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ABSTRACT 

Shock tube autoignition studies have been carried out for conventional petroleum-

dervied commercial and US military jet fuels (Jet-A and JP-8), alternative Fischer-

Tropsch synthetic jet fuels (S-8, Sasol IPK, and Shell FT), jet fuel surrogate mixtures 

designed to emulate the combustion properties of complex jet fuels with a limited 

number of components (two to four components), and pure jet fuel components of 

interest (2-methylhelptane, n-octane, and n-propylbenzene). Studies were carried out in a 

heated high-pressure shock tube at Rensselaer Polytechnic Institute. Measurements were 

made at a wide range of conditions relevant to combustion in aero-propulsion devices: 

temperatures from 630 to 1380 K, pressures from 7 to 39 atm, and for fuel/air mixtures 

at equivalence ratios from 0.25 to 1.5. Ignition delay times were determined in reflected-

shock-heated gaseous fuel/air mixtures by monitoring pressure and light emission from 

electronically-excited OH radicals around 306 nm. Measured ignition delay times 

provide: 1) a database of quantitative kinetic targets for the evaluation and development 

of kinetic models for fuel oxidation and ignition; 2) a comparison of the reactivity, 

through ignition delay, for compositionally diverse conventional and alternative jet fuels, 

all of which are certified for military or commercial use; 3) insights into the structure-

reactivity relationships for pure fuel components and quantitative tests for modeling 

predictions of the influence of these structural differences; and 4) assessment of 

methodologies for the selection of surrogate mixtures to emulate combustion properties 

of real fuels. This research greatly expands the limited database of kinetic knowledge for 

real jet fuels at conditions relevant to gas turbine operation by providing autoignition 

characterization at the widest range of conditions and for the widest range of fuels 

studied to date. Here the first direct experimental comparison of the autoignition 

properties of surrogate mixtures and real jet fuels are made, to the author’s knowledge. 

Finally, important autoignition results are provided, with interpretation of the 

consequential kinetic pathways, for 2-methylheptane and n-propylbenzene, compounds 

with organic structures of significant relevance to liquid transportation fuels and 

compounds for which no previous shock tube data existed, to the author’s knowledge, 

prior to this work. 
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1. Introduction 

1.1 Motivation 

Around 95% of the world’s energy needs are satisfied through the combustion of 

fossil fuels and biomass. In 2009 94% of the energy used for ground transportation in the 

United States was derived from petroleum-based fuels and nearly 100% of the energy 

used in aircraft flight came from liquid hydrocarbon fuels, almost all of which come 

from fossil sources; therefore, improvements to propulsion systems that provide higher 

efficiency, lower greenhouse gas emissions, and reduced emissions of harmful 

byproducts such as NOx, CO, and particulate matter are of benefit to both the 

environment and public health. 

To optimize the performance of a propulsion system such as a jet engine or to assess 

the impact of fuel change on the performance of an existing engine, it is critical to 

develop efficient simulation tools for combustion processes. Predictive simulations 

could significantly reduce the expense of prototyping and testing new combustors and 

engines and also allow for the simulation of radically different combustor and engine 

designs. In combustion simulations the chemical conversion of fuel and oxidizer to 

products is generally described using a kinetic model specifying the appropriate 

elementary chemical reactions and thermochemical parameters. Description of 

combustion in a practical engine additionally requires accurate modeling of the 

important transport processes (i.e., heat, mass, and momentum diffusion and 

convection), in addition to the description of chemistry. Upon combination with 

transport, chemical kinetics models are typically reduced in some manner in order to 

make the coupled chemical-transport simulation computationally feasible with present 

computers. Kinetic models, used to describe the chemistry, are usually validated with 

data obtained in controlled experiments where transport has been eliminated or is well 

characterized. Experimental reactors designed to isolate chemical reactions from 

transport include shock tubes, the device used in this thesis work, as well as flow 

reactors, jet stirred reactors, rapid compression machines, and laminar flames, all of 
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which have historically been used to develop and evaluate kinetic models to describe 

fuel oxidation. 

For the last few decades, the oxidation of components found in gasoline and natural 

gas has been a major focus of kinetic study within the combustion community, owing to 

the their simpler organic structures and the higher volatility of these compounds, making 

gas-phase measurements possible. Research results have helped scientists and engineers 

obtain a better understanding of the oxidation pathways of these key components and 

also enabled the development of kinetic models; however, in many cases the kinetic 

modeling efforts are far from quantitatively predictive. For example, in many cases 

ignition delay time predictions from kinetic models differ with experiments by factors of 

two to ten. Deviations such as these, and the fundamental importance of kinetic 

prediction to describe engine combustion performance, are a primary motivator for 

continued research in combustion kinetics. 

More recently, the focus of kinetics research has been extended from small 

hydrocarbons (≤ C8) found in gasoline and natural gas (≤ C3) to larger hydrocarbon 

components found in jet fuels (C7-C16) and diesel (C9-C20). However, both commercial 

and military jet fuels contain hundreds to thousands of distinct hydrocarbon compounds 

making them too complex for detailed modeling due to their compositional complexity, 

the lack of the fundamental physical and kinetic data for the compounds found in the 

fuels, and the computational burden of simulating combustion chemistry for a large 

number of species simultaneously. One alternative is to develop surrogate mixtures 

made up of a much smaller number of components to represent the chemical kinetic, 

transport, and physical properties of real fuels. With a simplified surrogate version of a 

real fuel, it is possible to provide a tractable kinetic model for combustion simulations. 

To validate surrogates and their kinetic models, a wide range of data are needed for each 

fuel component, the surrogate mixture, and the real fuel being emulated at conditions 

found in the combustor of interest. Thus an integrated research focus on individual 

components, surrogate mixtures for specific fuels, and the jet fuels themselves is 

required, as illustrated in Figure 1.1. At present, such data and in fact surrogates that 

mimic real fuels (jet fuels in this study) are largely deficient [1]. This thesis, in part, 
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attempts to fill this void by providing fundamental combustion data for real jet fuels, 

surrogates, and important model components. 

 

Figure 1.1. Jet fuel combustion modeling. 

 

1.2 Background 

This section discusses various experimental methods for studying combustion 

kinetics, describes the importance of autoignition, and outlines previous studies 

pertaining to the kinetic study of jet fuel components, jet fuels, and jet fuel surrogates. 

1.2.1 Experimental Research for Combustion Kinetics 

Combustion kinetics is typically studied in controlled experiments where transport 

processes are not significantly sensitive or experiments in which the flow field is well 

characterized such as flow reactors, jet-stirred reactors, rapid compression machines, 

laminar flames, and shock tubes. Each of these experiments will be briefly described in 

this section. 

A flow reactor [2], shown in Figure 1.2, allows for the study of reaction kinetics in 

the continuous flow of air or another gaseous oxidizer in a high-temperature tube where 

liquid or gaseous fuel is injected into the high-temperature air/oxidizer stream. The fuel 

evaporates and mixes quickly and chemical reaction occurs as the mixed fuel/oxidizer 

stream travels in the heated tube. By sampling the combustion products as a function of 

residence time, at different axial locations, the extent of reaction and the temporal 
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evolution of various intermediate and product species can be monitored. Flow reactors 

allow for precise experimental control of the temperature and the sampling of a large 

number of species over a large range of residence times; however, they are obviously 

limited by the evaporation and mixing requirement following fuel injection, resulting in 

uncertainty in the initial condition of the overall chemical reaction. 

A jet stirred reactor (JSR) [3] is usually used for studying lean-premixed 

combustion, see in Figure 1.3. Multiple nozzles inside the JSR introduce a steady high-

speed and high-temperature premixed fuel/oxidizer gas mixture into the reactor, 

inducing rapid mixing; an exhaust port steadily expels combustion products. The 

concentrations of reactant, product, and intermediate species present in the exhaust 

products can be determined through means of traditional chemical sampling (e.g., gas 

chromatography). The drawback of the JSR is that the complicated mixing that occurs 

due to the injection method must be well analyzed and understood if the data obtained is 

to be quantifiably suitable for validating kinetic models. 

 

Figure 1.2. Schematic of a flow reactor. 

 

Figure 1.3. Schematic of a jet-stirred 

reactor [4]. 



 

     5 

The rapid compression machine (RCM) has been used for the purpose of chemical 

kinetics studies at elevated pressures and temperatures, for example see Figure 1.4. The 

RCM is an experimental device that provides a single compression event. The enclosed 

gases in the reaction chamber are compressed to high pressure and temperature by a 

piston, which is pinned at the end of its stroke allowing chemical reaction to proceed in a 

constant volume, constant mass chamber. The piston travels very fast to minimize heat 

losses and chemical reaction during the stroke. Typically it takes 10 to 50 ms for the 

piston to complete its stroke [5], following which there is a relatively long test time of up 

to several hundred milliseconds [5]. However, during the long RCM test time heat is lost 

to the walls, resulting in a drop in temperature and pressure. Additionally, chemical 

reactions may occur during the piston stroke. Finally, the piston motion itself causes 

vortical fluid motion in the test gases. These complications, inherent to RCM 

experiments, need to be carefully addressed, through modeling, for the RCM to be used 

for the study of combustion kinetics. 

 

 

Figure 1.4. Schematic of a rapid compression machine [5]. 

 

Another classical combustion experiment used validate combustion kinetics is the 

laminar flame speed measurement which, for example, can be carried out by observing 

the spherical flame propagation into quiescent fuel/oxidizer gases from a point spark 

ignition inside a spherical combustion bomb. The laminar flame speed is perhaps the 

most widely used macroscopic combustion parameter and describes the propagation of 

the one-dimensional, planar, adiabatic, premixed flame in the doubly infinite domain [6]. 
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Proposed kinetic models should capture this macroscopic observable because it 

embodies the fundamental information on the diffusivity, high-temperature chemical 

reactivity, and exothermicity of a given mixture. Intrusive speciation measurements can 

also be made in steady laminar flat flames through sampling and quenching the 

intermediate and products and evaluating the gas composition use a gas chromatography 

– mass spectrometer combination. 

Finally, the experimental device of choice for the work presented in this thesis is the 

shock tube. A shock tube uses a shock wave to instantaneously heat a homogenous gas 

mixture, after which the reaction proceeds until the test time ends. The test time, 

typically a few milliseconds, is limited by the expansion of the high-pressure gases used 

to drive the shock wave. Often experiments are carried out behind the reflected shock 

wave which utilizes the heating and compression of the test gases by both incident and 

reflected shocks; the incident shock is reflected by a fixed end wall at one end of the 

shock tube. Shock tubes have been widely used for the study of combustion kinetics due 

to the following advantages. First, the shock tube provides a nearly spatially uniform and 

homogeneous condition behind the reflected shock wave, which to first-order can be 

modeled using zero-dimensional adiabatic constant-volume assumptions (i.e., only have 

to model the evolution of the chemistry). Second, conditions similar to practical 

combustion systems (e.g., jet engine gas turbine combustors) can be obtained in shock 

tubes including elevated pressures, a wide range of temperatures, and a wide range of 

reactant mixtures. Third, the shock tube is relatively easy to control and operate and 

provides highly reproducible unambiguous experimental conditions and observables. 

Therefore, the shock tube has been utilized in this thesis for the experimental study of 

the autoignition of jet fuels, jet fuel surrogates, and components. Ignition delay times are 

measured to characterize the autoignition phenomenon. Figure 1.5 shows a schematic of 

a typical shock tube facility. Detailed explanation will be provided in the following 

chapter on experimental methods. 
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Figure 1.5. Schematic of a typical shock tube [7]. 

 

1.2.2 Ignition Delay Time 

Among macroscopic kinetic properties such as laminar flame speed, flame 

extinction limits, and minimum ignition energy, ignition delay time has drawn special 

attention since it describes a process of fundamental importance in many practical 

combustion applications, autoignition [8]. Ignition delay time is the time it takes for a 

homogenous fuel/air mixture to autoignite at a specified pressure and temperature and 

under specific constraints (adiabatic and constant volume for the shock tube). 

Autoignition is a basic chemical phenomenon that proposed kinetic models should be 

able to adequately predict, if they are to ultimately be useful for the modeling and 

simulation of combustor performance in a real engine. Ignition delay times at high 

temperatures (>1000 K) follow usual Arrhenius exponential dependence on the inverse 

of temperature: 

     (
  
  
) 

where τ is the ignition delay time, EA an apparent activation energy, R the universal gas 

constant, and T the temperature. However, at lower temperatures (<1000 K) more 

complicated temperature dependence can occur, for example negative-temperature-

coefficient (NTC) behavior where the ignition delay times become shorter with 

decreasing temperature. 

While autoignition is not desired in spark ignition internal combustion engines, it 

initiates combustion in diesel engines and homogeneous charge compression ignition 
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(HCCI) engines. In gas turbines, lean premixed combustion technology is widely used to 

reduce harmful emissions. Good mixing of the fuel and air in the premixer is essential to 

the performance of the lean premixed combustor; however, as the temperature and 

pressure of air entering the premixer are very high, the time required for mixing becomes 

comparable with the autoignition delay time and the fuel may ignite before it is fully 

mixed with air. Thus, it is important to predict and control autoignition to optimize 

performance, protect combustor components, and lower pollutant emissions. 

Additionally, the study of autoignition as a fundamental kinetic phenomenon and as a 

target for kinetic modeling studies has application to devices where autoignition is not 

desired (e.g., gas turbines) due to the relationship between autoignition and the 

fundamental chemistry important in other combustion phenomena, including flame 

propagation, flame extinction, and pollutant formation and destruction. 

1.2.3 Previous Research 

There has been significant experimental and modeling work on the oxidation and 

autoignition kinetics of hydrocarbon compounds. Studies on the autoignition of smaller 

hydrocarbon compounds (C8 and smaller) found in large quantities in gasoline [9-15] 

have been widely published in the last few decades. More recently these studies have 

been extended to larger hydrocarbon compounds relevant to jet fuels, including studies 

from our laboratory with focus on: n-alkanes from C7 to C14 (n-heptane, n-decane, n-

dodecane, and n-tetradecane) [16]; highly-branched iso-alkane compounds that are the 

low-reactivity reference fuels for octane and cetane ratings used for gasoline and diesel 

fuels (iso-octane and iso-cetane which are 2,2,4-trimethylpentane and 2,2,4,4,6,8,8-

heptamethylnonane, respectively) [17-18]; cycloalkanes (cyclopentane, cyclohexane, 

methylcyclohexane, ethylcyclohexane, and decalin) [19-21]; and aromatics (toluene, p-, 

m-, and o- xylene, and ethylbenzene) [22-23]. See Figure 1.6 for the organic structures 

of the compounds studied in our laboratory prior to this thesis work. 
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Figure 1.6. Hydrocarbons previously studied by our group at RPI. 

 

Relative to studies of individual hydrocarbon components there has been 

significantly less work on the autoignition of real fuels, including jet fuels. Also, many 

of the early studies utilized flow reactors and the injection of liquid fuel into hot air 

flows to study autoignition, which introduces the evaporation and mixing phenomena 

which must be considered along with gas-phase chemistry. To the author’s knowledge, 

the earliest experimental measurement of ignition delay time for a jet fuel was reported 

by Mullins [24-25] using the National Gas Turbine Establishment (NGTE) method. 

Unspecified jet fuel was injected as an atomized spray or a vapor into high-velocity hot 

vitiated air flow in a duct and autoignition was observed downstream of the injection 

location. Mestre and Ducourneau [26] measured the ignition delay time of rich aviation 

kerosene/air mixtures in a premixing and pre-vaporizing tube. Marek et al. [27] also used 

a premixing and pre-vaporizing tube to study the autoignition of lean Jet-A/air mixtures. 

Freeman and Lefebvre [28] tested an aviation kerosene/air mixture at 1 atm with a range 

of temperature from 930 to 1020 K by spray injection into hot air flow. Freeman and 

Lefebvre [28] data showed good agreement with that of Mullins [25]. 

n- and iso-alkanes 

  

   

cycloalkanes 

aromatics 
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Most of the early shock tube studies of jet fuel autoignition were conducted using 

liquid droplets or films. Borisov et al. [29] reported ignition delay time of aviation 

kerosene/air and aviation kerosene/oxygen mixtures using a single-droplet technique 

behind reflected shock waves. Char et al. [30] measured ignition delay times for injected 

JP-8 in a shock tube. Ignition times for JP-7, JP-8 and JP-10 liquid fuel droplets were 

reported by Sidhu et al. [31]. Liquid fuel was injected using a high-speed Borg–Warner 

diesel fuel injector from the endwall into the test section. Very-high temperature (2630 

to 3330 K) delay times for a kerosene liquid layer were measured by Kobiera and 

Wolanski [32]. 

However due to the low volatility of jet fuels, there have been very few shock tube 

studies of premixed gas-phase jet fuel autoignition, which allow a separation of the 

evaporation and mixing processes from the combustion chemistry, allowing for 

quantitative kinetic measurements which can unambiguously be used as targets for 

kinetic modeling and can be used to ascertain specific fuel composition influences on 

fuel reactivity. Dean et al. [33] reported ignition delay times of vaporized Jet-A in air at 

a temperature range from 1000 to 1800 K at pressures near 8 atm and Vasu et al. [34] 

have measured ignition delay times of gas phase Jet-A and JP-8 in air for temperatures 

ranging from 715 to 1229 K and pressure from 17 to 51 atm. These two studies [33-34], 

both performed using the heated shock tube method utilized in the present thesis work, 

represent the only previous measurements of gas-phase autoignition for real jet fuels for 

which this thesis work can be directly compared. 

The first work on formulating jet fuel surrogates, mixtures of limited number of 

species designed to emulate jet fuels in modeling and controlled experimental studies, 

was published in the late 1980s when Wood et al. [35] suggested several JP-4 and JP-5 

surrogates. The Wood et al. surrogates were composed of ten or twelve components and 

were intended to match the general burning behavior of these full-boiling-range fuels 

with the exception of soot formation. Other notable work on surrogates includes that of 

Violi et al. [36] who developed three surrogate mixtures to match the distillation curve 

and sooting propensity of JP-8. Violi et al. [36] also developed a kinetic model for their 

surrogates and it was validated through comparisons with experimental data for pure 
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components from premixed flames and a plug flow reactor. It was also used to predict 

the structure of premixed flames for their surrogate mixture. 

Other work on surrogates includes that of Douté et al. [37] who used a single 

component n-decane surrogate to mimic the chemical structure of premixed kerosene 

flames. Dagaut et al. [38] also reported similar concentration profiles for Jet-A and n-

decane using a jet-stirred reactor and developed a mechanism for the oxidation of n-

decane to reproduce the experimental results. Guéret et al. [39] also reported identical 

products during the oxidation of kerosene and a mixture of three hydrocarbons (79% n-

undecane, 10% n-propylcyclohexane and 10% 1,2,4-trimethylbenzene) using a jet-stirred 

reactor and a quasi-global chemical kinetic mechanism was developed. 

Cooke et al. [40] studied counter-flow diffusion flames with JP-8 and a six-

component surrogate of JP-8 both experimentally and computationally. Good agreement 

was found between predicted and measured variables in flames of the surrogate, and the 

agreement was even better between the experimental JP-8 flames and the surrogate 

predictions. Patterson et al. [41] reported a mechanism for an aviation kerosene 

surrogate comprised of 89% n-decane and 11% of toluene. The mechanism was 

validated through experimental data from both jet stirred reactors and rich premixed 

flames. 

However, to the author’s knowledge, there have been no prior shock tube studies 

where a jet fuel surrogate is directly compared to a real jet fuel to determine if a 

surrogate can emulate the reactivity (autoignition) of a jet fuel at conditions encountered 

in gas turbine combustors. This is one of the emphases of this thesis. 

1.3 Current Study 

In this thesis, the gas-phase autoignition of premixed fuel/air mixtures has been 

examined. Experiments have been performed on a few neat compounds, selected due to 

their structural relevance to jet fuels, several conventional and alternative jet fuels, and 

jet fuel surrogates designed to emulate specific jet fuels. 
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Figure 1.7 shows a typical jet fuel composition by organic class. The individual 

components studied in this work are of particular interest because they contain important 

organic structures found in jet fuels, are potential surrogate components, and are 

compounds for which there is little or no data presently available in the literature. The 

individual compounds studied are 2-methylheptane (iso-alkane), n-octane (n-alkane), 

and n-propylbenzene (aromatic); see Figure 1.8 for the organic structures of these three 

compounds.  

 

Figure 1.7. Typical jet fuel composition by organic class. 

 

 

Figure 1.8. Pure hydrocarbon fuels studied as part of this thesis. 

 

2-Methylheptane has been chosen because it represents the most common class of 

compounds found in jet fuels, singly-methylated iso-alkanes. Methyl-alkanes, are also 

the primary iso-alkanes compounds found in alternative liquid fuels produced using the 

Fisher Tropsch and hydrotreating processes; therefore, understanding of the autoignition 
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of methyl-alkanes is important for future alternative jet fuels synthesized from both 

biomass and fossil (coal, natural gas, oil-shale) sources. N-octane, the straight chain C8 

alkane isomer, was chosen for direct comparison to 2-methylheptane so that the 

influence of the methyl substitution, in 2-methylheptane, on autoignition could be 

determined. N-propylbenzene has been chosen because, with its propyl side chain, it 

represents a level of complexity for aromatics that has yet to be widely studied and is 

widely found in conventional jet fuels; most of the kinetic data on aromatics available in 

the literature is for benzene, toluene, or the xylenes. 

Experiments have also been performed for several traditional and alternative jet 

fuels, including a reference Jet-A sample, a reference JP-8 sample, and three Fischer-

Tropsch (FT) alternative jet fuels. The three FT fuels have recently been certified by the 

US Air Force for use in 50/50 blends with JP-8 and are the Sasol IPK (synthesized in 

South Africa), Syntroleum S-8 (synthesized in Oklahoma, USA), and Shell FT 

(synthesized in Malaysia) fuels. The Sasol IPK fuel is a coal-to-liquid FT fuel and the 

Syntroleum S-8 and Shell FT fuel are both gas-to-liquid FT fuels. These FT fuels are 

nearly 100% paraffinic and, due to the lack of aromatics, produce less harmful 

particulate emissions from gas turbines and reduced exhaust signatures. The five fuel 

samples chosen for study are from the US Air Force fuel repository at Wright Patterson 

Air Force Base and have been the subject of compositional and physical studies. As 

mentioned above there are significant differences between the traditional Jet-A and JP-8 

fuels and the alternative FT fuels. Comparison of the ignition delay times for these fuels 

illustrates the dependence of reactivity on fuel composition. It also allows 

correlation/comparison of the ignition delay measured over a range of conditions with 

the cetane number, an engineering parameter used to describe fuel reactivity. 

Experiments have also been performed at a range of conditions of interest for gas turbine 

main combustors, gas turbine after burners, and diesel engines (military diesel engines 

operate on JP-8). These conditions range in pressure from 7 to 39 atm, in temperature 

from 650 to 1500 K, and range in equivalence ratio from ϕ = 0.25 to ϕ = 1.5. 

Autoignition studies have also been carried out for jet fuel surrogate mixtures, proposed 

by our group and by Dryer and co-workers at Princeton [42, 147, 150], with results 
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compared to real jet fuels. These surrogate results allow for evaluation of a surrogate 

formulation methodology. 
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2. Experimental Method 

This chapter provides a detailed description of the shock tube facility housed in the 

Combustion and Energy Systems Laboratory at Rensselaer Polytechnic Institute. 

Explanations are given for mixture preparation, the procedure for performing reflected 

shock experiments, the methodology for calculating the post-shock conditions, and the 

technique used for determination of ignition delay times. 

2.1 Shock Tube Facility 

Ignition delay times were measured in a high-pressure shock tube facility in the 

Combustion and Energy Systems Laboratory at Rensselaer Polytechnic Institute.  

Figure 2.1. shows a photograph this shock tube facility. 

 

 

 

 

 

 

 

 

 

Figure 2.1. Shock tube facility at RPI. 

 

The stainless steel high pressure shock tube is composed of a 2.59 m long driver 

section and a 4.11 m long driven section. The driven section is comprised of three 
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sections including a 0.3 m long test section, a 0.13 m long diaphragm section, and a 

main tube that is 3.68 m in length. The internal diameter of all sections is 5.7 cm, except 

for a 5 cm long square portion of the diaphragm section. The driver and main tube of the 

driven section have a wall thickness of 1.14 cm. While the test and diaphragm sections 

have more complicated geometries with an approximate wall thickness of 3.5 cm, to 

allow multiple optical and pressure ports, in the case of the test section, and to control 

the diaphragm rupture, in the diaphragm section. The diaphragm section has a square 

internal geometry (3.8 cm by 3.8 cm), to minimize the fracture of the diaphragm upon 

rupture, that is 5 cm in length that abuts the flange where the diaphragm is sealed. The 

square section transitions to round, with a diameter of 5.7 cm, five centimeters 

downstream of the diaphragm. Inside the square diaphragm section a cutter blade is 

mounted which ruptures the polycarbonate diaphragm when it bulges following 

pressurization of the driver section. Cutting the diaphragm provides relatively consistent 

diaphragm rupture and the square geometry allows the diaphragm to open with four 

“petals”, minimizing the generation of diaphragm particles which can contaminate the 

driven section. The shock tube is designed to be able to withstand maximum pressures 

up to 200 atm, limited by the optical ports in the test section. 

There are six total valves connected to the driver and driven sections, three in each, 

providing gas fill, exhaust, and vacuum to the two sections. The driver section fill valve 

allows the driver to be filled with gas from high-pressure cylinders to burst the 

diaphragm. In this thesis work most experiments utilized helium as a driver gas, which 

provides efficient means of generating shock waves due to its low molecular weight. 

However, for extended reflected shock test times, required for low-temperature 

autoignition studies, a gas with a lower sound speed is desired. When longer test times 

are desired, than those provided by helium, mixtures of helium and nitrogen can be used 

to “tailor” the shock wave according to the procedures described by Palmer and Knox 

[80]. The driven section fill valve allows the driven section to be filled will the fuel/air 

mixture of interest. Air was produced synthetically from pure (99.995%) nitrogen and 

oxygen at a ratio of 3.76 to 1. See Figure 2.2 for a schematic of the shock tube. 
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Figure 2.2. Schematic of the RPI shock tube. 

 

The diaphragms ruptured used for generation of shock waves were polycarbonate 

and 0.005’’, 0.02’’ and 0.03’’ in thickness. In some cases these diaphragms were stacked 

to achieve the desired burst or reflected shock pressure. The reflected shock pressures do 

fluctuate around 10-20% of the target pressure because of the differences driven section 

fill pressure, driven section temperature, and variation in the diaphragm burst pressure. 

Subtly modifying the diaphragm thickness for each shock can reduce the deviation of 

reflected shock pressure from the desired pressure. 

A Welch Model 1397 roughing pump and a Varian V250 Turbomolecular pump are 

used to evacuate the driven section and mixing manifold and mixing tank and a Welch 

Model 1402 vacuum pump is used to evacuate the driver section. Ultimate pressures of 

2×10
-6

 Torr and leak rates of 5×10
-6

 Torr/minute for the driven section are achieved 

after evacuating the shock tube driven section overnight. For the experiments performed 

in this thesis, an ultimate pressure of 1x10
-5

 Torr is achieved with 15 minutes of vacuum 

pumping which is sufficiently low for conducting the experiments presented here. 

Figure 2.3. illustrates the end of the driven section of the shock tube. A series of five 

PCB (model 111A22) piezoelectric pressure transducers (PZTs), with a rise time less 

than 1 µs, are located over the last meter of the driven section for the measurement of the 

incident shock wave passage at four locations over the last meter of the shock tube 

driven section. Accordingly, four Phillips programmable timer counters receive the 
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signals from the five transducers and provide determination of four shock traversal 

times. A Kistler piezoelectric pressure transducer model 603B1 with a 1050B amplifier 

is installed 2 cm from the end wall of the shock tube in the side wall for quantitative 

pressure measurements. In the center of the end wall at the driven section of the tube, a 

UV fused silica window enables the observation of light emission associated with 

ignition. A Thorlabs PDA36A photo detector, with adjustable amplification and 

bandwidth from 0.8 to 17 MHz, and a UG-5 Schott glass filter allows for observation of 

emission from electronically-excited hydroxyl radicals (OH*) in the ultraviolet around 

306 nm. A 1 MHz data acquisition card (DAQ) from National Instruments, which is 

interfaced to a desktop computer through LabVIEW is used to record the output of the 

photo detector and pressure transducers. 

 

Figure 2.3. End of the shock tube driven section. 

 

As the incident shock wave passes through the driven section it triggers the five 

pressure transducer providing four time intervals for shock passage. Given the distance 

between transducers, four incident shock velocities are calculated and are linearly 

extrapolated to the end wall to determine the shock velocity at the end wall, see  
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Figure 2.4. as an example. The incident shock velocity at the end wall can then, 

from the normal shock equations and initial conditions, be used to determine post-

incident and post-reflected shock conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Example incident shock velocity measurement. 

 

2.2 Mixture Preparation and Testing Procedure 

Gas-phase fuel/air mixtures are prepared outside the shock tube in a heated mixing 

tank. After evacuating the mixing tank and connected mixing manifold, liquid fuel is 

injected into the mixing tank through an air lock system. The fuel quickly vaporizes in 

the heated mixing tank. The vaporization process is monitored with pressure transducers. 

Then nitrogen and oxygen are added from high-pressure cylinders at a molar ratio of 
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3.76 to 1 until the desired fuel/air mixture is achieved. The mixture composition is 

determined by partial pressures with two pressure transducers: a high-accuracy MKS 

manometer (pressures up to 1000 Torr) and a high-temperature Omega pressure gauge 

(pressures 100 psi). A mixing vane in the mixing tank driven by an external magnetic 

stirrer provides mechanical mixing which ensures mixture homogeneity within 20 

minutes; this has been previously verified by shock heating mixtures with variation in 

the allotted mixing time. After mixing, the driven section is filled with the reactant 

mixture and the initial pressure is selected/measured using the MKS manometer and/or 

Omega pressure gauge. The mixing tank and manifold are heated with electrical 

resistance heaters and covered with mineral wool insulation. Temperature is carefully set 

to avoid any fuel decomposition and also to provide sufficient vapor pressure of the 

liquid fuel such that large mixtures could be made for high-pressure shocks. There are 

four type-K thermocouples distributed from the top to the bottom of the mixing tank. 

The thermocouple outputs are monitored and the heater currents controlled by an Omega 

CN616TC1 zone heater controller to ensure the homogeneity of the desired temperature. 

To study liquid fuels with low vapor pressures, such as jet fuel, the driven section of 

the tube is also uniformly heated to a desired temperature to prevent condensation of the 

gaseous fuel on the shock tube walls. The driven section is heated by silicon heaters 

distributed uniformly along the driven section, providing a uniform heat flux up to 0.775 

W/cm
2
. Mineral wool insulation of 2.5 cm thickness covers the entire driven section. Six 

type-K thermocouples spaced along the exterior wall of the driven section and an Omega 

CN616TC1 zone heater controller allow for monitoring and control over the temperature 

and applied heat flux for the driven section allowing a uniform target temperature to be 

maintained. Periodically, a type-K thermocouple is translated along the inner wall of the 

driven section to verify the readings of the zone heater controller and the temperature 

uniformity. See Figure 2.5. for the typical temperature uniformity of the driven section. 

The figure illustrates that the heater controller provides a uniform temperature profile 

with an uncertainty of ±2 °C, the uncertainty for a type-K thermocouple, for all but the 

highest temperatures (in this example at 160 °C there is increased deviation). In this 

thesis work the temperature of the driven section was maintained between 100 and 150 
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°C for autoignition studies. A uniform temperature profile along the driven section is 

important because non-uniformity can cause axial variation in the post-shock conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Temperature uniformity of the shock tube driven section. 

 

To generate shock waves polycarbonate diaphragms are inserted between the driver 

and driven section of the shock tube and ruptured by pressurizing the driver section with 

helium or a helium/nitrogen mixture. After the diaphragm rupture, a shock wave forms 

and travels down the driven section causing a step rise in temperature and pressure. As 

described, during shock wave traversal the pressure transducers located over the last 

meter of the driven section are triggered allowing determination of the incident shock 

velocity. The incident shock wave reaches the end wall where it reflects, producing a 

reflected shock which travels upstream increasing the pressure and temperature once 

again. It is in the reflected shock region where ignition delay measurements are made 

using both the Kistler pressure transducer and the photo detector which monitors 
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electronically-excited hydroxyl radical (OH*) emission, an indicator of the occurrence of 

ignition radical chemistry. After the experiment, the gases are vented to an exhaust 

system and the shock tube is evacuated for the next experiment. The shock tube is 

periodically cleaned with ethanol or another solvent to remove any residuals from the 

shock tube walls. 

2.3 Determination of Shock Conditions 

The incident and reflected shock conditions are determined from the initial 

temperature and pressure, known thermodynamic properties of the reactant mixture and 

incident shock velocity at the end wall using the normal shock wave equations which are 

derived from the conservation of mass, momentum, and energy across both the incident 

and reflected shock waves and the ideal gas equation of state. Zero velocities in the 

initial gases and at the end wall are used as boundary conditions. 

Conservation of mass:           

Conservation of momentum:        
         

  

Conservation of energy:    
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Derived normal shock wave equations are: 
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The above normal shock wave equations are used to determine the incident and 

reflected shock conditions with input shock velocity profiles (Figure 2.4), initial 

conditions, and thermodynamic data for the reactant mixture. Typically the 

thermodynamic data come from the Sandia National Laboratory [45] or the Burcat and 

Ruscic [46] databases. The post-shock conditions can be calculated such that they are 

either vibrationally frozen or vibrationally relaxed (equilibrated) behind either or both of 

the incident or reflected shocks. Because of the relatively large amount of fuel contained 

in the reactant fuel/air mixtures, vibrationally relaxed shock conditions are assumed for 

all the data reported in this thesis, due to the extremely fast vibrational relaxation times 

for hydrocarbons with O2 and N2 (a few microseconds or less) [151]. 

2.4 OH* Emission Measurement 

Because of the close relationship between the light emission from electronically-

excited radicals, most notably hydroxyl (OH*) and methylidyne (CH*), and the chain-

branching reactions associated with ignition, emission from OH* and CH* is often used 

as an indicator of ignition [152]. The chain-branching process involves the exponential 

growth in reactive radicals, which are responsible for rapid destruction of fuel molecules 

and other hydrocarbon intermediates through abstraction reactions, and the rapid 

formation of products, resulting in energy release, all of which rapidly occurs at ignition. 

In this thesis, electronically-excited hydroxyl radical (OH*) emission is used as the 

indicator of ignition. OH* emission is monitored through a UV fused silica optic located 

in the center of the driven section end wall. A UG-5 Schott glass filter allows for the 

isolation of OH* emission near 306 nm and a Thorlabs PDA36A silicon photodetector 

with adjustable gain (bandwidth of 0.8-17 MHz) is used to capture the ultraviolet 

emission. This experimental setup is illustrated in Figure 2.3.. The photodetector is 
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interfaced to the computer through a National Instruments 1 MHz DAQ card, for data 

acquisition. 

2.5 Measurement of Ignition Delay Time 

The ignition delay time is defined as the elapsed time between the arrival and 

reflection of the incident shock wave at the driven section end wall, which initiates the 

test time, and the onset of ignition at the end wall location. The time of shock arrival and 

reflection at the end wall is determined from the measured time of shock passage at the 

last pressure transducer, located 2 cm from the end wall, and the incident shock velocity 

at the end wall. The onset of ignition is identified by a rapid acceleration in the OH* 

signal and pressure. The ignition point is defined by extrapolating the peak in the slope 

of the OH* emission signal to the baseline pre-shock value. Figure 2.6 illustrates the 

ignition delay time definition. In this experiment, the mixture was Jet-A/air at an 

equivalence ratio of one and a reflected shock temperature and pressure of 674 K and 

20.8 atm, respectively. The nearly constant sidewall pressure measurement following the 

reflected shock wave and prior to energy release due to ignition is indicative of well-

behaved gas dynamics as described next. 
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Figure 2.6. Example reflected shock ignition delay time measurement. 

 

2.6 Non-ideal Gas Dynamics 

Non-ideal gas dynamic phenomena in shock tubes are dominated by the interactions 

between the reflected shock wave and the boundary layer that is formed behind the 

incident shock wave [47-48] as illustrated in Figure 2.7.. In these images, the reflected 

shock wave travels from right to left. As it travels through the gases heated by the 

incident shock wave, a growing bifurcation at the side wall can be observed behind the 

shock front. The bifurcation is caused by the interaction between the reflected shock 

with the cold high-density boundary layer at the sidewall which is formed in the gases 

which travel behind the incident shock toward the driven section end wall. Eventually, as 

the reflected shock propagates away from the end wall, the bifurcation affects the entire 

shock front. These aberrations in the reflected shock wave cause compression waves 

which travel back toward the test gases at the driven section end wall and cause the test 

pressure at the end wall to rise. Non-ideal gas dynamics of this nature are not desired 

Ignition delay 
time 
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because the test gases at the test location can no longer be considered to react in a zero-

dimensional homogenous environment. Due to viscosity, all reflected shock experiments 

exhibit some degree of non-ideal gas dynamic behavior. For an example pressure trace 

from the RPI shock tube exhibiting slight non-idealities see Figure 2.8. In this 

experiment the pressure gradient is slight: (dP/dt)(1/P0) = 2%/ms. The simplest method 

to account for this rise in pressure is to use the measured pressure gradient to impose a 

variable volume on the homogenous zero-dimensional model based on an assumed 

isentropic relationship between pressure and volume [71], Pv
γ
 = constant. It has been 

experimentally verified that the slight compression that occurs behind the reflected 

shock wave is in fact isentropic [153]. 

Figure 2.7. also indicates that measurements should be made close to the end wall in 

order to lessen the perturbation from the distorted reflected shock front as it travels away 

from the end wall. In experiments performed for this thesis, optical measurements are 

made through the window in the center of the shock tube end wall so the light comes 

from the relatively unperturbed region near the end wall; pressure measurements, such as 

those found in Figures 2.6 and 2.8, are made by Kistler pressure transducer located 2 cm 

from the end wall. 
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Figure 2.7. Schlieren images of shock wave reflection at test times (time between 

shock reflection and image) of: (a) 20 µs, (b) 120 µs, (c) 145 µs [49]. 
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Figure 2.8. Example pressure trace exhibiting slight non-ideal gas dynamic 

pressure rise of 1-3% per millisecond. 

 

2.7 Shock Tube Uncertainties 

Uncertainties in the reflected shock conditions are due to: uncertainties in measured 

incident shock velocity and uncertainties in the initial conditions (reactant mixture and 

temperature and pressure). Because of the squared dependence on Mach number in the 

normal shock equations for temperature and pressure, uncertainties in shock velocity 

measurement are the largest contributor to condition uncertainty and, hence, 

uncertainties in ignition delay observations. Ignition delay uncertainties are due to the 

combination of uncertainties in: the reflected shock conditions, the reactant mixture, and 

those stemming from uncertainties in interpreting the measured pressure and emission 

traces for the determination of ignition delay times. 



 

     29 

For experiments reported in this thesis, the uncertainty in reflected shock 

temperature and pressure are conservatively estimated (using 2σ uncertainty limits), 

respectively, at approximately 1-1.5% and 1.5-2%, depending on the level of shock tube 

heating. The uncertainty in reported ignition delay times ranges from ±15% to ±25%. An 

example uncertainty analysis is given below in Table 2.1. 

 

Table 2.1. Example estimated ignition delay time uncertainty for a 1 ms ignition 

time measurement made for a jet fuel/air mixture at reflected shock conditions of 

1000 K and 20 atm. 

Error source 2-σ uncertainty in 

error source 

2-σ contribution 

to ignition time 

uncertainty 

Time zero (shock arrival at endwall) ±3 µs  

Onset of ignition at endwall ±5 µs  

Determination of ignition time ±8 µs ±0.8% 

   

T5 (initial) ±1.5% in T5 ±15-20% 

(dependent on 

local overall 

activation energy) 

 

P5 (initial) ±2.0% in P5 ±2-4% (dependent 

on local pressure 

dependence) 

 

Mixture Φ ±1% ±1% 

Total 2σ root-summed-squared uncertainty in ignition time: ±15-21% 
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3. The Autoignition of Jet Fuel Related Compounds 

This chapter first discusses the importance of 2-methylheptane (C8H18), n-octane 

(C8H18), and n-propylbenzene (C9H12) as jet fuel representative compounds. Previous 

literature related to the combustion kinetics of these compounds is reviewed. 

Experimental ignition delay results are presented and compared to and interpreted with 

kinetic modeling. 

3.1 Importance of Jet Fuel Related Compounds 

2-Methylheptane represents the most common class of iso-alkanes found in jet fuels, 

singly-methylated-alkanes. Methyl-alkanes, and in particularly 2-methyl-alkanes, are 

also the primary iso-alkanes compounds found in liquid fuels produced from coal, 

natural gas and biomass using Fisher-Tropsch and hydrotreating fuel synthesis processes 

[50-51]. Therefore, understanding the autoignition of methyl-alkanes is important toward 

the future acceptance of alternative fuels synthesized from both biomass and fossil (coal, 

natural gas, oil-shale) sources for aviation use. 

Alkylbenzenes are important components of crude-derived liquid transportation 

fuels including gasoline, jet, and diesel fuels, all of which generally have aromatic 

volume fractions from 10% to 40% [52]. In jet and diesel fuels, larger aromatics such as 

trimethylbenzenes, n-propylbenzene (nPB), and larger alkylbenzenes predominate [53], 

along with limited amounts of multi-ring aromatic species. Larger alkylbenzenes, such 

as nPB, have been considered as representative aromatics in forming surrogate mixtures 

of known components to simulate jet and diesel fuel combustion behavior [54-57]. Due 

to the generally strong inhibiting influence of alkylbenzenes on radical pool growth and 

overall reactivity [58-59], the kinetics of alkylbenzenes are important in controlling the 

kinetics of jet and diesel fuels containing significant fractions of alkylbenzenes. Also, 

the level of inhibition to reactivity provided by alkylbenzenes has been experimentally 

observed to have a strong variation with alkylbenzene side-chain structure [60-62] (i.e., 

how alkylated the aromatic ring is) and, therefore, the specific organic structures of the 

alkylbenzenes found in jet fuels are important in controlling overall reactivity. 
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Additionally, due to the influence of alkylbenzene side-chain structures on reactivity, the 

choice of a specific alkylbenzene(s) for inclusion in jet fuel surrogate mixtures can 

significantly impact the capabilities of the surrogate to match real fuel combustion 

properties such as ignition delay time, laminar flame speed, and flame diffusive 

extinction limits. 

3.2 Previous Studies on Jet Fuel Related Compounds 

Very little research has been carried out to date on the fundamental combustion 

properties of 2-methylalkanes, compounds of relevance to jet fuels as described above. 

Iso-butane (2-methylpropane, iC4H10) has been studied in engines by Wilk et al. [63] and 

in shock tubes by Ogura et al. [64], Oehlschlaeger et al. [65], and Healy et al. [66]. 

Burcat et al. [67] studied the high temperature shock tube autoignition of 2-

methylpentane (iC6H14). Several experimental and kinetic modeling studies have been 

performed on 2-methylhexane (iC7H16) by Westbrook et al. [68-69], Griffiths et al. [70], 

and Silke et al. [71]. 2-Methylheptane (iC8H18) has been studied by Kahandwala et al. 

[72] in high temperature shock tubes. Sarathy et al. [73] recently presented a high 

temperature chemical kinetic model for 2-methylheptane and validated it against 

counterflow diffusion flame species profiles. These studies conclude the 2-

methylalkanes are less reactive under autoignition conditions than n-alkanes of the same 

chain length. In this thesis work, ignition delay times for 2-methylheptane are measured 

and compared with measurements made for n-octane, which shares the same chemical 

formula. The experimental results for both 2-methylheptane and n-octane are compared 

to kinetic modeling predictions carried out using a model developed by Sarathy et al. 

[154] at Lawrence Livermore National Laboratory. Discussion of the important 

oxidation pathways is provided. 

With respect to aromatics, while there are studies on the oxidation of larger 

alkylbenzenes, including nPB, dating back to the 1930s that illustrate a general trend of 

increasing overall reactivity with increased alkyl side-chain length [74], previous 

experimental kinetic studies for nPB suitable as quantitative validation targets for kinetic 

modeling development are limited. Previous work includes a turbulent flow reactor 
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study by Litzinger et al. [75] who measured reactant, intermediate, and product species 

profiles during the oxidation of dilute nPB mixtures around 1060 K and 1 atm and for 

equivalence ratios of 0.65, 1.0, and 1.5. Litzinger et al. also formulated a kinetic 

mechanism for nPB oxidation to describe their experimental observations. Dagaut et al. 

[76] studied the oxidation of nPB in an atmospheric pressure jet-stirred reactor for 900-

1250 K and equivalence ratios of 0.5-1.5. Dagaut et al. measured reactant, intermediate, 

and product species and developed a detailed kinetic mechanism to describe the 

oxidation of nPB. Roubaud et al. [61-62] studied the autoignition of alkylbenzenes, 

including nPB, in a rapid-compression machine (RCM) observing that nPB ignited 

within their RCM test time (350-400 ms) for temperatures greater than 840 K at 17 bar. 

The Roubaud et al. observation of nPB autoignition down to a temperature of 840 K is in 

contrast to their observations for toluene, which only ignited at RCM post-compression 

temperatures above 900 K. They concluded that the greater level of reactivity for nPB 

relative to toluene was due to the greater length of the alkyl side chain, allowing a low-

temperature oxidation pathway to proceed by the addition of molecular oxygen, 

isomerization within the propyl side chain, and further peroxidation and radical 

branching. This reaction pathway is analogous to the low-temperature peroxy oxidation 

pathway that leads to radical branching and low-temperature reactivity for alkanes [77]. 

Concurrent to the nPB results presented in this thesis, the autoignition of nPB/air 

mixtures has been investigated in a shock tube by Curran and co-workers for 1000-1450 

K, 1-30 atm, and equivalence ratios from 0.3-2.0 [78]. Here new shock tube autoignition 

experiments and kinetic modeling results that explore the postulated mechanism of 

Roubaud et al. as to the higher reactivity of nPB are presented. The modeling efforts 

presented here for nPB were carried out using a kinetic model developed by S. Dooley 

and F.L. Dryer at Princeton University and published jointly with our group at RPI 

[155]. The model is an extension of an earlier high-temperature development utilized in 

describing diffusive extinction experiments [79]. The studies presented in this thesis are 

focused on conditions relevant to gas turbine and internal combustion engine operation: 

elevated pressures and for a range of temperatures where both low- and high-

temperature kinetic pathways may contribute. 
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3.3 Experimental Results and Kinetic Modeling 

3.3.1 2-Methylheptane and n-octane 

Reflected shock ignition delay time measurements are made for 2-

methylheptane/air and n-octane/air mixtures at equivalence ratios of 0.5, 1.0, and 1.5 at 

pressures near 20 atm and for temperatures from 631 to 1327 K. Figure 3.1 shows the 

structure of 2-methylheptane and n-octane.

 

 

 

                                                (a)                                          (b) 

Figure 3.1. Structure of (a) 2-methylheptane and (b) n-octane. 

 

To provide sufficient test times for low-temperature experiments with long ignition 

delay times (greater than approximately 1.5 ms), tailored N2/He driver gas mixtures are 

used [80]. For all other experiments, helium is used as the driver gas. Post-shock 

conditions are determined as described in Chapter 2. For 2-methylheptane and n-octane 

experiments the estimated uncertainty in the initial reflected shock conditions is ±1.5% 

in temperature and ±2.0% in pressure (90% confidence interval), with the primary 

contribution due to the uncertainty in measured incident shock velocity. Due to non-ideal 

gas dynamic interactions discussed in Chapter 2 the pressure and temperature rise with 

time in all reflected shock experiments. In the experiments reported here for 2-

methylheptane and n-octane the measured pressure gradient was (dP/dt)(1/P0) = 1-3% 

ms
-1

. Assuming an isentropic relation between pressure and temperature this results in a 

temperature gradient of (dT/dt)(1/T0) = 0.3-0.8% ms
-1

. Figure 3.2 is an example ignition 

delay time measurement for ϕ = 1 2-methylheptane/air mixtures at a reflected shock 

                                                 


 Portions of this chapter previously appeared as: S.M. Sarathy, C.K. Westbrook, M. Mehl, W.J. Pitz, C. 

Togbe, P. Dagaut, H. Wang, M.A. Oehlschlaeger, U. Niemann, K. Seshadri, P.S. Vellos, C. Ji, F.N. 

Egolfopoulos, T. Lu, Combust. Flame 158 (2011) 2338-2357. 
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temperature and pressure of 631 K and 19.9 atm, respectively. There is a rise in the side 

wall pressure trace after reflected shock passage, indiscernible to the eye on this graph, 

due to nearly negligible non-ideal gas dynamic interactions (pressure gradient of at most 

1% ms
-1

) followed by an strong ignition event, providing unambiguous determination of 

the ignition delay time. 

 

 Figure 3.2. Example ignition delay time for a 2-mehtylheptane/air mixture at ϕ = 

1.0 and a reflected shock temperature and pressure of 854 K and 21.6 atm, 

respectively. 

 

Figure 3.3 shows measured ignition delay times for 2-methylheptane/air mixtures at 

equivalence ratios of 0.5, 1.0, and 1.5 for pressures around 20 atm, along with kinetic 

modeling predictions carried out using the kinetic model developed by Sarathy and co-
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workers at Lawrence Livermore National Laboratory [154] and performed within the 

CHEMKIN-PRO software package [90]. Tabulated experimental data is reported in 

Appendix A Table A.1. Measurements for 2-methylheptane exhibit negative-

temperature-coefficient (NTC) behavior characteristic of alkanes, i.e., the decrease in 

ignition delay time in the temperature window of approximately 900 to 750 K with 

decreasing temperature. It is also observed that the ignition delay times decreases with 

increasing equivalence ratio. The kinetic modeling calculations, carried out with a 

temporal pressure gradient of (dP/dt)(1/P0) = +3% ms
-1

, imposed by providing a 

calculated volume history within the CHEMKIN-PRO [90] based simulation as 

described by Chaos and Dryer [81], reasonably capture the experimental trends for the 

three equivalence ratios studied and differs with the absolute ignition delay times by 

around a factor of two to three. The kinetic modeling predictions not strongly dependent 

on the imposed pressure gradient as described later in this section. The level of model 

agreement/disagreement with experiment is typical of a priori modeling comparisons for 

ignition delay and, while the modeling capabilities are continuously improving, 

significant work still needs to be done to achieve the quantitative prediction necessary 

for the simulation-based “paper-design” of combustion devices. 
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Figure 3.3. Measured ignition delay times for 2-methylheptane/air mixtures at ϕ = 

0.5, 1.0, and 1.5 and at pressures near 20 atm with kinetic modeling comparison 

[154]. 

 

Autoignition studies for n-octane, the straight-chain C8 alkane isomer with the same 

chemical formula as 2-methylheptane, are also performed to compare the influence of 

the single methyl substitution in the second carbon position, in 2-methylheptane, on 

reactivity. Table 3.1 compares the derived cetane numbers, an engineering parameter 

used to predict chemical reactivity in a diesel engine, for 2-methylheptane and n-octane. 

The derived cetane numbers indicate that n-octane should be slightly more reactive than 

2-methylheptane 
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Table 3.1. Derived cetane numbers for 2-methylheptane and n-octane. 

Compound Ignition Delay (ms), NREL

 DCN, NREL


 

2-methylheptane (C8H18-2) 3.881 52.6 

n-octane (nC8H18) 3.513 57.6 

 

Figure 3.4 shows measured ignition delay times for n-octane/air mixtures at 

equivalence ratios of 0.5, 1.0, and 1.5 and for pressures around 20 atm with kinetic 

model predictions from the Sarathy et al. model [154]. Tabulated data is reported in 

Appendix A Table A.2. 

Results for n-octane also show negative-temperature-coefficient (NTC) behavior 

similar to that of 2-methylheptane. Again, ignition delay time decreases with increasing 

equivalence ratio. Kinetic model predictions carried with an applied pressure gradient of 

(dP/dt)(1/P0) = +3% ms
-1

 agree with the experimental data with similar fidelity to that 

observed for 2-methylheptane. At high-temperatures (>900 K) the model is within a 

factor of two to three of the observed ignition delay. At intermediate temperatures (750-

900 K) the agreement is within tens of percents. And at low temperatures (< 750 K) the 

deviations are again around a factor of two. 

                                                 


 Unpublished results from Ignition Quality Tester (IQT) experiments carried out at National Energy 

Renewable Laboratory 2007-2010; all DCNs from D6890-06 equation;  DCN = 4.460 + 186.6/ID, where 

ID is the IQT ignition delay time. 
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Figure 3.4. Measured ignition delay times for n-octane/air mixtures at ϕ = 0.5, 1.0, 

and 1.5 and at pressures near 20 atm with kinetic modeling comparison [154]. 

 

Comparison of the autoignition behaviors of 2-methylpheptane and n-octane at ϕ = 

1 and 20 atm is presented in Figure 3.5. As expected from the cetane ratings (Table 3.1), 

2-methyheptane shows a slightly longer ignition delay time than n-octane illustrating the 

influence of the single methyl substitution in 2-methylheptane, which reduces reactivity 

particularly in the NTC regime, consistent with the general understanding of the 

influence of branching on aliphatic oxidation. At high temperatures (T > 1000 K) and 

low temperatures (T < 750 K) the differences between 2-methylheptane and n-octane 

ignition delay are relatively small (0-30%), within the ±25% uncertainty limits in 

ignition delay. On the other hand, in the NTC regime (750 K < T < 900 K) the 

differences are somewhat larger, with 2-methylheptane having up to a factor of ~1.5 
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longer ignition delay time compared to n-octane at 800 K. While the difference of a 

factor of 1.5 in 2-methylheptane and n-octane ignition delay is approximately at the 

boundary of twice the ±25% uncertainty limits in absolute ignition delay, it should be 

noted that the largest portion of the absolute uncertainty is systematic uncertainty due to 

uncertainty in reflected shock temperature which should affect both n-octane and 2-

methylheptane experiments equally, lending more confidence to the observed difference 

in reactivity for these two compounds in the NTC, than the experimental uncertainties 

would suggest. Similar differences between 2-methylheptane and n-octane as those 

shown for ϕ = 1.0 in Figure 3.5 are observed at the two other equivalence ratios studied, 

ϕ = 0.5 and 1.5. 

 

Figure 3.5. Comparison of ignition delay times for 2-methylheptane/air and n-

octane/air mixtures at ϕ = 1.0 and at pressures near 20 atm with kinetic modeling 

comparison [154]. 
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In Figure 3.5 simulations carried out with the imposed positive 3% ms
-1

 pressure 

gradient are compared to simulations performed using the adiabatic constant volume 

constraint (no pressure gradient). The comparison illustrates that the inclusion of the 

pressure rise has no influence on the simulations for temperatures greater than 1000 K. 

For temperatures from 700 to 1000 K the pressure gradient results in a slight decrease 

(~25%) in simulated ignition delay. Only at the lowest temperatures studied (~650 K) 

does the pressure rise have a significant influence on simulated ignition delay (factor of 

two reduction). This indicates that any non-ideal gas dynamic perturbations have 

minimal influence on the kinetic observation, ignition delay and only at the coldest 

temperatures studies where ignition delay times are the longest. 

Comparisons between experiment and kinetic model predictions illustrate that the 

model captures many of the experimental trends, including the difference in ignition 

delay for 2-methylheptane and n-octane in the NTC region, but does worse for 

prediction of the absolute ignition delay time at any condition. At ϕ = 0.5 the deviations 

between model and experiment range from within the experimental uncertainty in 

ignition delay (±25%) to a factor of two. At ϕ = 1.0 and 1.5 the deviations in model and 

experiment are slightly larger and range from within the experimental uncertainty to a 

factor of three. This level of deviation between shock tube ignition delay and kinetic 

modeling is, at present, typical of a priori modeling comparison with no tuning of 

reaction rate coefficients and is simply due to the large number of chemical reactions 

required to model the oxidation of hydrocarbon compounds found in liquid 

transportation fuels and uncertainties in both the selection of reaction pathways and 

prescription/estimation of reaction rate coefficients. The deviations in model and 

experiment appear to be primarily due to differences in the predicted and observed 

transition from high-temperature Arrhenius behavior with positive activation energy to 

NTC behavior and the transition from NTC to low temperature behavior, where positive 

overall activation energy is again established. The turnover from high-temperature to 

NTC behavior is experimentally observed to occur around 900 K but predicted by the 

model to occur at 950 K. The transition from NTC to low-temperature behavior is 

observed to occur around 770 K but predicted to occur around 800 K. These differences 

in the predicted and observed temperature dependencies are relatively small (4-6% 



 

     41 

deviations in the two transition temperatures described above). Improvement to 

modeling predictions will require examination of the reactions responsible for the 

transitions in oxidation regimes, namely the overall peroxy reaction sequence, R + O2 ↔ 

RO2 ↔ QOOH (+ O2) ↔ OOQOOH ↔ 2OH + products, including the inhibitive direct 

HO2 elimination and QOOH decomposition routes. 

To rationalize the reduced reactivity of 2-methylheptane compared to n-octane, 

radical chain branching pathways are presented in Figure 3.6, using the kinetic model of 

Sarathy et al. [154]. It is shown that H-atom abstraction from the secondary carbon (i.e., 

#2 carbon) in n-octane leads to a radical, to which O2 is subsequently added. The 

resulting ROO radical then undergoes a six-member ring internal isomerization to form a 

QOOH radical. Another O2 is added to the molecule, and the resulting OOQOOH radical 

undergoes a second internal isomerization to abstract an H-atom from the carbon bonded 

to the OOH moiety, since this carbon bond has a lower C-H bond strength than a normal 

C-H bond and it is easier to abstract. This second six-member isomerization has a 

reaction rate constant that is the same as the first six-member isomerization (i.e., 

ROO=QOOH), except the activation energy is 3 kcal mol
-1

 lower to account for the 

weakened C-H bond. The resulting radical then rapidly decomposes to form an OH 

radical and a ketohydroperoxide, which subsequently decomposes to an OH radical and 

smaller oxygenated species; thus, the low temperature chain branching process is 

completed.  

An analogous reaction pathway for 2-methylheptane illustrates its reduced low 

temperature reactivity. H-atom abstraction from the tertiary carbon (i.e., #2 carbon) in 2-

methylheptane initiates a similar reaction sequence as shown previously. However, the 

second isomerization is noticeably different in 2-methylheptane because there are no free 

C-H bonds on the carbon atom bonded to the OOH moiety. As a result, the second six-

member isomerization abstracts an H-atom from a secondary carbon atom (i.e., #4 

carbon) at a rate identical to the first six-member isomerization. The subsequent radical 

then continues onward to produce OH radicals and smaller oxygenated species similar to 

the n-octane system. The overall reactivity of 2-methylheptane is lower because the 
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second isomerization requires greater activation energy than the analogous reaction in n-

octane. 

 

Figure 3.6. Comparison of low temperature radical branching pathways for 2-

methyheptane and n-octane. 



 

     43 

3.3.2 N-propylbenzene 

Ignition delay time measurements were carried out for n-propylbenzene (nPB)/air 

mixtures using the previously outlined experimental methods. Figure 3.7 illustrates the 

nPB structure and bond dissociation energies.

 

 

 

Figure 3.7. N-propylbenzene structure and bond dissociation energies (kcal/mol), 

bold refer to C-C bonds. 

 

Figure 3.8 shows three example measurements for ignition delay experiments for a 

Φ = 1.0 nPB/air mixture near 20 atm and at reflected shock temperatures of 953 K, 868 

K, and 809 K. All of these example experiments were performed using tailored N2/He 

driver gas mixtures. Again, the examples illustrate facility dependent pressure gradient 

effects prior to energy release as noted in the previous section, (dP/dt)(1/P0) = 1-3% ms
-

1
. Of course following energy release (dP/dt)(1/P0) values are considerably greater than 

1-3% ms
-1

. However, the examples exhibit different pressure behavior following the first 

energy release and preceding the strong ignition typically observed, as evidenced by the 

pressure histories in Figure 3.8. 

                                                 


 To appear in: H. Wang, M.A. Oehlschlaeger, S. Dooley, F.L. Dryer, Combust. Flame, to appear 2012. 
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Figure 3.8. Example ignition delay measurements for n-propylbenzene/air mixtures 

at ϕ = 1.0, pressures around 20 atm, and temperatures at 953 K, 868 K and 809 K. 
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In the 953 K case (Figure 3.8a) the pressure is nearly constant up until 

approximately 2000 μs, at which point there is energy release driving the pressure up by 

around a factor of 1.8 within 150-200 μs preceding strong ignition, indicated by the 

sharp spike in pressure. For temperatures greater than 950 K strong ignition behavior of 

the type shown in Figure 3.8a was exclusively observed. In the 868 K case (Figure 3.8b) 

there appears to be significant “pre-ignition” energy release, resulting in the pressure 

rising by a factor of three within 500 μs prior to strong ignition; pressure behavior of this 

type has been described in the literature as a transition from mild-to-strong ignition [47]. 

In the 809 K case (Figure 3.8c) the autoignition event is purely mild as the energy 

release rate at ignition is too slow to transition into a strong ignition prior to the end of 

the reflected shock test time (~9 ms). The occurrence of mild ignition in reflected shock 

experiments has been shown to be due to local inhomogenous ignition phenomena as a 

result of temperature inhomogeneities or gradients resulting from non-ideal gasdynamic 

interactions of the reflected shock with the boundary layer formed behind the incident 

shock wave [12,47]. These temperature inhomogeneities can cause a local deflagrative 

autoignition and an ensuing deflagration that consumes part or all of the remaining 

shocked test gas (flames propagating away from a “hot spot” instead of the desired 

homogenous volumetric chemistry and energy release). The deflagrative consumption of 

reactants, or mild ignition phenomena, leads to polytropic compression of the remaining 

unreacted test gas. Sufficient compression of the unreacted gases can lead to their strong 

ignition, as in the case of Figure 3.8b. However, in some cases the deflagrative 

phenomena may not sufficiently compress the unreacted test gases to cause strong 

ignition before all of the test gas is consumed (as in Figure 3.8c). In general, mild 

ignition phenomena and their transition to strong ignition cannot be directly interpreted 

as pure kinetic observations using zero-dimensional modeling because the phenomena 

involves combustion wave propagation. 

A previously published chemical kinetic model for n-propylbenzene has been 

further developed, by S. Dooley and F.L. Dryer at Princeton University in collaboration 

with our group at RPI [155], to more completely describe the high-temperature oxidation 

of nPB and to test the propensity for low-temperature alkylperoxy radical chemistry to 

occur in the oxidation of this molecule. The model is an extension of the semi-detailed 
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model presented in Won et al. [79] that focused in an a priori manner on describing the 

limited high-temperature chemistry which dominates in diffusion flame environments: 

fuel decomposition, hydrogen abstraction, and alkyl radical beta scission. This model 

was shown to satisfactorily predict nPB diffusion flame extinction limits. The model is 

constructed on the benzyl radical submodel of Metcalfe et al. [82] and in general follows 

the scheme for nPB employed by Dagaut et al. [55,76]. Thermodynamic data for species 

pertinent to nPB oxidation are generated by group additivity through THERM [83] 

producing a set of bond dissociation energies (BDEs) for nPB shown in Figure 3.7. In 

addition an important simplifying assumption has been that no chemistry occurs from 

the C-H positions of the aromatic ring (BDE 113 kcal mol
-1

).  

Experimental results for nPB autoignition together with kinetic model predictions 

[155] are presented in Figure 3.9 and Figure 3.11 through Figure 3.14. Tabulated data 

can be found at Appendix A Table A.3 
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Figure 3.9. Ignition delay times for nPB/air phi = 1.0 at ~21 atm. Symbols are 

experiment and lines are model computations. The lines illustrating calculations 

with the high-temperature (heavy black) and the combined high- and low-

temperature models (thin grey) are coincident. 

 

Figure 3.9 provides a detailed comparison of model performance versus the 

stoichiometric nPB/air data at ~21 atm, conditions where the lowest temperatures have 

been tested. Simulations performed under assumptions of constant volume and constant 

internal energy without the addition of the alkyperoxy radical submodel show slight 

improvements in performance relative to the Won et al. [79] model, which the new 

model [155] has been built from. The experimental data show a change in activation 

energy at ~1050K, with the model reproducing this trend somewhat, but failing to 

[79] 
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capture the full magnitude of the change in temperature dependence. Essentially no 

difference in the computed ignition delay is observed when the described low-

temperature submodel is added to the simpler high-temperature model, shown in Figure 

3.9 by the coincident heavy black and grey lines. Thus, the change in ignition delay 

behavior is not due to the occurrence of alkylperoxy radical chemistry, responsible for 

the temperature dependence of autoignition for alkanes as has been outlined in Figure 

3.6. The lack of low-temperature oxidation can be attributed to the R + O2 ↔ RO2 

equilibrium which, under the current experimental conditions, lies nearly wholly on the 

R + O2 side for the three C6H5C3H6 radicals formed through H abstraction from the nPB 

propyl side chain due to the resonance stability of the aromatic ring. For example, the 

temperature dependence of the non-dimensional equilibrium constant for 

C6H5CH2CH·CH3 + O2 ↔ C6H5CH2CH(OO·)CH3 at 10 atm total pressure is shown in 

Figure 3.10. 

 

Figure 3.10. Non-dimensional equilibrium constant for O2 addition to the 

C6H5CH2CH•CH3 radical based on group-additivity thermochemistry (Ptot = 10 

atm). 
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At 800 K, near the lowest temperature studied, the equilibrium constant, normalized 

by the total concentration at 10 atm for non-dimensionality (Kc(Ptot/RT)), is 

approximately 10
-9

, indicating that the low-temperature oxidation pathway is nearly shut 

off by the R + O2 thermochemistry for the current experimental conditions. Sensitivity of 

the low-temperature oxidation to the RO2 thermochemisty is investigated by perturbing 

the heat of formation for the RO2 species by 5 kcal/mol, a change likely outside the 

uncertainty bounds, to shift the equilbirum towards RO2. This resulted in no more than a 

10% reduction in computed ignition delay at 800 K. In fact the modeling results based 

the group-additivity-based thermochemistry suggest that all the way down to 500 K 

alkylperoxy radicals are not sufficiently formed for the low-temperature oxidation 

pathway to play a significant role; hence, low-temperature alkylperoxy oxidation 

pathways are of insignificant importance of nPB. 

With the low-temperature alkylperoxy oxidation pathway accounted for, the 

influence of non-ideal gasdynamics is further investigated. Pressure gradients of 1-3% 

ms
-1

 are observed prior to energy release in experimental measurements below ~900 K. 

Their effect on model computations is tested under the assumption of an isentropic 

compression [81]. Figure 3.9 shows the observed pressure gradients to have an influence 

on the computed ignition delay at test times longer than ~2 ms. An imposed pressure 

gradient of dP/dt = 3% ms
-1 

allows the model to reproduce measurements to 

temperatures down to ~950 K; however, at temperatures below 950 K, where mild 

ignition events are experimentally observed, model predictions with imposed pressure 

gradients of dP/dt = 1-3% ms
-1 

overpredict experiment. The model overprediction is 

likely because the computations do not account for the polytropic compression, observed 

in the measured pressure profiles (Figure 3.8b), that results from mild inhomogenous 

ignition prior to strong ignition. As the boundary conditions for such mild 

inhomogeneous ignition phenomena are ill-defined, use of data exhibiting this behavior 

is not recommended. These data have been labeled as “perturbed” in Figure 3.9 and 

Figure 3.11 through Figure 3.14, and consideration of these points in the kinetic model 

validation and subsequent analyses is excluded. However, not all shock tube ignition 

delay studies at low temperatures are complicated by mild inhomogeneous ignition, a 

phenomenon (i.e., the 2-methylheptane and n-octane experiments previously described), 
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although not all together understood, dependent on fuel type, shock conditions, and 

shock tube facility geometry. 

Ignition delay times for n-propylbenzene/air mixtures are measured at equivalence 

ratios of 0.5, 1.0, and 1.5, pressures around 11 and 21 atm, and over a temperature range 

of ~800 to ~1300 K; see Figure 3.11 through Figure 3.14. Experimental data is 

compared to kinetic modeling, assuming constant volume and internal energy. Data 

below 950 K are labeled as perturbed for the reasons discussed above. 

 

Figure 3.11. Ignition delay time measurements and kinetic modeling predictions 

(constant volume and internal energy) [155] for nPB/air mixtures at ϕ = 0.5 at 

pressures near 11 and 21 atm. 
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Figure 3.12. Ignition delay time measurements and kinetic modeling predictions 

(constant volume and internal energy) [155] for nPB/air mixtures at ϕ = 1.0 at 

pressures near 11 and 21 atm. 
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Figure 3.13. Ignition delay time measurements and kinetic modeling predictions 

(constant volume and internal energy) [155] for nPB/air mixtures at ϕ = 1.5 at 

pressures near 11 and 21 atm. 
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Figure 3.14. Ignition delay time measurements and kinetic modeling predictions 

(constant volume and internal energy) [155] for nPB/air mixtures at ϕ = 0.5, 1.0, 

and 1.5 and at a pressure of 21 atm. 

 

The model predictions are generally in good agreement with experiments at 

temperatures greater than ~950-1000 K, deviating by less than 50% for much of the 

condition space studied. However, much larger deviations of more than a factor of two 

are observed at the lowest temperatures studied. Following the analysis presented in 

Figure 3.9, conclusion can be drawn that non-ideal gasdynamic temperature 

inhomogenities affect the intended kinetic measurements to a significant extent. 

Restricting the following analysis to observations at reflected shock temperatures greater 

than 950 K, both the experimental results and kinetic model computations show 
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decreasing ignition delay time for increasing pressure (Figure 3.11 to Figure 3.14), with 

scaling that ranges from τ   P
-0.5

 to τ   P
-1

 over the temperature range, where τ is the 

ignition delay time and P the pressure. Additionally, in Figure 3.14 both experiment and 

model show that the ignition delay times decrease with increasing equivalence ratio but 

that the dependence on equivalence ratio is very weak and variable from lean to rich. 

The ignition delay times are only slightly shorter at ϕ = 1.0 than ϕ = 0.5, within the 

±25% experimental uncertainty. Although relatively small the differences in behavior 

between ϕ = 1.5 and ϕ = 1.0 are measured and modeled to be somewhat larger than those 

between ϕ = 1.0 than ϕ = 0.5. Kinetic model computations reproduce these observations 

with quantitative accuracy. A possible exception is the ϕ = 1.5 data set, where computed 

ignition delays are up to 60% longer than measurements resulting in the model 

somewhat under-predicting the differences between ϕ = 1.5 and ϕ = 1.0 at 21 atm. 

Reaction flux analysis, using the kinetic model by S. Dooley and F.L. Dryer at 

Princeton [155], is performed to examine the important nPB consumption pathways 

under the current modeling scheme. Sample flux analyses for stoichiometric nPB/air 

oxidation at 21 atm and 800 K and 1200 K are shown in Figure 3.15 and Figure 3.16. At 

800 K (Figure 3.15), all of the nPB is consumed in side chain H abstraction reactions, 

leading to three C6H5C3H6 radicals. While at 1200 K (Figure 3.16), 23% of the nPB is 

consumed by C-C bond fission in the propyl side chain with the remainder consumed by 

side chain H abstraction. In both the 800 and 1200 K cases, the three C6H5C3H6 radicals 

primarily undergo beta scission, which leads to mostly benzyl and phenyl radicals and 

styrene. Further, a large fraction of the styrene undergoes reaction with O atoms to 

produce phenyl radicals. Hence, the reaction flux analyses illustrate that the nPB 

aromatic ring primarily leads to phenyl and benzyl radicals prior to further oxidation. To 

quantify, 51% and 42% of the nPB proceeds through phenyl radicals at 800 and 1200 K, 

respectively, and 29% and 44% of the nPB proceeds through benzyl radicals at 800 and 

1200 K, respectively. The beta scission reactions also produce small reactive 

intermediates from the side chain including H atoms, methyl radicals, ethylene, and 

propene. The large quantity of phenyl and benzyl produced as intermediates closely ties 

the oxidation of nPB, as well as other alkylbenzenes, to that of benzene and toluene. 
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Figure 3.15. Reaction flux for the oxidation of a stoichiometric nPB/air mixture at 

800 K, 21 atm, and 50% nPB consumption [155]. 

 

Figure 3.16. Reaction flux for the oxidation of a stoichiometric nPB/air mixture at 

1200 K, 21 atm, and 50% nPB consumption [155]. 
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Due to the differing reactivity of the various beta scission products, a primary 

uncertainly in the nPB kinetic model lies in the branching fractions for the formation of 

the three C6H5C3H6 radicals via H abstraction. The sensitivity to the H abstraction 

branching fractions is illustrated by a brute force sensitivity analysis shown in Figure 

3.17. The A-factors for H abstraction reactions leading to the three C6H5C3H6 radicals 

were multiplied by a factor of two and the influence on ignition delay time calculated. 

The brute force sensitivity illustrates that increasing the fraction of nPB that undergoes 

H abstraction from the benzylic carbon in the propyl side chain has a nearly neutral 

effect on ignition delay; rate coefficients for H abstraction from the benzylic site have 

been prescribed in the kinetic model [155] by analogy with toluene [82]. While 

increasing the rate of abstraction from the secondary and primary carbon sites, 

prescribed using the rates for alkyls recommended by Orme et al. [84], has a strong 

promoting (decreases ignition delay) and inhibiting (increases ignition delay) influence 

on reactivity, respectively. H abstraction from the primary carbon exclusively leads to 

unreactive resonantly stabilized benzyl radicals and stable ethylene, inhibiting the 

reactivity of the intermediate pool. On the other hand, H abstraction from the secondary 

carbon is the only pathway where beta scission is predicted to lead to H atoms, although 

at limited quantities as shown by the reaction flux analyses in Figure 3.15 and Figure 

3.16, hence promoting the reactivity of the intermediate pool. Fortunately, the rate 

coefficients for the highly sensitive H abstractions from primary and secondary alkyl 

sites have less uncertainty than those from the benzylic carbon site, which shows much 

lower sensitivity. Another source of uncertainty or sensitivity is the branching ratio for 

the beta scission of the C6H5CH2CH·CH3 radical, formed from H abstraction from the 

secondary carbon site, leading to either phenyl and propene or 1-propenyl-benzene 

(C6H5CH=CHCH3) and an H atom. In this case the rate coefficient for 1-propenyl-

benzene and H atom formation was taken from the Bonaceur et al. [88] kinetic modeling 

study and the rate coefficient for phenyl and propene formation was taken from the 

direct measurement of the reverse reaction by Park et al. [89]. 

 



 

     57 

 

Figure 3.17. Brute force sensitivity for nPB H abstraction channels. The A-factors 

for H abstraction reactions were multiplied by a factor of two and the change in 

ignition delay, τ, calculated. Conditions: ϕ = 1.0 nPB/air, 1000 K, and 21 atm. 

 

 Ignition delay times for nPB are compared with high-temperature (> 1000 K) 

measurements carried out in the same facility at similar conditions for toluene [22], 

xylenes (3 isomers) [23], and ethylbenzene [23] in Figure 3.18. The comparison shows 

that at high temperature nPB and ethylbenzene have very similar ignition delay times 

while the methylbenzene compounds have ignition delay times that are around a factor 

of three to four longer. Modeling results for nPB and toluene [82] are also shown to be 

consistent with experiment. The vast differences in the high-temperature ignition delay 

times for these alkylbenzenes illustrates the influence that the local bonding environment 

of the alkyl component, leading to C-C and C-H bond dissociation energies of large 

variation, has on the radical production capabilities of a particular compound. For all 

methylbenzenes, H-atom abstraction from the methyl side chain is energetically 

preferred, leading to resonance-stabilized benzylic radicals with very low reactivity. For 

ethyl, propyl, and longer side chains, weaker C-C and C-H bond dissociation energies 

provide more rapid side-chain thermal decomposition (T > 1200 K). In addition, H-atom 

abstraction pathways from these alkyl positions, have the opportunity to beta scission 

through cleavage of weak C-C or C-H bonds, as illustrated in reaction flux analysis. 
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Thus the occurrence of both processes produce reactive intermediate species (H, CH3, 

C2H4) making the quality of their oxidation markedly different to that of methylbenzenes 

and result in shorter ignition delay times. 

 

Figure 3.18. Comparison of ignition delay times for select alkylbenzenes [22, 23, 82, 

155]: ϕ = 1.0 fuel/air mixtures at 11 atm. 

 

To summarize the work relating to n-propylbenzene described above, ignition delay 

times of mixtures of n-propylbenzene in air at equivalence ratios of 0.5, 1.0 and 1.5 have 

been measured by the reflected shock technique at pressures of 11 and 21 atm over a 

temperature range of ~800-1300 K. Experiment shows two regimes of temperature 

dependence, at temperatures above ~1000 K n-propylbenzene ignition delay shows 

Arrhenius behavior but measurements at lower temperatures show a lower activation 

energy characteristic of alkylperoxy radical chemistry which produces negative 
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temperature coefficient behavior in n-alkanes. A recently developed kinetic model for n-

propyl benzene oxidation [155] has been compared to the measurements. Model 

computations are found generally to be in good agreement with the experimental ignition 

delay times at temperatures greater than 950 K, but show longer ignition delays than 

measured at the lower temperatures studied. Model results suggest that alkylperoxy 

radicals do not play a significant role in the oxidation of n-propylbenzene at 

temperatures greater than 800 K. Instead the oxidation mechanism is shown to be driven 

by alkyl radical beta scission chemistry typical of high temperature oxidation 

mechanisms producing H atoms, methyl radicals, ethylene, propene, phenyl radicals, and 

benzyl radicals. The ignition delay measurements made at the lowest temperatures 

exhibit mild ignition behavior, characteristic of local inhomogenous ignition phenomena 

followed by polytropic compression of the remaining unreacted mixture. It is suggested 

that the differences in experimental and computed ignition delay at these low-

temperature conditions (< 950 K) is due to a coupling of chemical kinetics with non-

ideal gasdynamic effects, producing a temperature gradient independent of purely kinetic 

processes, that leads to accelerated reactivity. 
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4. The Autoignition of Jet Fuels 

This chapter reports ignition delay time measurements for both traditional jet fuels: 

Jet-A and JP-8, and Fischer-Tropsch synthetic jet fuels: Sasol IPK, Shell FT and S-8. 

Their combustion kinetics phenomena are discussed and the results compared to 

previous literature where available. 

4.1 Importance of Jet Fuels 

Presently, nearly all of the energy used for aviation propulsion comes from 

petroleum-based fuels. In order to reduce the dependence of the aviation industry on 

conventional petroleum-based fuels, such as Jet-A and JP-8, a number of alternative 

synthesis processes have been and are being developed for the manufacture of synthetic 

jet fuels, including Fischer-Tropsch (FT) synthesis and hydrotreatment processes. The 

FT process starts with the gasification of the feedstock (e.g., coal, natural gas, biomass) 

to generate synthesis gas, a mixture of carbon monoxide, carbon dioxide, hydrogen, and 

water vapor. The synthesis gas is then converted into liquid hydrocarbons via catalysis. 

FT synthesis produces paraffinic petroleum substitutes such as synthetic jet fuels. Three 

synthetic FT jet fuels are studied in this thesis including the Sasol IPK from South 

Africa; Syntroleum S-8 from Tulsa, Oklahoma; and Shell FT from Malaysia. These 

synthetic fuels are nearly 100% paraffinic. Due to the lack aromatics, they produce less 

harmful soot and aromatic emissions in combustion and reduce jet engine exhaust 

signature. These three synthetic jet fuels have been certified by the U.S. Air Force for 

use in 50/50 blends with JP-8. 

4.2 Previous Studies on Jet Fuel Autoignition 

Compared to individual hydrocarbon components, significantly less literature is 

available for the autoignition of real multi-component fuels, such as jet fuels. Many 

previous experimental studies utilized the injection of liquid fuel into hot air flows to 

produce autoignition following fuel evaporation, mixing, and chemical reaction. The 

coupling of these phenomena makes the separation of gas-phase chemical properties 
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difficult. The shock tube method used here utilized homogenous gaseous fuel/air 

mixtures eliminating any contribution from evaporation, mixing, or other transport 

phenomena. 

Mullins [24-25] reported the earliest experimental measurement of ignition delay 

time for a kerosene jet fuel using the National Gas Turbine Establishment (NGTE) 

method. Jet fuel was injected as an atomized spray or a vapor into high-velocity hot 

vitiated air flow in a duct and ignition observed downstream. Mestre and Ducourneau 

[26] measured the ignition delay time of rich kerosene-air mixtures in a premixed and 

pre-vaporized flow tube. Marek et al. [27] also used a premixed and pre-vaporized flow 

tube to study the autoignition of lean Jet-A/air mixtures. Freeman and Lefebvre [28] 

investigated the autoignition of aviation kerosene/air mixture at 1 atm with a range of 

temperature from 930 to 1020 K by spray injection into a hot air flow. Freeman and 

Lefebvre [28] data showed good agreement with that of Mullins [25]. 

Most of the early shock tube studies of kerosene autoignition were also conducted 

using liquid droplets or films. Borisov et al. [29] reported ignition delay time of 

kerosene/air and kerosene/oxygen mixtures using a single-droplet technique in reflected-

shock-heated gases. Char et al. [30] measured ignition delay times for injected JP-8 

spray in a shock tube and defined the ignition delay time as the time interval between 

incident shock passage by the droplets and the time of ignition as determined with a high 

speed video camera. Ignition times for JP-7, JP-8, and JP-10 liquid fuel droplets were 

reported by Sidhu et al. [31]. Liquid fuel was injected using a high-speed Borg–Warner 

diesel fuel injector from the shock tube end wall into the test section. Very-high 

temperature (2630 to 3330 K) delay times for a kerosene liquid layer were measured by 

Kobiera and Wolanski [32]. 

However due to the low volatility of jet fuels, there have been very few shock tube 

studies of premixed gas-phase jet fuel autoignition, which allow a separation of the 

evaporation and mixing processes from the combustion chemistry, allowing for 

quantitative kinetic measurements which can unambiguously be used as targets for 

kinetic modeling and can be used to ascertain specific fuel composition influences on 

fuel reactivity. Dean et al. [33] reported ignition delay times for vaporized Jet-A in air at 



 

     62 

a temperature range from 1000 to 1800 K at pressures near 8 atm and Vasu et al. [34] 

have measured ignition delay times of gas phase Jet-A and JP-8 in air for temperatures 

ranging from 715 to1229 K and pressure from 17 to 51 atm. 

Blakey et al. [91] recently published a review on the study of alternative aviation 

fuels. S-8 has been studied previously in a variety of fundamental experimental 

configurations. Holley et al. [92] reported laminar diffusive strained ignition and 

extinction and laminar premixed flame speed for S-8 using a counterflow configuration. 

Gokulakrishnan et al. [93] reported ignition delay time for S-8 using an atmospheric 

pressure flow reactor facility. Experiments were
 
performed between 900 K and 1200 K 

at equivalence ratios
 
from 0.5 to 1.5. Kumar and Sung [94] used a heated rapid 

compression machine to study the autoignition characteristics of S-8. Ignition delay 

times for S-8/oxidizer mixtures were measured at compressed charge pressures 

corresponding to 7, 15, and 30 bar, in the low- to intermediate-temperature region 

ranging from 615 to 933 K, and for equivalence ratios varying from 0.43 to 2.29. Shell, 

Airbus, and Rolls-Royce [95] have studied the engine performance of Shell FT; 

however, no fundamental experimental combustion information, suitable for model 

development, is presently available in the literature. Additionally, no combustion 

performance studies of any type are currently available in the literature for Sasol IPK. 

Moses [96] has determined physical properties and performed materials compatibility 

analysis for a few synthetic jet fuels, including S-8, Sasol IPK, and Shell FT. 

4.3 Compositional Analysis and Experimental Autoignition Results 

This section describes compositional analyses and measured ignition delay times 

for all five jet fuels studied: Jet-A, JP-8, S-8, Sasol IPK, and Shell FT. 

4.3.1 Traditional Jet Fuels 

The two traditional jet fuels studied in this thesis are controlled samples of Jet-A 

and JP-8. Jet-A is the most commonly used fuel for commercial aviation in the United 

States while JP-8 is a standard U.S. Air Force jet fuel. JP-8 comes from the same 
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distillation cut as Jet-A but has an additive package in order to meet military 

requirements, including more stringent cold-flow and cloud point properties. 

4.3.1.1 Properties and Characteristics 

The composition of Jet-A can be broken down to reveal the important organic 

structures found in the fuel. Figure 4.1 shows a molecular class composition analysis for 

Jet-A POSF 4658. Jet-A POSF 4658 is a specific sample of Jet-A distributed by the Air 

Force Research Laboratory at Wright Patterson Air Force Base. It is considered an 

average Jet-A and has been blended from four Jet-As manufactured across the United 

States. All experiments reported in this thesis for Jet-A were carried out using this 

controlled fuel. The Jet-A POSF 4658 sample contains n-alkanes at 38.6%, iso-alkanes 

at 29.6%, aromatics at 25.5%, cycloalkanes at 3.3% and naphthalenes at 3% by mole 

fraction. 

 

 

 

 

 

 

 

 

Figure 4.1. Molecular class compositions of Jet-A POSF 4658 as identified by GC-

MS relative signal area percentage analysis [97]. 

 

The following four figures, derived from Smith and Bruno [53], illustrate some 

additional important compositional characteristics of the reference Jet-A POSF 4658. 
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Figure 4.2 (a) shows that the number of carbon atoms per compound for the n- and iso-

alkanes ranges from C7 to C15 and Figure 4.3 shows that the vast majority of the iso-

alkanes are lightly branched, containing only one or two methyl substitutions (methyl or 

dimethyl alkanes). Very few iso-alkanes found in jet fuels contain alkyl substitutions 

larger then methyl. 

Figure 4.2 (b) shows that the number of carbon atoms found in the cycloalkanes 

ranges from around C8 to C11. Almost all the cycloalkanes found in the jet fuel are 

substituted cyclohexanes. Figure 4.2 (b) also shows the breakdown in the aromatics 

found in the jet fuel sample that range from C7 to C10. Bruno and co-workers [53] at 

National institute for Standards in Technology performed these compositional analyses 

and had difficulty determining the exact composition of some of the highly-substituted 

aromatics larger than C10, not shown in Figure 4.2 but known to be in the jet fuel 

sample [53]. 

Figure 4.4 and Figure 4.5 illustrate the characteristics of the side chain substitutions 

for both cyclohexanes and aromatics up to C10. For the cyclohexanes, having two side 

chains is the most probably case and methyl (C1) side chains were found in the highest 

proportion. The aromatics are similar, with two or three side chains most probable and 

again methyl (C1) side chains found in the highest proportion. This analysis has been 

done on a molar (or moiety) basis. The results on a mass basis would differ indicating 

that, although some of the larger alkyl substitutions are not as highly probable on a 

molar basis as methyl substitutions, the larger alkyl substitutions carry a proportionately 

larger amount of the carbon mass than Figure 4.3, Figure 4.4, and Figure 4.5 indicate. 

For example, in the case of substituted cyclohexanes (Figure 4.4) on a moiety basis the 

number of methyl groups relative to number of ethyl groups is 1 to 0.2 but the mass of 

carbon contained in methyl groups relative to ethyl groups is 1 to 0.4. 
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Figure 4.2. Relative concentration by carbon # of (a) n-alkanes and iso-alkanes and 

(b) cyclo-alkanes and aromatics found in Jet-A POSF 4658 [53]. 
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Figure 4.3. Relative concentration of methyl, dimethyl, and trimethyl iso-alkanes 

found in Jet-A POSF 4658 [53]. 

 



 

     66 

1 2 3 4
0.0

0.2

0.4

0.6

0.8

1.0

R
e
la

ti
v
e
 c

o
n
c
e
n
tr

a
ti
o
n

# of side chains

 

C1 C2 C3 C4
0.0

0.2

0.4

0.6

0.8

1.0

R
e
la

ti
v
e
 c

o
n
c
e
n
tr

a
ti
o
n

Carbon # of alkyl side chains

 
(a) (b) 

Figure 4.4. Side chain length and carbon # characteristics for substituted 

cyclohexanes found in Jet-A POSF 4658 [53]. 
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Figure 4.5. Side chain length and carbon # characteristics for substituted aromatics 

found in Jet-A POSF 4658 [53]. 

 

 



 

     67 

4.3.1.2 Experimental Results 

The empirical formula of Jet-A POSF 4658 was determined experimentally 

employing ASTM method D5291 (Perkin Elmer 2400 Series II CHN analyzer) [138] to 

be C10.17H19.91 (H/C = 1.957) [42]. A JP-8 sample was also studied which again was 

provided by the Air Force Research Laboratory. It is comprised of the same average Jet-

A blend with the addition of the JP-8 additives at only a few hundred parts-per-million 

(the composition and quantity of the JP-8 additives are not publically available) and, 

hence, shares the same formula determined for Jet-A: C10.17H19.91 (H/C = 1.957). The 

thermodynamic properties for Jet-A and JP-8 required to compute the reflected shock 

conditions for this fuel are from Burcat and Ruscic database [46]. Experiments are 

conducted at a wide range of conditions for Jet-A and at one standardized condition, 20 

atm and ϕ = 1.0, for JP-8 to compare the influence of the JP-8 additives. For Jet-A 

ignition delay times are reported at pressures near 7, 11, 20, and 39 atm for an ϕ = 1.0. 

At pressures near 20 atm, ignition delay times were measured for Jet-A at ϕ = 0.25, 0.5, 

1.0, and 1.5. For JP-8 ignition times were measured at pressures near 20 atm and for an ϕ 

= 1.0. Tabulated data can be found in the Appendices. 

Figure 4.6 presents an example ignition delay measurement for Jet-A POSF 4658 

made at an equivalence ratio of 1.0, temperature of 674 K, and pressure of 20.8 atm. The 

pressure profile after reflected shock wave is relatively flat, indicating well behaved gas 

dynamics. Figure 4.7 shows measured ignition delay times for Jet-A POSF 4658 and JP-

8 all measured at an equivalence ratio of 1.0 and pressures near 20 atm. For this data set 

the temperature range is from 671 to 1227 K. No discernable differences are observed 

between Jet-A and JP-8 indicating that the JP-8 additive package has no discernible 

effect on reactivity, in terms of ignition delay. 



 

     68 

 

Figure 4.6. Example ignition delay time measurement for Jet-A POSF 4658 at ϕ = 

1, a temperature of 674 K, and a pressure of 20.8 atm. 

 

Figure 4.7. Measured ignition delay times for Jet-A POSF 4658 and JP-8 (POSF 

4658 with JP-8 additives) at ϕ = 1.0 and pressures near 20 atm. 
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The following two figures present autoignition measurements Jet-A POSF 4658 

made at wider conditions. Figure 4.8 presents ignition delay measurements for Jet-A 

POSF 4658 at stoichiometric conditions at pressures around 7, 11, 20, and 39 atm and 

temperatures from 674 to 1381 K. It is observed that as pressure increases ignition delay 

time decreases. The pressure variation is observed to be fairly consistent across the 

pressure range studied in the high-temperature region (>1000 K) and based on regression 

analysis follows a power law dependence on pressure described by τ   P 
-0.8

, where τ is 

the ignition delay time and P the pressure. However, at temperatures below 1000 K the 

pressure dependence diverges from power law with some degree of non-linearity with 

greater pressure dependence at lower temperatures and at lower pressures. Due to the 

reflected shock test time limitations of the shock tube facility for tailored shock waves, 

ignition delay times in excess of 10 ms could not be measured.  

 

Figure 4.8. Jet-A / air ignition delay measurements at stoichiometric conditions and 

pressures around 7, 11, 20, and 39 atm. 



 

     70 

Figure 4.9 illustrates ignition delay measurements for Jet-A POSF 4658 near 20 atm 

and at four equivalence ratios: 0.25, 0.5, 1.0, and 1.5. The experimental temperature 

range is from 662 to 1305 K. As equivalence ratio increases, ignition delay time 

decreases. As was the case for the pressure dependence, the equivalence ratio 

dependence is consistent in the high-temperture region (>1000 K) and follows power-

law dependence, determined via regression analysis and described by τ   ϕ 
-0.5

. 

However, at lower temperatures the data diverges from this power-law dependence and 

shows variable equivalence ratio dependence depending on the local temperature and 

equivalence ratio. For example, ignition delay times at ϕ = 1.5 are shorter than those for 

ϕ = 1.0 in the high temperature region, little to no difference between ϕ = 1.5 and ϕ = 1.0 

is observed in the intermediate-temperature region, and again in the low-temperature 

region, ignition delay times at ϕ = 1.5 are shorter than those at ϕ = 1.0. Due to the test 

time limit, for ϕ = 0.25 ignition delay times could not be determined much below 900 K. 

 

Figure 4.9. Jet-A / air ignition delay measurements near 20 atm for equivalence 

ratios of 0.25, 0.5, 1.0, and 1.5. 
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The following four figures show comparisons of the current Jet-A ignition time data 

to previous studies found in the literature. Figure 4.10 presents comparisons of the 

present Jet-A POSF 4658 data at ϕ = 1.0 and four different pressures 7, 11, 20, and 39 

atm for Jet-A POSF 4658  with Jet-A POSF 4658 autoignition measurements made in a 

rapid-compression machine (RCM) at ϕ = 1.12 and three pressures 7, 15, and 22 bar by 

Kumar and Sung [94]. The results from Kumar and Sung [94] at 22 bar (21.7 atm) agree 

very well with the present data at 20 atm. Data at 7 bar (6.9 atm) from Kumar and Sung 

[94] overlaps slightly with the present Jet-A data set at 850-900 K, with their RCM 

ignition times longer by around 50%. This is most likely due to heat loss in their RCM 

and is the range of expected difference between shock tube and RCM measurements. 

Data at 15 bar (14.8 atm) from Kumar and Sung [94] shows obvious differences from 

current results at 11 atm in the NTC region (~800 K), which at present are unexplained 

but might be due to differences in pressure or chemical reaction during the RCM 

compression stroke. Both the RCM study [94] and the current study show the trend that 

ignition delay time is significantly more sensitive to pressure at intermediate-

temperature region (750-900 K) than at high- and low-temperatures. While the RCM 

measurements [94] extend to lower temperatures than the current shock tube study, it 

should be pointed out that the present shock tube study of Jet-A covers the largest 

condition space of any autoignition study for a real multi-component fuel, extending all 

the way from the low- and intermediate-temperature condition (650-900 K), consistent 

with inlet conditions for gas turbine combustors, into the hot flame region (>1000 K). 
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Figure 4.10. Jet-A / air ignition delay time measurements with comparison to 

ignition delay measurements reported by Kumar and Sung [94]. 

 

Comparisons of the current Jet-A POSF 4658 data with the shock tube results from 

Dean et al. [33] for an unspecified Jet-A are shown in Figure 4.11. The Dean et al. 

measurements were made at stoichiometric fuel/air conditions and around 9 atm. The 

comparisons are in very good agreement for T > 1200 and deviation slightly from 1200 

to 1400 K. The deviation may be due to the difference in ignition time measurement. In 

the Dean et al. study ignition times were determined by monitoring light emission at a 

location away from the shock tube driven section end wall. At locations away from the 

end wall ignition time observations can be reduced due to the formation of a strong 

detonation wave that propagates upstream at a velocity greater than the reflected shock 
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velocity, resulting in an artificially reduced observed ignition delay time [156]. 

Nonetheless, the agreement between the two studies is reasonably good. 

 

Figure 4.11. Jet-A / air ignition delay time measurements with comparison to 

ignition delay measurements made in a shock tube by Dean et al. [33].  

 

In Figure 4.12 comparisons of current results for Jet-A POSF 4658 are made with 

measurements from Spadaccini and Tevelde [148] who observed autoignition following 

liquid fuel injection of an unspecified jet aviation kerosene into a heated flow reactor 

stream of air. The comparison shows good agreement, although the scatter in the 

Spadaccini and Tevelde flow reactor results is large (factor of three), presumably due to 

the complications associated with liquid fuel injection, evaporation, and mixing prior to 

ignition. 
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Figure 4.12. Jet-A / air ignition delay time measurements with comparison to 

ignition delay measurements made in a flow reactor with liquid fuel injection by 

Spadaccini and Tevelde [148].  

 

In Figure 4.13 comparisons between the current Jet-A POSF 4658 results and shock 

tube measurements from Vasu et al. [34] for the same reference Jet-A fuel are shown. At 

20 atm the data from RPI is in an excellent agreement with the results from Vasu et al. in 

the high-temperature region (> 900 K) while the Vasu et al. data show a longer ignition 

delay time in the NTC region (700-850 K). In the low temperature region, around 675 K, 

the data sets appear in good agreement. This discrepancy in NTC region is possibly due 

to different fuel concentrations in the fuel/air mixtures based on different definitions of 

average molecular formula used to define stoichiometry. As shown previously in Figure 

4.9 the results are strongly sensitive to equivalence ratio, or fuel concentration. Vasu et 
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al. [34] defined the stoichiometric condition as 1.276% fuel based on an assumed 

average molecular formula for Jet-A of C11H22, while, in the present study it has been 

defined as 1.368% fuel using the measured molecular formula described before. This 

difference may be large enough to account for the approximately 50% differences in the 

data sets. Another explanation is that the current Jet-A measurements were made with 

the RPI shock tube heated to 145 ºC, while the Vasu et al. experiments used a heated 

shock tube temperature of 125 ºC, which might not have provided for the full fuel vapor 

pressure. The low-volatility hydrocarbons that may not have been vaporized are the 

largest n-alkanes which have the highest reactivity of the compounds in the Jet-A 

sample. If these compounds were not fully vaporized the measurement ignition delay 

would be longer than expected. 

 

Figure 4.13. Jet-A / air ignition delay time measurements with comparison to 

ignition delay measurements made in a shock tube by Vasu et al. [34] at ϕ =1.0.  
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In Figure 4.14 another comparison between the current study and Vasu et al. [34] is 

made at ϕ = 0.5 and 20 atm. In this case, limited to higher temperatures, the agreement is 

excellent. Globally the comparisons made in Figures 4.10-4.14 illustrate that the present 

Jet-A data is in fairly good agreement with those found from the literature, where fairly 

good is defined as with ±50% global agreement. Much better agreement, tens of 

percents, is observed in many specific cases. The ignition delay time uncertainties of the 

present data set are around 20-25% and it is likely that the uncertainties in the literature 

studies are similar at best and in some cases certainly worse based on the experimental 

scatter.  Additionally, one should keep in mind that the ignition delay times vary by 

several orders of magnitude in the condition space studied due to the large temperature, 

pressure, and equivalence ratio dependencies and that the modeling comparisons shown 

in Chapters 3 and 5 show significantly larger deviations, factors of two to three, with the 

experimental data than the compared data sets themselves. 

 

Figure 4.14. Jet-A / air ignition delay time measurements with comparison to 

ignition delay measurements made in a shock tube by Vasu et al. [34] at ϕ = 0.5.  
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4.3.2 Fischer-Tropsch Synthetic Jet Fuels 

This section discusses properties and experimental autoignition results for the 

three Fischer-Tropsch synthetic jet fuels studied: S-8, Sasol IPK and Shell FT. 

4.3.2.1 Properties and Characteristics 

The three synthetic jet fuels studies here can be classified as Synthetic Paraffinic 

Kerosenes (SPKs). Sasol IPK (iso-paraffinic kerosene) is a coal-derived kerosene 

synthesized by Sasol in South Africa. It was fully approved for commercial airline use 

and has been supplied regularly at O.R. Tambo International Airport (formerly 

Johannesburg International Airport) since 1999. S-8 is derived from natural gas and has 

been developed for the US Air Force by Syntroleum to demonstrate that a synthetic fuel 

could meet JP-8 specifications. Due to the concern over the need for aromatics for the 

sealing of rubber o-rings in fuel systems (aromatics are not found in fuels synthesized 

via the Fischer-Tropsch process), the Syntroleum S-8 fuel has been certified for use in 

50/50 blends with conventional JP-8 in the B-52. Shell FT is synthesized from natural 

gas in Shell’s gas-to-liquid (GTL) plant in Bintulu, Malaysia. It is currently used by the 

US Air Force to certify the C-17, B-1, F-15, and F-22 for synthetic fuel use. A summary 

of the resources and processes used in producing these three SPK fuels is provided in 

Table 4.1 [96]. 

 

Table 4.1 Resources and process used in producing the Test SPKs [96]. 

Fuel Source 

Material 

FT Process FT Products Refinery 

Processes to 

Make Kerosene 

Sasol 

IPK 
Coal 

High 

temperature iron 

catalyst 

C3-C4 olefins 

extracted from C1-

C40 HC liquid 

Oligamerization, 

hydrogenation, 

and fractionation 

S-8 Natural gas 
Low temperature 

cobalt catalyst 

C5-C200+ parafins 

and olefins 

Hydrocracking, 

hydro-

isomerization 

Shell 

FT 
Natural gas 

Low temperature 

cobalt catalyst 

Primarily C4-C200 

n-parafins and 

olefinic 

hydrocarbons 

Hydrocracking, 

isomerization, and 

fractionation 
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Figure 4.15. Hydrocarbon composition of SPK Fuels [96]. 

 

 

Figure 4.16. Distribution of hydrocarbons in SPK fuels [96]. 
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In Figure 4.15 and Figure 4.16 the hydrocarbon composition and the hydrocarbon 

carbon number distribution of the three SPK fuels are shown. It is shown that these three 

SPK fuels are primarily composed of iso-alkanes and normal-alkanes with a small 

fraction of cyclo-alkanes. Because of the differences in processing, there are significant 

differences among the paraffinic distribution (n-, iso-, cyclo-alkane fractions) and width 

of carbon number distribution for these fuels. Sasol IPK almost has no normal-alkanes 

and Shell FT has almost no cyclo-alkanes. Both Sasol IPK and Shell FT are confined to 

essentially 4 to 5 carbon numbers while S-8 ranges over 9 to 10 carbon numbers. 

4.3.2.2 Experimental Results 

All synthetic fuels used in this study were obtained from controlled samples from 

the Air Force Research Laboratory at Wright Patterson Air Force Base. The average 

molecular formula for S-8 POSF 4734, the specific S-8 sample tested, was determined 

experimentally employing ASTM [138] method D5291 (Perkin Elmer 2400 Series II 

CHN analyzer) to be C11.505H24.904 (H/C = 2.165). No specific thermodynamic data for S-

8 has been formulated; therefore, in order to calculate the aftershock conditions, a ten 

species S-8 thermodynamic surrogate developed by Bruno et al. [149] was used.  Table 

4.2 presents the composition of this surrogate. 

 

Table 4.2. Composition of S-8 thermo surrogate [149]. 

Compound Mole Fraction % 

methylcyclohexane 2.93 

2,5-dimethylheptane 5.62 

n-undecane 14.38 

2,9-dimethyldecane 11.61 

2,3-dimethylundecane 7.67 

n-dodecane 3.86 

3-methylundecane 15.31 

n-tridecane 13.68 

2,7,10-trimethyldodecane 10.5 
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For Sasol IPK POSF 5642 and Shell FT POSF 5172 (again two specific controlled 

samples from the Air Force Research Laboratory), the average molecular formulas are 

taken from Moses’s report [96] and they are C10.85H23.57 and C10.40H22.88, respectively. 

However, there is no thermodynamic data available for either Sasol IPK or Shell FT 

again. To calculate post-shock conditions, a thermodynamic surrogates were developed 

for Sasol IPK and Shell FT. Table 4.3 and Table 4.4 presents the composition of each 

thermodynamic surrogate. The surrogates are formulated to approximately match each 

fuel’s H/C ratio, average molecular weight, and roughly the distribution by organic class 

(n-, iso-, and cylco-alkanes). However, the choice of thermodynamic surrogate for 

synthetic jet fuels is not particularly important. Because all compounds in synthetic jet 

fuels are alkanes, with thermodynamic contributions based on group additivity methods 

only a function the number of CH2 and CH3 groups in the compounds, any number of 

thermodynamic surrogates will produce post-shock conditions that are nearly identical, 

within a few tenths of a percent in temperature and pressure. 

 

Table 4.3. Composition of Sasol IPK thermo surrogate. 

Compound Mole Fraction % 

methylcyclohexane 8 

2,5-dimethylheptane 25 

2,9-dimethyldecane 37 

2-methylundecane 30 

 

Table 4.4. Composition of Shell FT thermo surrogate. 

Compound Mole Fraction % 

2,5-dimethylheptane 20 

n-decane 50 

2,9-dimethyldecane 30 

 

Experiments for all three SPK fuels were conducted at pressures near 20 atm and at 

an equivalence ratio of 1.0. For S-8, the range of temperatures studied varied from 673 

to 1260 K, while for Shell FT from 651 to 1290 K, and for Sasol IPK from 681 to 1323 
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K. Tabulated data can be found in the Appendices. Figure 4.17 presents measured 

ignition delay times for the three SPK fuels. While all the three fuels show similar 

ignition delay times in the high-temperature region (>950 K), the fuels diverge in the 

intermediate- and low-temperature regions. S-8 and Shell FT, the gas-to-liquid fuels, 

have shorter ignition delay times in these regions, with S-8 less reactive than Shell FT in 

the NTC. On the other hand, Sasol IPK, the coal-to-liquid fuel, shows substantially 

longer ignition delay times. 

Figure 4.17. Ignition delay time measurements for Jet-A and three Fischer Tropsch 

fuels: S-8, Shell FT, and Sasol IPK. 
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Figure 4.18 illustrates comparisons of ignition delay times for S-8 and Shell FT with 

three pure alkanes with varying degrees of branching at a standardized condition of 20 

atm and ϕ = 1.0. N-octane is an n-alkane with no branching, 2-methylheptane is a lightly 

branched iso-alkane (single methyl substitution) and 2,6,10-trimethyldodecane 

(unpublished data from RPI) is a moderately branched iso-alkane (three methyl 

substitutions). The two gas-to-liquid fuels, Shell FT and S-8, exhibit a similar ignition 

delay times to the three alkanes. This is due to the fact that these two SPK fuels are 

primarily composed of n- and iso-alkanes and the iso-alkanes present in these two fuels 

are mostly lightly branched (one or two methyl substitutions). While no obvious 

difference is observed in high temperature region, ignition delay times of S-8 at NTC 

and low-temperature conditions are closer to 2-methylheptane and 2,6,10-

trimethyldodecane than Shell FT. This is due to the fact that S-8 has a greater fraction of 

iso-alkanes than n-alkanes, as shown in . The Shell FT ignition delay is closer to n-

octane because this fuel is composed of a higher fraction of n-alkanes than iso-alkanes, 

as shown in Figure 4.15. The coal-to-liquid Sasol IPK fuel with significantly longer 

ignition delay times in the intermediate- and low-temperature region is comprised of 

nearly all iso-alkanes with cycloalkanes approaching a fraction of nearly 10%. These 

iso-alkanes are more heavily branched than those found in the gas-to-liquid fuels and 

therefore have lower reactivity. The cycloalkanes are also of very low reactivity. Hence, 

the Sasol fuel has much lower reactivity than the S-8 and Shell FT fuels and the 

reference Jet-A and JP-8. 
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Figure 4.18. Ignition delay time measurements for two synthetic paraffinic FT fuels 

and three alkanes with varying degrees of branching. 
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5. The Autoignition of Jet Fuel Surrogates 

This chapter discusses autoignition studies carried out to evaluate surrogate 

mixtures developed to emulate the combustion properties of real jet fuels and the 

methodologies for surrogate mixture formulation. Kinetic modeling comparisons are 

also made and discussed for multi-component surrogate mixtures. 

5.1 Importance of Jet Fuel Surrogates 

Computational combustion modeling is an essential complementary tool to engine 

design. Computational fluid dynamics (CFD) tools incorporated with detailed kinetic 

models provide promise for the optimization of engine performance. However, both 

commercial and military jet fuels usually contain hundreds to thousands of different 

hydrocarbon compounds and are too complex for detailed modeling due to their 

compositional complexity, the lack of the fundamental physical and kinetic data for the 

compounds found in the fuels, and the computational burden of simulating combustion 

chemistry for a large number of species simultaneously. One alternative is to develop 

surrogates that are made up of a much smaller number of components and at the same 

time able to represent the chemical kinetic, transport, and physical properties of real 

fuels. With a simplified surrogate version of a real fuel, it is possible to provide a 

tractable kinetic model for combustion simulations. To validate such a surrogate and 

kinetic model, a wide range of data are needed for each fuel component, the surrogate 

mixture, and the real fuel being emulated at different conditions found in propulsion 

systems. At present, such data and in fact surrogates that mimic real fuels (jet fuels in 

this study) are largely deficient. 

5.2 Previous Studies on Jet Fuel Surrogates 

A significant challenge in the study of surrogates is to determine a specific mixture 

composition, comprised of a limited number of components, to best emulate a specific 

fuel of interest, comprised of 100s to 1000s of components. Although there are 

numerous certification tests required for classifying a particular real fuel for use in 
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power generation applications, more complex fuel characterizations are generally 

required to formulate a surrogate. Additionally, many of the accepted certification 

methodologies, for example, hydrogen content, aromaticity and cetane index [98] are 

based on correlations developed from historical petroleum derived fuel properties and 

may, therefore, be of limited accuracy when applied to modern fuels.  

Numerous surrogate studies have been performed. Attempts have been made to 

produce surrogate fuels to emulate real fuel combustion kinetics and physical properties. 

Edwards and Maurice [99] summarized the efforts to formulate and test surrogates for jet 

aviation fuels prior to 2001, emphasizing the need to develop surrogates that describe 

both the important physical and chemical related properties of a real fuel. For physical 

properties, real fuel distillation curve and phase behavior were noted as key properties to 

describe the vaporization, injection, and mixing processes of multiphase combustion 

while other physical properties such as viscosity are commonly recognized to be 

important to spray atomization phenomena. 

The first work on formulating jet fuel surrogates was published in the late 1980s 

when Wood et al. [35] suggested several JP-4 and JP-5 surrogates. Those surrogates 

were composed of more than ten components, based on the distillation curve and 

compound class composition, and were intended to match the general burning behavior 

of these full-boiling-range fuels (JP-4 and JP-5) with the exception for the soot 

formation. It was observed that an in-flame measurement of the velocity and temperature 

fields for the JP-4 surrogate, acquired in a swirl-stabilized, spray-fired model laboratory 

combustor closely matched those of JP-4 but differed from those of JP-5. Schultz [100] 

also proposed a surrogate for JP-8 and analyzed its oxidation products. Although 

surrogates proposed by Wood et al. [35] and Schultz [100] were intended to mimic both 

physical and chemical properties of the real fuel, the surrogates were very complex 

mixtures of ten or more individual components. 

Edwards and Maurice [99] realized that it is necessary to identify the molecular 

class and quantify its fraction in a real fuel composition in order to emulate the gas phase 

combustion kinetic behavior of a real fuel. Their recommendations for producing 

surrogates recognized the necessity and also the complexity of integrating the 
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considerations of both physical and chemical kinetic property descriptions into one 

single surrogate fuel prescription. Although the physical properties and combustion 

kinetic phenomena of real fuels are the results of molecular structures, the diverse 

chemical composition of a real fuel makes even an individual matching of either the 

physical or the chemical properties by simple mixtures a very challenging problem. This 

complexity has resulted in surrogate formulation studies emphasizing the representation 

of either real fuel physical properties or real fuel combustion kinetic phenomena, but not 

both simultaneously. To date, there has been little attention dedicated toward integrating 

successful approaches to matching both physical and combustion kinetic properties into 

a combined framework. 

The work of Violi et al. [36] is an exception to this dilemma. They developed a 

seven component surrogate mixture in order to emulate the distillation curve, flash point, 

chemical class composition, sooting tendency, heat of combustion, flammability limits, 

and pool burning regression rate of a generic JP-8 fuel. The surrogate components were 

drawn from a selection of twelve components found in a jet fuel composition. Violi et al. 

[36] also developed a combustion kinetic model and it was validated through 

comparisons with experimental data for pure components from premixed flames and a 

plug flow reactor. It was also used to predict the structure of premixed flames for their 

surrogate mixture. However, as is frequently found to be the case, no comprehensive 

experimental verification of the surrogate fuel property to a target real fuel property was 

presented, though some studies have subsequently determined the performance of this 

mixture [40, 101]. Besides Violi et al., Heneghen [102] also reported a surrogate for JP-

8. A variety of static tests were used in the study and the oxidation stability of the 

surrogate fuel was compared with that of real fuel. 

Due to the significant contribution a valid surrogate fuel definition would provide to 

the combustion community, many suggestions of surrogate fuels have been put forth in 

the literature, most focusing on combustion kinetic properties of prevaporized 

fuel/oxidizer mixtures. For jet fuels alone, there have been many propositions. Douté et 

al. [37] used a single component n-decane surrogate to mimic the chemical structure of 

premixed kerosene flames. Dagaut et al. [38] also reported similar concentration profiles 
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for Jet-A and n-decane using a jet-stirred reactor and developed a mechanism for the 

oxidation of n-decane to reproduce the experimental results. Guéret et al. [39] reported 

identical products during the oxidation of kerosene and a mixture of 3 hydrocarbons 

(79% n-undecane, 10% n-propylcyclohexane and 10% 1,2,4-trimethylbenzene) using a 

jet-stirred reactor and a quasi-global chemical kinetic mechanism was developed based 

on experimental observations. Cooke et al. [40] studied counter flow diffusion flames 

with JP-8 and a six-component surrogate of JP-8 both experimentally and 

computationally. Good agreement existed between predicted and measured variables in 

flames of the surrogate, and the agreement was even better between the experimental JP-

8 flames and the surrogate predictions. Patterson et al. [41] reported a mechanism for a 

kerosene surrogate comprised of 89% n-decane and 11% of toluene. The mechanism was 

validated through experimental data from a jet stirred reactor and rich premixed flame. 

Schultz [100] proposed a JP-8 surrogate. Agosta et al. [103], Eddings et al. [104], 

Gokulakrishnan et al. [105], Dean et al. [106], Honnet et al. [107], and Naik et al. [108] 

have all suggested surrogate fuel formulations. At the same time, Humer et al. [109] 

Vasu et al. [34], Bufferand et al. [110], Jahangarian et al. [111], Bieleveld et al. [112], 

Kook and Pickett [113], and others have experimentally tested other researchers’ 

proposed surrogates. Some of these proposed surrogate mixtures were considered to 

perform adequately in reproducing some tested or assumed parameters of a real fuel of 

interest. These works prior to 2006, in addition to experimental data and kinetic models 

relevant to kerosene fuels were reviewed by Dagaut and Cathonnet [114]. Since then, 

more work has been done on jet fuel surrogates while surrogates for diesel [115] and 

gasoline [116] have also been proposed. Pitz and Mueller [117], and Batten-Leclerc et 

al. [118] recently both published relevant review papers on this topic. 

Even with all of these efforts stated above, there is still not a proven procedure for 

surrogate fuel formulation or a comprehensive test of the combustion behavior of even 

one particular surrogate fuel to that of an intended target fuel over a wide range of 

combustion phenomena or reacting conditions.  

It is recognized that the large level of compositional variability in current and future 

aviation fuels [98] can result in variability in real fuel combustion phenomena [119]. The 
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experimental study of Lenhert et al. [101] verified variable levels of reactivity in the 

oxidation of several studied jet aviation fuels. These authors suggested caution in the 

tuning of generic surrogate mixtures to model the reactivity exhibited by specific fuel 

samples. 

5.3 Surrogate Mixture Formulation Strategy 

One of the ultimate goals of surrogate fuel studies is to validate numerical study of 

combustion in multiphase environments. However, the development of extensively 

validated kinetic mechanisms is currently the limiting factor because the chemical 

reactions and associated kinetic and thermodynamic terms required to model the 

combustion phenomena are too complex and also uncertain. Hence, the complex nature 

of gas-phase combustion kinetic phenomena put its emulation at a higher priority than 

physical property emulation for surrogate formulation. Therefore in this thesis, efforts 

have been solely placed on the matching real fuel gas-phase combustion kinetic 

phenomena via surrogates. Once the real fuel combustion kinetics is understood, 

appropriate surrogates may be formulated to sufficiently mimic real fuel physical 

properties as well. There have been quite a few papers focused on physical property 

emulation from Rao et al. [120], Slavinskaya et al. [121], Bruno et al. [122-125] and 

Huber et al. [126]. 

Most surrogate fuel propositions in the literature [55, 107, 108] have been 

constructed in a loose way of representing each chemical functional class that is thought 

to be present in some generic real fuel. These studies did not carefully characterize the 

fuel of interest and so the matching functional classes were not accurately prescribed in 

the proposed surrogates. However, detailed quantitative compositional data for complex 

real fuels are not easily obtained to help formulate a specific surrogate fuel for a specific 

target real fuel. For this reason, the methodology described here, and developed in 

collaboration with S. Dooley and F.L. Dryer at Princeton University [42], is not designed 

based on detailed compositional data but instead uses simple experimental 

measurements that only require a small quantity of the fuel sample. The philosophy for 

surrogate formulation for the representation of gas-phase combustion kinetics originates 



 

     89 

from a conceptual theory for real fuel oxidation. This theory is derived from the 

knowledge obtained from extensive experimental and chemical kinetic studies of pure 

fuel components. 

5.3.1 Theory of Real Fuel Oxidation  

The occurrence of combustion kinetic phenomena is dominated by the capability of 

fuel molecular structures to produce important radical species that affect the main heat 

producing and radical chain branching reactions in the combustion process that control, 

for example, autoignition. Large hydrocarbons show complex temperature dependence 

in this process, as observed in Chapters 3 and 4. At high temperatures (~1000 K+) the 

dominating reactions are CO + OH ↔ CO2 + H and H + O2 ↔ OH + O which affect heat 

release and radical production the most [127].  At low temperature and negative 

temperature coefficient regions (~500-900 K at 20 atm), oxidation is controlled by the 

ability of much larger alkylperoxy radicals to isomerize and then branch the radical 

chain through the formation of large molecular weight peroxide intermediates species 

[87]. The population of these and other important radical species (e.g. HO2, C2H3, HCO, 

and CH3) in a reacting system is usually called the radical pool. Because of the 

propensity of formation and the diverse chemical reaction character of each radical 

species, the composition of the radical pool controls combustion kinetic phenomena. 

Therefore, to reproduce this radical pool is the key for surrogate representation of real 

fuel kinetic behavior. The difficult part is to prescribe accurate metrics for the formation 

and destruction of radicals over the evolution of the complex combustion process. This 

simplified chemical kinetic scenario is much more complex when the oxidation of a real 

fuel is considered because a real fuel is usually composed of 100s to 1000s of individual 

components. To approximate this complexity is the main goal of a surrogate fuel, but 

this provides a significant challenge because of the limited understanding of the 

molecular processes that define real fuel combustion kinetics. However, kinetic 

modeling studies of pure hydrocarbon oxidation may point to a promising direction. 

Research [77, 118, 128] shows that the formation of intermediates of carbon number one 

to four dominates the formation and behavior of the radical pool. These intermediates 

therefore are key to observed combustion kinetic phenomena of all larger carbon number 
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fuels and their mixtures. Thus, the most important element is to prescribe mixtures of 

surrogate fuel components that can reproduce the range of intermediates formed in the 

oxidation of a target real fuel. This concept considerably simplifies the required 

surrogate fuel composition since it makes it unnecessary to represent every chemical 

functional class found in the target fuel. A proposed surrogate only needs to provide 

intermediates of markedly different chemical reactivity potential with respect to each 

other, in terms of radical production and consumption. For example, there are a number 

of real fuel components that contain an n-alkyl molecular functionality. After the initial 

consumption of the molecule, a generic collection of n-alkyl radicals may be formed and 

similar n-alkyl radicals will undergo similar reaction processes to form a similar 

distribution of products. By this logic an assumption can be made to provide a theory of 

real fuel oxidation: the oxidation or decomposition of the intermediate species product 

distribution most significantly affects the radical pool and thus the combustion kinetic 

behavior of real fuels. Different intermediate molecular structures (e.g., n-alkyl or 

benzyl) that are significantly different in character in terms of radical 

production/consumption capabilities are called distinct chemical functionalities. This 

concept and strategy as it applies to the high temperature combustion of jet fuel is 

represented by Figure 5.1, taken from Dooley et al. [147]. 
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Figure 5.1. Schematic diagram of real fuel oxidation. 

 

This strategy does not require modeling of initial fuel molecular structures and thus 

no detailed knowledge of real fuel chemical composition is needed. In the context of this 

study a provision is made for the production of only three distinct chemical 

functionalities, n-alkyls, iso-alkenyls, and benzyl-type radicals. The surrogate 

components given in Table 5.1 [42, 129] are proposed to generate those distinct 

chemical functionalities upon their individual oxidation. However, in this theory there is 

a complexity limiting assumption that no important chemical reactions occur between 

high molecular weight radical species and fuel components or high molecular weight 

intermediates. In addition, it needs to be pointed out that within this framework for the 

surrogate representation of real fuel gas-phase combustion kinetic phenomena there is a 

redundancy of multiple surrogate fuel components to produce the same distinct chemical 

functionalities. For example, only one n-alkane is required. 
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Table 5.1. Proposed surrogate fuel components, molecular structures and formulas 

[42, 129]. 
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5.3.2 Combustion Property Targets 

The remaining challenge of formulating a surrogate mixture is to specify the 

identity and quantify the fraction of each surrogate component. In order to solve this 

problem, a strategy of sharing combustion property targets is utilized [42, 119]. Each 

nominated combustion property target is designed to meet fundamental molecular 

criteria that manifest in the combustion kinetic phenomena. Through this design, it is 

intended to establish a correlation between chemical structures and practically 

significant gas turbine combustion kinetic phenomena such as ignition delay. Surrogate 

components in this approach have been employed and discussed in some previous 

studies, for example the works from Violi et al. [36], Ranzi [130], Xu et al. [119] Colket 

et al. [129], and Dooley et al [42]. The combustion property targets selected and the 

reason for the selection are explained below. 

5.3.2.1 Average Fuel Molecular Weight, MW 

Previous study [131] confirms that molecular weight has a strong correlation 

with gas-phase fuel diffusive properties. Therefore, to mimic the diffusive properties of a 

target fuel in gas phase flame environments, a surrogate fuel must be of a similar 

average molecular weight. The average carbon number of real jet fuels is approximately 

twelve [98]. A mismatch of molecular weight can lead to a loss of fidelity in predicting 

combustion kinetic phenomena that are heavily influenced by the rate of mass diffusion, 

such as diffusive extinction limits [42]. 

5.3.2.2 Hydrogen/Carbon Molar Ratio, H/C 

The H/C ratio defines the ratio of water to carbon dioxide produced in the 

combustion process. Therefore it regulates the enthalpy of reaction and the adiabatic 

flame temperature which strongly correlates to flame velocity and other flame 

phenomena. The H/C ratio of a real fuel also portrays the diversity of molecular structure 

defining the local air fuel stoichiometry in mixing-limited combustion situations [132]. 

The overall radical population in a reacting flow also heavily relies on H/C ratio. The 

alkane components of aviation fuel have H/C of 2.1-2.2. Aromatic components are much 
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lower, ranging from 1-1.4 for benzene, toluene, xylene, trimethylbenzene, n-propyl, and 

n-butyl benzene. H/C values for reported jet aviation fuels are in the range of 1.8-2, 

while the non-aromatic Fischer-Tropsch synthetic fuels occupy the alkane range of 2.1-

2.2. 

5.3.2.3 Derived Cetane Number, DCN 

Cetane number is a measurement of a fuel’s ignition delay or reactivity. N-cetane 

is an un-branched open chain alkane molecule (n-C16H34) that ignites very easily under 

compression, so it was assigned a cetane number of 100, while alpha-methylnaphthalene 

was assigned a cetane number of 0. All other hydrocarbons are indexed to cetane number 

depending on how well they ignite under compression. The cetane number therefore 

measures how quickly the fuel starts to burn (autoignites) under high pressure 

conditions. A larger cetane number indicates a shorter ignition delay and thus a more 

active fuel. A derived cetane number (DCN) is usually measured in an Ignition Quality 

Tester (IQT). In an IQT, liquid fuel is injected into a heated constant volume combustion 

chamber. The fuel ignites and the high rate of pressure change within the chamber 

indicates the start of combustion. The ignition delay of the fuel can then be calculated as 

the time difference between the start of fuel injection and the start of combustion. The 

fuel's derived cetane number can then be calculated using an empirical inverse 

relationship to ignition delay. In the current surrogate formulation strategy DCN is 

employed to correlate fuel molecular structure to fuel chemical potential.  

5.3.2.4 Threshold Sooting Index, TSI 

The Threshold Sooting Index (TSI) is defined by Calcote and Manos [133] as: 

     (
                

           
)    

Smoke point is the maximum smoke free laminar diffusion flame height [134] (mm), 

molecular weight is in g mol
-1

. Coefficients a (mol mm g
-1

) and b (dimensionless) are 

experimental constants. Thus, the TSI is a macroscopic measurement of the tendency of 

a fuel to form soot. It is very important that a surrogate emulates the sooting tendency of 

http://en.wikipedia.org/wiki/Cetane
http://en.wikipedia.org/wiki/Alkane
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Hydrocarbon
http://en.wikipedia.org/wiki/Diesel_engine
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a target real fuel to mimic its efficiency and pollutant formation, for example. In 

addition, by the constraint of this parameter, the surrogate fuel aromatic composition 

should be similar to that of the target fuel, as Yang et al. [135] have shown TSI to be 

strongly dependent on aromatic component fraction. Mensch et al. [136] have developed 

a reference database for the TSI of the surrogate components of Table 5.1 and have 

verified the TSI linear mixture rule described by Gill and Olson [137] for the surrogate 

fuel components used in this work. Therefore the functional blending characteristics of 

mixtures have a linear relationship to the individual component’s TSI. Note that the 

proper determination of TSI is conditional upon the proper determination of the average 

molecular weight of the target fuel. 

5.3.3 Surrogate Component Selection 

The basic rules of what individual components should be selected for a surrogate 

mixture have been outlined by Violi et al. [36] and Ranzi [130]. Since one of the 

ultimate goals of combustion kinetics research is to enable detailed numerical modeling, 

it is better to choose individual components whose chemical kinetics are well understood 

or at least have been the subject of previous studies. Those components have appropriate 

data for the construction and testing of kinetic and transport models and in many cases 

working kinetic models are already available. 

Another thing that needs to be pointed out is that jet fuels exhibit a wide range of 

autoignition properties, as illustrated in Chapter 4, as well as a wide range of sooting 

tendencies. It is essential that surrogate fuel formulation methods are flexible enough to 

allow for their use in the study of a range of target fuels on an adaptable basis. 

Therefore, it is desirable to consider multiple aromatic components that are of different 

chemical kinetic characteristics so that the DCN combustion property of surrogate 

mixtures may be adjusted somewhat independently of the TSI combustion property. As 

the TSI is principally dependent on the quantity of aromatic rings present in the fuel, 

adjusting the degree and environment of alkylation to an aromatic ring allows for 

regulation of the chemical kinetic potential for radical production of aromatic fuels 

without significantly affecting the sooting propensity. 
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5.4 Surrogate Formulation, Experimental Results, and Kinetic 

Modeling 

In this section, three surrogate fuels for a traditional jet fuel Jet-A POSF 4658 will 

be proposed. They are the 1
st
 and 2

nd
 generation surrogates from Princeton University 

(PU) and 1
st
 generation surrogate from RPI. Their experimental autoignition results will 

be compared against that of Jet-A POSF 4658 to justify the selection of surrogate 

components and verify the surrogate fuel formulation methodology described above. 

Kinetic modeling predictions from Dooley et al. [42] are also compared to surrogates 

autoignition experimental observations. Besides these three surrogates, another surrogate 

for a Fischer-Tropsch synthetic jet fuel, S-8 POSF 4734, is also described and tested to 

further demonstrate the combustion property matching methodology for surrogate 

mixture formulation. 

5.4.1 PU 1
st
 Generation Surrogate for Jet-A POSF 4658 

5.4.1.1 Surrogate Formulation 

The PU 1
st
 generation surrogate for Jet-A POSF 4658 is a three component 

mixture described in Table 5.2. It is composed of n-decane, iso-octane and toluene with 

mole fractions of 42.67%, 33.02%, and 24.31%, respectively.
 

 

Table 5.2. Combustion property targets for PU 1
st
 generation surrogate. 

Fuel Mole Fraction/ % MW/g mol
-1

 H/C DCN TSI 

n-decane 42.67 144.0 2.20  4.50 

iso-octane 33.02 114.0 2.25  6.20 

toluene 24.31 92.0 1.14  39.00 

PU 1
st
 Generation Surrogate - 120.7 2.01 47.1 14.1 

Jet-A POSF 4658 - 142 1.96 47.1 21.4 

 

                                                 


 Portions of this chapter previously appeared as: S. Dooley, S.H. Won, M. Chaos, J. Heyne, Y. Ju, F.L. 

Dryer, K. Kumar, C.J. Sung, H. Wang, M.A. Oehlschlaeger, R.J. Santoro, T.A. Litzinger, Combust. Flame  

157 (2010) 2333-2339. 
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To determine the four property targets for Jet-A POSF 4658, the empirical formula 

of POSF 4658 was first determined experimentally employing ASTM [138] method 

D5291 (Perkin Elmer 2400 Series II CHN analyzer) to be C10.17H19.91. Thus the H/C is 

1.957 and average MW is 142 g mol
-1

. Derived cetane number (DCN) measurements 

were performed at Princeton University using an ignition quality testing (IQT) apparatus 

under the ASTM 6890 [138] procedure for determination of autoignition characteristics 

of diesel fuels. The IQT determines an experimental ignition delay of a fuel spray in a 

pressurized (22.1 atm) and heated (833 K) constant volume chamber of air. Then the 

correlation provided by ASTM [138] is used to obtain the derived cetane number. The 

DCN for POSF 4658 was measured to be 47.1 ± 0.3 [42]. The TSI was measured using 

the smoke point technique [135] at Pennsylvania State University to be 21.4 [42]. These 

data provide four constraints which, within the methodology described above, a 

surrogate should emulate: DCN, H/C, TSI, and average MW. In order to match the four 

property targets of Jet-A POSF 4658, fourteen attempts were made to determine the 

exact mole fraction of each component in the surrogate [42], as presented in Table 5.3. 

The DCN of each mixture was determined using the same IQT testing method employed 

for POSF 4658. DCNs are determined for binary and ternary mixtures of n-decane, iso-

octane and toluene. N-decane, iso-octane, and toluene were initially chosen because they 

have fairly well understood gas-phase kinetics. Available TSI data for pure components 

[136] were used to calculate the TSI of each mixture with a linear relationship between 

TSI and mixture fraction for binary and ternary mixtures. Both MW and H/C were also 

calculated the same way as TSI since they also have a linear relationship with the mole 

fraction of each single component. MW and H/C data for each single component is 

presented in Table 5.2.  

Table 5.3. Attempts for PU 1
st
 generation surrogate. 

Mole Fraction 
DCN H/C MW/g mol

-1
 TSI 

n-decane iso-octane toluene 

1 0 0 - 2.2 144 4.5 

0.796 0 0.204 62.14 2.039 133.4 11.53 

0.592 0 0.408 54.14 1.856 122.8 18.58 

0.196 0 0.804 28.58 1.416 102.2 32.25 

0.398 0 0.602 44.18 1.656 112.7 25.28 

0 0 1 - 1.143 92 39 
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0.807 0.193 0 61.21 2.208 138.2 4.83 

0.603 0.397 0 55.08 2.217 132.1 5.17 

0.4 0.6 0 46.93 2.227 126 5.52 

0.201 0.799 0 36.59 2.238 120 5.86 

0.261 0.26 0.479 36.93 1.772 111.3 21.46 

0 1 0 - 2.25 114 6.2 

0.349 0.354 0.298 43.27 1.955 117.9 15.37 

0.172 0.678 0.15 32.99 2.097 115.9 10.83 

0.177 0.439 0.384 31.66 1.865 110.9 18.5 

0.683 0.172 0.145 57.14 2.091 131.3 9.79 

0.376 0.454 0.17 45.52 2.074 121.5 11.15 

 

It was found out that with a three component mixture of n-decane, iso-octane and 

toluene it is not possible to match both the H/C and TSI to those of POSF 4658. Because 

autoignition is more influenced by H/C than by TSI, matching H/C was given priority 

over TSI for selection of surrogate composition. Additionally, the molecular weight 

cannot be matched with these three components, due to the low molecular weight of iso-

octane and toluene. A three component mixture of n-decane, iso-octane, and toluene 

with mole fractions of 42.67%, 33.02% and 24.31% has a DCN of 47.1, a TSI of 14, an 

H/C 2.01, and an average molecular weight of 120.67 g mol
-1

. This mixture was selected 

at the PU 1
st
 generation surrogate for Jet-A POSF 4658 because it matches the important 

macroscopic properties hypothesized to be best correlated to gas-phase chemical 

reactivity and autoignition, H/C and DCN. 

5.4.1.2 Experimental Results 

In this section, ignition delay time measurements for the PU 1
st
 generation surrogate 

for Jet-A POSF 4658 are reported. Ignition delay times were measured at pressures near 

20 atm (17.7-22.9 atm), at an equivalence ratio of 1.0, and reflected shock temperatures 

from 666 to 1207 K. Tailored driver gases, mixtures of helium and nitrogen, were used 

to provide sufficient test times for low-temperature experiments with long ignition delay 

times. Measurements made at long test times show a well behaved pressure profiles with 

a relatively low level of a temporal pressure rise which is usually caused by non-ideal 

gas dynamics. In all experiments performed for this surrogate the pressure rise ranges 

from (dP/dt)(1/P0) = 0-2% ms
-1

.  
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Ignition delay times were measured using the end wall OH* emission and the 

sidewall pressure measurements as described in Chapter 2. Thermodynamic properties 

for Jet-A POSF 4658, each single component in the surrogate, and N2 and O2 are from 

Burcat and Ruscic database [46] and are used to determine the reflected shock 

temperature and pressure. Figure 5.2 shows an example ignition delay time measurement 

for the PU 1
st
 generation surrogate. 

 

Figure 5.2. Example ignition delay time measurement for PU 1
st
 generation 

surrogate. 

All experimental data for the PU 1
st
 generation surrogate and Jet-A POSF 4658 

from both this thesis work (shock tube results) and from RCM experiments performed 

by Sung and co-workers at University of Connecticut [42] are presented in Figure 5.3. 

Shock tube data for PU 1
st
 generation surrogate (hollow symbols) are reported at 

pressures near 20 atrm (18-23 atm), an equivalence ratio of 1.0, and in a temperature 

range from 666 to 1207 K in comparison with shock tube data for Jet-A POSF 4658 

(squares) at pressures from 16-24 atm, an equivalence ratio of 1.0, and in a temperature 

range from 674 to 1222 K. Reported together with the shock tube data (squares) are 

RCM data (circles) from the University of Connecticut group [42]. Jet-A POSF 4658 

RCM data were measured at 22 atm, an equivalence ratio of 1.0, and a temperature range 

from 653 to 710 K while surrogate data from RCM were measured at 22 atm, 

equivalence ratio of 1.0 and temperature range from 639 to 721 K. The RCM can access 



 

     100 

a narrow temperature window at slightly lower temperatures than the RPI shock tube. 

Tabulated shock tube data can be found in Appendix A Table A.9. 

Figure 5.3. Measured ignition delay times for the PU 1
st
 generation surrogate and 

Jet-A POSF 4658 at ϕ = 1.0. 

 

In Figure 5.3 the maximum difference in ignition delay time between POSF 4658 

and surrogate is 30% over the range of conditions studied, which indicates a superb 

capability of this particular surrogate for matching the target fuel behavior under 

practical propulsion engine conditions. Importantly the surrogate matches real fuel 

temperature dependence, i.e., the transition temperatures from low-temperature kinetic 

behavior (< 750 K), to slight negative temperature coefficient (NTC) behavior in the 

intermediate-temperature window (750-900 K0, to high-temperature behavior at around 

900 K. The uncertainty in ignition delay for both data sets is ±25%. These data 
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demonstrate the validity of the proposed surrogate formulation methodology. Relatively 

good agreement exists between the RCM data and low temperatures shock tube data, 

although shock tube and RCM data are not strictly comparable. Shock tube data are 10-

30% shorter than those from RCM. This is because of the differences in the pre-ignition 

pressure behavior characteristics between these two experimental methods, particularly 

the post compression heat losses in the RCM, leading to slightly longer ignition times. 

5.4.1.3 Kinetic Modeling 

A detailed kinetic model for the three component PU 1
st
 generation surrogate was 

assembled by Dooley et al. [42] and is compared here to autoignition experimental 

results. The kinetic model was developed by combining three recent individual kinetic 

models. The toluene model is from Metcalfe et al. [82]; n-alkane chemistry is from 

Westbrook et al. [139]; and the iso-alkane chemistry is from Mehl and co-workers [140].  

Cross reactions involving high molecular weight fuel radicals are not considered in the 

kinetic model. The model only allows fuel components to interact through their 

respective influence on the small species population, as was described in the oxidation 

theory previously outlined. In the cases where there was conflict or duplication of 

nomenclature, chemistry, or thermodynamic parameters between the three individual 

component sub-models, chemical reaction rate constant and thermodynamic parameters 

have been chosen in the following order: Metcalfe et al. > Mehl et al. >Westbrook et al. 

 Aromatic Chemistry.  

The toluene oxidation chemistry from Metcalfe et al. [82] has recently been 

revalidated following the assimilation of advances in fundamental chemical kinetic 

processes involved in toluene oxidation. Their base chemistry forms the sub-

mechanism to the surrogate detailed kinetic model.  

 N-alkane Chemistry.  

The n-decane chemistry is described by adopting the C5-C10 sub-mechanisms from 

Westbrook et al. [139].  

 Iso-alkane Chemistry.  
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The iso-octane chemistry is described by adopting the C5-C8 sub-mechanisms from 

Mehl and colleagues [140]. 

 Small Species Chemistry.  

The C0-C4 sub-mechanism which forms the basis for the chemical kinetic model 

consists of the H2/O2 [141] and C1 chemistry of Zhao et al. [142] up to and inclusive 

of the reaction CH3 + CH3 (+M) = C2H6 (+M). The ethane consumption and higher 

hydrocarbon chemistry is described by a C2 to C4 sub-mechanism which was 

recently validated by Healy et al. [143]. The description of the surrogate kinetic 

model is completed by the incorporation of the work from Laskin et al. [144] which 

describes the higher alkenyl type species such as propene and butadiene. 

Shock tube autoignition simulations were conducted with CHEMKIN-PRO [90] 

under constant volume and constant internal energy assumptions since no significant 

pre-ignition pressure rises were observed in the POSF 4658 surrogate experiments, see 

Figure 5.2. Simulations performed implementing a pressure rise of 2% ms
-1

 with 

accompanying temperature rise do not significantly alter the model results to the point of 

changing the conclusions.  Figure 5.4 presents the result of kinetic modeling of the three 

component surrogate in comparison with shock tube and RCM data from University of 

Connecticut [42]. The figure shows that for model over predicts ignition delay by 

approximately a factor of two. The model also over predicts the temperatures where 

transition into and out of the NTC region occur. For example, the surrogate experiment 

at 962 K and 20 atm shows the surrogate is out of the NTC region but the model predicts 

ignition at 962 K to be still inside the NTC region. Simulated ignition delay time for this 

condition is 3200 µs. At a time of 2800 µs, the model shows that the temperature has 

risen to 1044 K and that 15.5%, 53.3%, and 77.1% of the respective initial 

concentrations of n-decane, iso-octane and toluene remain, illustrating that the n-alkyl 

component, n-decane in this case, is largely responsible for radical production and early 

time heat release, during surrogate oxidation, and by extension also in POSF 4658. The 

model predicts a longer NTC region than experiments which might be due to an under-

emphasis of beta-scission of n-decyl/alkyl radicals leading to exaggerated low 

temperature chemistry processes. This conclusion is supported by analysis of the model 
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simulation at this condition which shows a strong competition for n-decyl alkyl radicals 

between beta-scission (approximately 40%) and formation of RO2 (approximately 60%). 

Almost all of the formed RO2, formed via the low-temperature peroxy pathway (Figure 

3.6), engage in radical chain-propagation processes. Given this analysis, it appears that 

the most important factor for an accurate numerical simulation of jet fuel surrogate 

autoignition is an accurate description of n-alkyl chemistry. This conclusion is also 

reasonable given the over prediction of the n-octane ignition times demonstrated by a 

similar model developed by Sarathy et al. [154] in Chapter 2. 

 

Figure 5.4. Kinetic modeling in comparison to measured ignition delay times for 

POSF 4658 and PU 1
st
 generation surrogate. 

Kinetic modeling predictions using the PU 1
st
 generation surrogate kinetic model for 

all shock tube autoignition conditions studied for Jet-A POSF 4658 are illustrated in 
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Figures 5.6 and 5.7. The surrogate model generally captures the real fuel autoignition 

trends but over predicts ignition delay times at all but the highest pressures, 39 atm. As 

suggested above the tradeoff between alkyl radical beta-scission and formation of RO2 is 

critical for accurately predicting ignition in these cases and further study of this 

competition is warranted, based on the observed disagreements between model and 

experiment. 

 

Figure 5.5. Comparison of Jet-A / air ignition delay measurements to kinetic 

modeling carried out using the PU 1
st
 generation surrogate mixture at ϕ = 1.0 and 

pressures of 7, 11, 20, and 39 atm. 
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Figure 5.6. Comparison of Jet-A / air ignition delay measurements to kinetic 

modeling carried out using the PU 1
st
 generation surrogate mixture at a pressure of 

20 atm and ϕ = 0.25, 0.5, 1.0, and 1.5. 

 

It can be concluded that the PU 1
st
 generation surrogate mixture emulates the 

autoignition characteristics of Jet-A POSF 4658, within experimental limits, and that a 

priori kinetic modeling is generally able to capture the measured trends in ignition delay 

(i.e., pressure and equivalence ratio dependence) but is generally deviates by factor of 

two or more of the observed ignition delays. 
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5.4.2 PU 2
nd

 Generation Surrogate for Jet-A POSF 4658 

5.4.2.1 Surrogate Formulation 

To fully capture all four surrogate fuel targets, H/C, DCN, TSI, and molecular 

weight, a PU 2
nd

 generation surrogate for Jet-A POSF 4658 comprised of four 

components was formulated by Dooley et al. [147] in collaboration with our group at 

RPI. Table 5.4 presents the composition of the PU 2
nd

 generation surrogate for Jet-A 

POSF 4658. The four components are n-dodecane, iso-octane, 1,3,5 trimethylbenzene, 

and n-propylbenzene at component mole fractions of 40.41%, 29.48%, 7.28% and 

22.83%, respectively.

 

 

Table 5.4. Combustion property targets for PU 2
nd

 generation surrogate. 

Fuel Mole Fraction/ % MW/g mol
-1

 H/C DCN TSI 

n-dodecane 40.41 170.3 2.16 78 7 

iso-octane 29.48 114.2 2.25 17 6.8 

1,3,5 trimethylbenzene 7.28 120.2 1.33 21.8 62 

n-propylbenzene 22.83 120.2 1.33 28.2 53 

PU 2
nd

 Generation Surrogate - 138.7 1.95 48.5 20.4 

PU 1
st
 Generation Surrogate - 120.7 2.01 47.1 14.1 

Jet-A POSF 4658 - 142 1.96 47.1 21.4 

 

Because the 1
st
 generation surrogate could not satisfy all four property targets 

considered here simultaneously for the Jet-A POSF 4658, for the representation of 

reactivity, the first 1
st
 generation surrogate was chosen such to match H/C and DCN 

while sacrificing a match for TSI. Lighter components were also chosen with widely 

studied kinetics such that a kinetic model could be assembled from models available in 

the literature. These factors motivated the formulation of the 2
nd

 generation surrogate to 

extend the combustion property matching methodology for matching TSI and MW as 

well as H/C and DCN, which were previously demonstrated to be controlling over 

                                                 


 To appear in: S. Dooley, S.H. Won, J. Heyne, T.I. Farouk, Y. Ju, F.L. Dryer, K. Kumar, X. Hui, C.J. 

Sung, H. Wang, M.A. Oehlschlaeger, V. Iyer, T.A. Litzinger, R.J. Santoro, T. Malewicki, K. Brezinsky. 

Combust. Flame, to appear 2012. 
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reactivity. To do this, it was necessary to choose four components of a greater molecular 

weight and two aromatic components. 

Jet fuels exhibit a wide range of sooting and in particular, autoignition properties, 

one of the primary motivators for this thesis work. It is essential that surrogate fuel 

formulation methods are flexible enough to allow for their use in the study of a range of 

target fuels on an adaptable basis. Therefore it is desirable to consider multiple aromatic 

components that are of different chemical kinetic characters so that the DCN combustion 

property of surrogate fuels may be adjusted somewhat independently of the TSI 

combustion property. Since the TSI is principally dependent on the quantity of aromatics 

present in the fuel, adjusting the degree of alkylation to aromatics (number and type of 

side chains) allows for the adjustment of overall reactivity or radical production, and at 

the same time, maintaining a relatively stable TSI (sooting propensity). For this reason 

1,3,5 trimethylbenzene and n-propylbenzene were chosen as surrogate fuel components 

for the 2
nd

 generation surrogate. Another requirement of the Jet-A POSF 4658 surrogate 

is that the components’ kinetics need to be reasonably well understood and the surrogate 

needs to be able to provide iso-alkenyl chemical functionalities. Iso-octane is the only 

branched alkane candidate that satisfies these two requirements. Therefore, n-dodecane, 

iso-octane, 1,3,5 trimethylbenzene, and n-propylbenzene were chosen to form the 2
nd

 

generation surrogate for Jet-A POSF 4658. All of these compounds, except iso-octane, 

are found in conventional petroleum-derived jet fuels. In the future perhaps more lightly 

branched iso-alkanes, characteristic of those found in jet fuels such as 2-methylheptane 

discussed in Chapter 3, can be incorporated into surrogate mixtures. 

A similar procedure to that used for the 1
st
 generation surrogate was employed to 

determine the target properties for the 2
nd

 generation surrogate. DCN measurements 

were performed by Dooley and co-workers at Princeton University [147] using an IQT 

apparatus, following the ASTM 6890 procedure [138].  The main purpose of using DCN 

is to compare the overall chemical kinetic reactivity of a particular fuel to that of multi-

component mixtures, as a relative correlation parameter. Binary, tertiary, and quaternary 

mixtures of the selected components are prepared to describe the influence of each 

individual component on the mixture DCN by Dooley and co-workers [147]. Each 
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individual component’s TSI value has been measured by Mensch et al. [136]. Since TSI 

of a mixture has a linear dependence on the TSI of its constituent components, the TSI 

values for the 2
nd

 generation surrogate are calculated assuming this relation. Both H/C 

ratio and MW for the surrogate mixture are calculated linearly against mole fraction of 

each individual component. In all, forty-five different mixtures were tested to determine 

mixture combustion target properties (H/C, DCN, TSI, MW) and the mixture fractions 

were optimized, using regression analyzes, to determine optimal mixture of the chosen 

four surrogate components. The selected mixture, as defined in Table 5.4, has a DCN of 

48.6, a TSI of 20.4, an H/C of 1.96 and an average MW of 138.7 g mol
-1

. 

5.4.2.2 Experimental Results 

Ignition delay times for the PU 2
nd

 generation surrogate for Jet-A POSF 4658 were 

measured at pressures near 20 atm (17.2-22.2 atm), at an equivalence ratio of 1.0, and at 

reflected shock temperatures from 667 to 1223 K. Tailored driver gases, mixtures of 

helium and nitrogen, were used to provide sufficient test times for low temperature 

experiments where long ignition delay times usually show. Again, measurements made 

at long test times show well behaved pressure profiles with relatively low levels of a 

temporal pressure rise. In all experiments for this surrogate, the pressure rise was 

(dP/dt)(1/P0) = 0-3% ms
-1

. Thermochemical data, required for the determination of post-

shock conditions, for the 2
nd

 generation surrogate fuel components are adopted from the 

works of Westbrook et al. [139], Curran et al. [145] and Won et al. [79] for n-dodecane, 

iso-octane, and n-propylbenzene, respectively, and Benson [146] for 1,3,5 

trimethylbenzene. Figure 5.7 shows a sample ignition delay time measurement for the 

PU 2
nd

 generation surrogate at a temperature of 857 K, an equivalence ratio of 1.0, and a 

pressure of 19.2 atm.  
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Figure 5.7. Example ignition delay time measurement for the PU 2
nd

 generation 

surrogate at ϕ = 1.0, a temperature of 857 K, and pressure of 19.2 atm. 

 

Ignition delay times for Jet-A POSF 4658 (hollow symbols) and the 2
nd

 generation 

surrogate fuel (outlined solid symbols) from both the current study and a RCM study 

from Sung and co-workers [147] are presented in Figure 5.11. Circles correspond to 

shock tube measurements (16-25 atm) and triangles correspond to rapid compression 

machine measurements (21.7 atm). The RCM measurements extend to lower 

temperatures, while the shock tube measurements cover the entire range of interest to 

gas turbines from the low-temperature region, through the NTC, and into the high-

temperature region. Uncertainties in reflected shock temperature and pressure are 

estimated to be less than 1.5% and 2.0% respectively, while the uncertainty in 

determination of the ignition delay period is ~25% in the worst case. Tabulated shock 

tube data can be found in Appendix A Table A.10. 
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Figure 5.8. Measured ignition delay times for PU 2
nd

 generation surrogate and Jet-

A POSF 4658 at 20 atm and ϕ = 1.0. 

 

In Figure 5.8 the shock tube measurements show the 2
nd

 generation surrogate 

ignition delay decreases with increased temperature from the lowest tested temperature 

of 667 K until around 730-740 K. From around 740 K to 890 K the ignition delay of the 

2
nd

 generation surrogate is nearly independent of temperature or shows a modest 

negative temperature dependence. This change in the character of reactivity with 

increased temperature is a characteristic of the competition between low-temperature 

radical branching peroxy chemistry and intermediate beta scission dominated chemistry. 

At temperatures higher than 890 K the ignition delay is observed to again decrease with 

increased temperature indicative of the occurrence of chemical kinetic pathways which 

are typical of high temperature oxidation kinetics, resulting in a transition to Arrhenius 

temperature dependence. 
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The 2
nd

 generation surrogate mimics the ignition delay of the target Jet-A fuel quite 

well at the studied conditions, ~20 atm and ϕ = 1.0, with the largest deviation between 

surrogate and Jet-A of around 20-30% in the region from 748 and 890 K. Though an 

extended NTC region may be apparent for the 2
nd

 generation surrogate, the complex 

characteristic temperature dependence of the ignition delay of each fuel is nearly within 

the experimental scatter and uncertainties.  

It presents in Figure 5.9 that shock  tube  pressure  histories  for stoichiometric  

fuel/air  mixtures  of  Jet-A  POSF 4658  (light  red  line)  and  the PU 2
nd

 generation 

surrogate  (heavy  black  line) at reflected shock conditions of  21.3  atm / 680  K  and  

20.9  atm / 679  K, respectively. Dashed line show the pressure achieved by reflected 

shock, and dotted lines show OH* emission for Jet-A POSF 4658 (heavy black dots) and 

2
nd

 generation surrogate (light red dots).  While the expected viscous-induced pressure 

rise is apparent in the pre-ignition pressure behavior, the pressure gradient is fairly slight 

2-3% m
-1

. The heat release behavior of each fuel is very consistent with both show a 

short period of heat release of around 400-500 µs immediately prior to the main ignition 

event. 

The 2
nd

 generation surrogate is shown to closely emulate the autoignition reactivity 

characteristics of Jet-A POSF 4658. The successful performance of this surrogate further 

supports the proposed surrogate formulation strategy. It may be improved further by 

incorporating additional combustion property targets to constrain other combustion 

kinetic behaviors and physical properties that are not the explicit performance targets in 

this initial study. 

 

 

 

 

 



 

     112 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Shock tube pressure histories for Jet-A POSF 4658 and the PU 2
nd

 

generation surrogate. 
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5.4.2.3 Comparison with 1
st
 Generation Surrogate 

Both the first and second generation surrogates are developed by the same principles 

and they can both emulate the reactivity of Jet-A POSF 4658 very well. It is of 

fundamental interest to compare and analyze the performance of the two surrogate fuels. 

Representative examples of shock tube pressure histories obtained for 1
st
 generation 

(light green line) and 2
nd

 generation (heavy black line) surrogates at comparable 

compressed conditions are shown in Figure 5.10. The two surrogate/air mixtures were 

compressed to 21.4 atm / 683 K and 20.9 atm / 680 K, respectively. A dashed line shows 

the pressure achieved by reflected shock, and dotted lines show OH* emission for 1
st
 

generation surrogate (light green dots) and 2
nd

 generation surrogate (heavy black dots). 

Viscous-induced pressure rise are both observed for the two surrogates and both 

surrogates show similar energy release behavior prior to the main ignition event. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Shock tube pressure histories for the PU 1
st
 and 2

nd
 generation 

surrogate. 
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A comparison of ignition delay times for the 1
st
 and 2

nd
 generation surrogates is 

presented in Figure 5.11. The shock tube ignition delays for the two surrogate fuels 

compare very well. Overall, the characteristic temperature dependence of these multi-

component fuels is very similar. Within the uncertainties of the measurements (~25%), 

their behavior is nearly equivalent with perhaps slight differences in the extent of NTC 

behavior around 800 K where the 1
st
 generation surrogate shows shorter ignition delay 

than the 2
nd

 generation. Both the two surrogates return from NTC to Arrhenius behavior 

at around 920 K. The difference in ignition delay times becomes again indistinguishable 

at high temperatures (>920 K). 

 

Figure 5.11. Measured ignition delay times for PU 1
st
 and 2

nd
 generation surrogates 

at ϕ = 1.0 and near 20 atm. 
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5.4.3 RPI 1
st
 Generation Surrogate for Jet-A POSF 4658 

5.4.3.1 Surrogate Formulation 

A surrogate was also developed for matching a generic average Jet-A fuel. This 

surrogate, the RPI 1
st
 generation surrogate, is a four component mixture described in 

Table 5.5. It was initially chosen to emulate a heavier jet fuels with MW near 150 g/mol 

and with large fractions of cycloalkanes and aromatics, which result in lower DCN and 

H/C. The RPI 1
st
 generation surrogate is composed of n-tetradecane, iso-cetane, 

methylcyclohexane, and n-propylbenzene with mole fractions of 25.8%, 16.8%, 30%, 

and 27.4%, respectively. 

 

Table 5.5. Combustion property targets for the RPI 1
st
 generation surrogate. 

Fuel Mole Fraction/ % MW/g mol
-1

 H/C DCN TSI 

n-tetradecane 25.8 198.4 2.14 95 5.4 

iso-cetane 16.8 226.4 2.13 15 22 

methylcyclohexane 30 98.2 2.00 22 6.4 

n-propylbenzene 27.4 120.2 1.33 28.2 53 

RPI 1
st
 Generation Surrogate - 151 1.87 42.8 20.4 

PU 2
nd

 Generation Surrogate - 138.7 1.95 48.5 20.4 

PU 1
st
 Generation Surrogate - 120.7 2.01 47.1 14.1 

Jet-A POSF 4658 - 142 1.96 47.1 21.4 

  

The four property targets of this surrogate were found using identical methods 

explained before. Derived cetane number (DCN) measurements were performed using 

an ignition quality testing (IQT) apparatus under the ASTM 6890 [138]. Then the 

correlation provided by ASTM [138] is used to obtain the derived cetane number. The 

TSI was determined using a mole fraction weighted average of literature results [135].  

Average MW data were computed as the linear sum of each individual component’s 

MW weighed by mole fraction and H/C was simple from the mole fractions and known 

molecular formula. The RPI 1
st
 generation surrogate has a DCN of 42.8, MW of 151, 

H/C of 1.87, and TSI of 20.4. 
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5.4.3.2 Experimental Results 

 Ignition delay times were measured for the RPI 1
st
 generation surrogate at pressures 

close to 20 atm (17.4-22.0 atm), at an equivalence ratio of 1.0, and reflected shock 

temperatures from 708 to 1210 K. Experimental data are presented in Figure 5.12. 

Ignition delay times for Jet-A POSF 4658 (red squares, 16-25 atm) and RPI 1
st
 

generation (hollow squares, 17-22 atm) POSF 4658 surrogate fuel are reported. 

Uncertainties in reflected shock temperature and pressure are estimated to be less than 

1.5% and 2.0% respectively, while the uncertainty in determination of the ignition delay 

period is ~20-25% in the worst case. Tabulated shock tube data can be found in 

Appendix A Table A.11. 

In Figure 5.12, shock tube measurements show the RPI 1
st
 generation surrogate 

ignition delay decreases with increased temperature from the lowest tested temperature 

of 708 K until around 770 K. From ~800 K to ~860 K the ignition delay of the RPI 1
st
 

generation surrogate shows modest negative temperature dependence. At temperatures 

higher than ~900 K the ignition delay again decreases with increasing temperature. 

The RPI 1
st
 generation surrogate mimics the ignition delay of target real fuel at high 

temperatures very well; however, the surrogate over predicts ignition delays in the 

moderate and lower temperature regions. It is consistent with the fact that RPI 1
st
 

generation surrogate has a smaller DCN than POSF 4658, 42.8 versus 47.1 and 

illustrates that DCN is correlated to low- and intermediate-temperature chemistry. This 

also illustrates the range of deviation in ignition delay (50% for T < 850 K) expected for 

a difference of 4.3 in DCN. Further iterations of this RPI surrogate in the future will 

enable the emulation of heavier jet fuels containing higher fractions of cycloalkanes and 

aromatics than possible using the PU 1
st
 and 2

nd
 generation surrogate components. 
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Figure 5.12. Measured ignition delay times for the RPI 1
st
 generation surrogate and 

Jet-A POSF 4658 at ϕ = 1.0. 

5.4.4 Surrogate for S-8 

5.4.4.1 Surrogate Formulation 

Due to the lack of aromatics in synthetic Fischer-Tropsch jet fuels, surrogates 

designed to emulate their combustion properties can be comprised of strictly paraffinic 

components. For the emulation of S-8 POSF 4734 synthetic jet fuel from Syntroleum a 

surrogate was formulated to match H/C and DCN comprised of only n-dodecane and iso-

octane; see Table 5.6. The S-8 fuel has an unknown TSI, because it does not readily 
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MW lower than S-8 due to the use of iso-octane as the branched alkane component. Iso-

octane was chosen because of the large amount of prior work on its kinetics.

 

Table 5.6. Combustion property targets for S-8 surrogate. 

Fuel Mole Fraction/ % MW/g mol
-1

 H/C DCN TSI 

n-dodecane  51.9 170.34 2.16 78 7 

iso-octane  48.1 114.23 2.25 17 6.8 

S-8 Surrogate - 143.4 2.19 58.9 7 

S-8 POSF 4734 - 163 2.14-2.19 58.7 n/a 

Jet-A POSF 4658 - 142 1.96 47.1 21.4 

 

S-8, the target fuel, is a synthetic aviation fuel produced from natural gas by 

Syntroleum. The United States Air Force has made several large volume purchases of 

this fuel to perform ground and flight tests for S-8 mixtures with conventional petroleum 

derived JP-8. For the studies carried out here, a specific controlled S-8 sample (S-8 

POSF 4734) from the Air Force Research Laboratory at Wright-Patterson Air Force 

Base was obtained and used. The combustion properties listed in Table 5.6 for both S-8 

and surrogate were determined in the same manner as described above for the PU 1
st
 and 

2
nd

 generation surrogate mixtures. 

A similar procedure used for the Jet-A POSF 4658 surrogates was utilized to 

determine the composition and target properties of the S-8 POSF 4734 surrogate. DCN 

measurements are performed in an identical method using an IQT apparatus. The 

surrogate’s DCN is measured to be 58.9 [150]. To determine the TSI of the surrogate, 

each individual component’s TSI value is obtained from Mensch et al. [136]. Since TSI 

of a mixture has a linear dependence on the TSI of its constituent components, the TSI 

value for the S-8 POSF 4734 surrogate was calculated assuming this relation to be 7. 

                                                 


 Portions of this chapter previously appeared as: S. Dooley, S.H. Won, S. Jahangirian, Y. Ju, F.L. Dryer, 

H. Wang, M.A. Oehlschlaeger, An Experimentally Validated Surrogate Fuel for the Combustion Kinetics 

of S-8, a Synthetic Paraffinic Jet Aviation Fuel, AIAA 2012-619, 50th AIAA Aerospace Sciences 

Meeting, Nashville, TN, 2012. 
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Both H/C ratio and MW for the surrogate mixture are calculated linearly against mole 

fraction of each individual component and their value is 2.19 and 143.4, respectively. In 

summation, the surrogate matches the S-8 H/C and DCN, has a MW lower than S-8, and 

a match for TSI was not attempted due to lack of a TSI for the S-8 fuel. 

5.4.4.2 Experimental Results 

Ignition delay times for stoichiometric mixtures in air of the S-8 surrogate mixture 

are reported. Experimental data are obtained at close to 20 atm of total pressure (17.1-

22.4 atm) and in the temperature range from 658 to 1226 K. Relatively small levels of 

viscous-induced pressure rise, in the range of dP/dt = 0-2% ms
 -1

, were observed such 

that the data may be modeled using constant volume and adiabatic approximations. 

Figure 5.13 illustrates example pressure and OH* emission profiles for an ignition delay 

measurement for the S-8 surrogate. 

 

Figure 5.13. Example ignition delay time measurment for S-8 POSF 4734 surrogate 

at ϕ = 1, a temperature of 658 K, and pressure of 20.6 atm. 

In Figure 5.14. ignition delay times for S-8 surrogate (black circles), S-8 POSF 

4734 (outlined circles), and Jet-A POSF 4658 (red triangles) are compared. Uncertainties 

in reflected shock temperature and pressure are estimated to be less than 1.5% and 2.0% 

respectively, while the uncertainty in determination of the ignition delay period is ~20-

25% in the worst case. Tabulated shock tube data can be found in Appendix A Table 

A.12. 
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Figure 5.14. Measured ignition delay times for S-8 POSF 4734 surrogate, S-8 POSF 

4734, and Jet-A POSF 4658 at ϕ = 1.0. 

Figure 5.14 shows that the S-8 surrogate ignition delay decreases with increased 

temperature from the lowest tested temperature of 658 K until ~740 K. From ~760 K to 

~880 K the ignition delay of the surrogate shows negative temperature dependence. At 

temperatures higher than ~920 K the ignition delay again decreases with increased 

temperature due to the occurrence of chemical kinetic pathways that are typical of high 

temperature oxidation kinetics. The S-8 surrogate mimics the ignition delay of the target 

real fuel, S-8 POSF 4734, very well through the whole temperature range at the studied 

conditions, pressures near 20 atm and an equivalence ratio of 1.0. Also, the Jet-A POSF 

4658 exhibits longer ignition delay times than S-8 POSF 4734, especially at low 

temperatures, as expected from the lower DCN for Jet-A than S-8. The differences in 
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autoignition properties (reactivity) of S-8 and Jet-A could have implications for future 

gas turbine main combustor and afterburner performance which will have to operate 

using these different fuels and others with perhaps more divergent properties. 

5.4.4.3 Kinetic Modeling 

For kinetic modeling purposes, the fuel chemistry of the S-8 surrogate is 

described using the combination of the n-alkane chemistry of Westbrook et al. [139] and 

the iso-alkane chemistry of Mehl et al. [140]. A representative model computation is 

shown in Figure 5.15 with comparison to experimental observations. However the model 

over predicts experiments by a factor of two to three, suggesting significant work is 

needed to improve these models. As has been shown the case throughout the surrogate 

vs. real fuel vs. kinetic modeling comparisons, the surrogate fuels emulate the kinetic 

autoignition behavior of the real fuel very well, through the property matching method, 

but the kinetic models differ from experiment by multiples. This observation emphasizes 

the importance of experiments in the formulation of surrogates. At present, kinetic 

modeling is not at a level of quantitative accuracy required for the formulation of 

surrogate mixtures, via strictly simulation. 

5.5 Remaining Challenges 

It can be seen from the above results that proposed surrogates emulate target fuels, 

in terms of ignition delay, very well at the studied conditions. However, kinetic models 

show deviations from experimental data, primarily due to the large number of chemical 

species required for even a simple surrogate. For example, the kinetic model constructed 

for the simple three component PU 1
st
 generation surrogate fuel for Jet-A POSF 4658 is 

composed of 1597 species [42]. Considering the large number of chemical species and 

the uncertainties associated with the prescription of reaction rate coefficients in the 

kinetic models, the deviations between model and experiment are expected. These 

observations draw emphasis to the use of simple surrogate mixtures comprised of 

species with relatively well understood kinetics and motivate further experimental and 

theoretical work focused on developing the specific reaction pathways that appear in the 

kinetic models and the rate coefficients prescribed for each reaction. 
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Figure 5.15. Kinetic modeling in comparison to measured ignition delay times for 

S-8 POSF 4734 and an S-8 surrogate. 

 

0.8 1.0 1.2 1.4 1.6

30

100

1000

10000

80000
   

    S-8 POSF 4734

    S-8 POSF 4734 Surrogate

    S-8 POSF 4734 Surrogate Model

Ig
n

it
io

n
 d

e
la

y
 t
im

e
,  

/ 

s

1000K / T

1400 1200 1000 800 600

 Temperature / K



 

     123 

6. Conclusions 

6.1 Summary 

A heated shock tube technique has been developed and used to study the 

autoignition of a variety of low-volatility jet fuels, surrogates, and components at 

conditions relevant to gas turbine combustor operation, high pressures, lean to rich 

fuel/air mixtures, and a wide temperature range. These studies provide: quantities kinetic 

information that can be used as targets for the development of kinetic models used to 

describe real fuel oxidation, comparison of the reactivity of compositionally different jet 

fuels, insight into structure-reactivity relationships for fuel components, and the partial 

assessment of surrogate mixtures formulation methodologies for the emulation of real 

fuels. 

The jet fuels studied include standard conventional petroleum-derived fuels used in 

both civilian (Jet-A) and US military (JP-8) applications and three synthetic Fischer-

Tropsch jet fuels of interest because of their recent certification for specific military (S-

8, Shell FT, and Sasol IPK) and civilian (Sasol IPK) use. Ignition delay time 

measurements were made in reflected-shock-heated jet fuel/air mixtures for pressures 

from 7 to 39 atm, temperatures from approximately 650 to 1380 K, and equivalence 

ratios from 0.25 to 1.5. It is fair to say that these jet fuel autoignition studies are to date 

the widest ranging in both fuel variation and condition space considered. These studies 

also represent the first autoignition study of multiple Fischer-Tropsch jet fuels such that 

the range of reactivity expected for these alternative jet fuels can be determined. The jet 

fuel studies clearly illustrate that the fuels considered all have similar high-temperature 

(> 950 K) reactivity but highly variable intermediate- and low-temperature reactivity (< 

950 K), with variations in ignition delay of a factor of four for these fuels. The variation 

in this temperature window correlates fairly well with the derived cetane number and is 

due to the distribution of hydrocarbon compounds found in the fuel. Of particular 

interest is the finding that synthetic Fischer-Tropsch jet fuels, with essentially no 

aromatics, can have widely different ignition delay times depending on their aliphatic 

structure (i.e., degree of branching). 
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Autoignition studies for three Jet-A surrogates (PU 1
st
 generation, PU 2

nd
 generation 

and RPI 1
st
 generation) and one surrogate for a synthetic fuel, S-8, have been carried out 

which show that the autoignition of a complex jet fuel containing hundreds, if not 

thousands, of species can be fairly well emulated at the conditions studied, 20 atm and 

an equivalence ratio of 1.0, by matching the real fuel derived cetane number (DCN) and 

hydrogen-to-carbon ratio (H/C) using just two to four species. The surrogate can also be 

forced to match the average molecular weight (MW), to emulate diffusive combustion 

processes, and threshold sooting index (TSI), to emulate sooting propensity. The 

compounds chosen as surrogate components are those for which significant prior kinetic 

modeling efforts exist; however, as comparisons show the deviations between kinetic 

modeling and experiment are fairly large, factors of two to three, compared to the 

differences in ignition delay for a real fuel and a surrogate, which are at most 30%. 

Autoignition studies were also carried out for 2-methylheptane and n-octane, which 

provide assessment of the influence of a single methyl substation, and n-propylbenzene, 

which represents an alkylbenzene of appropriate size to be relevant to jet fuels. 

Measurements were made for 2-methylheptane and n-octane at 20 atm and three 

equivalence ratios of 0.5, 1.0, and 1.5. 2-Methylheptane exhibited slightly longer 

ignition delay times than n-octane through the high-, intermediate-, and low-temperature 

regions while the difference in intermediate-temperature negative-temperature-

coefficient (NTC) region was the largest. 2-Methylheptane is less reactive than n-octane, 

particularly in the NTC region, because the methyl substitution reduces the number of 

potential isomerization pathways; i.e., the energy barrier for H-atom transfer across a 

methyl substitution is very high, eliminating those isomerization and, hence, eliminating 

potential radical branching pathways. 

Ignition delay times were also measured for n-propylbenzene at equivalence ratios 

of 0.5, 1.0, and 1., and pressures of 11 and 21 atm. Weak ignition phenomenon was 

observed for temperatures below ~950 K, due to inhomogeneous ignition behind the 

reflected shock wave. A kinetic model developed by collaborators S. Dooley and F. 

Dryer [155] predicts the experimental findings in the high temperature region very well 

while failing to capture data in low temperature region (< 950 K). It is concluded that the 



 

     125 

lower temperature experimental results, for which model disagree, are perturbed due to 

the inhomogeneous weak ignition. It is concluded that consideration of experiments of 

this nature for comparison with kinetic modeling is inappropriate. Interpretation of the 

kinetic mechanism, through reaction flux analysis, shows that most n-propylbenzene 

undergoes H-atom abstraction followed by beta scission reactions which generate 

radicals with varying degrees of reactivity, which control the overall reactivity and 

ignition delay time. 

The research results presented in this thesis greatly expanded the database of 

available kinetic information for jet fuels, their surrogates, and components. The results 

provide rich quantitative kinetic modeling targets for the development and validation of 

future kinetic oxidation models. Surrogate mixture studies illustrate that autoignition can 

be well emulated, at least over a reasonable range of condition, by matching derived 

cetane number (DCN) and hydrogen-to-carbon ratio (H/C). Studies of pure components 

illustrate structure-reactivity relationships important for real fuels as they ultimately 

govern their kinetic behavior. 

6.2 Future Work 

There are several directions this work could be extended in the future: ignition for a 

wider range of compounds and fuels and ignition times at a wider range of conditions. 

While 2-methylheptane was studied in this thesis and compared to n-octane, more work 

should be done on lightly branched iso-alkanes in order to determine the importance of 

the number and location of methyl substitutions. Initial target branched alkanes might be 

3-methylheptane and dimethylhexanes, for direct comparison with the C8 isomers 

studied here, 2-methylheptane and n-octane. Lightly branched iso-alkanes are 

predominant species in conventional and alternative liquid transportation fuels and have 

been insufficiently studied given their importance in real fuels. Future work on these 

compounds is warranted. Additionally, the kinetics of aromatics with differing side chain 

structures are worthy of future work. At RPI previous research focused on toluene and 

the xylenes, and here studies of n-propylbenzene have been carried out, but a 

significantly richer palette of aromatics, for which there has been little previous work, 
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are found in petroleum-derived fuels. Another class of species not studied in this thesis 

that are worthy of experimental kinetic study are cycloalkanes. It is unclear what the 

degree of difference is between the kinetics of cycloalkanes and n-alkanes, particularly 

at high temperatures; however, the importance of these compounds in real fuels warrants 

investigation of this and other issues. Finally, in addition to autoignition investigations, 

speciation studies that elucidate the important reaction pathways for fuel oxidation are 

necessary for the improvement of kinetic modeling. It has been shown that kinetic 

models deviate with autoignition measurements, a macroscopic combustion parameter. 

Improvements to modeling predictions will require experimental investigations at a more 

microscopic level by interrogating the reactions or submechanisms responsible for 

autoignition, through measurement of the chemical species involved. 

While the jet fuel autoignition studies presented here represent the widest range of 

conditions and fuels studied to date, significant parameter space is left to investigate 

both in terms of conditions and fuels, including sub-atmospheric pressures that occur in 

afterburners and in gas turbine main combustors during altitude relight and extreme 

pressures that occur in boosted military diesel engines that operate on JP-8 and other jet 

fuels. A much wider range of synthetic fuels has yet to be tested, including Fischer-

Tropsch fuels with a larger deviation in properties, Hydrotreated Renewable Jet (HRJ) 

fuels derived from non-edible oils include algal oils, and fuels synthesized via 

engineered artificial fermentation processes. Fuel composition and combustion 

characteristics are a function of fuel source. In an era of changing fuel supplies and 

alternative fuels, fuel kinetics will undoubtedly play an important role in the design of 

combustion and propulsion devices, particularly given the increasing capability of multi-

physics simulations for coupling chemistry to transport and the deficiencies of present 

kinetic models, as this thesis illustrates. 
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Appendix A Experimental Results 

Table A.1. Measured ignition times for 2-methylheptane/air mixtures. 

2-methylheptane/air,  = 0.5: 

0.833% 2-methylheptane, 

20.83% O2, and 78.33% N2 

2-methylheptane/air,  = 1.0: 

1.653% 2-methylheptane, 

20.66% O2, and 77.69% N2 

2-methylheptane/air,  = 1.5: 

2.459% 2-methylheptane, 

20.49% O2, and 77.05% N2 

T5 [K] P5 [atm] τ [μs] T5 [K] P5 [atm] τ [μs] T5 [K] P5 [atm] τ [μs] 

672 20.3 7626 660 21.0 5545 631 19.9 9790 

694 19.1 4906 676 19.0 3583 656 20.7 6015 

719 20.5 3352 707 19.5 2160 667 19.7 3693 

742 20.3 3024 710 18.9 1998 702 18.1 1813 

793 19.7 2813 745 20.3 1600 714 19.7 1511 

807 22.5 2818 787 20.9 1359 756 19.3 1188 

826 21.1 3253 798 21.5 1416 798 20.5 987 

876 19.2 4461 830 20.6 1668 851 19.3 1537 

959 21.8 2071 854 21.6 1707 902 18.7 1499 

1058 21.8 797 855 21.3 1645 929 19.6 1008 

1068 19.1 681 874 21.6 1771 960 20.6 752 

1201 21.0 175 927 18.7 1726 998 21.1 509 

1299 22.6 53 965 18.9 1261 1040 20.4 404 

1327 21.7 43 980 21.4 965 1098 20.3 218 

   1057 19.0 521 1140 20.0 154 

   1061 20.1 425 1255 18.8 59 

   1122 19.9 237    

   1172 20.7 137    

   1253 21.5 65    
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Table A.2. Measured ignition times for n-octane/air mixtures. 

n-octane /air,  = 0.5: 

0.833% n-octane, 

20.83% O2, and 78.33% N2 

n-octane /air,  = 1.0: 

1.653% n-octane, 

20.66% O2, and 77.69% N2 

n-octane /air,  = 1.5: 

2.459% n-octane, 

20.49% O2, and 77.05% N2 

T5 [K] P5 [atm] τ [μs] T5 [K] P5 [atm] τ [μs] T5 [K] P5 [atm] τ [μs] 

671 21.7 5669 651 22.1 6419 644 22.4 7620 

678 21.1 4866 654 20.9 6413 650 21.1 6479 

692 23.4 3660 669 22.7 4092 653 19.5 4948 

704 21.5 3395 688 20.6 2261 663 20.5 3720 

718 20.8 2728 712 20.2 1469 677 20.5 2357 

741 20.3 2285 743 20.7 1127 700 20.1 1448 

789 18.2 2056 771 20.1 931 711 18.2 1246 

838 20.4 1951 816 21.0 912 767 19.5 795 

852 19.6 2278 836 20.6 1072 824 19.2 839 

881 18.7 2782 884 20.6 1489 860 19.4 1114 

885 19.8 2630 928 20.9 1455 868 18.6 1153 

924 20.6 2641 968 20.4 915 909 19.6 1119 

970 20.2 1783 985 18.2 734 935 19.6 846 

987 19.8 1226 1023 20.2 508 949 19.2 727 

1019 18.6 967 1081 19.2 252 996 19.8 553 

1053 21.7 590 1118 19.3 196 1011 18.7 448 

1105 18.1 324 1158 19.4 116 1073 19.3 295 

1132 22.0 220 1211 20.3 83 1105 20.6 203 

1200 18.8 137 1258 22.7 41 1130 18.5 146 

1285 20.1 62    1136 20.1 123 

1327 19.6 33    1212 18.9 51 
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Table A.3. Measured ignition times for n-propylbenzene/air mixtures.  
n-propylbenzene/air, ϕ = 0.5: 

0.8678% n-propylbenzene, 

20.83% O2, and 78.31% N2 

n-propylbenzene/air, ϕ = 1.0: 

1.721% n-propylbenzene, 

20.65% O2, and 77.63% N2 

n-propylbenzene/air, ϕ = 1.5: 

2.559% n-propylbenzene, 

20.47% O2, and 76.97% N2 

P [atm] T [K] τ [μs] P [atm] T [K] τ [μs] P [atm] T [K] τ [μs] 

12.1 1019 2157 10.0 1048 1263 12.4 983 2028 

11.9 1060 1592 12.4 1071 1006 11.5 985 1970 

11.6 1109 838 12.2 1126 519 11.3 1001 1450 

10.9 1112 771 10.7 1156 339 10.3 1030 932 

10.8 1149 488 11.0 1218 148 10.4 1063 727 

11.8 1190 297 10.2 1251 101 12.6 1086 500 

10.3 1222 190    11.1 1092 491 

10.5 1242 156 21.7 809 7445 10.7 1109 383 

10.1 1243 147 21.2 826 5854 9.3 1130 358 

11.2 1351 36 22.2 838 4794 13.1 1132 319 

11.9 1364 34 21.4 839 4674 10.9 1210 184 

   18.4 843 4758 12.3 1300 66 

23.4 868 4394 20.7 868 4042    

19.9 907 3650 24.0 873 3527 22.4 840 3069 

23.1 997 1988 15.7 902 2950 20.2 858 3009 

21.9 1020 1727 19.9 946 2033 21.3 872 2308 

21.5 1044 1178 19.8 953 2178 20.2 880 2321 

19.1 1084 912 20.5 990 1716 19.3 941 1629 

23.2 1109 491 21.5 992 1592 19.6 967 1409 

21.5 1120 437 22.2 1005 1744 19.5 982 1184 

18.8 1155 255 22.3 1016 1453 20.0 990 1268 

18.6 1180 175 20.8 1033 1331 23.9 994 949 

19.7 1187 147 20.5 1033 1097 20.8 1010 850 

23.9 1237 96 21.5 1034 1193 19.6 1040 674 

23.6 1286 49 22.4 1052 866 24.6 1074 442 

23.8 1292 51 22.5 1065 693 19.8 1077 540 

   22.9 1087 533 26.1 1102 309 

   21.4 1099 534 22.2 1125 230 

   22.1 1101 519 25.8 1202 93 

   23.2 1104 475 21.1 1244 61 

   22.0 1127 393    

   20.9 1140 334    

   22.4 1155 256    

   22.1 1164 260    

   21.3 1171 229    

   21.8 1180 187    

   21.6 1182 191    

   21.3 1188 209    

   21.8 1197 171    

   22.8 1199 158    

   21.5 1206 146    
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Table A.4. Measured ignition times for Jet-A POSF 4658 /air mixtures. 
ϕ = 1.0 Jet-A POSF 4658 /air:  

1.368% Jet-A POSF 4658, 20.72% O2, 77.91% N2 

P5 [atm] T5 [K] τ [µs] P5 [atm] 

T5 

[K] τ [µs] P5 [atm] T5 [K] τ [µs] 

8.0 848 9648 20.8 674 8974 18.2 1106 261 

7.7 866 7204 21.8 680 6703 18.1 1109 249 

8.3 906 5388 21.3 681 5821 17.7 1117 225 

8.8 907 5070 23.5 700 3887 19.2 1126 185 

8.4 949 3564 23.7 703 4216 18.7 1138 181 

8.4 968 2486 23.4 704 3204 18.1 1143 176 

8.3 983 2545 24.3 717 2737 17.2 1145 184 

8.4 1003 1921 20.0 723 2287 18.1 1177 104 

8.1 1018 1811 23.7 737 1871 16.3 1187 116 

7.9 1022 1616 20.9 750 1842 16.5 1197 95 

8.3 1052 877 20.8 753 1894 16.8 1222 77 

8.0 1089 617 21.2 755 1788    

7.8 1097 538 20.5 757 1757 36.6 741 1885 

6.7 1099 709 23.0 797 1618 40.3 763 1707 

6.1 1143 371 24.8 797 1618 38.5 812 1644 

7.3 1233 158 21.5 802 1616 36.0 832 1661 

8.3 1270 118 23.2 803 1625 40.1 848 1727 

8.3 1327 70 22.1 815 1742 36.9 852 1423 

8.2 1381 41 19.1 820 2102 36.9 854 1423 

   21.2 826 1896 35.7 855 1824 

12.7 744 5617 21.7 831 1789 39.3 888 1550 

11.3 754 5430 20.5 836 2038 38.1 896 1640 

10.7 792 6762 20.9 845 2138 34.5 904 1689 

11.6 823 6800 21.2 849 2059 39.9 916 1483 

10.1 866 4261 22.1 849 1897 36.5 945 1192 

11.5 904 2803 21.8 851 1908 41.1 964 819 

10.4 905 3104 22.8 871 1843 40.2 978 821 

12.0 937 3117 21.6 882 2032 38.8 1007 542 

12.0 978 1668 21.5 904 2031 40.3 1008 689 

10.1 987 1751 20.9 931 1749 38.8 1021 462 

11.6 1021 1169 22.7 940 1675 38.6 1030 456 

12.1 1032 1054 21.1 955 1354 40.9 1034 495 

11.5 1046 818 21.7 973 1236 38.5 1054 298 

11.2 1077 559 19.9 984 1140 40.2 1103 169 

10.6 1136 298 18.9 991 1050 39.6 1132 107 

10.3 1154 246 19.2 1025 816 40.3 1161 92 

9.6 1210 151 16.7 1043 706 40.9 1162 79 

9.0 1240 110 21.6 1046 563 38.7 1163 96 

9.0 1313 52 21.0 1050 458 40.9 1224 40 

   19.3 1072 464 38.8 1229 38 

   19.1 1083 375    

   18.4 1092 318    

   16.9 1100 355    
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Table A.4 (continued) 

ϕ = 0.25 Jet-A POSF 4658/air: 

0.346% Jet-A POSF 4658, 

20.94% O2, 78.72% N2 

ϕ = 0.5 Jet-A POSF 4658/air: 

0.689% Jet-A POSF 4658, 

20.86% O2, 78.45% N2 

ϕ = 1.5 Jet-A POSF 4658/air: 

2.038% Jet-A POSF 4658, 

20.58% O2, 77.38% N2 

P [atm] T [K] τ [μs] P [atm] T [K] τ [μs] P [atm] T [K] τ [μs] 

21.1 892 7565 20.6 707 4921 19.8 662 8311 

20.8 897 6863 20.8 743 3035 20.0 670 6770 

20.3 920 5966 19.6 785 3594 20.1 672 5285 

18.9 924 4608 21.4 830 2941 21.1 684 3656 

19.1 953 2722 21.6 854 3358 18.8 701 2811 

21.5 979 2190 18.3 879 3202 23.0 706 2528 

21.3 1016 1525 21.0 930 2347 23.5 710 2331 

18.7 1041 1067 20.1 950 2165 19.7 717 1720 

22.3 1055 1094 18.5 995 1239 21.1 724 1973 

21.1 1080 823 19.8 1017 1163 18.7 743 1709 

20.4 1092 619 17.5 1031 997 19.6 759 1832 

21.9 1127 575 20.1 1049 863 20.6 774 1481 

20.7 1133 450 19.0 1052 813 21.0 810 1678 

20.9 1179 272 20.8 1083 609 18.4 813 1651 

21.1 1230 153 20.2 1113 370 19.6 832 2052 

20.4 1259 101 20.3 1125 298 19.1 837 1761 

20.5 1305 75 21.0 1160 196 19.2 854 2064 

   19.0 1179 180 22.2 880 1655 

   22.5 1182 156 23.4 894 1662 

   21.9 1196 138 20.4 901 1931 

   20.5 1215 107 20.5 910 1612 

   21.8 1263 69 20.2 972 1024 

   21.7 1273 63 23.2 989 816 

   21.4 1304 56 18.9 1004 756 

      21.2 1014 628 

      21.7 1014 522 

      20.9 1020 524 

      20.4 1021 541 

      22.4 1049 371 

      21.9 1075 279 

      22.3 1088 291 

      21.9 1101 243 

      23.4 1121 140 

      20.5 1142 130 

      18.9 1132 155 

      20.3 1157 119 

      19.9 1160 114 

      21.1 1185 83 
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Table A.5. Ignition delay measurements for Jet-A POSF 4658 with JP-8 

additives/air mixtures. 
ϕ = 1.0 Jet-A POSF 4658 with JP-8 additives/air: 

1.368% POSF 4658 with JP-8 additives, 20.72% O2, 77.91% N2 

P5 [atm] T5 [K] τ [µs] 

20.7 671 8107 

21.6 673 7551 

19.6 686 4827 

21.8 705 2922 

19.1 722 2205 

19.9 746 1705 

21.8 770 1895 

21.9 809 1772 

20.5 817 1725 

19.4 818 1754 

19.9 822 1711 

20.8 832 2149 

20.4 836 1741 

19.0 855 2046 

20.6 883 1973 

21.9 904 1979 

20.5 905 1903 

21.1 928 1729 

20.3 942 1437 

22.1 950 1261 

21.4 960 1513 

22.5 991 1097 

22.8 991 1086 

22.6 1003 1013 

20.5 1010 900 

22.7 1030 737 

20.0 1041 567 

19.4 1064 469 

20.4 1089 390 

19.5 1107 319 

19.4 1132 227 

19.8 1152 181 

18.5 1165 153 

18.6 1202 82 

18.4 1210 87 

18.0 1213 95 

18.3 1220 67 

18.3 1227 70 
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Table A.6. Ignition delay measurements for Syntroleum S-8 POSF 4734/air 

mixtures. 
ϕ = 1.0 S-8 POSF 4734/air: 

1.171% S-8 POSF 4734, 20.76% O2, 78.07% N2 

P5 [atm] T5 [K] τ [µs] 

20.2 673 2676 

22.5 700 1621 

20.6 717 1334 

20.1 732 1245 

19.6 759 1453 

20.3 804 1457 

20.0 832 1295 

19.8 857 1674 

18.7 870 1547 

18.7 926 1362 

20.9 942 1142 

20.1 956 1037 

19.6 1016 593 

24.0 1044 423 

20.8 1046 387 

20.0 1066 343 

19.0 1086 292 

20.3 1119 221 

19.8 1142 161 

19.8 1179 103 

20.0 1180 83 

20.8 1260 39 
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Table A.7. Ignition delay measurements for Shell FT POSF 5172/air mixtures. 
ϕ = 1.0 Shell FT POSF 5172/air: 

1.286% Shell FT POSF 5172, 20.74% O2, 77.97% N2 

P5 [atm] T5 [K] τ [µs] 

19.2 651 3562 

19.8 689 1557 

18.5 715 1161 

20.6 733 1094 

18.0 808 1190 

21.4 811 990 

21.0 880 1078 

20.2 904 1192 

22.5 942 1001 

21.8 1003 782 

21.4 1072 376 

22.3 1097 278 

19.2 1112 223 

19.0 1212 74 

19.9 1290 29 

 

 

Table A.8. Ignition delay measurements for Sasol IPK POSF 5642/air mixtures. 
ϕ = 1.0 Sasol IPK POSF 5642/air: 

1.258% Sasol IPK POSF 5642, 20.74% O2, 78.00% N2 

P5 [atm] T5 [K] τ [µs] 

21.5 681 6642 

20.4 687 5995 

20.4 734 3060 

20.6 805 3332 

20.0 869 2686 

20.2 914 1910 

20.2 977 1162 

20.0 989 1038 

20.4 1033 563 

21.5 1080 303 

20.3 1151 135 

20.5 1213 70 

20.8 1252 45 

21.9 1323 27 
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Table A.9. Ignition delay measurements for PU 1
st
 generation surrogate for Jet-A 

POSF 4658.  
ϕ = 1.0 PU 1st generation surrogate for Jet-A POSF 4568/air: 

1.599% fuel, 20.72% O2, 77.68% N2 

P5 [atm] T5 [K] τ [μs] 

22.5 666 8764 

21.8 672 8650 

21.4 683 5895 

20.9 685 5292 

20.9 687 4794 

19.7 709 3134 

19.8 709 3295 

21.1 709 2856 

18.0 727 2414 

17.7 747 2284 

19.5 754 1712 

22.9 798 1373 

20.0 833 1788 

21.7 840 1870 

19.0 850 2011 

18.8 875 2326 

18.1 890 2500 

18.9 926 2456 

20.8 942 2009 

21.2 971 1393 

20.5 990 1163 

20.4 1023 728 

19.9 1028 760 

22.3 1044 538 

18.5 1068 453 

21.3 1074 422 

20.4 1105 290 

18.9 1128 210 

21.2 1165 113 

19.2 1207 69 
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Table A.10. Ignition delay measurements for PU 2
nd

 generation surrogate for Jet-A 

POSF 4658. 
ϕ = 1.0 PU 2nd generation surrogate for Jet-A POSF 4568/air: 

 1.402% fuel, 20.71% O2, 77.88% N2 

P5[atm] T5 [K] τ [μs] 
20.0 667 8165 

20.9 680 5547 

20.6 681 5480 

21.0 682 5213 

21.1 692 3954 

19.6 699 3807 

20.8 699 3713 

17.2 703 3587 

19.3 730 2272 

19.2 749 2071 

20.0 756 2078 

19.6 757 2172 

18.6 772 2267 

19.0 791 2414 

20.3 807 2001 

20.3 827 2122 

18.1 840 2413 

21.1 844 2240 

19.2 857 2603 

20.2 859 2663 

19.0 876 2578 

19.8 890 2705 

22.0 917 2357 

21.1 923 2538 

21.4 925 2329 

21.8 930 2152 

20.8 936 2052 

18.4 963 2091 

18.2 963 1672 

19.7 966 1707 

19.2 974 1592 

19.0 978 1687 

19.3 981 1330 

19.8 987 1191 

20.2 1002 1063 

20.9 1023 843 

20.3 1024 821 

21.7 1045 642 

21.2 1055 618 

22.1 1083 396 

22.0 1107 306 

20.4 1118 224 

22.2 1137 189 

21.3 1166 138 

18.2 1169 153 

17.9 1210 98 

21.3 1223 68 

 



 

     149 

Table A.11. Ignition delay measurements for RPI 1
st
 generation surrogate for Jet-A 

POSF 4658. 
ϕ = 1.0 RPI 1st generation surrogate for Jet-A POSF 4568/air: 

1.288% fuel, 20.74% O2, 77.97% N2 

P5 [atm] T5 [K] τ [µs] 

18.6 708 4854 

18.4 710 4070 

17.4 725 3226 

19.9 762 2708 

19.3 767 2149 

21.7 769 2112 

19.2 774 2390 

18.5 797 2289 

19.7 803 2409 

20.9 827 2565 

19.7 857 2740 

21.6 896 2433 

19.8 911 2350 

21.1 927 1956 

21.9 929 2048 

21.4 938 1585 

17.9 943 1883 

20.3 963 1799 

20.8 970 1386 

20.7 990 1418 

22.0 997 1097 

21.2 1034 677 

21.9 1043 516 

21.8 1052 570 

20.9 1064 389 

21.9 1069 502 

18.3 1071 491 

21.5 1076 405 

20.5 1091 281 

20.3 1092 248 

20.2 1107 253 

20.0 1118 200 

19.9 1141 212 

19.6 1162 115 

21.3 1192 121 

17.7 1210 68 
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Table A.12. Ignition delay measurements for S-8 surrogate. 
ϕ = 1.0 S-8 surrogate/air: 

1.328% fuel, 20.73% O2, 77.94% N2 

P5 [atm] T5 [K] τ [µs] 

20.6 658 4027 

19.6 664 3488 

20.2 688 2029 

18.7 693 1787 

20.0 733 1231 

19.7 758 1375 

20.7 808 1442 

19.6 838 1509 

18.5 882 1827 

17.1 915 1459 

21.2 948 1085 

21.9 949 999 

22.2 982 732 

20.6 1021 570 

21.6 1052 429 

21.8 1116 192 

22.4 1126 158 

19.7 1146 134 

19.3 1226 50 

 


