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ABSTRACT 

 

A better understanding and control of internal combustion engine pollutants require more 

insightful investigation of gasoline oxidation chemistry. An oxidation study has been done 

on n-heptane, iso-octane, their binary mixtures (Primary Reference Fuel, (PRF)), and nine 

hydrocarbon mixtures which represent the second generation of gasoline surrogates (multi-

component surrogates). This study aims to develop a better understanding of the 

combustion reaction by studying the oxidation reaction of different fuels inside a jet-stirred 

reactor and numerically simulating the reaction using different models under the following 

conditions: pressure 1 bar, temperature 500-1050K, residence time 1.0 and 2.0s, and two 

fuel-to-oxygen ratios (ϕ=0.5 and 1.0). Intermediate and product species mole fractions 

versus temperature profiles were experimentally measured using a GC (gas 

chromatograph). The experiment was performed within the high and low-temperature 

regions, where the high-temperature oxidation showed similar behavior for different 

compositions but the low-temperature oxidation showed significant dependence on the 

composition of the surrogates. Additionally, the effect of octane number on oxidation 

chemistry has been investigated and it was found that the low octane number surrogates 

were more reactive than high octane number surrogates during the low temperature regime. 

Furthermore, Kinetic analysis was conducted to provide insightful understanding of 

different factors of fuel reactivity.  

In addition, the pyrolysis of two TPRF, (Toluene primary reference fuels) mixtures 

(TPRF70 and TPRF97.5), representing low octane (research octane number 70) and high 

octane (research octane number 97.5) gasoline, was also studied in jet-stirred reactor 
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coupled with gas chromatography (GC) analysis to investigate the formation of soot and 

polycyclic aromatic hydrocarbons (PAH) formation.  
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Chapter 1  

1 Introduction 
 

Energy demands are increasing as the economy is growing and developing worldwide. 

Figure 1-1. shows the world energy supply in 1971 and 2015. Global energy demand as 

measured by total primary energy supply (TPES) increased by almost 150% between 1971 

and 2015 and it still mainly relies on fossil fuels regardless of the growth of non-fossil 

energy, especially for electricity generation which accounts for 34% of the global figure[1]. 

The share of fossil fuel consumption, within the world energy supply, has remained 

relatively unchanged over the past four decades. In 2015, fossil sources accounted for 82% 

of the global TPES. The growth in world energy demand from fossil fuels has played a key 

role in the increase of the global CO2 emissions.[2] 

 

Figure 0-1. World primary energy supply includes international bunkers. In this graph, 

non-renewable waste is included in Fossil 
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In addition to the many human activities that have produced huge amounts of greenhouse 

gases (GHG) the largest source thus far, is from the energy production. From the energy 

sector, CO2 produced from the oxidation of hydrocarbons in fuels combustion dominates 

GHG emissions. This results in the increased global temperatures which is a major 

problem. It is a problem that is considered as a threat to human civilization, especially, 

when the Third World is industrializing faster than ever and the chances of the worlds’ 

nations agreeing to limit their energy consumption are unknown.[3] 

The Paris agreement signed in December 2015 was a move to reduce the effects of this 

threat.  It was a global agreement made to reduce climate change under the United Nations 

Framework Convention on Climate Change (UNFCC). The agreement’s main goal is to 

keep global warming rise below the 2 Celsius[4].  However, the second largest CO2 

emitting sector after energy production is transportation where 97% of its energy is derived 

from petroleum. Of the total consumption of petroleum, 44% is used for gasoline, 14% for 

diesel and 8% for aviation fuel. Therefore, the increase in the efficiency of engines along 

with fuel consumption would both reduce emissions and enhance the quality of life. 

Development in the transportation energy sector has produced new challenges and 

opportunities such as the utilization of non-traditional fuel sources, and the creation of 

novel engine technologies [5]. However, the understanding of combustion phenomenon at 

a fundamental level is necessary in designing such engines. 

One of the biggest challenges is the development and validation of the modeling capacity 

to predict and optimize on a multi-scale, the operation and design of evolving fuels in 

advanced engines used in transportation. To achieve this concept, research that integrates 

experiment, theory, modeling, and simulation will be needed. If obtained, this will 
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fundamentally change the process of fuel and engine development by establishing the 

scientific understanding of the realistic simulation of fuel combustion in existing and 

proposed engines. The design of modern aircrafts, for instance, could never be the same 

without the prediction and optimization of complex air flows. These experimentally 

validated analogs and the predictive capability of combustion are a huge challenge where 

they require a deep and flexible understanding of both fuels and engines.[5]    

1.1  Objectives and Contributions 

 

This thesis presents combustion experiments conducted in a jet stirred reactor which is one 

of the fundamental experiments for understanding the chemistry of fuel oxidation and 

pyrolysis. Oxidation experiments were performed for 9 gasoline surrogate fuels and 

simulations were used to investigate the effect of their composition on fuel reactivity. The 

addition of these experimental data to literature provides more detailed validation for the 

development and improvement of high fidelity combustion kinetic models. In addition, 

pyrolysis experiments were carried out on two fuels to investigate the effect of fuel 

composition on soot formation tendency. Again, these data contribute to the accurate 

kinetic modeling of soot and polyaromatic hydrocarbon formation. 

Generally, all these fundamental experiments provide a better understanding of fuel 

combustion chemistry in different conditions which help in engine development. 
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Chapter 2 

 Background  

2.1  Real gasoline fuel properties 

The most widely used fuel for light-duty automobile transportation is gasoline, but its 

molecular complexity makes it difficult to study its fundamental combustion properties 

experimentally and computationally. [6] Gasoline is a complex mixture of hundreds of 

hydrocarbons that often vary with source, location and time. It is desirable to reduce the 

chemical and/or physical complexity of the fuel to generate an insightful understanding of 

the implied fundamental processes in contrast to the majority of engine research which 

tests and utilizes full-boiling range fuels.[7] Furthermore, Gasoline and diesel fuels have a 

‘‘near-continuous spectrum’’ of hydrocarbon constituents. Generally, real fuels consist of 

hundreds of hydrocarbons. Gasoline has hydrocarbons from C4 to C10 while diesel has 

from C10 to C20. Different hydrocarbons can be classified into linear alkanes, branched 

alkanes, cyclo alkanes, aromatics and others. The percentage of  each class in diesel, 

gasoline and jet fuels is presented in figure 2-1[8]. 
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Figure 2-1. Content in hydrocarbon classes found in usual transport fuels, jet fuels, 

gasolines, and diesel fuels. 

 

Gasoline is used in spark ignition engines and its reactivity is usually measured in terms of  

, which can be calculated as the average of research octane number (RON) and motored 

octane number (MON). For about 70 years now, the measurements of the fuel’s resistance 

to knock are characterized by octane number (ON). The standard “Cooperative Fuels 

Research” (CFR) measured octane number under two different engine conditions. The two 

conditions produce two octane numbers: the research octane number (RON) and the motor 

octane number (MON). The fuel’s RON (or MON) is measured by inducing ‘‘maximum” 

knock using the test fuel by adjusting some the engine’s parameters that are dependent 

variables on the test. The next step is finding a blend of n-heptane and i-octane (2,2,4 

trimethyl pentane), which is the PRF (PRF) to test the knocking behavior. The volume 

percentage of i-octane in the reference fuel can determine the ON of that fuel. In general, 

a refinery-blended gasoline will have a higher RON than its corresponding MON because 

of “fuel sensitivity” (S): S = RON-MON.[9] 

 There is a wide variation in composition between market fuels as shown in figure 2-2. This 

variability reflects differences not only in the crude source, but in the various refinery 

processes utilized to blend finished gasoline. While market gasoline meets stringent 

regulations regarding volatility, octane number, stability, and a number of other product 

quality parameters. [7] 
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Figure 2-2. Approximate ranges of paraffins, naphthenes, aromatics, and olefins in 

commercial U.S. gasoline. 

 

2.2 Gasoline surrogate formulation 

As mentioned earlier, real gasoline is complex. Hence, surrogates are usually used to study 

gasoline chemistry. Surrogates are groups of known molecules which can replicate the 

chemical and physical properties of gasoline. FACE gasoline (Fuel for Advanced Engines) 

are specially designed for better insightful understanding of real gasoline. There are 10 

FACE gasoline fuels that are designed based on 4 crucial properties of advanced gasoline 

fueled engines; Research Octane Number (RON); Octane Sensitivity (S=RON‐MON); 

aromatics content; and normal‐paraffin (n‐paraffin) content.  The RON and S parameters 

are measures of a fuel’s auto ignition quality while the aromatics and n‐paraffin content 

are measures of a fuel’s composition.  The target levels selected for the fuel were:  RONs 

of 70, 85, and 95; low sensitivity 2 and high sensitivity 10; aromatics contents of 5 and 

35 vol.%; and n‐paraffin contents of 5 and 25 vol.%. IT can be seen that some targets are 
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conflicting because high aromatics content comes with low octane sensitivity. This would 

result in the deviation from some target parameters for some fuels due to the 

tradeoffs. Statistical techniques were used to reduce this to a tractable number of 10 fuels, 

while still maintaining a statistically sound matrix, which is shown in the figure 2-3 below. 

[10] 

 

Figure 2-3. FACE gasoline types depending on the fuel properties and components 

 

Binary and multi-component surrogates were proposed to match the ignition characteristics 

of different FACE fuels based on the detailed hydro carbon analysis (DHA) and FACE 

gasoline speciation. Detailed physical and chemical properties and detailed DHA for FACE 

I and J fuels are presented in the literature [11]. FACE A, C and F can also be found in 

detail in previous literature[12, 13]. Multi-component surrogate fuels provide concrete 

information about experimental fuel studies, which is invariant with time and location. The 

formed combustion species is also scaled down to a considerable extent due to the limited 
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number of compounds present in the surrogate. This simplification of combustion 

chemistry is necessary for the development of chemical kinetic models. It is extremely 

challenging to understand the basic fundamental combustion aspects of real gasoline fuel 

with its complexity and variability. However, this kind of research has significantly 

simplified this complexity by replacing the real fuel with surrogates in experimental and 

computational studies [6]. Although FACE-gasoline fuels are a simplified form of real 

gasoline, they still consist of large number of species and simpler surrogates like PRFs and 

toluene. PRFs are widely used in combustion studies. 

The simplest surrogate fuel consists of a single component. An example for this is using 

iso-octane as gasoline surrogate and n-heptane as surrogate for diesel. Iso-octane (2,2,4-

trimethylpentane) is a branched alkane which forms an important component of gasoline 

fuels because it is an important PRF. Furthermore, it is an important component in 

surrogates for the study of the characteristics of gasoline combustion. [14] The contentious 

interest in the modeling of different hydrocarbons is helping in building a better 

understanding of knocking behavior in internal engines, especially n-heptane and iso-

octane (2,2,4-trimethylpentane). [15] Another famous hydrocarbon in oxidation studies is 

n-heptane as a PRF which represents normal alkane. It is also an important component of 

the iso-octane and n-heptane binary mixture as a PRF and toluene reference fuel (TRF) 

which are also used as surrogate gasoline fuels for the combustion research in internal 

combustion engines. [16] Experimental studies of n-heptane oxidation have focused on 

shock tubes, jet-stirred reactors, and rapid compression machines under stationary 

conditions in which dynamic behavior has been observed. All these systems have the NTC 

phenomena (the negative temperature coefficient) which are behaviors including self-
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ignition and cool flame. Moreover, variation in pressure from 5-40 bar changes the 

temperature range in which the NTC occurs. Therefore, the addition of low molecular 

weight hydrocarbons (n-alkanes and iso-alkanes) in the PRF 84 surrogate makes the 

matching with FACE fuels’ average molecular weight better.[17] 

 A more complicated kind is the binary mixture of iso-octane and n-heptane, which is 

known as the Primary Resource Fuels (PRFs). PRFs are widely used as they are convenient 

surrogates for variable octane number fuels and can reproduce real fuel reactivity. They 

can match the knocking behavior of real gasoline. Ternary mixtures of toluene/iso-

octane/n-heptane are also used as they are able to reproduce real fuel sensitivity. Those 

mixtures are known as TPRFs.  Moreover, it’s also possible to model the fuels physical 

properties like its distillation characteristics using a suitable number of components [7] 

which is very important for investigating internal combustion engines.  Also, the 

simplification of combustion chemistry of real fuels using surrogates is essential for the 

development of chemical kinetic models and enabling computational fluid dynamic (CFD) 

reacting flow simulations of practical combustors and engines. [6]  
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2.3  The jet-stirred reactor 

 

 

Figure 2-4. Jet-stirred reactor 

 

For the well-studied gas-phase kinetic studies, a well-known type of the ideal continuously 

stirred-tank reactor is the jet-stirred reactor shown above in figure 2-4. The JSR is mainly 

used to perform oxidation and thermal decomposition (pyrolysis) of different hydrocarbons 

and oxygenated fuels. Different parameters can be conducted in the JSR including 

temperature, residence-time, fuel composition and percentage dilution. The homogeneity 

of the jet-stirred reactor which arises from the efficient mixing of the gas phase is among 

the many advantages for performing kinetic studies in JSR where it provides an ideal 

homogeneous composition and temperature throughout the reactor. This facilitates the 

modeling of this reactor by using a very simple system of mass balance when operated at 

constant temperature, pressure, and residence time. To achieve the mixing of the gases 

inside the reactor, one of the best approaches is by the use of nozzles. This technique gives 

a very intense internal recycle stream even though a strong pressure drop occurs in the 
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nozzles. Additionally, the material used for the manufacturing of the reactor also plays a 

very important role. The reactor is usually build using fused silica or Pyrex glass because 

using metal is not recommended due to the large wall effects it will produce. [8] 

The possibility of coupling the JSR with different kind of analytical devices is one of the 

main advantages of the JSR. Traditionally, the JSR is coupled with one or more gas 

chromatography devices as a quantification technique to identify species. However, this 

technique is unsuitable to detect radicals and some low-temperature oxidation species like 

hydroperoxides. Coupling the JSR with other analytical techniques like mass spectrometry 

is another choice to help identify a larger range of species.  More about JSR and the 

analytical techniques used with it will be discussed in detail in chapter 3.  

 2.4  Soot formation 

Polycyclic aromatic hydrocarbons (PAH) are soot precursors that are emitted from vehicles 

and contribute to anthropogenic aerosol emissions which make them very harmful to 

humans and the environment [18] [19]. With the increasing demands for light-duty vehicles 

using gas direct injection (GDI) engines, the increase of the emissions of such harmful 

pollutants is expected. The transportation sector relies heavily on the GDI engines because 

they are known for their fuel efficiency but they have a high tendency for soot formation. 

[20] 

Starting from the 19th century, soot formation attracted many researchers. Soot, in the 

beginning, was valuable for its heat production and for its relationship to carbon-black 

manufacturing. In some combustion devices, the radiant heat transfer from soot is still 

needed. However, the smoke produced by sooty-flames is not desirable. In the late 1960s 
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early 1970s, associated health effects of soot were pointed out and PAH were labelled 

carcinogenic in 1982. Furthermore, small particles of soot can cause a lot of damage to the 

human lungs since they can be easily inhaled. The chemistry of soot and PAH started to 

get the attention of the Clean Air Act Amendments in 1990 in the United States. PAH and 

other “rich flame growing compounds” like benzene, toluene, and 1,3 butadiene were 

considered as “air toxics” because of which their industrial emissions had to be regulated. 

Today, the chemistry of rich flames involving PAH and soot formation have become one 

of the most important research areas in combustion. Ionic and polyacetylene mechanisms 

are two mechanisms that helped to build up a better picture of soot and PAH formation.[21] 

To discuss the aromatics growth toward soot, HACA mechanism was first introduced in 

Frenklach and Wang’s paper[22] for H-abstraction and C2H2-addition and their role in 

growing PAH. This mechanism usually starts by the abstraction of a hydrogen atom from 

the reacting hydrocarbon by a gaseous hydrogen atom followed by the addition of a 

gaseous acetylene molecule to the formed radical site. The mechanism used by Wang and 

coworkers showed the effect of propargyl radical (C3H3) in soot formation.[23] 

Although the combustion of the PRF, n-heptane, and iso-octane have been studied in wide 

range, the fundamental data that characterize the polycyclic aromatic hydrocarbons (PAH) 

is still deficient. These fundamental data can be obtained by studying the formation of PAH 

in the combustion TPRFs where there is a lack in the data, especially in pyrolysis condition. 

The light-duty vehicles are powered by gas direct injection (GDI) engines. Even though 

this type of engine is known for their high tendency to form soot, it is still widely used in 

the transport sector because of its fuel efficiency. [20] These emissions are considered 

carcinogenic pollutants with high risk to the environment and human health. Through the 
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decades, the understanding of soot formations mechanism along with their precursors has 

been an important research area. Experimental data along with kinetic modeling showed 

detailed reaction pathways which are considered promising tools to improve this kind of 

research. [24]- [25] Normal alkanes, branched alkanes, and aromatics represent the basic 

molecular properties in real gasoline combustion. These compounds and their mixtures 

have been investigated on a large scale, providing data to develop detailed reaction 

mechanism for PAH. Different gasoline surrogates comprising of binary, ternary or multi-

component mixtures are used in the development of the advanced combustion engines 

(ACE) by simulating the combustion of the real gasoline fuel inside an engine.  

Toluene PRF (TPRF) surrogates are ternary blends of toluene/ n-heptane/iso-octane. TPRF 

has one important advantage which is getting a good matching of gasoline sensitivity 

compared to PRF which is a binary mixture of n-heptane and iso-octane. Fuel sensitivity 

is defined as the difference between the research and motored octane numbers (RON and 

MON). TPRFs contain the aromatic, n-paraffinic and iso-paraffinic content in real gasoline 

representing more than 90% of the chemicals in commercial gasoline fuels where the 

presence of aromatics in the gasoline fuels and their surrogates has been proved to enhance 

the PAH formation. The focus of research has been on binary mixtures like PAH where as 

many studies show that toluene results in soot inception at lower flame heights and reduces 

primary particles size of the accumulated soot. Although many kinetic models for TPRFs 

exist in the literature, due to the lack of the fundamental data for PAH in TPRF combustion, 

these models have been validated by TPRF pure components (iso-octane, n-heptane, and 

toluene) which creates a gap between the experiment and kinetic models.  
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Chapter 3 

 Jet Stirred Reactive Validation  

3.1 Temperature homogeneity   

In the study of gas phase kinetics, accurate reaction rates are very important. Since the rates 

are strongly dependent on the temperature, the homogeneity of the temperature inside the 

reactor is very important for the study. One of the significant advantages of the JSR is the 

homogeneity of composition and temperature. Therefore, the JSR experiments are usually 

performed using an inert diluting gas like nitrogen or helium. The dilution is important 

because it reduces the gradients of the temperature caused by the exothermicity in case of 

the oxidation reaction or endothermicity in pyrolysis. Hence, the dilution of the fuel will 

minimize the variation of the temperature and therefore sustain a homogenous temperature 

inside the reactor. Additionally, preheating was done to avoid the temperature gradients 

that arise from cold gases coming into the reactor.[8] The JSR used in this study has a 200 

mm length from the upstream microprobe to the downstream sampling probe. To check the 

homogeneity of the reactor, N2 gas was introduced to the reactor with a constant flow rate 

while the reactor was heated by an electric oven as shown in the figure 3-1. The position 

of the reactor that has the ideal temperature was defined as the set-point (SP). Thermal 

homogeneity was proven by the temperature distribution in the reactor. 
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Figure 3-1. Jet-Stirred reactor scheme and temperature measurement at different 

locations. 

The temperature profile is presented in figure 3-2. Considering an error of 1%, each 

temperature was measured several times. The temperature gradients were fewer at the upstream 

but overall the oven showed good temperature homogeneity. 
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Figure 3-2. Dashed lined are temperature homogeneity oven testing of jet-stirred reactor 

at 650, 800, 950 and 1100 K. 

 

3.2 Sampling method 

 

The accuracy of the gas-phase kinetic analysis is very important. The composition of the 

gas may vary from the analysis of the reactor to the outlet. Therefore, the sampling stage 

is very critical. The sampling methods that were used by Dagaut’s group [26] were offline 

sampling, online sampling, and molecular beam sampling. Online and offline sampling 

depend on the physical properties of the collected end-products. On the other hand, 

molecular beam sampling is applied for unstable species.  

In offline sampling, the species are collected first and then injected into a gas 

chromatograph or other analytical devices. The species collection is done in a vessel 

connected to the outlet of the reactor. Products can either be collected at low pressure in a 
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Pyrex bulb or using liquid nitrogen during solid phase and reheating later using a solvent. 

In both cases, there is a change in the gas composition. Therefore, maintaining samples at 

gaseous form is the best option even if some unstable species like hydroperoxide 

decompose before the analysis. If both the reactor and the analytical device are being used 

at the same pressure, however, the sampling can be performed directly in the gas-phase 

from the reactor to the device using a sonic probe, which is a glass structure with a 

thermocouple, for sampling the species and detecting the reaction temperature. This is 

called online sampling. [8] 

3.3 Set-up validation 

 

To validate the sampling of the JSR, simple and well-known experiments were done and 

compared with literature.  For pyrolysis, the decomposition of cyclohexene was performed 

due to its simple unimolecular decomposition. Cyclohexene undergoes a retro Diels-Alder 

reaction to produce 1,3-butadiene and ethylene.[27]  

C6H10 → C2H4 + C4H6 

The purpose of this step was to check the effect of the pump added to the sampling probe 

as shown in figure 3-3. The consumption of the fuel was found to be faster than predicted 

at high-temperature as illustrated in figure 3-4 for the pyrolysis of cyclohexene. In the 

pyrolysis studies, no premixing issues should occur and therefore the pumping system was 

proposed as a source of this issue. Any reactions in the sampling tube were avoided using 

the pumping system and eventually the species profile matched the simulation results, 

figure 3-3 and 3-4. 
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Figure 3-3. JSR reactor provided by a pumping device. 
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Figure 3-4. The consumption of the fuel and the formation of the pyrolysis products 

plotted against temperature without and after the pump  
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N-heptane has been tested across a wide range of conditions in the literature. This is why,  

it was selected to validate the oxidation experiment. The experimental setup was validated 

by comparing the result with that of Zhang et al. and a good agreement was achieved. [16] 

as seen in figure 3-5. 

 

Figure 3-5. Experimental setup validation on n-heptane oxidation (phi=1.0, t=2s, fuel 

concentration=0.5%). Previous experimental data taken from Zhang et al.[13]  
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Chapter 4 

4 Simulation and kinetic modeling 

4.1 Detailed kinetic models for hydrocarbons 

 

The development of detailed chemical kinetic models for combustion is crucial for 

insightful understanding of combustion to design cleaner internal combustion engines. The 

detailed kinetic mechanisms are built in a hierarchical manner with thousands of species 

and elementary reactions.  

However, there is a lack of kinetic studies for hydrocarbons with 10 carbon atoms and 

highly branched ones. Kinetic models involving the oxidation of alkenes, cyclic alkanes, 

and aromatic compounds, especially the ones with long carbon chains, still need a lot of 

improvement.  

Combustion and kinetics have a long-standing bond. Combustion has always challenged 

kinetics to have a better understanding of elementary steps, reaction mechanisms, 

competing pathways, simulations, and reaction rates. However, combustion relies on 

chemical transformations like thermochemistry, kinetic mechanisms, and the rate of 

oxidation process to build its understanding. Kinetics provide a huge database for simple 

combustion systems quantitative modeling, yet a lot of effort is still required to understand 

the oxidation process of complex larger fuels. The ability to model the combustion 

characteristics like flame speed and species concentration has been improved a lot where 

the detailed mechanisms now contain large numbers of elementary reactions quantitatively 

characterized using theory, experiment or both. The low-temperature oxidation reaction of 
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alkenes usually has similar paths shown in figure 4-1, where the low-temperature region is 

normally from 600-800K.    

On the other hand, at higher temperatures branching is dominated by H+O2 with H+O2+M 

termination. The boundary of this temperature regime is determined by the competition 

between these two reactions. At this stage, the reaction starts to become faster and the 

elementary steps of the mechanism become relatively simpler.  

The complicated combustion behavior at lower temperatures with the two stages; ignition 

and cool flames, is based on the reversible formation of peroxy- radicals RO2 in the reaction 

below: 

 

At higher temperatures, the equilibrium starts to shift toward the left so that peroxy-radicals 

and their rate enhancing reactions are not important anymore. [O2] is also important for the 

equilibrium. The equilibrium is shown in the figure 4-1 below where the lower lines on the 

plot represent the conditions when the rates of branching and termination in  

are equal to two different alkanes. Alkyl peroxide radical chemistry is dominant below the 

line “low-temperature” and peroxide radicals are less effective as we go above the line. 

The region in the middle, however, called the intermediate temperature regime where HO2 

chemistry is dominant with branching. HO2 occurs from the dissociation of H2O2 which 

forms by hydrogen abstraction by HO2 and HO2+HO2. [21] 
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Figure 4-1. Combustion dominant radicals through the temperature regimes with 

different fuels 

 

4.1.1 Low temperature chemistry 

The auto-oxidation of hydrocarbons at low -temperatures lead to ignition which leads to an 

important parameter in the design of an engine because it governs the quality of the anti-

knock of fuels in the spark ignition engines and the ignition delay time in compression 

ignition.  The low-temperature oxidation of hydrocarbons occurs in many systems, both 

natural and engineered. [28] During start conditions, which is considered cold for 

combustion, low-temperature oxidation controls the formation of different oxygenated 

pollutants. 
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The next step is radical initiation where the process of auto-oxidation starts. After that, a 

series of O2 addition and intramolecular H-atom migration reactions eventually lead to 

radical chain-branching, propagation, or termination. Figure 4-2 below, takes a glimpse at 

the first mathematical models for ignition prediction proposed during the mid 20th century. 

This scheme has remained mostly unchanged in high fidelity chemical kinetic simulations 

used to improve the efficiency and emissions of combustion systems. The confirmation of 

the classical low-temperature auto-oxidation reaction has been found by measurements of 

key intermediates such as large alkenes, cyclic ethers, and recently keto-hydroperoxides. 

Korcek and coworkers [29]-[30] did experiments on liquid-phase auto-oxidation and 

identified the presence of monohydroperoxides, dihydroperoxides and keto-

hydroperoxides. Recent computational studies have also shown that subsequent 

decomposition pathways of keto-hydroperoxides to acids “carbonic acids” are favorable. 

[31] Most studies on low-temperature hydrocarbons auto-oxidation works on propane [32] 

or n-butane[33] along  with n-heptane to show cool-flame and the negative temperature 

coefficient (NTC) characterization observed in larger alkanes. Moreover, n-heptane and 

iso-octane are usually used as surrogates of gasoline fuel to understand ignition chemistry 

in real gasoline fuel. At low temperatures (below 900K), after hydrogen abstraction occurs, 

the dominating reaction is the addition of alkyl radicals to molecular oxygen to form an 

alkyl peroxide radical (ROO·). [34] 

 

Another active site is formed by the intermolecular hydrogen migration forming a five to 

eight-membered transition state ring (·QOOH). Then, a radical ·OOQOOH is formed as a 
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result of a second O2 addition.  Although oxygen addition reactions could occur further 

theoretically, ·OOQOOH radical would favor the intramolecular hydrogen migration 

pathway which will form ·HOOQ’OOH and decompose to form keto-hydro peroxide 

(HOOQ’=O) and release OH. 

Since this reaction can release OH and keto-hydroperoxides, it is the most important 

reaction in low-temperature oxidation where the keto-hydroperoxides decompose and 

produce more OH radicals. This reaction is a keychain branching reaction due to the radical 

multiplying effect that promotes low temperature oxidation. Normally, when the 

temperature starts to increase between 650-750 K the large oxygenated radical 

intermediates like ROO· and ·QOOH will have enough energy to take different reaction 

paths like elimination reactions forming alkenes and less reactive HO2 radicals, and 

cyclization that form cyclic ethers. These new pathways will diminish the pathway of 

producing keto-hydroperoxides and OH radicals. Therefore, the intermediate temperature 

(between 650-750 K) have less fuel oxidation due to the reaction of important radicals like 

OH radical. [16] 
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Figure 4-2. Classical scheme for the low-temperature oxidation of hydrocarbons  

 

4.1.2 High temperature 

Major energy release in combustion occur during high-temperature oxidation chemistry. 

High temperature oxidation of gasoline fuels affects the stability and efficiency of an 

engine. Moreover, high-temperature oxidation also produces pollutants such as soot, 

alkenes, and oxygenates.  

High-temperature region is between 850-1050K where H-atom abstractions and -scission 

reactions have consumed large hydrocarbon molecules and formed small radicals like 
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HCO, CH3, OH, CH3O.  Small radicals control high-temperature chemistry by reacting 

with small molecule intermediates (C2H4, CH2O, and C3H6).[12, 35] Most hydrocarbons 

have the same reaction pathway at high-temperatures. However, due to the stability of the 

benzene ring in aromatics, they show less reactivity. 

Kinetic modeling requires both the thermochemical properties of the species and kinetic 

mechanism. The thermodynamic information represents the NASA polynomials which are 

required in calculate the thermodynamic properties of each species, whereas, kinetic 

mechanism is the set of reactions that provide details on how species react with each other. 

Therefore, the combustion model describes how the set of reactants transforms to a set of 

products. Overall, this description is transformed to form numerical models, solving the 

mass and energy conservation equations depending on the type of the reactor and using 

specific software like CHEMKIN-PRO. [8] 

Chemical and kinetic knowledge is required to build chemical mechanisms that can be seen 

as a list of reacting species and a list of their reactions. The current understanding of the 

chemical phenomena behind the combustion processes of real fuel (e.g. gasoline, diesel, 

and jet fuels) are provided by these detailed chemical kinetics combustion models. 

Computational models can reflect the complexity of the hydrocarbon mixtures’ combustion 

which reflects the complexity of real fuel combustion. Detailed kinetic mechanisms are 

build by describing the chemical reactions between fuel, oxidizer, and intermediate species 

through introducing a set of reactions and species. This kind of understanding has helped 

in building a bridge between macroscopic phenomena and microscopic behavior. Recently, 

kinetic models have become useful in some energy conversion systems like internal 
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combustion engines.[36] Hydrocarbons represent the vast majority of fuels used in 

combustion even though there are other types of fuels. That is, hydrocarbons represent the 

fuels used in our daily lives. The behavior of hydrocarbons in temperatures below 700K 

and the kinetics of chemical pollutant formation while considering the complexity of this 

stage of the combustion process is a subject that has been explained in detail [37]-[38]. 

However, high temperature combustion (900 K and above) is complicated due to the fact 

that they have a very short time scale. Additionally, the process in this temperature region 

is very fast as it happens in the order of micro-seconds. Therefore, spatial scales are also 

very small which makes the investigation in this area very difficult. However, the 

mechanism of the high temperature (900 K and above) combustion is considered relatively 

simpler than combustion in lower temperature region (below 700 K) [36] 

 

One of the challenges faced by modelers today is choosing the important properties and 

parameters needed to describe a chosen physical phenomenon. This challenge in diversity 

creates a lack in the universal combustion modeling along with the cost of modeling that 

increases with increase in details of the model. However, with the current computational 

resources, it is impossible to create an exact model of gasoline, diesel, or jet-fuel because 

of their massive number, diversity, and size of fuel elements. Figure 4-3. [8] 
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Figure 4-3. Content in hydrocarbon classes found in usual transport fuels, jet fuels, 

gasolines, and diesel fuels. 

 

The modelers had to simplify the complexity of real fuel composition with surrogates and 

also simplify the details of the models by reducing the size of the map of operating 

conditions to be covered.    

4.2 PAH and soot formation modelling  

 

Polyaromatic hydrocarbons (PAH) and soot are generated at high temperatures, typically 

in fuel rich regions. These are unwanted products, yet, their research area is not improving 

fast enough because of the difficulties in studying them. However, the development of 
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PAH and soot formation modeling depends on high quality experimental data and complex 

detailed models studying both gas and solid phase chemistry for the small hydrocarbons 

that accumulate into PAH and soot by quantifying PAH and soot in combustion devices 

like flames and different types of reactors.  

In the last 10 years the understanding of soot formation has developed from a 

phenomenological description to an almost quantized modeling.[8] Such an improvement 

is due to the progress of diagnostic tools that allow analysis on an atomic scale. Therefore, 

the knowledge of the physical and chemical properties of soot and soot precursors have 

helped in building up better kinetic models. 

4.3 Experimental data to validate models  

 

The validation of kinetic models is needed to test the model under a wide range of operating 

conditions. Several experimental methods are known to validate kinetic models giving a 

better understanding of fuel burning complexity. To estimate the fuel consumption in 

designing engines and turbines, understanding the main combustion parameters like auto 

ignition delay times, laminar flame speed and heat release, is needed. This kind of 

estimation can be easily obtained using predictions from the developed kinetic models 

which also can help to predict the formation of some of the main regulated pollutants like 

carbon monoxide, nitrogen oxides, unburned hydrocarbons and particulates. Moreover, the 

model can also predict minor combustion products like alkenes, dienes, aromatics, 

polyaromatics, aldehydes, ketones, alcohols, acids, Sulphur oxides, etc. which are all 

considered toxic for human health and harmful for the environment. These pollutants also 

contribute to air pollution because they contribute to the formation of urban smog and acid 
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rain. Experiments used to validate kinetic models usually are rapid compression machines 

(RCM), flame speeds, shock tubes, counter flow flames, and jet stirred reactors (JSR). 

Shock tubes and RCMs are used to measure the ignition delay time which is a measure of 

overall reactivity. Flame speeds and counter flow flames data are important for spark 

ignition engines. JSR speciation data gives a deeper understanding of combustion 

chemistry. However, pyrolysis experiments have been used mainly to establish the 

relationship between fuel components and their products because it studies the 

decomposition of the fuel without the presence of an oxidizer “oxygen”. The homogeneity 

of the reactor is a key factor in studying the effect of the components. This is why the shock 

tube and JSR are usually used for such studies.  
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Chapter 5 

5 Methodology 

5.1  Experimental setup 

 

The experiment was done using the JSR setup at KAUST. The reactor is 76 cm3 of fused 

silica to avoid wall reactions. To achieve perfect mixing, the inlets of the reactor are four 

opposing nozzles of 0.3 mm where the nitrogen dilutes the gasoline surrogates and acts as 

a carrier gas. A mixture of the fuel vapor and nitrogen goes through the inner capillary inlet 

to the spherical reactor. A mixture of oxygen and nitrogen is introduced to the system 

through the outer quartz channel. Therefore, the oxygen and nitrogen mixture in oxidation 

reactions only mix with the fuel inside the spherical reactor to avoid any reactions in the 

inner capillary inlet. All the gases going through the setup are controlled by the mass flow 

controllers so that the gas flow rates can be adjusted with the reactor temperature in order 

to achieve a reaction with a fixed residence time. The temperature of the reaction was 

measured using a K-type thermocouple placed inside the reactor. As mentioned earlier, the 

temperature of the reactor was validated by passing pure nitrogen gas through the reactor.  

After that, the products are analyzed using two GCs Agilent Refinery Gas Analysis (RGA) 

and (7890B). The Agilent RGA system is a gas chromatograph which has three parallel 

channels that can analyze different species simultaneously like O2, CO2, CO, CH4, etc. The 

sample was analyzed after injection by two detectors connected to three different columns 

through which the sample is divided.  

The GC has one flame ionization detector (FID) which detects light hydrocarbons C1-C6 

and two thermal conductivity detectors (TCD). The first TCD detects permanent gases (N2, 
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CO, CO2, O2) while the second TCD is used to detect H2 gas. The sample fills the loops by 

two 10-port valves which are then distributed by three 6-port valves to different columns 

while back-flushing the heavier components from the line. The system is equipped with a 

DB-1 column for the analysis of 2-methyl butane, 2-methylhexane, iso-octane, n-heptane, 

1-hexene, cyclopentane, toluene, 1,2,4 trimethylbenzene. The JSR conditions were: fuel 

concentration at 0.5% and 0.25%, pressure 1 bar, residence time 1s and 2s, various 

temperatures from 500K to 1050K and equivalence ratios of 0.5, 1.0. The fuel 

concentration was kept low to eliminate the heat release during oxidation as mentioned 

before. The experimental setup scheme is presented in Figure 5-1. This experimental setup 

was validated by comparing n-heptane oxidation experimental measurements with data 

from previous literature as mentioned in chapter 3.[16] In this study the mole fractions of 

the products shown in table 5-1 was measured using the same two KAUST-GCs used for 

the other fuel surrogates. 

Table 5-1. Major aromatics detected in TPRF pyrolysis 

 

Name Structure Name Structure Name Structure Name Structure 

C5H6 
 

C6H6 
 

C8H6 
 

C8H8 
 

C8H10 
 

C9H8 
 

C9H10 
 

C10H8 
 

 

 

 

 



46 

 

 

 

 

Figure 5-1 Schematic of the JSR setup in KAUST 

 

5.2 The tested fuels 

 

Detailed hydrocarbon analysis (DHA) for five FACE gasoline fuels was performed at the 

Research and Development Center in Saudi Aramco. Hydrocarbons were divided into five 

major groups (PIONA): paraffins (n-alkanes), iso-paraffins (iso-alkanes), olefins (alkenes), 

naphthenes (cyclo-alkanes) and aromatics, based on their different carbon sites and carbon 

chain structures. For the surrogates, different hydrocarbons were selected to represent 

different groups based on the DHA as following: n-butane and n-heptane to represent n-
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alkanes, 2-methylbutane, 2-methylhexane and iso-octane for iso-alkanes, 1-hexene for 

olefins; cyclo-pentane for cycloalkanes, toluene and 1,2,4-trimethylbenzene for aromatics. 

An optimization algorithm of RON, MON, PIONA, H/C ratio, average molecular weight, 

density and distillation curve was used to determine the composition of the multi 

component surrogates.[6] The same methodology was done for gasoline surrogates in 

previous works [13, 39] and referred to as FGX-KAUST (X=A,C,F,G,I,J) in this thesis. 

The anti-knock index (AKI) for the selected surrogates are as follows: FGA-KAUST and 

FGC-KAUST have AKI~84, FGF-KAUST and FGG-KAUST have AKI~91.5, and FGI-

KAUST and FGJ-KAUST have AKI~70. The composition of each surrogate is provided 

in table 5-2.  

Table 5-2. Hydrocarbon compositions of PRFs and multi-component surrogates in mole fraction 

(FGA-, FGC-, FGF-, and FGG-KAUST) compositions taken from previous work[13, 39] 

Compound 

FGA-

KAUST 

FGC-

KAUST 

FGF-

KAUST 

FGG-

KAUST 

FGI-

KAUST 

FGJ-

KAUST 

PRF 

70 

PRF 

84 

PRF 

91.5 

n-butane 0.077 0.184 0.069 0.076 0 0.11 0 0 0 

2-methylbutane 0.12 0.05 0.098 0.095 0.11 0 0 0 0 

2-methylhexane 0.103 0.047 0.07 0.098 0.27 0.23 0 0 0 

iso-octane 0.6 0.546 0.437 0.18 0.34 0.12 0.67 0.82 0.90 

1-hexene 0 0 0.084 0.081 0.06 0 0 0 0 

n-heptane 0.1 0.125 0 0 0.12 0.25 0.33 0.18 0.095 

cyclo-pentane 0 0 0.158 0.153 0.06 0 0 0 0 

toluene 0 0.048 0 0.106 0.04 0 0 0 0 

1,2,4-trimethylbenzene 0 0 0.084 0.211 0 0.3 0 0 0 
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For binary mixtures, the PRFs were: PRF 64.5, PRF 95, PRF 50, PRF 84, PRF 70, PRF 

91.5 and the TPRFs were TPRF 97.5 and TPRF 70.[40] In addition, iso-octane and n-

heptane oxidation and pyrolysis were also done.  

5.3 Kinetic models 

  

        The gasoline surrogate kinetic model adopted in this work is a recently updated 

model[41]. The base model was developed by the recently updated Mehl et al.[42] Sub-

models of C0-C4 hydrocarbons [43], iso-pentane[44], 2-methylhexane[45, 46], n-

heptane[16], iso-octane[47], 1-hexene[42], cyclopentane[48], toluene[42] and 1,2,4-

trimethylbenzene reactions[49-51] have been validated and updated, covering the entire 

surrogate palette.  The iso-octane model utilized in the gasoline surrogate model, is a 

modified version showing similar levels of agreement as that of Atef et al. [47]. 

A perfectly-stirred reactor module in CHEMKIN-PRO software[52] was applied in all 

numerical simulations, with a transient solver at end time of 50s for converged solutions. 

Blanquart [53], Wang [54], Marchal [55],and Park [56] kinetic models were used to 

simulate TPRFs in the JSR. 
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Chapter 6 

 

6  RESULTS AND DISCUSSION 

6.1 Gasoline oxidation and species profiles 

 

The oxidation of iso-octane, n-heptane, and nine other gasoline surrogates were studied 

experimentally at low and high-temperature chemistry conditions using the JSR setups 

presented in section 5.1. Simulations were conducted using CHEMKIN-PRO and the 

kinetic models previously presented in section 5.3. Figures 6-4 and 6-5 show the 

experimental and simulation fuel profiles for the 9 fuels investigated at low temperature at 

two equivalence ratios; 0.5 and 1 respectively, where the scattered points represent the 

experimental results and the lines represent the simulation results. Iso-octane and n-heptane 

consumption at different conditions are shown in the supplementary material. Three 

different PRF fuel profiles are compared in figures 6-4-a and 6-5-a to study the effect of 

octane number on oxidation chemistry. Each sub-figure (b, c and d) in figures 6-4 and 6-5 

shows the profiles of FACE fuels with the same octane number and their analogous PRF 

mixture. The simulation profiles for other species like O2, CO, CO2, C2H4, C3H6 and butane 

isomers are presented in the figures below (6-1,6-2, and 6-3) compared with real gasoline 

FACE fuel in 10 atm pressure and an equivalent ratio of 0.5,1.0, and 2.0.  
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Figure 6-1 Major and intermediate species profiles of some gasoline surrogate 

simulations and their corresponding real gasoline FACE fuel under fuel-lean conditions 

(ϕ=0.5, 10 atm). 
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Figure 6-2 Major and intermediate species profiles of some gasoline surrogate 

simulations and their corresponding real gasoline FACE fuel under stoichiometry 

conditions (ϕ=1.0, 10 atm). 
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Figure 6-3 Major and intermediate species profiles of some gasoline surrogate 

simulations and their corresponding real gasoline FACE fuel under fuel-rich conditions 

(ϕ=2.0, 10 atm). 

 

Two stages of oxidation were detected experimentally and successfully predicted 

by simulations. The reaction starts at 500-600K when the fuel starts to get consumed as 

seen in the figures and reactivity is reduced between 600 and 750K. This implies that fuel 
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reactivity was greater at the lower temperature range (500-600K) than the intermediate 

temperature range (600-750 K). This fact contradicts the classic Arrhenius chemical kinetic 

theory, which states that reactivity increases exponentially with temperature. This 

phenomenon was observed in many hydrocarbon oxidations like n-heptane, 2.5-

dimethylhexane, 2-methylhexane and dimethyl ether and is known as negative temperature 

coefficient behavior which is attributed to the competition between two different reaction 

pathways as previously discussed in section 4.1. 

 

Figure 6-4. Fuel profiles of nine selected surrogate low temperature oxidations (500-

750K), experimental data from JSR-1 and numerical simulation (ϕ=0.5) 



54 

 

 

Figure 6-5. Fuel profiles of nine selected surrogate low temperature oxidations (500-

750K), experimental data from JSR-1 and numerical simulation (ϕ=1.0). 

The fuel profiles for the high-temperature oxidation of the nine different surrogates are 

presented in figure 6-6 In figure 6-6 (a) it is obvious that the three PRF fuels have similar 

high-temperature oxidation chemistry where they have similar fuel profiles at high-

temperature indicating that the effect of octane number is negligible. In figure 6-6 (b), the 

fuel profiles of two alkane rich multi-component surrogates (FGA-KAUST and FGC-

KAUST) are presented. Again, similar reactivity was seen within different molecular 

compositions of both fuels indicating that n-alkanes and branched ones have little effect on 

high-temperature oxidation. Figure 6-6 (c) compares FGF-KAUST and FGG-KAUST 

where aromatic rich FGG-KAUST showed lower reactivity than alkane-rich FGF-KAUST. 
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Figure 6-6 (d) shows similar behavior where it compares aromatic rich multi-component 

surrogate FGJ-KAUST with alkane rich surrogates FGI-KAUST and the later shows higher 

reactivity which suggests that aromatics affect the fuel reactivity in the high-temperature 

region. This behavior of aromatic rich multi-component surrogates like FGG-KAUST and 

FGJ-KAUST was under-predicted by numerical simulations when compared with the 

experimental data. This case is especially true with FGJ-KAUST at a temperature higher 

than 950K. This observation indicates that with aromatics, like toluene and 1,2,4-

trimethylbenzene, high-temperature oxidation reaction schemes require further 

investigations and development. However, simulations qualitatively predict the 

experimental observation and can be used for further understanding of the oxidation 

chemistry of the surrogates. 

 

Figure 6-6. Fuel profiles of nine selected surrogate high temperature oxidations (750-

1050K), experimental data from JSR-1 and numerical simulation (ϕ=1.0). 
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6.1.1 Effect of surrogate composition 

 

To investigate the effect of surrogate composition on reactivity, surrogates of the same 

octane number but different composition were used as presented in figures 6-4 and 6-5. 

The surrogates are PRF 70, FGI-KAUST and FGJ-KAUST in figures 6-4-c and 6-5-c, PRF 

84, FGA-KAUST and FGC-KAUST in figures 6-4-b and 6-5-b, PRF 91.5, FGF-KAUST 

and FGG-KAUST in figures 6-4-d and 6-5-d. Generally, PRFs showed higher reactivity 

among each surrogate group. Moreover, in the multi-component surrogates with similar 

octane numbers, normal alkanes increase reactivity of the surrogates. For example, FGA-

KAUST were found to be more reactive than FGC-KAUST because FGA- KAUST has 

more n-alkanes and FGC-KAUST has more branched alkanes in addition to the presence 

of toluene. Other multi-component surrogates (FGF-KAUST and FGG-KAUST) were 

found to have some low temperature activity. Aromatics are even less reactive than normal 

and branched alkanes. Overall, surrogates with more highly branched alkanes and 

aromatics are expected to have lower reactivity in low temperature oxidation. This behavior 

also has been reported in previous work. [43]- [57] 

6.1.2 Effect of surrogate octane number 

 

Three different PRFs are presented in figure 6-4-a and 6-5-a with two equivalence ratios; 

0.5 and 1.0. The results showed that all three PRFs have low temperature reactivity under 

the selected conditions. However, PRF 70 has shown the highest low temperature followed 

by PRF 84 and PRF 91.5 respectively. This behavior of the different PRFs is in excellent 

agreement with the simulations profiles.  
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This highlights the effect of octane number on low-temperature reactivity.Generally, n-

alkanes are more reactive than branched alkanes and have lower octane number due to the 

fact that they have more sites avaiable for isomerisation. n-Heptane and iso-octane has 

octane number of zero and 100 respectively. Accordingly, low octane number PRFs with 

more n-heptanes are more reactive than PRFs with high octane number and high 

concentration of iso-octane. This two-stage heat release of PRFs has been characterized in 

recent engines experiments [58]. Similarly , n-heptane/ethanol [59] and toluene/dimethyl 

ether [43] mixtures have the similar results in activating the oxidation of less reactive 

component with another reactive one. Furthermore, multi-component surrogates and real 

gasoline fuels with low octane number exhibit more low temperature reactivity compared 

to high octane number fuels.  

6.1.3 Model analysis 

 

To detect the key reactions that can promote or inhibit fuel reactivity, a model analysis was 

performed. PRF 70, FGI-KAUST and FGJ-KAUST were chosen as the target surrogates 

because of their strong low-temperature reactivity. OH sensitivity analysis was performed 

using CHEMKIN-PRO [60] at 620K, corresponding to the temperature with the strongest 

low-temperature oxidation reactions. OH was selected as the target species for the analysis 

because it is considered to be the most important radical in low-temperature oxidation. The 

results at the chosen temperature 620K are shown in figure 6-7 below. A negative 

sensitivity coefficient means that the reactions inhibit low-temperature oxidation, while 

positive values indicate that reactions are promoted during low-temperature oxidation. The 

reactions in figures 6-7, 6-8, and 6-9 are explained below. 
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As discussed before, low temperature chemistry starts with hydrogen abstraction which 

increases the reactivity as it leads to chain branching reaction. In the PRF 70, figure 6-7, 

hydrogen abstraction by OH and HO2 from iso-octane decreases the reactivity where 

abstraction from n-heptane increases the reactivity and that’s because iso-octane is a 

branched alkane where a tertery radical can not under go asecond isomerization and thus 

can not form ketohydroperoxide and OH radical. Therefore, iso-octane is less reactive . 

Similar behavior of reactivity was observed in FACE I and FACE J  regarding n-heptane 

and iso-octane reactivity. In figure 6-8, FACE I, the concerted elimination of cyclopentane 

(olefine formation) was found to be decreasing the reactivity. On the other hand, the second 

O2 addition and isomerization of cyclopentane were found to be increasing the reactivity. 

Aromatics don’t exhibit low-temperature reactivity and therefore in FACE J, the 

abstraction from ortho or para trimethyl benzene decreases the reactivity. Also, the 

reactivity decreased by butane abstraction due to the small size of the chain that prevents 

the formation of a six-membered ring transition state which should help to increase the 

reactivity as shown in figure 6-9. In general, we can say that hydrogen abstraction leads to 

chain branching reaction through the second O2 addition which leads to the formation of 

keto hydroperoxide (the low-temperature chain branching). On the other hand, HO2H2O2 

+ O2  in PRF 70 and FACE J is a chain propagation reaction which will eventually form 2 

OH radicals which will lead to the high tempertature reactivity . The top promoting 

reactions were found to be the H-atom abstraction from n-heptane, while the most 

inhibiting reactions were iso-octane and 1,2,4-trimethylbenzene H-abstraction reactions. 

Small molecule reactions had only minor participation among the top ten sensitive 

reactions. These results indicate that low-temperature oxidation chemistry is largely 
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dependent on hydrocarbon molecules in surrogate compositions. Therefore, linear 

hydrocarbons like n-heptane enhance low-temperature reactivity where they end up 

forming ketohydroperoxides, while at intermediate temperatures, cyclic ethers and H2O2 

are formed which compete with KHP formation and thus inhibit the reactivity of 

combustion thereby introducing the negative temperature coefficient (NTC) region.)

 

Figure 6-7 

 PRF 70 φ=1.0 top five reactions of OH sensitivity analysis at 620K. 
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NC7H16+OH<=>C7H15-2+H2O
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Figure 6-8 

 FACE I φ=1.0 Top five reactions of OH sensitivity analysis at 620K. 

 

Figure 6-9 

 FACE J φ=1.0 Top five reactions of OH sensitivity analysis at 620K. 
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Furthermore, rate of production analysis (ROP) was done for PRF 70 mixture where the 

low-temperature chemistry occurs. For n-heptane at both 600 and 650 K temperatures, 

radicals followed the propagation pathway starting from H-abstraction followed by O2 

addition followed by isomerization to form cyclic ether. However, one pathway showed 

different behavior 89% and 54% of QOOH goes to the second O2 addition at 600K and 

650K, respectively.). The addition to molecular oxygen is a barrieles reaction which is why 

it is more favored at lower temperature (higher flux). This pathway represents chain 

branching pathway where keto-hydroperoxide was formed and the reactivity increases .  

On the other hand, the chain branching pathway (keto-hydroperoxide formation) was 

observed in iso-octane only at the lower temperature (600 K) and propagation was found 

to be dominant at 650 K. Both n-heptane and iso-octane showed low-temperature 

reactivity. Chain branching pathway was found at both temperatures for n-heptane while it 

was only observed at 600 K for iso-octane. The ROP  details are shown in figures 6-8 and 

6-9. 
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Figure 6-7 Rate of production analysis for n-heptane at 600-650 K. Flux at 600 K and 

650 K are shown in black and red; respectively. 
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Figure 6-8. Rate of production analysis for iso-octane at 600-650 K. Flux at 600 K and 

650 K are shown in black and red; respectively. 

 

 

6.2 TPRF pyrolysis results  

  

One of the most important differences between the composition of the two TPRFs is that 

TPRF 70 (28%) has significantly less toluene than TPRF 97.5 (77.5%). Therefore TPRF 

97.5 is expected to produce significantly more PAH than TPRF 70 due to the higher toluene 
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content in the former. The mole fractions of C1 to C18 intermediates were used to examine 

fuel decomposition chemistry along with PAH growth reactions. 

The relative amount of n-heptane, iso-octane, and toluene are similar in TPRF 70 which 

facilitated the invistigations of this fuel.  The experiments were done at 0.25% fuel 

concentration and residence time of 1s. The JSR is located in an oven and the temperature 

of the reactor is measured by a K-type thermocouple using the same setup used to test the 

other gasoline fuels. The experiments were conducted under a temperature range of 800-

1300 K. Agilent RGA system (7890B GC) was used to quantify H2 and C1-C5 

hydrocarbons during the TPRF pyrolysis. The Agilent 7890B system is equipped with an 

Agilent PAH column to separate PAH. Identification of PAH was performed by injecting 

standard samples.  The products measured by the GC were n-heptane, iso-octane, toluene, 

acetylene, allene, A1 and A2. 

 

6.2.1 Models analysis  

 

The product formation profiles are shown in figure 6-10. The experimental measurements 

were compared with simulations using four kinetic models. The model by Blanquart et al. 

[53] predicts iso-octane, toluene, acetylene and benzene as well, but not the formation of 

larger PAH. The simulated results from Wang et al. model [54] underpredict the 

consumption of the three fuels and the formation of A2 and A3. However, accurate 

predictions of A1 and A4 were fortuitous given that fuel decomposition profiles were 

notably under-predicted. Marchal et al. model [55] predicted the consumption of toluene, 

but the consumption of n-heptane and iso-octane were under-predicted. Moreover, this 
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model predicts higher mole fraction of benzene (A1) and lower mole fractions of A2-A4. 

In contrast, Park et al. model [56] predicted the consumption of n-heptane and iso-octane, 

but over-predicted the consumption of toluene, and formation of benzene and A4. Overall, 

TPRF 70 had low octane number despite its signifcantly less toluene content producing 

slightly higher benzene and naphthalene compared to TPRF 97.5. On the other hand, the 

pyrolysis of TPRF 97.5 leads to slightly higher production of phenanthrene (A3) and 

pyrene (A4). In general, the discrepancy between the models and the experimental results 

proved that the kinetic models need to be updated and therefore, more data should be 

provided. 

   

Based on the sensitivity analysis, propargyl radical plays a critical role in the formation of 

benzene (A1) and naphthalene (A2) in TPRF mixtures. In PAH growth, benzyl radical is a 

key intermediate in the production of larger PAH like phenanthrene and pyrene. The latter 

reaction sequence leads to larger PAH in the pyrolysis of TPRF surrogates having a high 

toluene concentration. 
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Figure 6-9. Comparison between experimental and simulated mole fractions of TPRF 

components in TPRF 70 pyrolysis from JSR. 

 

Furthermore, propargyl (C3H3) and acetylene (C2H2) sensitivity analysis using CHEMKIN-

PRO was done for TPRF 70 at 1150 K for further understanding of the PAH formation. 

Since propargyl and acetylene were found to be important soot precursors, the sensitivity 

analysis showed which reactions affected PAH formation. A positive sensitivity coefficient 

 means that the reaction promotes the formation of propargyl or acetylene (C3H3 and 

C2H2) and hence increases the potential of PAH formation, while negative value indicates 

that the reaction consumes of propargyl or acetylene (C3H3 and C2H2). The formation of 

IC4H7 promoted the formation of C2H2 while the formation of benzene inhibited acetylene 
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formation. On the other hand, propargyl was found to be inhibited by the production of 

C3H5-A through the propane H-abstraction and the reaction of H radical with 

cyclopentadiene producing more acetylene. At 1150 K the formation of methyl radical and 

acetylene were found to be highly negative thus suppressing C2H2 production. Moreover, 

the formation of C2H3 from ethylene (C2H2) was highly sensitive to C3H3 production. 

Detailed sensitivity analyses for both species at 1150K are illustrated in figures 6-11 and 

6-12. 

 

 

Figure 6-10 Propargyl sensitivity analysis at 1150 K. 
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Figure 6-11. Acetylene sensitivity analysis at 1150 K 
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Chapter 7 

 

7 CONCLUSION  

 

In conclusion, gasoline surrogates and real gasoline fuel oxidation chemistry were 

investigated experimentally and numerically in jet-stirred reactor. To validate hydrocarbon 

oxidation chemistry, nine gasoline surrogates were selected. The chosen surrogates 

revealed the effect of octane number and hydrocarbon compositions on surrogate oxidation 

chemistry. It was found, both experimentally and numerically, that lower octane number 

surrogates were more reactive, and surrogates with more linear alkanes were more easily 

oxidized in low temperature regions. The importance of n-alkanes in driving the low 

temperature reactivity oxidation of surrogate mixtures was also pointed out. 

        In high temperature regions, the influence of octane number and hydrocarbon 

composition on surrogate oxidation was reduced. Also, it was obvious that aromatic-rich 

surrogates had less high temperature reactivity because of benzene ring stability. Other 

alkane-rich surrogates showed similar reactivity, despite their different hydrocarbon 

components and compositions. Numerical simulation accurately reproduced alkane-rich 

surrogates, but under-predicted aromatic-rich surrogates, indicating that high temperature 

oxidation chemistry of aromatics requires further investigation. Surrogate simulations 

successfully reproduced real gasoline oxidation behavior, demonstrating that gasoline 

surrogate kinetic models can be a comprehensive approach for the simulation of gasoline 

oxidation in real gasoline engines.  
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Additionally, PAH formation characteristics in pyrolysis of two gasoline surrogates, 

TPRF97.5 representing a high-octane number and high-octane sensitivity gasoline and 

TPRF70 representing a low octane number gasoline (naphtha) were investigated in a jet-

stirred reactor. The mole fraction profiles of the aromatics including benzene with PAH up 

to four rings, along with some other reactants like C2H2, C3H4, C3H6 were measured. 

Evaluation of literature kinetic models for TPRFs and PAH formation showed conflicts 

with the experimental data in predicting the formation of PAH. This proved that further 

development of the PAH kinetic model for gasoline surrogates is needed. 
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Supplementary material  
 

 

A) Iso-octane and n-heptane fuel consumption 

 

Residence-time 2,1, pressure 1 bar, n-heptane% 0.005,0.0025 and temperature 780-

1020K 
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Residence-time 1, pressure 1 bar, and temperature 780-1020 K 

 


