UCONN showed higher pressure decay, indicating 

higher rate of heat loss, and hence a longer τ𝑖𝑔𝑛. Interestingly, Figure 3-3  points out that, 

even under identical experimental conditions, different heat loss--attributed to the RCM 

facility--can result in different ignition delays for identical fuel/oxidizer mixtures. This 

observation also implies that, while studying a fuel across RCM facilities, the data must be 

interpreted in conjunction with the employed RCM’s heat loss attributes, as discussed 

earlier by Mittal and Sung [72]. 

RCM exhibited a complex reactive flow problem; several experimental factors could affect 

the processes leading to ignition. Apart from differences arising from γ, temperature in the 

RCM was affected by experimental factors like pressure, fuel mixing procedure, and 

diagnostic measurements techniques, as shown by Weber et al. [79]. They also showed that 

the initial temperature and pressure were the major sources of uncertainty 

in 𝑇𝑇𝐷𝐶 estimation. RCM experiments often used diluents in ignition studies, which lead 

to differences in ignition delay measurements. Wulmer et al. [80] conducted such an 

investigation on shock tube and RCM with different diluent mixtures; they concluded that 
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ignition delay strongly depends on diluent’s properties, such as thermal 

conductivity, thermal diffusivity and heat capacity. In a similar investigation, Wagnon et 

al. [81] discussed the effect of four different diluent gases: argon, nitrogen, water, 

and carbon dioxide, on ignition delay measurements for three different fuels in an RCM. 

The heat release rates and τ𝑖𝑔𝑛 were found to be sensitive to diluents; the study also 

discussed the significance of diluents on low-temperature kinetics. Recently, 

Goldsborough et al. [70] conducted a detailed review of RCM studies and discussed 

parameters that could significantly affect τ𝑖𝑔𝑛 measurements and simulations in RCMs. 

Some earlier investigations (and comparisons in Fig. 3-3) also showed that the RCM heat 

loss affects the τ𝑖𝑔𝑛 [69, 82] measurements, and different RCM facilities could report 

different values of τ𝑖𝑔𝑛 under identical experimental conditions. However, so far as this 

author is aware, none of the earlier studies conducted a detailed analysis of such effects of 

variation in 𝑇𝑇𝐷𝐶 (due to γ) and heat loss on τ𝑖𝑔𝑛 in RCM, and therefore a detailed 

investigation is warranted. To study this problem in detail, three surrogates of FACE 

G [43] gasoline, with different γ resulting in different 𝑇𝑇𝐷𝐶 , were considered. The effect 

of heat loss on ignition delay was demonstrated by building a simplified multi-zone RCM 

model to allow variation in the heat loss rate for fuels with single and multi-stage ignition 

delays. Also, a numerical experiment was designed with τ𝑖𝑔𝑛 as a function of 𝑇𝑇𝐷𝐶 (a 

strong function of γ) and RCM heat loss rates. Investigations were conducted with a 

variance-based analysis to decouple the effects of these parameters on τign and identify 

individual sensitivities. 

3.2 Methodologies 
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3.2.1 Thermodynamics of fuel and surrogate mixtures 

 

FACE G is a fully characterized, high research octane number (RON = 96.8) and high 

octane sensitivity (S = 11) gasoline, with high percentages of iso-paraffins (38 mol%) and 

aromatics (32 mol%). A detailed description of various properties of FACE G is available 

in the literature [43, 83]. In this section, FACE G and its three surrogates were investigated 

for their thermodynamic properties and their subsequent effect on 𝑇𝑇𝐷𝐶. These three 

surrogates are PRF91.5 (primary reference fuel), TPRF-G (ternary primary reference fuel), 

and FGG-KAUST (a multicomponent surrogate fuel), as described in Sarathy et al. [43]. 

Thermodynamic properties were calculated for all the species in FACE G, FGG-KAUST, 

PRF91.5, and TPRF-G. In Table 3-1, temperature dependent heat 

capacities: CpT, enthalpy of formation at 298 K: Hf298 and entropy of formation at 

298 K: Sf298, are shown for FACE G and surrogates. These calculations were made using 

the group additivity methodology [84] implemented in the THERM software [85] on 

CloudFlame portal (cloudflame.kaust.edu.sa), developed at KAUST [86, 87]. The 

calculations employed updated group values based on the work of Burke et al. [88]. The 

species formula, identification of groups, number of rotors and symmetry number were 

declared for each individual species for the computations. Finally, the thermodynamic 

properties for each species was multiplied by its mole fraction to obtain the final 

thermodynamic properties of the blend. 



 

60 
 

 

Table 0-1: Thermodynamic properties of representative species from the DHA of FACE G. Last four rows (bold) report 

respective properties, considering fuel and surrogates as mixtures of hydrocarbons. Thermodynamic properties are 

referred to a standard state 

Species aHf298 bSf298 cCp300 Cp400 Cp500 Cp600 Cp700 Cp800 

n-butane −2.99E + 04 7.34E + 01 2.39E + 01 2.96E + 01 3.49E + 01 3.97E + 01 4.40E + 01 4.77E + 01 

i-pentane −3.66E + 04 8.19E + 01 2.84E + 01 3.62E + 01 4.35E + 01 5.00E + 01 5.57E + 01 6.05E + 01 

2,2,4-

trimethylpentane 
−5.32E + 04 1.01E + 02 4.53E + 01 5.83E + 01 6.95E + 01 7.90E + 01 8.71E + 01 9.40E + 01 

m-xylene 3.81E + 03 8.55E + 01 3.05E + 01 3.94E + 01 4.76E + 01 5.49E + 01 6.11E + 01 6.62E + 01 

methylcyclopentane −2.52E + 04 8.09E + 01 2.61E + 01 3.57E + 01 4.48E + 01 5.28E + 01 5.93E + 01 6.44E + 01 

1-pentene −5.03E + 03 8.27E + 01 2.60E + 01 3.30E + 01 3.91E + 01 4.44E + 01 4.89E + 01 5.29E + 01 

– – – – – – – – – 

– – – – – – – – – 

FACE G −2.42E + 04 8.77E + 01 3.30E + 01 4.26E + 01 5.13E + 01 5.89E + 01 6.55E + 01 7.09E + 01 

FGG-KAUST −2.31E + 04 8.73E + 01 3.25E + 01 4.19E + 01 5.04E + 01 5.78E + 01 6.42E + 01 6.96E + 01 

TPRF-G −1.02E + 03 8.21E + 01 2.88E + 01 3.80E + 01 4.58E + 01 5.24E + 01 5.78E + 01 6.24E + 01 

PRF91.5 −5.25E + 04 1.01E + 02 4.47E + 01 5.76E + 01 6.86E + 01 7.80E + 01 8.60E + 01 9.27E + 01 

a  Enthalpy of formation in Cal/mole. b Entropy of formation in Cal/mol-K. c Heat capacity in Cal/mol-K. 

 

Thermodynamic properties for a few representative species found in the DHA of FACE G 

are also presented in Table 3-1; and heat capacity as a function of temperature, CpT is 

presented for a large range of temperatures (T = 300–900 K). The last three rows of Table 

3-1 (bold) report thermodynamic properties calculated for FACE G, and its surrogates 

FGG-KAUST, TPRF-G and PRF91.5. A similar table, with the thermodynamic properties 

of all components in FACE G and surrogates, is given as Supplementary Material (file title: 

“FACE G and surrogates”). In Table 11, H/C ratio and molecular weight of FACE G and 

surrogates are reported. 

Table 0-2: H/C ratio and average molecular weight of FACE G and surrogates in this study. 

Properties FACE G       PRF91.5 TPRF-G FGG-KAUST 

H/C 1.83 2.25 1.4 1.85 

Avg. mol. wt. 99.7 112.9 94.8 94.3 
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In Fig. 3-4, the heat capacity, Cp and specific heat ratio, γ for FACE G, FGG-KAUST, 

TPRF-G and PRF91.5 are compared at stoichiometry, ∅=1, fuel/air mixtures. 

The Cp and γ for FGG-KAUST match those of FACE G, which is also evident from Table 

10. However, TPRF-G and PRF91.5 shows deviations averaging around 8–10%. 

 

Figure 0-4: Comparison of thermodynamic properties of air-fuel mixture at  = 1 with fuel as FACE G (symbols), FGG-

KAUST, TPRF-G and PRF91.5.(left), heat capacity, Cp, (right) ratio of heat capacity γ 

 

This discrepancy in γ between FACE G and surrogates (PRF91.5 and TPRF-G) could lead 

to inconsistency in 𝑇𝑇𝐷𝐶 in RCM experiments and simulations; to investigate further, 

Chemkin Pro [63] inert RCM simulations were conducted with PRF91.5, TPRF-G and 

FGG-KAUST. For these simulations, individual volumetric profiles were generated using 

fuel specific γ and pressure traces from Sarathy et al. [43] at equivalence ratio, ∅ = 1 for 

inert mixtures (Fuel/N2 mixture). The comparison between temperature profiles of FGG-

KAUST, TPRF-G and PRF91.5 is presented in Fig. 3-5 for two cases. Magnified insets are 

also provided within their respective figures to highlight the differences in the 

attained  𝑇𝑇𝐷𝐶. 
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Figure 0-5: Effect of γ on TDC temperature in two different cases for all surrogates of FACE G, i.e., FGG-KAUST, 

TPRF-G, and PRF91.5 at  = 1 and identical initial conditions 

 

FGG-KAUST emulated Cp and γ of FACE-G closely (see Fig. 3-4); therefore, it was 

expected to be a close match to FACE G – 𝑇𝑇𝐷𝐶 in RCM. FGG-KAUST (a multicomponent 

surrogate) provided improved reproduction of several target fuel properties such as H/C 

ratio, molecular weight (see Table 3-2), carbon types, RON, MON, volatility etc. [42, 43, 

57, 59, 89]. These well-matched properties--especially carbon types, along with H/C ratio 

and molecular weight--included the complete structural description of the target fuel. This 

matching of properties eventually allowed molecular level replication of the composition 

of the target fuel, ensuring improved performance of the surrogate on multiple fronts, in 

this case, for example, thermodynamic properties. It is also notable that PRF91.5 showed 

maximum deviation in Cp and γ from FACE G (see Fig. 3-4), which explains the highest 

difference in the 𝑇𝑇𝐷𝐶  (15 K) from FGG-KAUST in Fig. 3-5. 

𝑇𝑇𝐷𝐶  was established as a strong function of heat capacities ratio, γ=Cp/Cv; in further 

discussion, only 𝑇𝑇𝐷𝐶  is analyzed, and its subsequent effect on ignition delay discussed. 
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3.2.2 RCM multi-zone model 

 

To accurately assess the impact of post-compression heat loss on τ𝑖𝑔𝑛, a multi zone model 

for RCM, similar to that of Zhang et al. [90]  was developed. This model was written in 

Python-Cantera [91] and it allowed simulation of ignition delay in RCMs with different 

rates of heat loss at diverse      ? . This model consists of three zones: zone 1) the adiabatic 

core, zone 2) the boundary layer and zone 3) the crevice, as shown in Fig. 3-6. 

 

Figure 0-6: Schematic of multi-zone model for RCM with three zones 1) adiabatic core, 2) boundary layer and 3) crevice 

zone. 

The assumptions involved in developing the model were as follows: 

1. The zones were homogenous in concentration and temperature. Pressure was equivalent 

across all the zones. 

2. During the compression phase, the dimensions of the adiabatic core and boundary layer 

zone (not present at the beginning of compression) decreased with time as the piston 

proceeded towards TDC. Post-compression, all the zone volumes were kept constant. 
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3. In accordance with adiabatic core hypothesis, the core zone was modeled as adiabatic. 

Heat loss was experienced only at the boundary layer zone and the crevice zone to the 

RCM wall. 

4. The core zone was modeled as reactive; the boundary layer and crevice zone were non-

reactive. 

5. Heat loss was only implemented in the post-compression phase. 

In the current model, heat loss was implemented at the boundary layer and the crevice zone, 

while the adiabatic core remained unaffected, as discussed in Lee et al. [92]. The heat loss 

term is expressed as a polynomial function of temperature, surface area and time. Heat loss 

function was acquired empirically and is expressed as Eq. (3-2). 

𝑄 = (𝐾𝐵𝐿(𝑇𝐵𝐿 − 𝑇𝑤𝑎𝑙𝑙)𝑛 + 𝐾𝑐𝑟𝑒𝑣𝑖𝑐𝑒(𝑇𝑐𝑟𝑒𝑣𝑖𝑐𝑒 − 𝑇𝑤𝑎𝑙𝑙)𝑛)𝑡𝑇𝐷𝐶           (3-2) 

Where, 

𝑇𝐵𝐿= temperature of boundary layer 

𝑇𝑐𝑟𝑒𝑣𝑖𝑐𝑒= temperature of crevice 

𝑇𝑤𝑎𝑙𝑙= temperature of RCM wall 

𝑡𝑇𝐷𝐶= time lapsed after TDC 

The temperature of the homogenous non-reactive zones, boundary layer and crevice were 

calculated at each time step with evolving adiabatic core pressure and heat loss to the 

ambient. The constants 𝐾𝐵𝐿 and 𝐾𝑐𝑟𝑒𝑣𝑖𝑐𝑒 in the heat loss term consisted of a calibration 

constant (representing convective heat transfer coefficient) and the annular surface area of 

the inner wall of RCM, through which heat loss occurred to the ambient. The 
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constant n was iteratively adjusted to match the pressure decay of the system across several 

inert RCM profiles. 

In Fig. 3-7, the pressure decay calculated with the RCM model is shown against 

experimental pressure decay for two different cases from Sarathy et al. [43], and fixed wall 

temperature of Twall = 340K. 

 

 

Figure 0-7: Post compression pressure decay for different TDC conditions in RCM model and experiments. P_exp 

presents experimentally measured pressure history for inert run. P_model predicted by RCM multi-zone model. 

3.3 Numerical experiment: Mapping the effect of γ and heat loss on  𝛕𝒊𝒈𝒏 

 

A numerical experiment was designed to evaluate the collective effect of these parameters 

on τ𝑖𝑔𝑛 in RCM. The objective of this exercise was to quantify the variance in ignition 

delay, with deviations in 𝑇𝑇𝐷𝐶 representing different surrogate mixtures, and α, signifying 

diverse heat loss rates from different RCM facilities. As previously noted, in RCM 

operations, fuels exhibit either single or two stage ignition; therefore, two different cases 

were considered in the current framework, representing single and two stage ignition 

events, with a broad range of heat loss rates. Variation in the ratio of heat capacities, γ from 
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surrogates, is expressed in terms of 𝑇𝑇𝐷𝐶, whose range was selected to yield single and two 

stage ignition events. Further, the 𝑇𝑇𝐷𝐶 range was parameterized using an independent 

distribution of a canonical random variable ξ1, uniformly distributed over [-1,1], according 

to Eq. (3-3): 

𝑇𝑇𝐷𝐶 = 𝑇1 + (
𝜉1+1

2
) (𝑇2 − 𝑇1)                                 (3-3) 

As discussed earlier, two temperature ranges were selected in single- and double-stage 

ignition regions; the selected boundaries were 𝑇1 = 808 K, 𝑇2 = 868 K and 𝑇1 = 730 K, 

𝑇2 = 790K respectively. The temperature ranges defined above were discretized with Eq. 

(3), and seven node points were obtained between T1 and T2 , in both cases representing a 

range of  𝑇𝑇𝐷𝐶. 

To further study the effect of post TDC heat loss on ignition delay, a heat loss factor 𝛼, 

was defined and parametrized using a second independent and identically distributed 

random variable, 𝜉2, as 𝛼 = 𝑈𝐹𝜉2. An uncertainty factor, UF=2, was assigned describing 

the variability in levels of heat loss from RCM facilities.  The node points were located at 

𝜉2 = 𝑐𝑜𝑠 (
𝑘𝜋

𝑀−1
) with 𝑘 = 0,1, … (𝑀 − 1), equal to the number of nodes in the 𝑇𝑇𝐷𝐶 

interval. Here, 𝑀 is given as [22]  𝑀 = 2𝑙(3) − 1 = 7, which is defined by the Clenshaw 

Curtis rule of level 3(𝑙 =3) . The range of 𝜉2 defined the upper and lower bounds of heat 

loss, allowing variations from 0.5 to 2.0 for 𝛼.  In the process, seven heat loss cases were 

generated, corresponding to each 𝑇𝑇𝐷𝐶 point in both the temperature intervals, and 

representing single- and double-stage ignition cases, as shown in Table 3-3.  The discreet 

values of 𝑇𝑇𝐷𝐶 and 𝛼 were considered over a two-dimensional space, and 𝜏𝑖𝑔𝑛 was mapped 

for 49 different conditions over this space, capturing different surrogate mixtures and heat 
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loss rates. Thus, a simulation experiment was established to determine the impact of 𝑇𝑇𝐷𝐶 

and heat loss rates on 𝜏𝑖𝑔𝑛.  

Table 0-3: Heat loss factor and TDC temperature for simulation exercise. 

Heat Loss Factor, 𝛼 TTDC-Double-Stage(K) TTDC-Single-Stage (K) 

0.500 730 808 

0.548 734 812 

0.700 745 823 

1.000 760 838 

1.414 775 853 

1.822 786 864 

2.000 790 868 

 

3.4 Effects of 𝑻𝑻𝑫𝑪 and heat loss on 𝝉𝒊𝒈𝒏 

Multi-zone RCM simulations were conducted for FGG-KAUST using a chemical kinetic 

mechanism from Sarathy et al.[43]. The compression segment in these simulations was 

excluded and simulations were run (starting from TDC) to ascertain pre-determined 𝑇𝑇𝐷𝐶. 

This simplification prolonged the predicted ignition delay in the simulations, as shown by 

Mittal et al.[71]; however the observed trend of ignition delays were in agreement with 

simulations of FGG-KAUST presented by Sarathy et al.[43]. In Fig. 3-8 (a) and (b) cases 

for double- and single-stage ignition events, corresponding to 𝑇𝑇𝐷𝐶  range of 730-790 K and 

808-868 K respectively, are presented. While comparing changes in ignition delay 

(observed in Fig. 3-8(a) and 3-8(b)), the ignition delay was found to be more sensitive in 

the lower temperature region (730-790 K). This observation could be explained by 
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considering the 𝑇𝑇𝐷𝐶 intervals in Fig. 3-9. It should be noted that FACE G is a high-

sensitivity fuel (S = 11), therefore it is expected that the ignition delay times will display 

greater sensitivity in low and high temperature regions than in the NTC region. Since FGG-

KAUST has been tailored to match the ignition delay characteristics of FACE G, it follows 

that the sensitivity of FGG-KAUST is similar to that of FACE G. The 𝑇𝑇𝐷𝐶 range in Fig. 

3-8 (a) falls in the low temperature ignition region. However, in the 𝑇𝑇𝐷𝐶 range of 808-868 

K, NTC behavior was observed, which significantly reduced the overall change in ignition 

delay within this interval, also reducing the overall effect of 𝑇𝑇𝐷𝐶 variation in this interval. 

This observation implies that an accurate description of 𝛾 is imperative if the RCM 𝑇𝑇𝐷𝐶 

lies in either the high or low temperature region for high sensitivity fuels, while minor 

changes in 𝑇𝑇𝐷𝐶 are not significant to ignition delay in the NTC region. Furthermore, the 

high temperature ignition (Fig. 3-8(b)) case, with TTDC= 808 K, demonstrated weak first 

stage ignition (temp. rise < 50K) before final ignition. This event indicates a shift in fuel 

ignition behavior from the single- to the double-stage ignition region, due to the shift in 

𝑇𝑇𝐷𝐶. So, apart from introducing uncertainty in the ignition delay results, poorly formulated 

surrogates may demonstrate a shift in the temperature region between low temperature to 

NTC, or high temperature to NTC, or vice versa.  
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Figure 0-8: The effect of TTDC on ignition delay: (a) double stage ignition corresponding to TTDC range of 730-790 K (b) 

single stage cases corresponding to TTDC range of 808-868 K for FGG-KAUST.  

 

Figure 0-9: Ignition delay obtained from RCM multi-zone model for FGG-KAUST in air (𝑇𝑇𝐷𝐶=730-868 K at 20 bar, 

ϕ=1) 
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In Figs. 3-10 (a) and (b), the effect of heat loss on 𝜏𝑖𝑔𝑛 is presented again for cases with 

two and single stage ignition events for 𝑇𝑇𝐷𝐶 = 730 K and 868 K respectively. Heat loss 

rate was varied by multiplying by the heat loss term, Q (Eq. 3-2) by the heat loss factor, 𝛼  

during the simulations. Along with the cases shown in Table 3-3, another example with no 

heat loss (𝛼 = 0) has been added to Fig. 3-10 (a) and (b). The example with no heat loss 

not only showed a significant decrease in final ignition delay time in both single- and two-

stage ignition cases, but it also displayed a reduction in the interval between ignition events. 

Figure 0-10: RCM simulations showing the effect of heat loss on ignition delay (a) two-stage 

ignition events at TTDC  = 730 K (b) one stage ignition events at TTDC= 868 K 

 

Ignition delays in Fig. 3-10 (a) with non-zero (𝛼 ≠ 0) heat loss rates indicate that the effect 

of heat loss is only experienced by first stage ignition events, which are advanced or 

delayed based on the heat loss factor employed, indicated by 𝛼. Second stage ignition 

remained virtually unaffected within the range of heat loss variation in this study. This 

occurrence could be explained by the steep temperature rise after the first-stage ignition 

event, up to the final ignition. This high rate of heat release effectively mitigated the impact 

of heat loss; therefore the interval between the first and second stage ignition events 
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remained unchanged. Figure 3-10 (b), presents another set of RCM simulations with 

𝑇𝑇𝐷𝐶 = 868 𝐾 and the effect of heat loss on single-stage ignition events. The increasing 

rate of heat loss prolonged ignition delay time; but the change in ignition delay due to the 

effect of heat loss variation was quantitatively and qualitatively similar in both cases (Fig. 

3-10 (a) and 3-10 (b)) across the range of 𝛼. To further examine the effect of heat loss on 

the interval between first and second stage ignition events, an additional set of simulations 

was conducted for FACE G at ∅ = 0.5 with 90%  N2 dilution at 𝑇𝑇𝐷𝐶 = 670 K and 20 bar, 

as shown in Fig. 3-11. The range of heat loss rates extended from no heat loss (𝛼 = 0) to 

double the heat loss (𝛼 = 2) of the nominal case. Those conditions showing a longer 

interval between first and second stage ignition events were specifically selected to 

investigate the effect of heat loss on this duration (𝜏2-𝜏1). 

 

Figure 0-11: RCM simulations showing the effect of heat loss on ignition delay, two-stage ignition events at ∅ = 0.5 with 

90 % dilution with N2 at 𝑇𝑇𝐷𝐶= 670 K and 20 bar 

 

The effect of heat loss on first stage ignition in Fig. 3-11 is qualitatively similar to Fig. 3-

10 (a), first stage ignition was delayed by increasing the rate of heat loss. Further analysis 

of the interval between the first and second stage ignition events indicated that the second 
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stage ignition events were also marginally delayed in cases with higher heat loss rates. 

Another example with no heat loss is also presented in Fig. 3-11, which shows significantly 

shorter first and second stage ignition events.  Note the time span of these ignition delays: 

the first ignition delay was observed around 200 msec, and the final ignition occurred at 

approximately 800 msec. The magnitude of the second stage ignition event was well above 

the practical test time limit for the experimental RCM facility, and attaining such 

conditions in the laboratory would be highly unlikely. However, this trend indicates that 

the effect of heat loss on second stage ignition events can be observed in cases with 

significantly higher 𝜏𝑖𝑔𝑛.  

Figure 3-12 shows the ignition delay profile for the entire temperature range (730-868 K) 

across the range of heat loss factors (𝛼 = 0 𝑡𝑜 2.0).  The increment in heat loss rates is 

shown to introduce an increment in 𝜏𝑖𝑔𝑛, which is also reflected in Fig. 3-13, while 

comparing 𝜏𝑖𝑔𝑛  from NUIG and UCONN RCMs. Also, as seen earlier in Fig. 3-10 (b), the 

alterations in heat loss rates introduced a shift in the turnover point between HT, LT and 

NTC region; at lower heat loss rates the turnover point was obtained at lower TTDC , due to 

the higher bulk gas temperature.   
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Figure 0-12: Change in ignition delay due to variation of heat loss factor over the temperature range of 730-868 K 

 

3.5 Variance analysis 

Variance analysis was conducted to quantify the combined impact of the variability in 𝑇𝑇𝐷𝐶 

and the heat loss factor, 𝛼, on  𝜏𝑖𝑔𝑛, and to identify individual sensitivities of these factors 

on 𝜏𝑖𝑔𝑛. As previously discussed, the 𝑇𝑇𝐷𝐶 and the heat loss factor 𝛼 were parameterized 

using random variables 𝜉1 and 𝜉2 respectively, signifying variance in 𝑇𝑇𝐷𝐶 and heat loss 

rates. A polynomial chaos (PC) formalism represented the dependence of 𝜏𝑖𝑔𝑛 on the 

uncertain inputs. Specifically, 𝜏𝑖𝑔𝑛 is expressed [93, 94] as : 𝜏𝑖𝑔𝑛(𝜉) = ∑ 𝑐𝑘𝛹𝑘(𝜉)𝑃
𝑘=0  
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where 𝛹𝑘 is a multidimensional Legendre polynomial in: 𝜉 = (𝜉1, 𝜉2), and 𝑃 + 1 is the 

size of the basis, truncated to retain polynomials of total degree less, or equal to, three.  To 

determine the unknown coefficients, a regularized regression technique was used [94, 95].  

The computation of 𝜏𝑖𝑔𝑛 at selected realizations of 𝜉 was used for this purpose.  A fully 

tensorized grid with seven values of 𝜉1 was used, those yielding 𝑇𝑇𝐷𝐶 values determined 

for different mixtures considered with different 𝛾, and seven values of 𝜉2, coinciding with 

the nodes of a third-level Clenshaw-Curtis quadrature rule [96] for different heat loss rates. 

The response surface generated for 𝑇𝑇𝐷𝐶= 730-790 K is presented in Fig. 3-13. 

Observations from Fig. 3-13 are discussed, along with Fig. 3-14 in the following section. 

Figure 0-13: PC response surface with individual realizations for range, 𝑇𝑇𝐷𝐶=730-790 K.  Right Corner: First order 

and total sensitivity indices indicate dependence of  𝜏𝑖𝑔𝑛 on temperature and heat loss factor 
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Figure 3-14 shows a similar PC response surface, with individual realizations for the 

temperature range 𝑇𝑇𝐷𝐶 = 808 − 868𝐾. The temperature range considered for this 

formalism includes the NTC ignition region, and as expected, 𝜏𝑖𝑔𝑛 initially increased and 

then decreased with rising  𝑇𝑇𝐷𝐶. 

Figure 0-14: PC response surface showing dependence of 𝜏𝑖𝑔𝑛 on 𝑇𝑇𝐷𝐶  and α with 𝑇𝑇𝐷𝐶=808-868K.  Right Corner: 

First order and total sensitivity indices indicate dependence of 𝜏𝑖𝑔𝑛 on temperature and heat loss factor 

 

To quantify the variability in 𝜏𝑖𝑔𝑛, first and total order sensitivity indices were computed, 

as shown in Fig. 3-13 (right corner) and Fig. 3-14 (right corner). First order sensitivity 

indices, 𝑆1 and 𝑆2 respectively, account for the direct contribution of 𝜉1and 𝜉2 to the 

variance in 𝜏𝑖𝑔𝑛; total sensitivity indices, 𝑇1 and 𝑇2, also account for the mixed effects.  All 

quantities can be readily computed from the PC coefficients, 𝑐𝑘 [27]   

The first order (𝑆𝑖) and total order (𝑇𝑖) sensitivity indices shown in Fig. 3-13 and 3-14 were 

calculated using Eq. (3-4) and (3-5): 

𝑆𝑖 =  
∑ 𝑐𝑘

2‖𝜓𝑘‖𝐿2
2

𝑘𝜖𝑆𝑖

∑ 𝑐𝑘
2‖𝜓𝑘‖𝐿2

2∞
𝑘=1

                                                    (3-4) 
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Where, 𝑆𝑖 = {𝑘 | 𝜓𝑘 has degree 0 in all 𝜉𝑗 with j ∉ 𝑖 

𝑖 ∈ {l, …, d} and d is the dimension 

𝑇𝑖 =  
∑ 𝑐𝑘

2‖𝜓𝑘‖𝐿2
2

𝑘𝜖𝑇𝑖

∑ 𝑐𝑘
2‖𝜓𝑘‖𝐿2

2∞
𝑘=1

                                                   (3-5) 

Where, 𝑇𝑖 = {𝑘 | 𝜓𝑘 has degree > 0 in all 𝜉𝑗 with ∈ 𝑖   

In Fig. 3-13 (right corner) the sensitivities of 𝜏𝑖𝑔𝑛 to 𝑇𝑇𝐷𝐶 were substantially higher than 

those associated with the heat loss factor. This occurrence could be attributed to the 

temperature region 730-790 K, where the ignition delay showed dramatic change with 

temperature, also shown in Fig. 3-9. Such high dependence on temperature in this region 

offset the effect of heat loss and shifted first and total order sensitivity of 𝜏𝑖𝑔𝑛 towards 

𝑇𝑇𝐷𝐶. Note that the first order total sensitivity indices achieved very close values, indicating 

that mixed interactions between 𝑇𝑇𝐷𝐶 and 𝛼 were weak. 

In Fig. 3-14, the sensitivities of 𝜏𝑖𝑔𝑛 to 𝑇𝑇𝐷𝐶 and 𝛼 were comparable in magnitude, showing 

a higher effect of heat loss rate on 𝜏𝑖𝑔𝑛 than on 𝑇𝑇𝐷𝐶. This shift in sensitivity from Fig. 3-

13 could be explained by a lesser dependence of ignition delay on temperature, due to NTC 

behavior in the temperature range involved. The range of temperatures covered in this 

study included regions showing low temperatures and NTC region of ignition. High 

temperature ignition displayed strong dependence on temperature, like the ignition in low 

temperature regions, therefore, similar sensitivities were expected.  
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Chapter 4: Compositional Effect of Fuel on Combustion in a DISI 

Engine 

 

 

Commercial gasoline fuels are complex mixtures of numerous hydrocarbons. Their 

composition differs significantly owing to several factors—the source of crude oil being 

one. Because of such inconsistencies in composition, multiple gasoline fuel compositions 

exist with similar octane ratings. It is interesting to compare such fuels with similar octane 

ratings and different compositions, and thus, dissimilar physical and chemical properties. 

Such an investigation is required to interpret differences in combustion behavior of 

gasoline fuels that show similar knock characteristics in a cooperative fuel research (CFR) 

engine, but which may behave differently in direct injection spark ignition (DISI) engines, 

or any other engine combustion modes. Two FACE (fuels for advanced combustion 

engines) gasolines, FACE F and FACE G, with similar research and motor octane numbers, 

but dissimilar physical properties, were studied in a DISI engine under two sets of 

experimental conditions: the first set involved early fuel injection to allow sufficient time 

for fuel-air mixing, permitting operation similar to homogenous DISI engines. The second 

set consisted of advance of spark timings to attain MBT (maximum brake torque) settings. 

These experimental conditions were repeated across different load points to observe the 

effect of increasing temperature and pressure on combustion and emission parameters. The 

differences in various engine-out parameters are discussed and interpreted in terms of 

physical and thermodynamic properties of the fuels. 
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4.1 Introduction 

With the evolving trend of engine downsizing and turbocharging to increase efficiency, 

internal combustion (IC) engine operation practices have advanced significantly from 

historically prescribed ASTM standards (D2699 [48], D2700 [49]). The evolution of 

engine technology saw extensive modifications in engine geometry and combustion 

processes. This development also caused gasoline fuels to become increasingly complex 

in composition and properties to meet diverse performance requirements. Such elaborate 

compositions allowed multiple degrees of freedom to achieve desired fuel properties. 

Consequently, many fuel formulations with diverse compositional details can maintain 

vital performance targets, such as research octane number (RON) and motor octane number 

(MON), within a narrow range, as seen in FACE gasolines [83]. This variability in 

composition could lead to differences in the physical and thermodynamic properties of 

fuels, which could significantly effect various processes in IC engines; therefore, 

systematic investigation is necessary. Such a study must be conducted in a combustion 

mode where the physical properties of the fuel exhibit obvious effects on mixture formation 

and combustion. Several investigations indicate that the DISI engine is more sensitive to 

fuel properties [18, 97-99]. Furthermore, octane requirement studies of direct injection 

spark ignition (DISI) [100] engines indicate that fuels with high RON and high sensitivity 

(S=RON-MON) are more suitable. FACE F and G gasolines [83] differ significantly in 

composition, with high RON and high sensitivity, making the DISI mode suitable for this 

study.  



 

79 
 

DISI engines offer flexibility over conventional port fuel injection (PFI) engines [9], 

enabling higher power-to-weight ratio by allowing higher compression of air before fuel 

injection, lean throttle-less operation at low loads [7] and the advantages of charge cooling 

due to spray evaporation. The latter effect suppresses pre-combustion temperatures, 

effectively mitigating thermal NOx production during combustion. However, the time 

available for fuel to mix with air can be considerably less in the DISI mode than in PFI 

operation [101], causing greater dependence of combustion processes on fuel properties 

such as density, volatility, diffusion, and viscosity [97, 102]. 

Differences in these factors often cause fuels with similar research and motor octane 

numbers to demonstrate distinguishable effects on the combustion, emissions and 

performance of a DISI engine [98, 101].  Several studies have investigated the effects of 

fuel composition on various aspects of a DISI engine. Davy et al. [18] conducted an 

experimental study to explore the effects of fuel composition on mixture formation in a 

DISI engine; they concluded that mean droplet diameter and mixture formation are strong 

functions of fuel composition, critically affecting combustion and emissions. Carlisle et al. 

[19] examined the effects of fuel composition and T90 on deposit formations on injectors. 

The role of the aromatic content was found to be significant in promoting injector deposits, 

while the effects of olefins and T90 was inconsequential. Zigan et al. [20] experimentally 

investigated the effects of fuel properties and ambient conditions on spray breakup and 

evaporation. At higher temperatures, the droplet evaporation rate was governed primarily 

by composition; the heavier fractions in multicomponent fuels increased the spray liquid 

lengths.  
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In the present investigation, two FACE gasolines--FACE F and G--with similar anti-knock 

index (AKI) and different physical and compositional aspects (Table 4-1), were studied in 

a single cylinder DISI research engine across a range of experimental conditions. Figure 4-

1 represents the advanced distillation curve (ADC) measurement for FACE F and G. The 

advantages of ADC over conventional ASTM D-86 are:  

1. Temperature is measured in a kettle, a thermodynamic point which can be modelled 

using equation of states.  

2. The experiment does not allow volatile fraction to escape the distillation column, 

and minimizes reflux by design.  

3. The distillate is sampled in level stabilized columns, allowing precise measurement.  

Table 0-1: Comparison between gasoline FACE F and FACE G 

Properties FACE F FACE G 

RON 94.4 96.5 

MON 88.8 85.4 

AKI (RON+MON)/2 91.6 91 

S (RON-MON) 5.6 11.1 

H/C ratio 2.1 1.83 

LHV(KJ/Kg) 44361 43268 

n-paraffins* 4.4 6.73 

iso-paraffins* 67.56 38.43 

cyclo paraffins* 10.98 10.5 

aromatics* 7.72 35.76 

olefins* 9.42 6.82 
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Figure 0-1: Advanced distillation curve profile for FACE F and FACE G from Burger et al. [46] 

This study incorporates engine experiments, GT-power simulations and enhanced 

application of fuel properties to explain how compositional differences of FACE F and G 

affect various in-cylinder processes and emissions. 

4.2 Experiment 

Engine experiments were conducted in a single cylinder DISI engine (AVL 5405) at 1500 

RPM and at different load conditions (40, 60, 80 and 100%). The exhaust gasses were 

examined for concentrations of regulated emissions of CO, HC, CO2 and NOx with an 

exhaust gas analyzer (AVL AMA i60) and a smoke meter (AVL 415s) to obtain the filter 

smoke number (FSN). Fuel was injected with a centrally mounted piezoelectric gasoline 

direct injection (GDI) injector at a pressure of 135 bar. The engine pressure traces were 

located with a resolution of 1 CAD and averaged for 330 cycles. Details of the engine and 

fuel injection system are provided in Table 4-2. The engine was operated at two sets of 

operating conditions: the first set was carried out with early fuel injection timings with 

spark at TDC (Table 4-3). The second set involved early fuel injection with advanced spark 

timings (Table 4-4). The first set was intended to simulate homogenous DISI conditions 
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across different loads, however, owing to the differences in density and volatility of fuels, 

the degree of premixing at spark might be different. In the second set, spark timing was 

advanced to attain maximum brake torque (MBT). Along with other factors, MBT depends 

on fuel burn rates, which are different for both the fuels, and result in difference in cylinder 

conditions. Throughout the experiments, the engine was operated at λ= 1. The coolant and 

oil temperature were maintained at 80±2 °C and intake air was conditioned to maintain 1 

bar, 25 °C and 6 g/Kg of humidity during the experiments.   

Table 0-2: Details of AVL single cylinder research engine used in this study 

Engine-DISI AVL SCRE Gasoline Engine 

Cylinder bore 82.00 mm 

Stroke 86.00 mm 

Swept volume 454.00 cm3 

Injection pressure 135 Bar 

Compression ratio 11.5 

Lambda ( 𝜆 ) 1 

Engine RPM 1500 

Injector Bosch 7 hole with cone angle 142° 

Injector orifice diameter 0.18 mm 

IVO: -360 °CA IVC: -140 °CA 

EVO: 140 °CA EVC: 360 °CA 
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Table 0-3: Experimental details of first set of experiments at various load conditions 

 

Table 0-4: Experimental details of second set of experiments at various load conditions 

 

 

Compositions of FACE F and G gasolines [10] were obtained with detailed hydrocarbon 

analysis (DHA) in compliance with ASTM standards D6733 and D6730 [26]. Detailed 

thermodynamic data were also compiled for all the species of FACE F and G to generate 

NASA [103] polynomials and predict the gas phase thermodynamic properties of these 

fuels. 

4.3 Engine modelling with GT-power 

An engine model (AVL 5405) was created using GT power software (version 7.5.0 build 

4 [104]). A closed cycle method (from IVC to EVO) was employed with precise details of 

engine operation and geometry, as mentioned in Table 4-3. GT power engine simulations 

were performed using the reverse-run methodology to retrace experimental pressure data 
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with a modeled pressure trace. The reverse run method employs a two-zone model for 

analysis of the combustion chamber (burned and unburned zone), the burned zone 

consumed fuel from the unburned zone, depending on the burn rate. Burn rate calculations 

were performed at each time step, as a charge transfer rate from unburned to burned zone, 

and eventually defining several parameters, including heat release rate, combustion 

phasing and predicted pressure profile. During the simulation, it was assumed that all the 

constituents in the cylinder were initially in the unburned zone, including residual gases 

from the previous cycle and EGR (none in this case). The two zones were separated by an 

infinitely thin flame front and no heat exchange was allowed between the two zones. The 

cylinder pressure was considered spatially uniform during the calculations and all the 

gasses behaved as ideal. During simulations, the engine model required various input 

parameters, including experimental pressure profile, emission concentrations, injected fuel 

quantity and a convective heat transfer coefficient between the in-cylinder media and the 

walls. Here, heat loss was modelled as forced convection with the heat transfer model 

proposed by Woschini [105]. These parameters were utilized within the model to predict a 

pressure trace, which was eventually matched with experimental pressure data by adjusting 

the convective heat transfer coefficient. The convective heat transfer coefficient (h) was 

assigned a discretized range of values using the design of experiments (DOE) tool during 

the simulation. The DOE functionality allowed discretized variation of h within this pre-

defined range and the value of h, providing that the closest match between experimental 

and modeled pressure data was taken as an optimum value for the respective set of 

experiments. The engine model could then predict several in-cylinder crank resolved 

parameters by means of a tuned modeled pressure profile. This exercise was repeated for 
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both sets of experiments to capture actual heat loss characteristics of the engine in its 

respective experimental states. Furthermore, in cases where MBT conditions were attained 

by spark advance, mild knock was experimentally observed, and a knock analysis 

(KnockAnalysis) object was added to the GT power engine model to account for knock in 

the end gas zone by detecting and characterizing pressure oscillations. Because the focus 

of this study is the effect of physical properties on engine combustion, it was imperative to 

use surrogate fuels that accurately represented physical, thermodynamic and chemical 

kinetic properties of FACE F and G. A recent study by Sarathy et al. [10] investigated 

ignition chemistry of FACE F and G together with multi-component surrogate fuels for 

each fuel and detailed chemical kinetic modeling simulations. The multi-component 

surrogates matched multiple physical properties and satisfactorily predicted ignition delay 

over wide ranges of pressure, temperature and equivalence ratio regimes. In this study, the 

multi-component LLNL surrogates have been utilized for engine modeling and analysis 

because of their relatively simpler composition, compared to KAUST multi-component 

surrogates. The detailed combustion chemistry model developed in Sarathy et al. [10] was 

also used.  

The fuel library within the standard GT-power software distribution did not include all the 

species needed to describe LLNL surrogate fuels, so it was modified to accommodate the 

following species: cyclopentane, 1-hexene and 1,2,4-trimethylbenzene. The properties for 

the fluid and vapor objects for GT-power were taken from the NIST webbook [106]. 

Composition and properties of surrogates are shown in Tables 4-5 and 4-6, respectively. 

Distillation curves for FACE F and G, along with respective surrogates, are shown in Figs. 
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4-2 and 4-3. The distillation profiles for surrogates were calculated with Refprop [61], 

using methodology described by Ahmed et al. [59] 

Table 0-5: Composition of surrogate fuels in mole percentages for FACE F and FACE G reported in Sarathy et al. 

[108] 

Palette compound 
FGF-

LLNL 

FGG-

LLNL 

n-butane 0 0 

2-methyl butane 0 0 

2-methyl hexane 0 0 

cyclopentane 14 14 

1,2,4-trimethylbenzene 0 31 

1-hexene 14 9 

n-heptane 7 8 

2,2,4-trimethylpentane 53 38 

toluene 12 0 

 

Table 0-6: Properties of FACE F, FACE G and surrogates reported in Sarathy et al. [108] 

Properties FACE F 

FGF-

LLNL 

FACE 

G 

FGG-

LLNL 

RON 94.4 93.8 96.8 96.4 

MON 88.8 89.5 85.8 85.5 

Density 707 712.37 760 751 

H/C 2.13 2.06 1.84 1.87 

Mwt. 94.8 100.18 98.973 106 

 

 

Figure 0-2: Advanced distillation curve for FACE F and its surrogate FGF-LLNL 
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Figure 0-3: Advanced distillation curves for FACE G and its surrogate FGG-LLNL 

 

4.4 Results and discussion  

Results from GT power simulations are presented in the following section. As discussed, 

the engine experiments and simulations were conducted for 40, 60, 80 and 100% load 

points at 1500 RPM for all cases; however, the results section discusses selected 

experiments and simulations (one partial load condition (40%) and one full load condition 

from each case). These two experimental conditions were selected to discuss the effect of 

fuel properties and composition.  

Different engine experiments are discussed independently to facilitate comparison between 

fuels and their corresponding impact on combustion and emission parameters. Each case 

is described distinctively and different parameters are discussed to highlight the differences 

between the fuels in various experimental settings.  
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4.4.1 Case 1: Early injections with spark timing at TDC  

 

The first set of experimental results discusses the experiments in which FACE F and G 

were injected early (Table 4-4), allowing sufficient time for fuel-air mixing before sparking 

at TDC. Figure 4-4 shows the pressure trace comparison of FACE F and G at full load. 

This experiment detailed the comparison between two fuels in settings where the charge 

was assumed to be predominantly premixed before combustion, however, the degree of 

premixing may have been different. In such a setting, physical properties tend to show 

minimal effect on mixture formation, however, the composition would impact emission 

concentrations and other in-cylinder processes. In this case, FACE F and G were compared 

on three quantities: heat release rate, temperature of burned and unburned zones, and 

emission concentrations. 

 

Figure 0-4:  Pressure trace from engine showing pressure profiles for FACE F and FACE G for early injection and spark 

at TDC 
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Heat release rates (HRR) were calculated as the fraction of total fuel energy (normalized) 

to account for the cumulative effect of mass and energy of fuel injected under full and 

partial load conditions, as shown in Figure 4-5. The HRR comparison for FACE F and G 

highlighted identical combustion phasing and burning characteristics under similar 

experimental conditions. Figure 4-6 shows temperature profiles of unburned fuel air 

mixtures, in which FACE G indicated higher temperature upon compression (by flame 

front and piston) due to lower heat capacity and higher heat capacity ratio (Fig. 4-7). Such 

thermodynamic attributes of a fuel make it more prone to uncontrolled auto-ignition 

(knock) in the end gas zone, compared to a gasoline of equivalent octane index and higher 

heat capacity. Burned zone temperatures were calculated and appear in Fig. 4-8 for both 

fuels. FACE G showed higher temperatures in the burned gas regime, partly due to higher 

pre-combustion temperatures and lower stoichiometric air/fuel ratio, which added higher 

fuel quantity to the engine for the same equivalence ratio.  

 

Figure 0-5: Heat release rate (normalized) as a fraction of total fuel energy vs CAD for FACE F and G for case with early 

injection 
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Figure 0-6: Temperature variation of end-gas (unburned fuel-air mixture) for FACE F and G at partial and full load 

 

 

Figure 0-7: Heat capacity (Cp/R) and ratio of heat capacity (γ) comparison of gasoline FACE F and G 
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Figure 0-8: Temperature variation of burned gas for FACE F and G at partial and full load 

Due to the cascading effects of thermodynamic properties and composition on temperature 

profiles in burned and unburned zones, FACE G showed higher thermal NOx concentration 

(Fig. 4-9) in the exhaust, due to higher peak temperatures. FACE G also exhibited higher 

filter smoke numbers (FSN) across load points (Fig. 4-9), probably due to higher aromatic 

content, which tends to act as a precursor to soot formation. HC emissions could be related 

to unburned fuel mass trapped in the combustion chamber crevices. Another possible 

reason for HC emissions is attributed to absorption of fuel vapor on the cylinder wall 

caused by early injection, which is later desorbed during the exhaust stroke due to reduction 

of pressure in the combustion chamber [102]. In this experiment, absorption of fuel vapor 

seems to be the major cause of HC emissions, since FACE G is less volatile than FACE F, 

which would lead to enhanced absorption on the cylinder liner. 
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Figure 0-9: Pollutant formation comparison: NOx, HC and FSN for FACE F and G at partial and full load 

Differences between the two fuels have been detailed in a predominantly premixed 

combustion setting, on the basis of physical and thermodynamic properties of the fuels.  

4.4.2 Case 2: Spark advance limited by maximum brake torque  

The second set of engine experiments were conducted under MBT conditions attained by 

advancing spark timing for FACE F and G gasolines. The spark timing is critical to 

maximize engine torque, since early spark reduces torque by increasing piston work on 

gasses, while delayed spark minimizes the attained peak cylinder pressure, reducing 

attained torque. To realize MBT, the spark timing should be adjusted to ensure maximum 

work transfer from the expanding combustion gases to the piston, which also facilitates 

minimum brake specific fuel consumption (BSFC). The magnitude of the spark advance 

required to reach MBT increases as engine rpm increases. 

However, while the spark advance enables maximum power output, it also increases in-

cylinder burned and unburned gas temperatures, resulting in a higher probability of auto-

ignition in the unburned zone, and higher NOx formation in the burned zone. Figure 4-10 
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shows an experimental pressure trace from such an experiment for FACE F and G; Table 

4-5 presents the experimental conditions for this case.  

As detailed in Table 4-5, a higher spark advance was needed for FACE F at full and partial 

load conditions than required for FACE G to reach MBT. As discussed earlier, the higher 

spark advance indicates lower burn rates, or higher burn duration under respective 

experimental conditions. In Fig. 4-11, FACE F confirmed a lower burn rate than FACE G 

across loads, which could be attributed to relatively higher IMEP (Fig. 4-11) and lower 

burn temperatures (Fig. 4-12).  

The comparison in Fig. 4-11 also highlights the effect of pressure and temperature on burn 

rates. Despite predominantly lighter composition, FACE F showed a slower burn rate due 

to in-cylinder ambient conditions. 

 

Figure 0-10: Pressure trace from engine showing pressure profiles for maximum brake torque in FACE F and FACE G 

A spark advance leading to MBT also yielded higher temperatures in the end gas zone, 

corresponding to the thermodynamics of the fuel-air mixture, and promoting the possibility 

of auto-ignition. Such an event is presented for FACE F and G at 100 % load in Fig. 4-13; 
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pressure fluctuations (kp) confirm the existence of auto ignition in the end gas zone. FACE 

G had higher RON and sensitivity than FACE F and was expected to show a higher octane 

index (OI=RON-KS) under severe combustion environments. This effect of a higher octane 

index is evident in Fig. 4-13, where FACE G shows similar magnitude of pressure 

fluctuations despite higher end gas temperatures, confirming FACE G’s higher resistance 

to knock. 

 

Figure 0-11: Burn rates (normalized by total fuel mass) for different cases for FACE F and G for MBT events. 

 

Figure 0-12: Burned zone temperatures for FACE F and FACE G at various load points under MBT conditions 
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Figure 0-13: Temperature profiles of unburned charge for FACE F and G and their knock intensities under MBT 

conditions 

 

Due to consistently higher peak temperatures across the load points, FACE F and G showed 

a jump in NOx emission concentrations compared to Case 1, as shown in Fig. 4-14. 

Because of these higher NOx concentrations at MBT, the spark timing was set slightly 

lower--or higher than required for MBT. The soot concentration indicated by FSN showed 

a sharp increase for FACE G upon spark advance, however, FACE F showed no significant 

variation. Such behavior was observed earlier by Maricq et al. [107] and could be explained 

by higher burn rates, higher spark advance and heavier composition of FACE G. 

Cumulatively, these factors allow less time for fuel evaporation and they contribute to 

higher soot concentrations by allowing fuel rich pockets within the combustion chamber. 

However, such factors seem to be less significant for FACE F due to slower burn rates 

under existing experimental conditions and predominantly lighter composition. 
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Figure 0-14: Emissions concentrations for the case of maximum brake torque: HC, NOx and FSN 
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12.  

13. Chapter 5: Autoignition Characteristics of Oxygenated Gasolines 
 

 

Gasoline anti-knock quality, defined by the research and motor octane numbers (RON and 

MON), is important for increasing spark ignition (SI) engine efficiency. Gasoline knock 

resistance can be increased using several blending components. For over two decades, 

ethanol has been a popular anti-knock blending agent due to its production from bio-

derived resources. This work explores the oxidation behavior of two oxygenated 

certification gasoline fuels and the variation of fuel reactivity with molecular composition. 

Ignition delay times of Haltermann (RON = 91) and Coryton (RON = 97.5) gasolines were 

measured in a high-pressure shock tube and in a rapid compression machine at three 

pressures of 10, 20 and 40 bar, at equivalence ratios of ϕ= 0.45, 0.9 and 1.8, and in the 

temperature range of 650–1250 K. The results indicate that the effects of fuel octane 

number and fuel composition on ignition characteristics were strongest in the intermediate 

temperature (negative temperature coefficient) region. To simulate the reactivity of these 

gasolines, three types of surrogates, consisting of three, four and eight components, were 

proposed and compared with the gasoline ignition delay times. It was shown that more 

complex surrogate mixtures were needed to emulate the reactivity of gasoline with higher 

octane sensitivity (S = RON–MON). Detailed kinetic analyses were performed to illustrate 

the dependence of gasoline ignition delay times on fuel composition and particularly, on 

ethanol content. 
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5.1 Introduction 

Many advanced combustion engine technologies have been proposed in recent years to 

achieve higher efficiency and lower emissions. Most of these technologies revolve around 

low temperature combustion (LTC) concepts and include variants such as homogeneous 

charge compression ignition (HCCI), partially premixed combustion (PPC) and reactivity- 

controlled compression ignition (RCCI) [108-110]. New combustion modes used for 

advanced combustion engines are controlled mainly by the autoignition of the fuel/air 

mixture. Therefore, fundamental understanding of the chemical kinetics of fuel combustion 

is essential in the development and optimization of these new engine technologies [111]. 

Gasolines are one of the most widely used light duty automotive fuels; they are complex 

mixtures of hundreds of chemical compounds like alkanes, aromatics, naphthenes and 

olefins, which complicate the development of a detailed reaction mechanism that includes 

all the components and predicts gasoline ignition behavior. Because of this complexity, a 

popular approach to describing the combustion behavior of gasoline is to use a surrogate 

fuel with several reference components. Various gasoline surrogates, ranging from single 

to multi-components, have been proposed in the literature [112-115]. Given their relatively 

well-validated chemistry, the primary reference fuels (PRFs), which are binary blends of 

n-heptane and iso-octane, have been widely adopted; however, previous studies have 

shown that PRFs may not be suitable surrogates over a wide range of engine operating 

conditions [8-11]. The physical and chemical properties of PRFs are different from those 

of real gasoline fuels because they contain not only alkanes and iso-alkanes, but also 

cycloalkanes, aromatics, alkenes and oxygenates [116-119]. Several recent studies 
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proposed a ternary mixture of PRF/toluene instead (also known as toluene primary 

reference fuels, TPRFs) as gasoline surrogates [120-122]. By adding toluene to PRFs, 

TPRFs gain the inherent fuel sensitivity of gasoline, and significantly aid in the 

development of simple gasoline surrogate models that capture important combustion 

metrics [34, 123], such as ignition delay time and flame speed. With the availability of 

complex reaction mechanisms for many different alkenes [124] and cycloalkanes [125], 

four- and five-component surrogates containing 1-hexene and 1-pentene (representing 

alkenes and methylcyclohexane representing cycloalkanes, respectively), have also been 

proposed [23, 126, 127]. Recently, Sarathy et al. [128] and Ahmed et al. [129] proposed 

multi-component surrogates to reproduce the low-temperature auto-ignition behavior of 

transportation gasoline fuels. In addition to various hydrocarbon classes present in gasoline 

fuels, the employment of oxygenated fuels, such as ethanol in liquid transportation fuels, 

has grown significantly in recent years. Various countries, such as Germany, France, 

Finland and the U.S., use ethanol as a blend of 10% by volume (E10); and the ethanol 

content in blends is anticipated to increase into the future [130]. The key drivers for this 

positive prospect of oxygenate usage are CO2-emission legislation and targeted biofuel 

shares in the transportation sector [59].  

Fundamental experimental combustion studies on fully blended gasoline fuels are scarce. 

A few studies have focused on measuring their auto-ignition behavior in shock tubes and 

rapid compression machines. The work of Gauthier et al. [131] on the autoignition of full-

blend, non-oxygenated, research grade gasoline (RD 387) in a shock tube has been used 

extensively to validate various surrogate models reported in the literature [132-134]. The 

shock tube experiments were conducted over relatively high temperatures of 850 –1280 K, 
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at pressures in the range 15 – 60 atm, and varying equivalence ratios of φ = 0.5, 1.0, and 

2.0. To study the auto-ignition of gasoline at low temperatures, Kukkadapu et al. [135] 

measured ignition delay data of RD 387 using an RCM in the temperature range of 640 – 

955 K, at compressed gas pressures of 20 and 40 bar for equivalence ratios ranging from 

0.3 to 1.0. In ref. [136], the ignition delay data were simulated using a quaternary gasoline 

surrogate model developed by Mehl et al. [137], consisting of 57% iso-octane, 16% n-

heptane, 23% toluene and 4% 2-pentene (by volume). Recently, Kukkadapu et al. [138] 

studied the autoignition characteristics of two gasoline surrogates, suggested by Mehl et 

al. [43] and Gauthier et al. [139], using an RCM at elevated pressure and low temperature 

conditions with lean fuel/air mixtures. Sarathy et al. [140] investigated the ignition 

characteristics of two non-oxygenated alkane-rich FACE (fuels for advanced combustion 

engines) gasoline fuels, and their corresponding PRF blend, in a shock tube and a rapid 

compression machine and they proposed multi-component surrogates containing iso-

pentane, 2-methylhexane, iso-octane, n-butane, n-heptane and toluene. In another recent 

study, Sarathy et al. [36] examined the ignition behavior of two high-sensitivity FACE 

gasoline fuels and demonstrated the superior performance of multi-component surrogates 

over binary and ternary surrogates. To the authors’ knowledge, a detailed autoignition 

study of full-blend gasoline containing oxygenates such as ethanol is not available in the 

literature. Octane number variation, caused by the addition of ethanol to gasoline fuel 

surrogates such as PRF and TPRF, has recently been investigated in engine studies [37, 

38]. Two studies [39, 40] have been conducted to suggest surrogate formulations and 

chemical kinetic modelling of fuels containing ethanol. 
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The objectives of this study are twofold. The first goal was to investigate autoignition 

characteristics of two oxygenated gasoline fuels over a wide range of pressure (10 – 40 

bar), temperatures (650 – 1250 K) and equivalence ratios in a shock tube and a rapid 

compression machine. Ignition delay time in gasolines with ternary, quaternary and multi-

component surrogates was compared next to suggest suitable surrogates for ethanol-

containing gasolines. A chemical kinetic model was developed to simulate ignition delay 

times of the multi-component surrogate and assess the fidelity of the surrogate model in 

capturing gasoline auto-ignition behavior. 

5.2 Methodology 

5.2.1 Shock tube 

All measurements were made in a stainless steel shock tube of 63.5 mm inner diameter 

with a driver section 3 m in length, as described in detail previously [141]. The driver and 

driven sections of the shock tube were separated by a diaphragm chamber housing two 

aluminum diaphragms, scored to a specific depth, depending on the desired pressure behind 

the reflected shock wave. Shock waves were generated on pressure bursting of the 

diaphragms causing instantaneous heating of the fuel–air mixture contained in the 5.7 m 

long driven section. Shock velocities were determined using six piezoelectric pressure 

sensors (PCB 113A) mounted at 10, 150, 430, 710, 1025 and 2585 mm from the end-wall 

of the driven section. An additional pressure sensor (Kistler 603B) was mounted directly 

on the end-flange of the tube to detect the pressure rise due to ignition. Incident shock 

speed at the end-wall was determined using linear extrapolation of the axial velocity 

profile. Using the equilibrium program Gaseq [142], the incident shock speed was applied 
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to calculate the reflected temperature (T5) and pressure (p5) behind the reflected shock 

wave. 

Gasoline/air mixtures were prepared in a stainless-steel mixing vessel; a magnetically 

controlled fan enhanced the mixture homogeneity. Mixtures were prepared manometrically 

using Baratron pressure manometers. To prevent condensation, the mixing vessel, 

manifold and shock tube were heated to 393 K with electrical resistance heaters. Typically, 

mixtures were homogenized for at least two hours prior to the experiments. From the 

estimated uncertainties in the measured shock velocity and the initial temperature, total 

uncertainty for the temperature behind the reflected shock was calculated to be 

approximately ±15 K. Ignition delay time was defined as the time interval between the 

arrival of the incident shock at the end-wall and the ignition event, recorded by an an abrupt 

pressure rise in the end-wall pressure signal, as shown in Fig. 5-1. The overall uncertainty 

in measured shock tube ignition delay times was ~ 20%. 
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Figure 12-1: Gasoline/air pressure profile showing definition of ignition delay time for shock tube experiments. 
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5.2.2 Rapid compression machine (RCM) 

The ignition delay times at intermediate and low temperature were measured using a rapid 

compression machine (RCM) facility, described in detail in earlier publications [143-147]. 

The NUIG RCM is pneumatically driven and hydraulically controlled, and compression 

times are relatively short at ~ 16 ms compared to > 20 ms in single piston RCM facilities 

[148, 149]. The short compression time results from simultaneous movement of the twin 

opposed pistons. Creviced piston heads were used in this study to suppress the formation 

of a rollup vortex [150]. The initial temperatures and pressures and diluent compositions 

(N2, Ar and CO2) were adjusted to vary the compressed temperature of the gas mixture at 

a nominal compressed pressure. To avoid condensation of the two gasoline fuels 

(Haltermann and Coryton), which have saturation vapor pressures of 49.64 kPa and 59.80 

kPa respectively at 310 K, the reaction chamber was wrapped in double-strand heating tape 

(Flexelec, 1250 W) and insulated using a single layer of insulation tape (Zetex 1000). 

Additionally, six cartridge heaters (hotrod R Type HHP 6.5 mm) were inserted into the 

sleeve wall around the piston head at the start of the compression for a homogenous 

temperature near the piston heads. Sufficient time was allowed to elapse for the 

temperature to stabilize in the reaction chamber and in the sleeves at each temperature 

setting. Initial temperatures of up to 393 K were studied at a constant geometric 

compression ratio.  

 Pressure-time profiles were measured using a dynamic pressure transducer (Kistler 

601A), transferred via an amplifier (Kistler 5018) to the oscilloscope (Picoscope 4424, 

USB PC oscilloscope), and ultimately recorded digitally on a computer using Picolog PC 

software. Ignition delay time was defined as the time difference between the end of 
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compression and the maximum rate of pressure rise due to ignition. Figure 5-2 illustrates 

the definition of ignition delay time used in this study, where dp/dt is the time derivative 

of the pressure trace. The local maximum of dp/dt in the time after compression is defined 

as the point of ignition. From the experimental pressure trace and the initial experimental 

conditions (i.e., initial temperature (T0) and initial pressure (p0)), the compressed gas 

temperature, TC, was calculated using the following isentropic relation:  
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0

ln
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                                                                                  (5-1) 

where pC is the pressure at end of compression and γ is the ratio of specific heat at constant 

pressure to specific heat at constant volume. The compressed gas temperatures determined 

in this manner were then plotted against the measured ignition delay times to obtain overall 

reactivity profiles of the two gasoline fuels. The uncertainty in the end of compression 

temperature was < 1% , this was derived primarily from uncertainties in pressure 

measurements and in the 𝛾 value of the mixture. The overall uncertainty in RCM ignition 

delay times was ~ 15%.  
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Figure 12-2: Representative pressure profile and pressure derivative from rapid compression machine experiments. 

(definition of ignition delay time shown) 

Mixtures were prepared in a heated mixing tank. As both gasolines were liquids at room 

temperature, they were injected into the heated mixing tank using a gas-tight syringe; the 

partial pressure of fuel was monitored using an MKS pressure transducer. The amount of 

fuel injected was controlled by measuring tank pressure. Oxygen and diluent (nitrogen, 

argon and/or carbon dioxide) were added to the tank to the desired pressure. The molar 

ratio of oxygen to diluents was 1:3.76 (simulated air).  Nitrogen (CP Grade) 99.95%, argon 

(research grade) 99.9995%, oxygen (medical grade) 99.5% and carbon dioxide (research 

grade) 99.999% were all supplied by BOC Ireland and used without further purification. 

The molar composition of mixtures for both fuels are shown in Table 5-1. The mixtures sat 

for two hours before use to ensure homogeneity. To account for heat loss in RCM ignition 

experiments, the volume history of the experiments was included in the kinetic simulation 

[151]. Volume profiles were based on the pressure profiles of non-reactive mixtures, where 

oxygen was replaced by nitrogen in the corresponding reactive mixture. 

Table 12-1: Composition of two gasoline mixtures for various equivalence ratios. 

φ 
Mole percentage (%) 

gasoline O2 diluent 
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Haltermann (RON = 91) 

0.45 1.020 20.794 78.186 

0.90 2.020 20.584 77.396 

1.80 3.959 20.177 75.864 

 

Coryton (RON = 97.5) 

0.45 1.015 20.795 78.190 

0.90 2.009 20.586 77.404 

1.80 3.940 20.181 75.880 

 

 

5.3 Fuel characterization 

The two certification oxygenated gasolines used in this work were supplied by Coryton 

Advanced Fuels and Haltermann Solutions. The gasoline compositions were determined 

using detailed hydrocarbon analysis (DHA) at Saudi Aramco’s Research and Development 

Center, following the standard test methods ASTM D6733 and D6730. The vendors’ 

certificate of analysis also provided a distribution of hydrocarbon groups, such as n-

paraffins, iso-paraffins, olefins, naphthenes, and aromatics (PIONA). A good agreement 

was observed between the PIONA and DHA results. The DHA methodology was 

comprehensive in nature and it provided complete isomeric resolution of all species in the 

gasoline sample. Both the DHA of Coryton and Haltermann resulted in identification of > 

99.8% of species in each gasoline. The complete DHA report is provided as Supplementary 

Material. Table 14 lists some key properties of the two gasoline fuels. Both Coryton and 

Haltermann fuels had significant fractions of oxygenates (ethanol), paraffins, iso-paraffins, 

olefins, naphthenes and aromatics, as shown in Table 5-2. The main difference between 

the gasoline fuels used here compared to previous studies was in the oxygenated content; 

the Coryton and Haltermann gasolines fuels contained 8 mole % and 17 mole % ethanol, 
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respectively; the RD 387 used in [33, 108, 152-154] was a research grade gasoline with no 

oxygenates. 

Table 12-2: Key properties and composition of the gasoline fuels. Compositions calculated using DHA. 

 Haltermann  Coryton  

RON 91 97.5 

MON 83.4 86.6 

Sensitivity 7.6 10.9 

H/C ratio 1.97 1.776  

     

 Vol % Mol % Vol % Mol % 

oxygenates   8.2  16.8 4.0  8.2 

paraffins  13.4  12.2 10.0  10.1 

iso-paraffins 33.7  26.1 38.5  31.9 

olefins 6.8  6.3 10.0  11.2 

naphthenes 15.2  15.6 5.1  5.0 

aromatics 22.7  22.9 32.4  33.6 

 

 

DHA was used to calculate the EPIONA (ethanol + PIONA) distribution, carbon types, 

H/C ratio, and average molecular weight of the Coryton and Haltermann fuels. The RON, 

MON, density and distillation curves (ASTM D-86) were measured by the suppliers. 

5.4 Surrogate formulation 

Surrogate fuels are designed to capture certain target properties of the real fuel which may 

be related to the physical and/or chemical behavior of the fuel under investigation. The 
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selection of appropriate target properties is vital to the success of a surrogate. A well-

designed surrogate fuel and a well-validated chemical kinetic model facilitate predictive 

combustion simulations in numerous configurations. Previous surrogate formulation 

strategies for gasoline fuels have utilized AKI [155], sensitivity [40, 156, 157] [20, 26, 39], 

H/C ratio [129, 158, 159] [20, 24,39], PIONA [25, 160] [20,39], RON [33, 153, 161, 162] 

[22,23,26,39], MON [33, 153, 163, 164] [22,23,26,39], carbon types [165] [24], average 

molecular weight [165], and distillation curve/volatility [164, 165] as target properties. 

Targeting properties such as H/C ratio and PIONA allow the accurate prediction of density 

and lower heating value (LHV) [33, 165].  

Primary reference fuel (PRF, mixture of n-heptane and iso-octane) is the simplest surrogate 

for gasoline fuels; however, a single PRF mixture cannot capture both RON and MON of 

gasoline because PRFs have zero sensitivity. Therefore, for high-sensitivity gasolines, like 

those investigated here, PRF surrogates were not expected to capture the auto-ignition 

behavior of gasolines at low and intermediate temperatures [137]. Neither can a simple 

surrogate emulate other chemical and physical properties of gasoline; therefore three types 

of surrogates were examined for the two gasoline fuels studied here. Surrogate properties 

and compositions are compared with the gasoline fuels in Table 5-3 and Figure 5-3. 

1) Ternary TPRF (toluene, n-heptane, iso-octane) surrogates 

TPRF surrogates for the Haltermann and Coryton fuels were formulated based on 

correlations developed by Kalghatgi et al. [54]. Their correlations calculated the TPRF 

surrogate composition required to emulate the RON and sensitivity of the target fuel. They 

are denoted as HG-TPRF for the Haltermann gasoline (HG) and CG-TPRF for the Coryton 
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gasoline (CG). These surrogates have RON and sensitivity (S = RON – MON) equal to 

those of the Haltermann and Coryton fuels, respectively. Experimental ignition delay times 

of a variety of TPRF blends, including the two used here, have recently been measured by 

Javed et al. [154] in shock tube and rapid compression machines over a wide range of 

conditions. Those experimental data, as well as kinetic simulations of TPRF surrogates, 

are compared here with the measured ignition delay times of the two certification gasolines 

in the current work.  

2) Quaternary (ethanol, toluene, n-heptane, iso-octane) surrogates 

Because the gasoline fuels used in this study contain ethanol, four-component surrogates 

consisting of n-heptane, iso-octane, toluene and ethanol, are proposed, based on the method 

presented by Anderson et al. [166] for estimating the octane number of alcohol-gasoline 

blends. These ethanol-containing surrogates are labelled HG-TPRFE and CG-TPRFE for 

the Haltermann and Coryton fuels, respectively.  

3) Multi-component surrogates 

The detailed hydrocarbon analyses (DHA) of Coryton and Haltermann fuels were used to 

select a palette of species for multi-component surrogate formulation. Based on DHA, n-

butane, n-heptane, 2-methylbutane, 2,2,4-trimethylpentane, 1-hexene, cyclopentane, 

cyclohexane, toluene, 1,2,4-trimethylbenzene and ethanol were selected as surrogate 

palette species. These species were chosen based on their presence in the DHA and on the 

availability of detailed kinetic mechanisms. 

In addition to RON and MON, several other target properties were identified to formulate 

multi-component surrogate mixtures. Surrogates with eight species were formulated to 
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match the RON, MON, PIONA, H/C ratio, carbon types, average molecular weight, 

density, and distillation characteristics for Coryton and Haltermann fuels, using the 

methodology developed previously at KAUST [27]. This approach achieved the optimal 

surrogate composition by minimizing an objective function representing the difference 

between the target properties of the real fuel and the corresponding properties of the 

surrogate mixture. RON and MON of the surrogate mixtures were calculated based on 

linear ____ ??  by mole blending of the various individual palette compounds. The 

distillation points and density for surrogate mixtures were calculated using the REFPROP 

simulation tool coupled to a MATLAB algorithm, as described by Mueller et al. [57]. It is 

notable that the standard distribution of REFPROP does not support property calculations 

for mixtures comprising pairs of some molecules, namely, n-heptane/ethanol, 1,2,4-

trimethylbenzene/ethanol and ethanol/1-hexene. Based on suggestions from Dr. Eric 

Lemmon at NIST (in personal communication), certain approximations have been made to 

conduct property calculations for such mixtures in this study. Here, n-heptane has been 

approximated as n-hexane, 1-hexene has been approximated as 1-butene and 1,2,4-

trimethylbenzene has been approximated as ortho-xylene. These approximations add some 

uncertainty to the properties reported, but they could not be quantified without 

experimental investigation of the interaction parameters between these species. The 

compositions of surrogates formulated using the KAUST methodology are presented in 

Table 5-3. These surrogates are labelled HG-KAUST and CG-KAUST for Haltermann and 

Coryton fuels, respectively. The multi-component surrogates adequately captured many 

properties of the target gasolines, such as RON, MON, H/C ratio, density, average mole- 

cular weight, EPIONA, carbon types and distillation curves. 



 

111 
 

HG-TPRF

HG-TPRFE

HG-KAUST

HG

 b) Coryton

Cycloalkanes
alke-

nes
oxygenatesaromaticsiso-alkanesn-alkanes

cyclopentane
1-hex-

ene
ethanol1,2,4-TMB

iso-pentane

       +

iso-octane

n-butane

     +

n-heptane

ethanoltolueneiso-octanen-heptane

tolueneiso-octanen-heptane

A

a) Haltermann

CG-TPRF

CG-TPRFE

CG-KAUST

CG

0 20 40 60 80 100

 mole %

cylco-

alka-

nes

alkenes
oxyge-

nates

toluene
iso-

octane
n-heptane

A

cyclo-

hexa-

ne

1-hexeneethanoltoluene

        

iso-pentane

        +

iso-octane

n-butane

     +

n-heptane

ethanoltolueneiso-octanen-heptane

aromaticsiso-alkanesn-alkanes

 

                 Figure 12-3: Comparison of the composition of gasoline fuels and their surrogates. 
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Table 12-3: Comparison of properties of Haltermann and Coryton fuels and their respective surrogates. Compositions 

are in mole %. 

 
Haltermann 

(HG) 

HG-

TPRF 

HG-

TPRFE 

HG-

KAUST 

Coryton 

(CG) 

CG-

TPRF 

CG-

TPRFE 

CG-

KAUST 

RON 91 91a 91 a 91.5 a 97.5 97.5 a 97.5 a 99.2 a 

MON 83.4 83.4 a 85.1 a 82.8 a 86.6 86.6 a 89.8 a 89.9 a 

sensitivity 7.6 7.6 5.9 8.7 10.9 10.9 7.7 9.3 

density (kg/m3) 755 742 756 739 749 828 770 743 

H/C 1.97 1.96 1.97 1.94 1.776 1.41 1.83 1.83 

avg. mol. wt 88.8 105.4 93.9 85.3 90.6 95.1 98.0 86.9 

         

n-alkanes 12.2 17.0 14.4 16.3 10.1 14.3 10.3 10.4 

iso-alkanes 26.1 54.0 40.3 22.5 31.9 8.1 41.0 29.2 

aromatics 22.9 29.0 27.3 24.2 33.6 77.6 39.9 34.3 

oxygenates 16.8  18.0 14.7 8.2  8.8 9.3 

alkenes 6.4   6.9 11.2   12.5 

cycloalkanes 15.6   15.4 5.0   4.3 

 

Table 12-4: Composition of multi-component surrogate mixtures in mole fractions. 

Palette compound HG-KAUST CG-KAUST 

n-butane 0.0715 0.0727 

2-methyl butane 0.1382 0.0865 

ethanol 0.1469 0.0934 

cyclopentane 0.1540 0.0000 

1,2,4-trimethylbenzene 0.2418 0.0000 

1-hexene 0.0691 0.1246 
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n-heptane 0.0912 0.0311 

2,2,4-trimethylpentane 0.0873 0.2061 

toluene 0.0000 0.3426 

cyclohexane 0.0000 0.0430 

 

5.5 Ignition delay time measurements  

Ignition delay times of Haltermann and Coryton fuels were measured in a shock tube and 

in a rapid compression machine over a wide range of temperatures (650 – 1250 K), at 

pressures in the range of 10 – 40 bar and at equivalence ratios of φ = 0.45, 0.9 and 1.8. All 

measured ignition delay data are provided in tabular form in the Supplementary Material. 

Figure 5-4 shows typical pressure profiles measured in the shock tube, normalized to the 

pressure behind the reflected shock, p5. Pressure profiles depict the expected strong ignition 

at these high to intermediate temperatures. 

 

 

Figure 12-4: Normalized shock tube pressure profiles for stoichiometric Haltermann/air mixture at nominal pressure of 

20 bar. 
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         Due to the interaction of the reflected shock wave with the boundary layer, a pressure 

gradient was observed in all experiments, resulting in an average dp/dt ≈ 2.5 ~ 3.0%/ms. 

This pressure increase was converted to a volume profile and used in ignition delay 

simulations. Representative pressure traces measured in the RCM are shown in Fig. 5-5.  

 

Figure 12-5: Experimental RCM pressure traces obtained at 20 bar, φ = 0.9 for (a) Haltermann, (b) Coryton. 

 

The RCM pressure profiles indicate the presence of two-stage ignition and a negative 

temperature coefficient (NTC) region. Two-stage ignition and NTC behavior were more 

pronounced for the Haltermann than the Coryton gasoline, this can be traced to lower 

sensitivity (RON–MON) and larger fraction of paraffins and naphthenes in the Haltermann 

gasoline. Ignition delay time data for the Coryton (RON = 97.5) and Haltermann (RON = 

91) fuels are presented as a function of pressure in Fig. 5-6. Observe that the mixtures were 

more reactive at higher pressures than at lower pressures, as expected, due to the relative 

increase in concentration. The NTC region was more pronounced at 10 and 20 bar than the 

40 bar data. The effect of pressure was greatest in the NTC region; this effect decreased at 

higher and lower temperatures. Figure 5-6 also shows that the onset of NTC region moved 

to higher temperatures as pressure increased. This phenomenon was observed in several 
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previous studies on hydrocarbon oxidation and is related to the competition between 

hydrogen peroxide decomposition and the lowtemperature chain propagation/termination 

routes. [58, 59]. 

 

Figure 12-6: Influence of pressure on ignition delay times of (a) Coryton and (b) Haltermann, φ = 0.9 in air. Filled 

symbols: shock tube, Open symbols: RCM. 

Figure 5-7 shows the effect of equivalence ratio on the ignition delay times of Coryton and 

Haltermann fuels. In general, fuel-rich mixtures were more reactive than fuel-lean 

mixtures. Like the pressure effect, the dependence of ignition delay times on equivalence 

ratio was strongest in the NTC region, with negligible dependence on equivalence ratio at 

high and low temperatures. These observed trends were consistent with previous ignition 

delay time studies on non-oxygenated gasoline fuels. 
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Figure 12-7: Influence of equivalence ratio on ignition delay times of (a) Coryton and (b) Haltermann at 20 bar. Filled 

symbols: shock tube, Open symbols: RCM. 

A key objective of the current work is to understand how the ignition delay times of the 

two gasoline fuels depend on the composition and the RON/MON. Figure 5-8 compares 

the reactivity of Haltermann (RON = 91, S = 7.6) and Coryton (RON = 97.5, S = 10.9) 

gasolines at various pressures and equivalence ratios. At high temperatures (> 900 K), both 

fuels exhibited very similar reactivity across the range of conditions. However, at 

intermediate temperatures (~ 700 – 850 K), Coryton (black symbols) showed longer 

ignition delay times than the Haltermann (red symbols). This is consistent with the higher 

research octane number of Coryton gasoline. The dependence of ignition delay times on 

the type of fuel appears strongest at 20 bar, compared to the 10 and 40 bar data. For 

example, at 20 bar and φ = 0.9, the ignition delay times of the two gasolines differed by 

almost a factor of two near 770 K. At low temperatures (< 700 K), Haltermann gasoline 

was slightly less reactive than Coryton gasoline. The Haltermann gasoline also exhibited 

more pronounced NTC behavior compared to the Coryton gasoline. These observations 

can be traced to the lower sensitivity of Haltermann gasoline, which results in stronger 

NTC behavior and reduced reactivity (longer ignition delays) at low temperatures. These 
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observations are consistent with previous experimental and modelling works by Sarathy et 

al. [36] and Mehl et al. [60].  

 

Figure 12-8: Comparison of RCM ignition delay data for Coryton (black) and Haltermann (red) at (a) 10, 20, and 40 bar, 

(b) at φ = 0.45, 0.9 and 1.8. Filled symbols: shock tube, Open symbols: RCM. Error bars (15% for RCM, 20% for shock 

tube) shown on some data points 

 

5.6 Comparison of gasoline reactivity with surrogates  

As described earlier, three surrogates were formulated for both Haltermann and Coryton 

fuels. The performance of various surrogates was analysed in detail with the help of 

chemical kinetic simulations. Additionally, the surrogates for Haltermann gasoline were 

experimentally compared by measuring ignition delay times in the RCM at nominal 

pressure of 20 bar and near-stoichiometric; the results are plotted in Fig. 5-9. The 

experimental scatter points show that all surrogates displayed similar ignition delay times 

and tended to capture the gasoline’s ignition behavior at temperatures between 700 and 

900 K. At temperatures below 700 K, the four-component surrogates (HG-TPRFE, blue 

triangle) matched the data more closely than the other two surrogates. At temperatures 

above 850 K however, the HG-TPRFE surrogate appeared to be slower (longer ignition 

delay times) than the gasoline. At low temperatures (< 750 K), the HG-TPRFE surrogate 
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was the most reactive, followed by the HG-TPRFE surrogate and then the HG-KAUST 

surrogate. High paraffinic content in the HG-TPRF mixture lead to faster low temperature 

reactions, while a large fraction of aromatics (1,2,4-TMB), in addition to cycloalkane 

(cyclopentane) and olefins in the HG-KAUST surrogate, caused relatively slow reactivity 

at low temperatures.  

 

Figure 12-9: Comparison of experimental ignition delay results for Haltermann gasoline and its surrogates at pC = 20 

bar. Equivalence ratio φ = 0.9 for Haltermann gasoline and φ = 0.9 for surrogates. Surrogate details in Table 16. 

 

 Reactivity of the surrogates was simulated using the KAUST-LLNL-NUIG 

gasoline surrogate model [43]; the resulting predictions are plotted in Fig. 5-9 (dashed 

lines). These simulations were performed in Chemkin-Pro [61] with imposed volume 

profiles calculated using the non-reactive pressure time-histories measured in RCM 

experiments, where O2 was replaced with N2. Implementation of the volume profiles 

allowed the effect of pressure drop due to heat loss, during the RCM experiments [71]. 

Several observations can be made from the simulations in Fig. 5-9. The HG-TPRF 
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simulations predicted the HG-TPRF experimental data well, indicating that the n-heptane, 

iso-octane and toluene chemistries were adequately represented in the gasoline surrogate 

model [43] (at these specific conditions). The HG-TPRFE simulations predicted the HG-

TPRFE experimental data reasonably well at high and low temperatures, but over-predicted 

the data at intermediate temperatures of 700 – 800 K. This discrepancy may be attributed 

to the deficiency in the ethanol chemistry, or the cross-reactivity of ethanol with n-heptane, 

iso-octane or toluene. Similar intermediate temperature over-prediction was observed by 

comparing the HG-KAUST simulations and HG-KAUST experimental ignition delays.  

 To compare the performance of the various surrogates in predicting the Haltermann 

gasoline reactivity across a wide range of conditions, the measured gasoline ignition delays 

were compared with the surrogate simulations in Fig. 5-10. By examining the comparisons 

at pressures of 10, 20 and 40 bar at an φ = 0.9, several observations are possible. All 

surrogate predictions were nearly identical in the high-temperature region (> 900 K). In the 

40 bar case, the HG-TPRF surrogate predicted the intermediate-temperature (750 – 850 K) 

shock tube ignition delay data more accurately. However, as noted earlier, this surrogate 

was too reactive at low temperatures (< 700 K). For these low-temperature RCM ignition 

data, the HG-TPRFE surrogate appeared to perform best, while the HG-KAUST surrogate 

was somewhat slower in the 20 and 40 bar cases. Comparisons at φ = 0.45 and 1.8 showed 

that the HG-TPRF surrogate captured the variation of gasoline reactivity with equivalence 

ratio well, whereas other surrogates exhibited a slower reactivity than the experimental 

data. All the comparisons indicated minor differences among the predictions of the three 

surrogates; and the simpler three-component TPRF surrogate may be chosen to represent 
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the reactivity of the Haltermann gasoline across a wide range of pressures and equivalence 

ratios.  

 

 

Figure 12-10: Comparison of experimental ignition delay results for Haltermann gasoline and chemical kinetic 

simulations of three surrogates. Solid symbols: shock tube data; Open symbols: RCM data; Solid lines: Constant-volume 

shock tube simulations; Dashed lines: RCM simulations with imposed volume history of non-reactive traces 
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To assess the ability of various surrogates in predicting the reactivity of the Coryton 

gasoline (RON = 97.5, S = 10.9), the measured gasoline ignition delays were compared 

with the surrogate simulations in Fig. 5-11. The high temperature shock tube ignition delay 

data showed that the CG-TPRF surrogate was too slow compared to the experimental data 

and the other two surrogates. This was due to the large fraction of toluene (77.6% by mole) 

in the CG-TPRF surrogate, where toluene is expected to exhibit slow reactivity at these 

temperatures compared to alkanes. A large fraction of toluene was needed in the surrogate 

to match the relatively high sensitivity (10.9) of the Coryton gasoline. The predicted 

reactivity of the CG-TPRF surrogate was also too slow at intermediate and low 

temperatures. Comparing the other two surrogates across the range of pressures and 

equivalence ratios, it can be seen that the CG-TPRFE and CG-KAUST had very similar 

reactivities and reasonably predicted the Coryton gasoline ignition data, except at 40 bar, 

where the surrogates exhibited a slower reactivity than the experimental data. It may be 

argued that the CG-KAUST surrogate showed marginally better performance than the CG-

TPRFE surrogate across the range of conditions explored here. 
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Figure 12-11: Comparison of experimental ignition delay results for Coryton gasoline and chemical kinetic simulations 

of three surrogates. Solid symbols: shock tube data; Open symbols: RCM data; Solid lines: Constant-volume shock tube 

simulations; Dashed lines: RCM simulations; Dashed lines: RCM simulations with imposed volume history of non-

reactive traces 
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5.7 Chemical kinetic analysis 

 

The previous sections examined several similarities and differences between 

experimentally measured ignition characteristics of the Coryton and Haltermann gasoline 

fuels. First, both fuels displayed similar ignition delay times in the low temperature regime, 

below approximately 730 K (1000/T < 1.37). In the NTC regime (730 – 820 K), ignition 

delay times for the Haltermann gasoline were shorter than for the Coryton gasoline. The 

shorter ignition delay times in the NTC regime correlated well with the lower RON and 

MON values of the Haltermann gasoline compared to the Coryton gasoline.  

Simulations with KAUST-LLNL-NUIG multi-component surrogates were shown to 

reproduce the experimentally observed trends for both fuels over a wide range of 

conditions. This section presents simulations and kinetic analysis for the KAUST multi-

component surrogates (CG-KAUST and HG-KAUST) and offers insights into the effects 

of gasoline composition on ignition behavior. It should be noted that simulations with 

NUIG surrogates, comprising toluene, n-heptane, iso-octane, and ethanol, provided 

excellent qualitative and quantitative agreement of the experimental data; these were not 

used for the present analysis because the aim is to provide detailed insights into 

compositional effects on ignition behavior, for which more complex surrogates offered 

higher fidelity. The KAUST multi-component surrogates captured the physical and 

chemical target properties of the gasoline fuels with the highest level of fidelity. The 

analysis here follows methods previously utilized to study ignition characteristics of non-

oxygenated gasoline fuels [8, 130]. 
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Figure 5-12 presents simulated constant volume ignition delay times for stoichiometric 

fuel/air mixtures of CG-KAUST and HG-KAUST surrogates at 20 bar. As observed in the 

experiments, the surrogate simulations displayed similar ignition delay times below 715 K 

(1000/T < 1.4); despite compositional differences in the two surrogate fuels, their ignition 

delay times were very similar. Above 715 K, the simulations show a transition into the so-

called NTC regime, although a true negative slope was not observed. In this region, the 

ignition delay times for HG-KAUST were approximately 20% shorter than those of CG-

KAUST, which was consistent with experimental observations for the Haltermann and 

Coryton fuels. 

 

Figure 12-12: Simulated constant volume ignition delay times for CG-KAUST and HG-KAUST near stoichiometric 

mixtures with air at 20 bar. 

 

Global ignition delay time is governed by the evolution of temperature and intermediate 

radical species during the reactive process. Singh et al. [63] showed that analysis of 

temperature and radical species evolution can be utilized to understand the underlying 

chemical kinetic effects of mixture composition on ignition and octane number. Figure 5-
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13 presents the time-histories of temperature, ȮH radicals, and HȮ2 radicals for 

stoichiometric fuel/air mixtures of CG-KAUST and HG-KAUST mixtures at initial 

conditions of 20 bar and 700 K (left) and 800 K (right). At 700 K, the global ignition delay 

times of both fuels were similar, however this was achieved by a notably different evolution 

of temperature and radical species. The CG-KAUST surrogate showed an earlier first-stage 

ignition with low temperature heat release (LTHR) and an earlier rise in ȮH and HȮ2 

radical concentrations. There was a short delay period before the high temperature heat 

release (HTHR), or the second-stage ignition event. On the other hand, the HG-KAUST 

surrogate showed a later first-stage ignition delay time, LTHR, and a rise in ȮH and HȮ2 

radical concentrations, which transitioned very quickly to second-stage ignition. The 

magnitude of the LTHR and corresponding radical production was greater in CG-KAUST 

than HG-KAUST. The net effect was that both fuels reached global ignition at the same 

time. At 800 K, the global ignition delay times of both fuels were notably different, with 

CG-KAUST being the less reactive. Ignition at this initial temperature condition did not 

display typical two-stage characteristics, as there was no clear LTHR or local maximum of 

ȮH and HȮ2 radical concentrations. Instead, ignition appeared to be governed by an 

intermediate temperature heat release (ITHR) [25, 167] event that transitioned to HTHR. 

The radical concentrations in CG-KAUST and HG-KAUST were similar during the initial 

portion of the reactive process, but then deviated around 10 ms; at this point HG-KAUST 

displayed a significant increase in radical production, which resulted in a shorter global 

ignition delay time compared to CG-KAUST. 
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Figure 12-13: Simulated temperature, ȮH, and HȮ2 (divided by 1000) time-histories for stoichiometric fuel/air mixtures 

at 20 bar 700 K (left) and 800 K (right). Arrows mark points of interest (see text). 

 

The cause of different radical concentrations at 10 ms was investigated using a rate of 

production analysis. Figures 5-14 and 5-15 present reactions contributing to the rate of 

production of ȮH (left) and HȮ2 (right) radicals at 20 bar and 800 K for stoichiometric 

fuel/air mixtures of CG-KAUST and HG-KAUST, respectively. A species dictionary is 

included in the Appendix of Ahmed el al. [42] to accompany these figures. In both fuels, 

the decomposition of H2O2 and CH3OOH (i.e., CH3O2H) contributed to the production of 

ȮH radicals (left panel), but these rates of production were significantly greater in the case 

of HG-KAUST. It is interesting to note that decomposition of aromatic derived 

hydroperoxy radicals were the key pathways to ȮH radical production (i.e., benzyl 

hydroperoxy [BZCOOH] in CG-KAUST and trimethylbenzyl hydroperoxy [O-

XYLCH2OOH and P-XYLCH2OOH] in HG-KAUST). These aromatic-derived 

hydroperoxy radicals originated from the reaction of HȮ2 radicals with benzylic radicals, 

as shown previously by Vanhove et al. [168]. The hydroperoxy radical intermediate was 
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unstable and it decomposed to form ȮH and benzoxyl radicals. The source of HȮ2 radicals 

is shown in the right panel. In addition to the typical Ḣ + O2 and HĊO + O2 reactions, HȮ2 

radicals were also produced in significant quantities by the reaction of alpha-hydroxyethyl 

(SC2H4OH) with O2 to form acetaldehyde (CH3CHO) and HȮ2 radical. This reaction was 

the dominant consumption pathway in ethanol oxidation at low and intermediate 

temperatures, and the cause of its high resistance to autoignition as a pure component [162]. 

The HG-KAUST surrogate had a larger concentration of ethanol, and therefore, the 

aforementioned reaction caused an increased production of HȮ2 radicals compared to CG-

KAUST. In addition, cyclopentane (CPT) was present in the HG-KAUST surrogate, and 

HȮ2 radicals were produced in significant quantities from the concerted elimination of the 

cyclopentyl peroxy radicals (CPTO2J) [35]. This increased HȮ2 radical production in the 

HG-KAUST surrogate lead to an increase in ȮH radical production due to the aromatic 

specific reaction pathways. Thus, the presence of ethanol and cyclopentane lead to the 

production of HȮ2 radicals and 1,2,4-trimethylbenzene, which subsequently reacted with 

HȮ2 radicals, producing ȮH radicals, and creating a synergy that increased the reactivity 

of HG-KAUST at 800 K. 
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Figure 12-14: Rate of production of ȮH (left) and HȮ2 (right) radicals for CG-KAUST stoichiometric fuel/air mixtures 

at 20 bar and 800 K. Rate of production given for time corresponding to 10 ms. 

 

Figure 12-15: Rate of production of OH (left) and HO2 (right) radicals for HG-KAUST stoichiometric fuel/air mixtures 

at 20 bar and 800 K. Rate of production given for time corresponding to 10 ms. 

It was previously shown that simulations using the multi-component surrogate 

quantitatively over-predicted the ignition delay times of the Haltermann and Coryton fuels 

at low and intermediate temperatures. A temperature sensitivity analysis at the time of 

ignition was conducted at 700 K and 800 K to identify the reaction rate parameters that 
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were sensitive at these conditions. Figure 5-16 presents the results at 700 K, while Fig. 5-

17 presents those at 800 K. For the HG-KAUST mixture (left panels), it is clear that 

increasing the rates of H-atom abstraction reactions by ȮH radicals from 124-TMB, 

cyclopentane (CPT), and ethanol (C2H5OH) decreased the reactivity of the system because 

these species do not lead to low temperature chain branching. On the other hand, increasing 

the rates of H-atom abstraction from n-heptane (NC7H16) and iso-pentane (IC5H12), as 

well as promoting any RȮ2 and Q̇OOH isomerization pathways, increased the reactivity of 

the system. The most uncertain reactions were  those specific to 124-TMB and 

cyclopentane (CPT) because these models were newer, and less validation data exists; 

future work should focus on their ignition chemistry as pure components and in mixtures. 

In CG-KAUST, H-atom abstraction from toluene (C6H5CH3) displayed significant 

negative sensitivity at 700 K,` while the reaction of benzyl (C6H5CH2) with HȮ2 radicals 

to form benzyl hydroperoxide (BZCOOH) showed positive sensitivity at 800 K. Reactions 

involving cyclohexane (CHX), 1-hexene (C6H12-1), and ethanol (C2H5OH) also appeared 

in the sensitivity analysis due to their appreciable content in the CG-KAUST surrogate. A 

strong relationship was shown between pathways leading to ȮH radicals from benzyl 

radicals (C6H5CH2) and the production of HȮ2 radicals from cyclohexyl peroxy radicals 

(CHXO2J). Again, the interaction between HȮ2 radicals formed from concerted 

eliminations from cycloalkanes, and their subsequent reaction with aromatic benzylic 

radicals, significantly affected the ȮH radical pool in complex fuel mixtures, and this 

controlled ignition. Therefore, further studies are needed to focus on improved modeling 

of these interactions with simpler binary or ternary mixtures.  
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Figure 12-16: Normalized temperature A-factor sensitivities at the time of ignition for combustion of HG-KAUST (left) 

and CG-KAUST (right) surrogates at 20 atm, stoichiometric fuel/air mixtures, and 700 K. 

 

 

Figure 12-17: Normalized temperature A-factor sensitivities at the time of ignition for combustion of HG-KAUST (left) 

and CG-KAUST (right) surrogates at 20 atm, stoichiometric fuel/air mixtures, and 800 K. 
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Chapter 6: Small Ester Combustion Chemistry: Computational 

Kinetics and Experimental Study of Methyl acetate and Ethyl acetate 

 

Small esters represent an important class of high octane biofuels for advanced spark 

ignition engines. They qualify for stringent fuel screening standards and can be synthesized 

through various pathways. In this work, a detailed investigation of the combustion of two 

small esters, MA (methyl acetate) and EA (ethyl acetate) was performed, including 

quantum chemistry calculations, experimental studies of combustion characteristics and 

kinetic model development. Quantum chemistry calculations were performed to obtain 

rates for H-atom abstraction reactions involved in the oxidation chemistry of these fuels. 

The series of experiments included a shock tube study to measure ignition delays at 15 and 

30 bar, 1000–1450 K and equivalence ratios of 0.5, 1.0 and 2.0, laminar burning velocity 

measurements in a heat flux burner over a range of equivalence ratios [0.7-1.4] at 

atmospheric pressure and temperatures of 298 and 338 K, and speciation measurements 

during oxidation in a jet-stirred reactor at 800–1100 K for MA and 650–1000 K for EA at 

equivalence ratios of 0.5, 1.0 and at atmospheric pressure. The chemical kinetic mechanism 

developed for MA and EA incorporated reaction rates and pathways from recent studies, 

along with rates calculated in this work. The new mechanism generally showed good 

agreement predicting experimental data across the broad range of experimental conditions. 

Combined with the developed kinetic model, the experimental data provided a solid 

groundwork for understanding the combustion chemistry of smaller esters. 
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6.1 Introduction 

 

Co-Optima is a U.S. Department of Energy program for improving the performance and 

efficiency of vehicles by synergistically re-designing fuels and engines. Its major goals 

include improving engine and fuel technology while responding to the market requirements 

of the automotive and oil industries. To address the challenges of fuel optimization, several 

promising fuels [169] have been identified based on stringent screening criteria that 

includes fuel properties, health hazard assessments, bio-degradability, feasibility of 

synthesis, etc. Because of their advantageous physical, kinetic and chemical properties 

(Table 13), small esters (i.e., methyl acetate (CH3C(O)OCH3) and ethyl acetate 

(CH3C(O)OCH2CH3)), are among the fuels shortlisted for advanced spark ignition engines.   

Methyl acetate (MA) and ethyl acetate (EA) have received significant attention recently, 

due in part to increased interest in biofuels. To this end, several fundamental flame studies 

have been conducted with these smaller esters [170-174] to investigate parameters, 

including speciation in low pressure oxidation and pyrolysis. There are also a few studies 

reporting laminar burning velocities for EA [171, 175] and for MA [176].  Autoignition 

studies of MA and EA have been reported by Zhang et al. [177] and  Kumegh et al. [178]; 

but no data was presented for high pressure and undiluted conditions. The high temperature 

oxidation of MA in a jet-stirred reactor (JSR) has been reported [179] for fuel-lean to fuel-

rich conditions; while EA does not appear to have been studied in a JSR. A few studies 

have explored blends of EA in an engine for performance and emission characteristics 

[180, 181], but no such studies were reported for MA. Furthermore, some studies report 
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the rates of H-atom abstraction and unimolecular decomposition for MA [172, 182-184] 

and EA [173, 185-187]. Detailed chemical kinetic mechanisms for smaller esters, including 

MA and EA [170, 172-174], have also been presented, with validation primarily against 

high temperature flame and pyrolysis studies. 

                     

Table 12-5: Properties of methyl acetate and ethyl acetate [170]  

Fuel RON MON 

Density LHV 

[kg/m3] [kJ/kg] 

Methylacetate(MA) 

(MA) (MA) 

120 120 927.4 17.9 

Ethylacetate(EA) 118 120 894.6 21.34 

 

In the present study, comprehensive approaches were adopted to advance the 

understanding of combustion chemistry in smaller esters, while addressing the gap in 

experimental and theoretical studies. Investigations involved quantum chemistry 

calculations, a wide range of experiments, chemical kinetic modelling, and simulation 

analyses. Quantum chemistry calculations were performed for H-atom abstraction by ȮH 

and HȮ2 radicals from MA and EA. The set of experiments included measurements of 

ignition delay times, laminar burning velocities and species profiles from a JSR for the 

oxidation of MA and EA. The series of experiments performed in this work clarify the 

combustion properties of these fuels and provide benchmarks to validate a newly 

developed kinetic model, which is based on earlier work by Westbrook et al. [188]. The 

kinetic model developed here has been updated with more accurate reaction rates and 

pathways from recent theoretical and experimental studies in the literature and the quantum 
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chemistry calculations performed in this work. The model was compared against new data 

from the aforementioned experiments, and in general, good agreement was observed.  

6.2 Methodologies 

6.2.1 Theoretical calculations 

The rate constants for H-atom abstraction from MA by ȮH and HȮ2 radicals have been 

theoretically [182] and experimentally [189, 190] studied in the literature; while for EA 

only theoretical predictions are available for H- atom abstractions by H and HȮ2 [186, 187]. 

In this work, H-atom abstraction reactions from MA and EA by ȮH and HȮ2 radicals were 

investigated theoretically, with detailed considerations of torsional motions and using 

variational transition state theory (TST), as opposed to previous studies which performed 

simpler hindered rotor approximations and conventional TST. Rate constants were 

determined from master equation (ME) calculations performed on a potential energy 

surface (PES) containing the entrance and exit van der Waals (vdW) wells, connected by a 

transition state whose density of states was estimated using variational transition state 

theory. The rates of the entrance and exit channels to and from the vdW wells were 

determined using phase space theory. The advantage of using a master equation to calculate 

the rate constant is twofold: First, a master equation makes it possible to correctly account 

for the effect of the vdW wells and their pressure-dependent energy-resolved population 

on quantum tunneling, and second, it sets a higher limit for the rate constant of the rate of 

formation of the vdW well.  

Details of the electronic structure calculations used to determine the PES for each reaction 

channel are reported as Supplemental Material of Ahmed et al. [191]. Particular care was 

taken to describe conformational effects, accounted for by using one- and two-dimensional 
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hindered rotor models. The use of two-dimensional hindered rotors proved to be of key 

relevance to rate prediction in quantitative agreement with experimental data, as described 

in the Supporting Information of Ahmed et al. [191] and in Section 6.4.1.  

ME calculations were performed using the MESS solver [192]. Density functional theory 

calculations were performed using G09 [193], while CCSD(T) and DF-MP2 calculations 

were performed with Molpro 2015 [194]. ME input files were generated using a new code, 

EStokTP, designed to automatically investigate the torsional conformation space, to project 

torsional motions from the Hessian matrix, and to determine 1-D and multi-dimensional 

PESs for rotors [195]. 

A comparison between the total abstraction rates from the literature and those calculated 

in this work at different levels of theory for the MA + ȮH reaction is reported in Fig. 62. 

The best agreement between calculated and experimental data was obtained when the 

highest level of theory was adopted, that is, when using the 2-D hindered rotor model to 

account for the variation of vibrational frequencies along the PES. The calculated total rate 

constant was in reasonable agreement with that determined by Tan et al. [182], which is a 

factor of two higher than the estimate by this group at high temperatures (greater than 1000 

K), and similar at low temperatures. This highest level of theory was then used to determine 

rate constants for the other reactions. The rate constants so determined, fitted in the 500–

2500 K temperature range and reported in the Table 6-2, were used in the kinetic 
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simulations. The uncertainty in the rate constants was estimated to be a factor of two or 

lower. 

Figure 12-18: Comparison between literature rate constants [182, 187, 189, 190] for the CH3COOCH3 + ȮH reaction and 

those computed in this work at different levels of theory. 

 

 

Table 12-6: Rate constants for the reactions of H-abstraction from methyl and ethylacetate interpolated between 500 

and 2500K as k = A𝑇𝑛exp(-Ea/RT). Values reported in cm3/mol/s and cal/mol. 

Reaction A alfa Ea (cal/mol) 

CH3COOCH3 + ȮH  CH2COOCH3 + H2O 6.21E3 2.78 1250 

CH3COOCH3 + ȮH  CH3COOCH2 + H2O 4.74E3 2.85 84.9 

CH3COOCH3 + ȮOH  CH2COOCH3 + H2O2 5.7E-5 5.09 16500 

CH3COOCH3 + ȮOH  CH3COOCH2 + H2O2 3.35E-5 5.20 14900 

CH3COOC2H5 + ȮH  CH2COOC2H5 + H2O 2.29E6 2.00 2280 

CH3COOC2H5 + ȮH  CH3COOCH2CH2 + H2O 4.15E6 1.94 1370 

CH3COOC2H5 + ȮH  CH3COOCHCH3 + H2O 3.70E6 1.92 115 

CH3COOC2H5 + ȮOH  CH2COOC2H5 + H2O2 3.28E1 3.33 17900 
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CH3COOC2H5 + ȮOH  CH3COOCH2CH2 + H2O2 2.48 3.72 18400 

CH3COOC2H5 + ȮOH  CH3COOCHCH3 + H2O2 8.56E1 3.06 14700 

 

 

 

6.2.2 Kinetic model development for MA and EA 

For MA, the initial step in the kinetic reaction scheme involved unimolecular 

decomposition of the fuel, and H-atom abstractions from the methoxy and acetyl sides of 

the fuel molecules. The fuel radicals produced proceeded through radical isomerization and 

decomposition reactions. MA decomposition channels produced methyl radicals, CO2 and 

a limited quantity of methanol; rate constants calculated by Peukert et al. [184] were 

adapted in the mechanism. For H-atom abstraction from MA by Ḣ and Ȯ atoms and ĊH3 

radicals, the rate constants calculated in Tan et al. [182] were used; however, the frequency 

factor for H-atom abstraction by ĊH3 radicals on the acetyl side was increased by a factor 

of 2.5 to improve ignition delay data predictions and bring the rates closer to those reported 

by Arthur et al. [196]. This modification did not change the branching ratio between the 

two MA radicals, as only a small fraction of H atoms were abstracted by methyl radical 

(see Fig. 8 in Ref 179).  The abstraction rate constants by ȮH and HȮ2 radicals were 

calculated in this work as mentioned above. The reaction rate constants for fuel radical 

isomerization and decomposition are from the theoretical study of Tan et al. [183].  

The EA sub-mechanism involved reactions describing unimolecular decomposition, bond 

fission, H-atom abstraction, and fuel radical’s isomerization and decomposition steps. The 

reaction rates implemented in this study for the bond fissions and unimolecular 

decomposition of EA were calculated by Sun et al. [173]. H-atom abstraction from EA was 
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considered from three possible sites: from the primary and secondary carbons on the ethyl 

side and on the methyl side. H-atom abstractions from all three sites on EA by ȮH and 

HȮ2 radicals were calculated in this work. The rates for H-atom abstraction on the ethyl 

side by radicals other than ȮH/HȮ2 radicals were assumed to be similar to the rates 

reported by Wu et al. [197], which were calculated for ethyl formate. They were adopted 

here because of the partial structural similarity to EA, and because no other studies have 

reported these rates for EA. The H-atom abstraction rates on the methyl side were taken to 

be consistent with the methyl side of MA [182].  

As shown in previous studies [173, 198] the unimolecular decomposition channel lead to 

nearly complete transformation of EA to ethylene and acetic acid. The combustion 

chemistry of ethylene is well documented and described in detail in the base chemistry 

[199]; however, kinetic studies for acetic acid [200] are limited in the literature and have 

been adopted from Cavallotti et al. [201]. Although MA and EA share a common ester 

moiety, their consumption channels are very dissimilar due to the absence of a –CH2– 

functional group in MA, which inhibits various pathways leading to alkene and vinyl 

acetate formation. These concerted decomposition pathways have been observed in larger 

esters, such as propyl acetate and butyl acetate.   Further details about reactions and 

associated rate constants are given in the well-annotated chemical kinetic mechanism 

available in Supporting Information of Ahmed et al. [191]   

The proposed kinetic mechanism comprised 506 species and 2809 reactions; AramcoMech 

2.0 [199] was used as the base mechanism. The thermochemical data was adopted from 

different sources [174, 202, 203] and retained from the previous work by Westbrook et al. 
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[188]. The transport parameters were re-calculated in this work using correlations from 

Wang et al. [204] and Dooley et al. [205]. 

6.3 Experiments 

6.3.1 High pressure shock tube (HPST) 

High temperature ignition delay data for MA and EA was measured in the NUI Galway 

(NUIG) high pressure shock tube (HPST), and the compositions of test mixtures are 

reported in Table 6-3. The fuel-oxidizer mixture was prepared in a heated mixing vessel 

and the inlet manifold and the driven section of the shock tube were sufficiently heated to 

ensure that no condensation of fuel occurred. The incident shock velocity at the endwall 

was calculated by extrapolating the linear velocity equation, determined by six pressure 

transducers (PCB) mounted on the sidewall of the driven section. In this study, acceptable 

error for the measured pressures behind the reflected shock wave was ± 0.5 bar. The 

ignition delay in the HPST was defined as the timed interval between two sharp pressure 

rises, one in response to the shock wave reaching the end-wall, the other rise resulting from 

ignition initiation. The estimated uncertainty in the reported ignition delay times was 

∼20%, and the estimated pressure rise before ignition was around 3%/ms. Further details 

regarding the NUIG HPST can be found in Nakamura et al. [148]. 

Table 12-7: Compositions of test mixtures in mole percentages 

Phi 0.5 

MA 2.91 

 

EA 2.05 

O2 20.39 

 

O2 20.57 

N2 76.70 

 

N2 77.38 

Phi 1.0 
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MA 5.65 

 

EA 4.03 

O2 19.81 

 

O2 20.15 

N2 74.51 

 

N2 75.82 

Phi 2.0 

MA 10.71 

 

EA 7.749 

O2 18.75 

 

O2 19.37 

N2 70.54   N2 72.88 

 

6.3.2 Heat flux burner 

Laminar burning velocities of MA/air and EA/air mixtures were measured at Lund 

University, using the heat flux method [206]. Measurements were performed at 

atmospheric pressure, at unburned gas mixture temperatures of 298 and 338 K, and with 𝜑 

in the range of 0.7–1.4 for MA and 0.7–1.3 for EA. The heat flux method was based on the 

principle that at adiabatic burning velocity conditions there is no net heat transfer between 

the flame and the burner plate, keeping the temperature of the burner plate uniform. One 

of the advantages of this method is that the measurement of laminar burning velocity occurs 

in a stretch-free flame under adiabatic conditions, so that no corrections for flame stretch 

are required. The experimental setup and measurement method have been described in 

detail by Alekseev et al. [207]. The estimated uncertainty in the measurements was ±1 

cm/s; a detailed uncertainty quantification for gas mixture composition and laminar 

burning velocity for this setup is discussed elsewhere [207]. 
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6.3.3 Jet stirred reactor (JSR) 

The oxidation of MA and EA was studied at atmospheric pressure in a JSR at KAUST at 

compositions described in Table 6-4. The experimental setup consisted of a 76 cm3 

spherical quartz reactor with four nozzles of 0.3 mm diameter to attain homogeneity of 

species and temperature distribution. Pre-vaporized fuel and O2 were diluted with N2 and 

mixed at the entrance of the reactor to achieve a fuel concentration of 500 ppm. The flow 

rate to the reactor was regulated with a multi-gas controller (MKS) mass flow meter. A 

sonic probe, attached to a vacuum suction pump, was used to sample species from the 

reactor at low pressure and freeze the reactions. Online analysis of the collected sample 

was conducted by connecting the transfer line (heated to 120 ℃ ) to a refinery gas analyzer 

(RGA), a specially designed gas chromatography system coupled with a flame ionization 

detector (FID) and a thermal conductivity detector (TCD). The uncertainty in the 

measurement of fuel/oxygen concentration and intermediates was ±10% and ±20% 

respectively. The JSR residence time was set to two seconds under atmospheric pressure. 

Further details about measurement methods and the apparatus are provided in Wang et al. 

[208] . 

Table 12-8: Mixture compositions in mole percentages during JSR experiments 

Phi 0.5 

MA 0.5 

 

EA 0.5 

O2 3.5 

 

O2 5.0 

N2 96 

 

N2 94.5 

Phi 1.0 

MA 0.5 

 

EA 0.50 
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O2 1.75 

 

O2 2.49 

N2 97.75   N2 97.01 

 

6.4. Results and discussions 

6.4.1 Experiments, simulations and chemical kinetic analyses 

Ignition delay data for MA are shown in Figs. 6-2 (a) and 2(b) at 15 and 30 bar, 

respectively. The data shows strong Arrhenius dependence on temperature, with shorter 

ignition delays at the higher pressure. The ignition delay data also shows a weak 

dependence on 𝜑, with a marginal increase in reactivity at higher 𝜑′𝑠. With the 

experimental ignition data, simulations using the current model are also presented in Figs. 

6-2(a) and 6-2(b). The model described the general trend of ignition delay data well, except 

for slightly longer ignition delay predictions (~20%) at lower temperatures (1100–1180 

K). Further comparisons of ignition data and predictions with models from Westbrook 

[188] and Yang [172] are also presented in Fig. 6-3 (a) and (b). At 15 and 30 bar, ignition 

delay predictions in the Westbrook and Yang models were overall faster than the 

experimental data, as well as in the proposed model. 
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For further insight into the ignition kinetics of MA in a shock tube, a reaction pathway 

analysis was conducted at 15 bar, 1200 K, 𝜑 = 0.5, 1.0, 2.0 at 10% fuel conversion (Fig. 6-

2(c)). The consumption of MA proceeded through H-atom abstraction and bond fission 

pathways, yielding ĊH2C(O)OCH3 and CH3C(O)OĊH2 radicals and a minor quantity of 

ĊH3 and CO2. CH3C(O)OĊH2 radical was produced at more than twice the rate of 

ĊH2C(O)OCH3 radical due to the higher rates of H-atom abstraction at the methoxy site; it 

subsequently decomposed at a much faster rate than the ĊH2C(O)OCH3 radical (also 

reported by Yang et al. [183]). The higher rate of decomposition of CH3C(O)OĊH2 radical 

occurred because the CH3C(O)OCH2 directly dissociated to CH3CO + CH2O, whereas 

CH2C(O)OCH3 first transferred an H atom from the CH3 to the CH2 group before 

dissociation (also observed by Yang et al. [172]). This difference in fuel radical 

decomposition rates shifted the equilibrium of reaction ĊH2C(O)OCH3CH3C(O)OĊH2 

towards CH3C(O)OĊH2, explaining the direction of reaction flux for this  
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Figure 12-19:(a-b) Ignition delay data and simulations for MA. (c-d) Reaction path and sensitivity analyses at 1200 K 

and 15 bar. 

 

isomerization channel. Both the fuel radicals eventually decomposed to CH3ĊO radicals 

(further decomposing to ĊH3 and CO), and CH2O. These pathways showed minimal 

dependence on 𝜑, providing a preliminary explanation for the weak 𝜑 dependence of the 

ignition delay times.  

A brute force sensitivity analysis was conducted for the ignition delay in the shock tube 

with MA at T=1200 K, P=15 bar and φ = 0.5, 1.0, 2.0. Ignition times were sensitive to 

reactions both promoting (R1, R11, R192, R250) and inhibiting (R142, R287) ignition, as 

shown in Fig. 6-2(d). The overall change in reactivity with 𝜑 was diminished due to 

ambivalent change in rates of these reactions; thus the ignition delay in MA demonstrated 

a weak 𝜑 dependence.    

Figure 12-20: (a) and (b)  Comparison of ignition delay data and kinetic model predictions using model proposed in 

this work, Westbrook et al PROCI 2009 (CKW) and Yang et al. PROCI 2015(Yang) (a) 15 bar (b) 30 bar 
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Figure 12-21: (a) and (b) Comparison of ignition delay data and kinetic model predictions using model proposed in this 

work, Westbrook et al PROCI 2009 (CKW) and Yang et al. PROCI 2015(Yang) (a) 15 bar (b) 30 bar 

 

Ignition delay data for EA appear as symbols in Figs. 6-4(a) and 6-4(b) at 15 and 30 bar, 

respectively. The data showed strong Arrhenius dependence on temperature, similar to 

MA, with shorter ignition delay times at higher pressure. Further comparisons of ignition 

data and predictions with models from Westbrook [188] and Sun [173] are presented in 

Fig. 6-5 (a) and (b). At 15 and 30 bar, ignition delay predictions in the Sun model were 

very similar to this work, while the Westbrook model was faster overall.  

The reaction pathway analysis conducted for EA at 1200 K and 15 bar, Fig. 6-4(c), 

indicated that the dominant consumption pathway for EA was unimolecular decomposition 

to ethylene and acetic acid. As acetic acid is produced in quantities roughly equivalent to 

the fuel, its consumption pathway was further examined. The major consumption of acetic 
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acid occurred through H-atom abstraction, followed by radical decomposition--notably 

producing ketene (CH2CO), methane (CH4) and other intermediates.  

A brute force sensitivity analysis for EA in Fig. 6-4(d), indicated that the most sensitive 

reactions were R341 and R29, which produced the relatively stable vinyl (Ċ2H3) radical, 

and H2O at higher 𝜑, reducing reactivity of the system. Other sensitive reactions involved 

HȮ2 and ĊH3 radicals (R192, R192, and R297), which were produced readily in EA 

oxidation at these conditions. 

 

Figure 12-22: (a) and (b): Comparison of ignition delay data and kinetic model predictions using model proposed in 

this work, Westbrook et al PROCI 2009 (CKW) and Sun et al. Combust Flame 2017 (Sun) 

          Figure 12-23: Laminar burning velocity measurements (symbols) and simulations (lines) for MA and EA. 



 

147 
 

The laminar burning velocities (LBV) for MA and EA were measured as a function of 𝜑 

at unburned temperatures of 298 and 338 K at atmospheric pressure (Fig. 6-6). Both fuels 

showed an increase in laminar flame velocity with increased unburned temperature; and 

the highest flame velocity was consistently observed near 𝜑 =1.1. The LBVs for both fuels 

matched closely at corresponding temperatures, and the maximum difference of 3 cm/s 

(LBV - MA>EA) was observed at 𝜑 = 1.3 at 298 K. The predicted laminar burning 

velocities for MA and EA were within 10% of the experimental measurements. 

Comparisons of predicted LBV with literature models are presented in Fig. 6-7 (a) and (b). 

In Fig. 6-7 (a), the Westbrook model [188] consistently over-predicted LBV while the 

Yang model [172] accurately simulated LBV for MA. Similarly, in Fig. 6-7 (b), the 

Westbrook model over-predicted the LBV at both temperatures, while the Sun model [173] 

was able to reproduce LBV measurements. 

 

Figure 12-24 (a) and (b) : (a) Comparison of laminar flame velocity data and kinetic model predictions for MA using 

model proposed in this work, Westbrook et al PROCI 2009 (CKW) and Yang et al. PROCI 2015 (Yang) (b) 

Comparison of laminar flame velocity data and kinetic model predictions for EA using model proposed in this work, 

Westbrook et al PROCI 2009 (CKW) and Sun et al. Combust Flame 2017 (Sun) 
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MA oxidation was studied in the JSR at atmospheric pressure, and species’ profiles for 

fuel, oxygen, intermediates and products were measured in the temperature range 800–

1100 K, at 𝜑 = 0.5 and 1.0 (Fig. 6-8). The array of measured species included MA, oxygen 

(O2), carbon monoxide (CO), methane (CH4) and carbon dioxide (CO2). Figure 6-8 shows 

that the oxidation of MA rapidly produced CO, with some minor amount of CH4. The 

intermediate species (CO, CH4) peaked at around 950–1000 K, and were quickly consumed 

with further increases in temperature; higher concentrations of CO2 were produced as an 

end-product. A comparison between experiments and predictions is also shown in Fig. 6-

8. At both equivalence ratios (𝜑 = 0.5, 1.0), the predicted species profiles were in good 

agreement with the measured species’ concentrations, with the exception of marginally 

higher CO2 at high temperatures at 𝜑=1.0 (~20%) , which was produced mainly by the 

reaction - CH3COOCH3 = CH3CO2 + CH3.  The JSR simulations were also conducted in 

accordance with the models in the literature for MA, and presented in Fig. 6-9 (a) and (b) 

for 𝜑=0.5 and 1.0  
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                    Figure 12-25: JSR measurements for MA oxidation and predictions with the kinetic model. 

 

respectively. Both the models by Yang [172] and Westbrook [188] predicted higher 

concentrations of various intermediates than the model proposed here. 

Figure 12-26: (a) and (b): Comparison of JSR data and kinetic model predictions using model proposed in this work, 

Westbrook et al PROCI 2009 (CKW) and Yang et al. PROCI 2015 (Yang) (a) φ=0.5 (b) φ=1.0 

                   

Figure 12-27: JSR measurements for EA oxidation and predictions with the kinetic model. 
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Figure 12-28: (a) and (b): Comparison of JSR data and kinetic model predictions using model proposed in this work, 

Westbrook et al PROCI 2009 (CKW) and Sun et al. Combust Flame 2017 (Sun) (a) φ=0.5 (b) φ=1.0 

 

Similarly, speciation measurements were conducted for EA oxidation in the JSR at 

atmospheric pressure; a range of species were measured at 𝜑 = 0.5 and 1.0 in the 

temperature range of 650–1000 K, Fig. 6-10. The measured species were EA, ethylene 

(C2H4), oxygen (O2), carbon monoxide (CO) and carbon dioxide (CO2). Figure 6-10 shows 

that the EA quickly decomposed to produce ethylene by the unimolecular decomposition 

channel, also seen in Fig. 6-4(c). Furthermore, the ethylene peaked at 850 K and then was 

rapidly consumed to produce CO, and eventually, CO2. A comparison between the 

experimental data and simulations is also presented in Fig. 6-10. The proposed model 

closely predicted the EA, CO2 and O2 over the entire temperature range; however, the 

predicted concentration of ethylene and CO were slightly higher. The concentration profile 

for acetic acid (CH3COOH) could not be measured due to limitations in the experimental 

setup. The model predicted similar concentrations of CH3COOH and ethylene, as expected 

from R29 in Fig. 6-4(c). Furthermore, JSR simulations with the literature models for EA, 

and the results, are presented in Fig. 6-11 (a) and (b) for 𝜑=0.5 and 𝜑=1.0 respectively. The 
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Westbrook model was similar to the present work in terms of consumption and evolution 

of species, with the exception of C2H4 and CH3COOH concentrations. The Sun model 

[173] was found to be more reactive than the proposed model, and predicted higher 

concentrations of various intermediates. 
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15. Chapter 7: Summary and future work 
 

7.1 Summary 

 

This chapter summarizes the investigations presented in the thesis by section. 

First, a computational algorithm was developed for formulating surrogate fuels, based on 

physical and chemical kinetic properties. To further extend the understanding of physical 

properties and combustion chemistry, a series of investigations were conducted which 

included development of a new comprehension of the impact of thermodynamic property 

on combustion in fundamental devices such as rapid compression machines and direct 

injection spark ignition engines. In addition, a detailed combustion kinetic analysis was 

performed on autoignition of oxygenated fuels, accompanied by discussion of how 

oxygenated content influences production and propagation channels of radicals controlling 

ignition. The development of chemical kinetic mechanisms for small esters was examined, 

since they reveal great potential for use in advanced spark combustion engines. 

  

 

7.1.1 Surrogate fuel development approach 

Simplified representations of complex real fuels are strategic for detailed simulations of 

chemical kinetic and computational fluid dynamic reacting flows; these tools can improve 

and advance development of IC engines and other combustion devices. This work 

concentrates on developing an approach to formulate surrogate mixtures for FACE A and 

C gasoline fuels using a limited number of pure components blended in appropriate 

proportions. The formulation of the composition captured the compositional attributes, 

ignition delay behavior, volatility, H/C ratio, and density of the target gasolines. A 

regression-based optimization scheme was developed to determine the composition of 
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palette species to match FACE A and C target properties. The linear MFB method for 

estimating RON did not yield surrogate mixtures that matched well with the real fuel-- 

specifically with volatility and compositional characteristics. Thus, the ignition delay target 

property (i.e., RON) was integrated into the optimization scheme using a novel 

computational architecture that linked chemical kinetic simulation with the optimization 

software, enabling the development of improved surrogate mixtures. To validate the 

mixtures, CFR engine experiments demonstrated that the surrogate fuels could reproduce 

the global reactivity of the real fuels across various regimes corresponding to LTC, NTC, 

and HTC. This methodology represents an effective method for surrogate fuel formulation 

and can be extended to encompass other relevant physical and chemical kinetic target 

properties (e.g., viscosity, laminar flame speed, emissions profiles, etc.). As the availability 

of chemical kinetic models for additional palette species grows, this approach can be used 

to formulate surrogates for a range of gasoline, diesel, and aviation fuels. 

 

7.1.2 Relation of thermodynamic properties and heat loss on autoignition ignition in 

rapid compression machines 

The purpose of this study is to investigate the effect on ignition delay measurements and 

simulations in RCM caused by discrepancies in 𝑇𝑇𝐷𝐶 from surrogate fuels with different 

heat capacity ratios (𝛾), and from RCM facilities with diverse heat loss rates.  To this end, 

thermodynamic properties were determined for gasoline FACE G and surrogates using 

group additivity calculations for each of its constituents. The thermodynamic properties of 

FACE G were compared against the surrogate mixtures PRF91.5, TPRF-G and FGG-

KAUST to explain discrepancies in the attained 𝑇𝑇𝐷𝐶 in an RCM under identical 
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experimental conditions.  It was also shown that the multi-component surrogate (FGG-

KAUST) emulated heat capacity ratio (𝛾) of FACE G better than simpler PRF or TPRF 

surrogate mixtures, and closely predicted FACE G-𝑇𝑇𝐷𝐶. The difference in 𝑇𝑇𝐷𝐶 (caused 

by surrogates with inaccurate 𝛾), was shown to have implications on ignition delay times 

determined in RCMs. Post compression heat loss in RCMs is the second factor to effect 

ignition delay, and it is dependent on the geometry of the RCM facility (piston, volume to 

surface ratio), level of insulation, wall temperature etc. The implications of heat loss rates 

on ignition delay were also presented, and pressure traces from two different RCMs were 

compared. 

A simplified multi-zone RCM model was also developed and used to analyze trends in 

ignition delay due to the combined effects of variation in heat loss and differences in 𝑇𝑇𝐷𝐶 

due to 𝛾.  A numerical experiment was then devised and ignition delays were sampled at 

several nodes, representing different surrogate mixtures and RCM facilities. In addition, 

variance analysis was performed and sensitivities were calculated to quantify the effect of 

𝑇𝑇𝐷𝐶 and heat loss rate on ignition delay in RCM. 

The main conclusions drawn from this study are: 

 Multicomponent surrogate mixtures were found to better emulate thermodynamic 

properties due to improved matching of H/C ratio, molecular weight and carbon 

types, and several other chemical and physical properties, with the target fuel. 

Better matching of thermodynamic properties ensured precise estimation of 𝑇𝑇𝐷𝐶 

and minimized discrepancies in the acquired ignition delay data.  
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 Heat capacity ratio (𝛾), (determining 𝑇𝑇𝐷𝐶) had a greater effect on ignition delay 

than the heat loss rate (𝛼) in low and high temperature regions due to higher 

sensitivity of ignition delay to temperature in these regions.   

 For high sensitivity fuels such as FACE G, change in ignition delay with 

temperature was relatively smaller in the NTC region than in the high and low-

temperature regions. Therefore, in the NTC region, the effect of heat loss rate on 

ignition delay was nearly comparable to the effect of temperature on ignition delay. 

 Due to the discrepancy in the attained 𝑇𝑇𝐷𝐶, the surrogate fuel used could shift the 

ignition delay curve on the temperature axis This shift was driven solely by the 

thermodynamics of the surrogate fuel mixture.    

 Surrogates with poorly matched thermodynamic properties may shift fuel ignition 

behavior from the single- to the two-stage ignition region, due to the shift in 𝑇𝑇𝐷𝐶. 

Thus--apart from introducing uncertainty in ignition delay measurement--poorly 

formulated surrogates may artificially shift the ignition behavior from single- to 

two-stage ignition--or vice versa--especially when 𝑇𝑇𝐷𝐶 lies near the turnover point. 

In cases with two-stage ignition events, first-stage ignition was delayed when higher heat 

loss rates were considered. The time interval between first- and second stage ignition 

remained relatively constant as the heat loss rate was varied, except in cases with 

significantly higher second stage ignition delays. 
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7.1.3 The compositional effect of fuel on combustion in a DISI engine 

Two FACE gasolines, FACE F and G, with the same AKI and different sensitivity, were 

studied in a single-cylinder DISI engine (AVL 5405) under two sets of experimental 

conditions to examine the effect of the physical property and chemical composition of fuel 

on combustion characteristics in cylinder pressure, temperature and emissions at various 

load points: (1) early fuel injection with spark at TDC, and (2) early fuel injection with 

spark timing advance to attain MBT. Crank angle-resolved pressure traces were found and 

averaged for 330 cycles with resolution of 1º. Exhaust gases were analyzed for measuring 

the concentration of regulated pollutants. Since the concentration of soot produced was 

minimal, the smoke meter (AVL 415s) was used to indicate the sooting propensities of 

FACE F and G under several experimental conditions.  A closed cycle model for the engine 

(AVL 5405) was created with GT power using precise engine geometry, acquired pressure 

traces and emission concentrations as input parameters for the model. Modeled pressure 

traces were predicted using reverse run methodology to calculate various in-cylinder 

parameters, including heat release rates, burned and unburned zone temperatures and fuel 

burn rates. Detailed calculations were performed for various engine experiments; the 

following conclusions were based on fuel composition and subsequent bulk properties. 

Experimental and modelling analysis revealed important conclusions, applicable to fuels 

FACE F and G.  

Conclusions from this study:  

1. Fuel with higher aromatics content tends to produce higher soot and higher HC emissions 

at all conditions.  
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2. Fuel with lower heat capacity and higher heat capacity ratio demonstrates higher 

unburned zone temperatures and is more prone to knock than fuel with same octane rating.  

3. Fuel with lower heat capacity and a lower stoichiometric air requirement shows higher 

NOx emissions, due in part to higher pre-combustion temperatures and higher fuel 

quantity, and resulting in higher peak combustion temperature.  

4. Fuel burn rate is not an independent function of fuel composition, it also varies 

depending on the thermodynamic properties of the fuel, which affects in-cylinder pressure 

and temperature.  

5. Fuel with lower volatility demonstrated a sudden jump in soot concentrations at MBT 

conditions, due to lesser time available for fuel vaporization. 

7.1.4 Autoignition characteristics of oxygenated gasolines 

In this study, the autoignition characteristics of two oxygenated gasoline fuels (supplied by 

Haltermann Solutions and Coryton Advanced Fuels) have been experimentally 

investigated under a wide range of temperatures, equivalence ratios and pressures, using a 

rapid compression machine and a high pressure shock tube. The reactivity of the two 

gasolines were compared and it was observed that the Coryton gasoline with a higher RON 

exhibited longer ignition delay times in the NTC region near 700 – 800 K than the 

Haltermann gasoline, with lower RON. The two gasolines exhibited very similar ignition 

delay times in the high temperature (> 900 K) region across all pressures and equivalence 

ratios. In the low temperature (< 650 K) region; the Haltermann gasoline was slightly less 

reactive than the Coryton fuel, due to its smaller sensitivity (RON – MON); it also 

displayed more pronounced NTC behavior . 
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Additionally, three surrogates were carefully formulated for each surrogate by matching 

various fuel characteristics. The simplest surrogate, TPRF (a mixture of n-heptane, iso-

octane and toluene), adequately captured the reactivity trends of the Haltermann gasoline. 

However, the four-component surrogate (n-heptane/iso-octane/toluene/ethanol) performed 

slightly better at low temperatures. For the higher sensitivity Coryton gasoline, the simple 

TPRF surrogate was too non-reactive, due to the very high fraction of toluene needed to 

match the MON requirement of the Coryton gasoline. The four- and eight-component 

surrogate simulations reproduced the reactivity of the Coryton gasoline better. For both 

gasolines, one key advantage of the multi-component surrogates was that they were better 

able to capture a large set of physical and chemical characteristics of the real fuels. 

Chemical kinetic analyses performed with the multi-component surrogates showed that the 

two fuels exhibited similar ignition delay times at high and low temperatures, despite 

having different evolution of temperatures and radical species. However, at intermediate 

temperatures, the Haltermann surrogate exhibited greater production of ȮH radicals from 

ȮH/HȮ2 kinetic coupling, caused by cycloalkanes/aromatics and ethanol/aromatics 

interactions, eventually resulting in shorter ignition delay times in the Haltermann 

surrogate, compared to the Coryton surrogate. The production of HȮ2 radicals was greater 

in the Haltermann surrogate due to higher fractions of ethanol and cyclopentane. These 

compositional effects manifested themselves as a difference in autoignition quality-- 

important phenomena in understanding the anti-knock quality of high octane gasoline fuels 

in modern engines. 
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7.1.5 Small ester combustion chemistry 

In this work, various experimental measurements were conducted to acquire data for small 

ester combustion chemistry, including ignition delay time, laminar burning velocity and 

JSR oxidation species profiles for MA and EA. Additionally, theoretical calculations were 

performed for certain H-atom abstraction reactions and rate constant expressions were 

determined. Finally, a detailed chemical kinetic mechanism for these species was 

developed and the simulation results were compared with the experimental data. The model 

generally agreed well with the experiments, with only a few exceptions in the ignition delay 

predictions (slightly higher in low temperature regions), accompanied by marginally higher 

reactivity for methyl acetate in the JSR at high temperatures and at 𝜑 = 1. These 

measurements, along with the proposed mechanism, contribute towards understanding 

combustion characteristics of smaller esters and help to predict their behavior in advanced 

internal combustion engines. 

       The surrogate formulation tool, and these new insights into the effects of physical 

thermodynamic properties, can improve surrogate fuels formulation. This effort is further 

supported by development and analysis of autoignition combustion chemistry of 

oxygenated transportation fuels and progress toward chemical kinetic mechanisms for 

novel biofuels. 

The tools and information generated during the course of this research will advance the 

development of surrogates to better reproduce transportation fuels in combustion targets; 

and it will be instrumental in designing fuels for advanced combustion engines. 
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7.2 Future work 

7.2.1 Effect of oxygenate addition on spray characteristics 

The gasoline compression ignition (GCI) engine is an advanced concept that incorporates 

the advantages of spark and compression ignition engines. GCI engines have received 

significant attention from academia and industry due to their higher fuel efficiency than 

conventional spark ignition engines and lower pollutant emissions than compression-

ignited engines. In a GCI engine, fuel is injected directly into the combustion chamber, and 

fuel autoignition relies significantly on stratification and chemical kinetics, which are 

governed by fuel properties.  The global push for cleaner fuels has increased the addition 

of bio-based oxygenated fuels to gasoline stock. Fig. 7-1 displays the effect of ethanol 

addition on gasoline FACE F distillation profiles.  Because combustion in GCI engines is 

such an important function of distillation profiles, ethanol addition must also affect 

stratification, and the subsequent combustion process and pollutant formation. Future 

research should be expanded to understand the coupling of fuel properties and combustion. 
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Figure 12-29: Effect of ethanol addition on distillation curve of gasoline FACE F 

 

7.2.2 Machine learning for fuel design 

This study demonstrated a fuel design approach that incorporates several physical and 

chemical kinetic simulations across different software platforms to formulate surrogate 

fuels with the desired properties. During these simulations, the properties of surrogate 

compositions were calculated using equation of states and estimated with empirical 

correlations. The results proved that this approach successfully assisted in producing 

surrogate fuels and introduced an extent of errors in property estimation while utilizing 

certain correlations. The approach was challenged by the limited availability of a physical 

property data base and a chemical kinetics model. 

The next phase of fuel tool design should incorporate machine learning at multiple levels, 

including palette species selection, property estimation and production of blends with the 

exact desired properties. A set of training mixtures is necessary, to include measured 
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properties of interest. Such a dataset could be obtained from our collaborators at Saudi 

Aramco and would be used to train the algorithm in predicting future fuel properties. This 

approach could also be instrumental in understanding the relationship between properties 

and combustion parameters, which will not be possible otherwise.     
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