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ABSTRACT 

The auto ignition of α-methylnaphthalene/air mixtures was studied in a high-pressure 

and heated shock tube in the temperature range from 1061 to 1445 K, at pressures from 

7.7 to 43.9 atm, and for equivalence ratios of 0.5 and 1.0. Ignition times were determined 

by OH* emission and pressure measurements made along the driven section of the shock 

tube. The experimental results greatly extended the range of the only previous study by 

Pfahl et al. [20]. The observed overall activation energy remains constant over the 

studied temperature range and the ignition times could be conveniently correlated using 

power-law scaling for pressure and equivalence ratio and an Arrhenius term for 

temperature. Comparisons of current experimental data with the limited data set from 

Pfahl et al. [20] show good agreement. Comparison of current experimental data with 

two recently published mechanisms by Bounaceur et al. [3] and Mati et al. [24] show 

that the mechanisms generally over predict the measured ignition times by about a factor 

of two. As a starting point in the development of mechanisms for α-methylnaphthalene, 

this can be considered good agreement considering the complexity of the oxidation 

kinetics for α-methylnaphthalene and the lack of kinetic information available in the 

literature for this compound. 
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1. Introduction 

1.1. Motivation 

Diesel fuels and diesel engines have been in use for over 100 years in numerous 

applications. Compared with gasoline, diesel has many advantages. Diesel is more easily 

generated than gasoline in the refining of petroleum. Diesel engines operate at higher 

compression ratios than spark ignition engines resulting in higher thermal efficiencies. 

Diesel engines have inherent advantages at high-load conditions such as those found in 

heavy-vehicle applications. Due to these advantages, diesel is widely used in electric 

generators, mining equipment, and transportation. However, petroleum-based diesel 

fuels usually have a higher sulfur fraction which is harmful to the environment and can 

also prevent the application of catalytic reduction of undesirable emissions such as 

unburned hydrocarbons and nitrogen oxides (NOx). HCCI (Homogeneous Charge 

Compression Ignition) engines are one of options under consideration as an alternative 

to diesel engines. They have the potential to reduce emissions to extremely low levels, 

while maintaining diesel-like high efficiencies through the use of high-compression-ratio 

compression ignition. 

The development of advanced diesel engines, alternative internal combustion 

strategies such as HCCI, and other combustion devices requires an understanding of the 

combustion chemistry that converts the fuel and oxidizer (air in most cases) to products 

and thermal energy. A comprehensive detailed description, or kinetic mechanism, of the 

fuel oxidation process would be quite complicated (1000s+ species and 10000s+ 

reactions) for any distillate commercial fuel (e.g., diesel). Therefore, typically kinetic 

mechanisms are developed for individual hydrocarbon compounds found in high 

concentration in commercial fuels, compounds that have been selected as reference 

compounds for commercial fuels (e.g., the octane rating and cetane rating reference 

fuels), or surrogate mixtures, which contain a small number of compounds thought to be 

important in mimicking the physical and chemical characteristics of the commercial fuel 

of interest. Kinetic mechanisms are developed for the compounds of interest which 

ultimately find application, often after reduction in the number of species and reactions, 

in the simulation of engines. These simulations allow for the development of optimized 



 

 2

and higher efficiency combustion devices and lower emissions. The validation and 

refinement of proposed kinetic mechanisms, requires data from controlled well-

characterized experiments that are sensitive to the governing oxidation chemistry. Shock 

tube ignition delay times are such a characteristic experimental parameter for the partial 

validation of kinetic mechanisms. 

Currently, the combustion community is working toward the development of the 

kinetic mechanisms for compounds commercial liquid fuels such as diesel. However, 

diesel fuels are comprised of 100s-1000s of different compounds which results in an 

impossibly complex kinetic mechanism. To address this problem, surrogate mixtures 

have been used to mimic the physical and chemical properties and reactivity behavior of 

diesel fuels. These surrogate mixtures are made up of molecules which represent the 

most dominant classes of organic compounds in the fuel and thus allow for quantitative 

description of the combustion process of the fuel. 

To understand the oxidation kinetics and assemble an oxidation mechanism for 

diesel fuel surrogates, it is necessary to first develop the kinetic mechanism for 

important individual hydrocarbon components. α-Methylnaphthalene, a bicyclic 

aromatic, is a cetane number (CN) rating compound (CN = 0) and has been thought to be 

a representative compound for diesel fuel. Additionally, several authors have suggested a 

mixture of n-decane and α-methylnaphthalene as a simple surrogate mixture for diesel 

both in experiment and modeling [1-3]. However, there are relatively few studies on the 

oxidation and ignition behavior of α-methylnaphthalene under near-practical conditions, 

from the standpoint of diesel engines, at a wide pressure and temperature range with air 

as the oxidizer. 

Experimental ignition times for α-methylnaphthalene at a wide range of important 

conditions will provide a starting point toward the understanding of the oxidation and 

ignition of this compound and will also provide needed targets for the validation and 

refinement of proposed mechanisms. In this study, the ignition delay time of α-

methylnaphthalene has been measured as a function of temperature, pressure, and 

equivalence ratio with air as the oxidizer (air here is defined as pure/dry O2 and N2 at a 

volume (molar) ratio of 1 to 3.76). Experiments have been performed at temperatures 
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ranging from 1061 to 1445 K, pressures 7.7 and 43.9 atm, and at equivalence ratios 0.5 

and 1.0. 

1.2. Literature Review 

Both experimental and kinetic modeling studies have been carried out for many 

hydrocarbon fuels at various pressures and temperatures, references [4-18] illustrate 

some examples. Experimental kinetic studies for α-methylnaphthalene have been carried 

out by a few authors. Shaddix et al. [19] obtained detailed intermediate species profiles 

for the oxidation of α-methylnaphthalene in an atmospheric pressure turbulent adiabatic 

flow reactor operating at about 1170 K. Capillary column FID gas chromatography was 

used to measure species concentrations. It was the first detailed oxidation results 

reported for any polycyclic aromatic hydrocarbon. Shaddix et al. also proposed a 

mechanism for the oxidation of α-methylnaphthalene which they illustrated was 

consistent with the observed sequential formation of the major aromatic intermediates 1-

naphthaldehyde, naphthalene, indene, phenylacetylene, and benzene. 

Pfahl et al. [20] later reported ignition delay time measurement for α-

methylnaphthalene/ air mixtures made in a high pressure shock tube. Pfahl et al. reported 

ignition delay measurements for seven experiments for stoichiometric α-

methylnaphthalene/air mixtures at a pressure of 13 bar and temperatures ranging from 

840 to 1300 K. 

Pitsch [21] developed a detailed kinetic reaction mechanism for the oxidation of α-

methylnaphthalene and validated the mechanism using both the species concentration of 

Shaddix et al. [19] and the ignition delay times from Pfahl et al. [20]. More recently, 

Bounaceur et al. [3] proposed a detailed kinetic mechanism to model the oxidation of α-

methylnaphthalene. The mechanism was derived from mechanisms for the oxidation of 

benzene [22] and toluene [23] and was validated using both the experimental results of 

Pfahl et al. [20] and Shaddix et al. [19]. 

Recently, Mati et al. [24] conducted experiments to investigate the kinetics of 

oxidation of α-methylnaphthalene in a jet-stirred reactor with temperatures from 800 to 

1421 K, pressures from 1 and 10 atm and equivalence ratios of 0.5, 1.0 and 1.5. Mati et 

al. also developed a detailed kinetic reaction mechanism and validated against their own 
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jet-stirred reactor measurements and the ignition delay times for α-

methylnaphthalene/air mixtures from Pfahl et al. [20]. 

1.3. Scope and Organization of Thesis 

The goal of the experiments presented in this thesis is to provide a comprehensive data 

set of ignition delay times for α-methylnaphthalene/air mixtures over a wide range of 

pressures and temperatures relevant to diesel (and gas turbine) combustion. Chapter 2 

describes the shock tube facility, experimental procedures, and the measurement of 

ignition delay. Chapter 3 describes and discusses the experimental results and Chapter 4 

summarizes. 
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2. Experimental Method 

2.1. Shock Tube Facility 

The ignition delay times were measured in a high-pressure shock tube facility at the 

Combustion and Energy Systems Laboratory at Rensselaer Polytechnic Institute. The 

stainless steel high pressure shock tube is composed of a driver section which is 2.59 m 

long and a driven section which is 4.11 m long. The internal diameter of both the driver 

and driven section is 5.7 cm long. The shock tube is designed to be able to withstand 

post-ignition pressures up to 200 atm. 

A series of five PCB piezoelectric pressure transducers were located over the last 

meter of the driven section for the measurement of the incident shock wave at four 

locations near the test section of the shock tube. Accordingly, four Phillips 

programmable timer counters were used to receive signals from the transducers and 

provided determination of the shock traversal times. A Kistler piezoelectric pressure 

transducer model 603B1 with a 1050B amplifier was 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, there was a UV fused silica window which 

enabled the observation of ignition. A Thorlabs PDA36A photo detector, with adjustable 

amplification and bandwidth from 0.8-17 MHz, and a UG-5 Schott glass filter allowed 

observation of OH* emission around 306 nm. A 1 MHz data acquisition card from 

National Instruments, which was interfaced to a desktop computer through LabVIEW 

was used to collect the output of the photo detector and pressure transducers. When a 

shock wave passed through the driven section of the shock tube, it triggered each 

pressure transducer and the photo detector and left a trace for each transducer and the 

photo detector. A Welch Model 1397 roughing pump and a Varian V250 

Turbomolecular pump were used to evacuate the driven section, manifold and the 

mixing tank while a Welch Model 1402 vacuum pump was used to evacuate the driver 

section of the tube. Ultimate pressures of 2 10-6 Torr and leak rates of 5 10-6 

Torr/minute for the driven section were achieved when vacuum pumping overnight. For 

the experiments performed in this thesis, an ultimate pressure of 1x10-5 Torr was 
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achieved with 15 minutes of vacuum pumping which is sufficiently low for conducting 

the experiments. 

2.2. Mixture Preparation and Testing Procedure 

Gas-phase mixtures of α-methylnaphthalene at purity 95% and synthetic air (99.995% 

pure O2/N2 at a molar ratio of 1 to 3.76) were prepared outside the tube in a mixing tank 

at two different equivalence ratios (Ф = 0.5 and 1.0). After pumping down the mixing 

tank and manifold, liquid α-methylnaphthalene was vaporized into the mixing tank and 

then nitrogen and oxygen were added from high-pressure cylinders. The mixing tank and 

manifold were heated by electrical resistance heaters to increase the vapor pressure of α-

methylnaphthalene such that sufficiently large mixtures could be made for high-pressure 

shocks. The driven section of the tube was also uniformly heated to temperatures from 

100-130 °C in order to prevent condensation of the gases on the shock tube walls. 

Specific amounts of nitrogen and oxygen in accordance to the amount of vaporized α-

methylnaphthalene and the equivalence ratio were determined and added to the reactant 

mixtures manometrically by partial pressures which were measured by Type 122AA-

01000AB MKS manometer (pressures up to 1000 Torr) and a 280E Setra pressure gauge 

(pressures up to 100 psi) from high pressure gas cylinders. A mixing vane in the mixing 

tank was driven by an external magnetic stirrer enabling mixture homogeneity within 20 

minutes following mixture preparation; this has been previously verified by shock 

heating mixtures with variation in the allotted mixing time. After mixing, the driven 

section was filled with the reactant mixture and the initial pressure was 

selected/measured using a Type 122AA-01000AB MKS manometer (pressures up to 

1000 Torr) or a 280E Setra pressure gauge (pressures up to 100 psi). 

Scored polycarbonate diaphragms of two thicknesses (0.04’’ or 0.12’’) were 

inserted between the driver and driven section of the shock tube and ruptured via strain 

induced failure by pressurizing the driver section with helium. After the diaphragm 

rupture, a shock wave forms and traveled down the driven section causing a step rise in 

temperature and pressure. During shock wave traversal, pressure transducers were 

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 
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upstream increasing the pressure and temperature once again. It is in the reflected shock 

region where ignition was observed using both the Kistler pressure transducer and photo 

detector which monitored OH* emission. After each shock, the gases were vented to an 

exhaust system and the shock tube was cleaned with ethanol to remove any residuals on 

the shock tube walls. 

2.3. Determination of Shock Conditions 

The incident and reflected shock conditions were 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. The initial 

temperature of the reactant mixture in the driven section was measured by a type-K 

thermocouple while the initial pressure was measured by Type 122AA-01000AB MKS 

manometer or the 280E Setra pressure gauge. The thermodynamic properties of the 

reactant gas mixture were determined using NASA thermochemical polynomials 

provided by Burcat and Ruscic [25]. The five pressure transducers located over the last 

meter of the driven section and four Phillips programmable timer counters were used to 

receive signals from the transducers and determine shock traversal times. The shock 

velocity at the end of the wall was calculated by linearly extrapolating the four measured 

incident shock velocities to the end wall. The calculation of incident and reflected shock 

conditions was achieved by entering these parameters into FROSH, a FORTRAN based 

code developed by Hanson and co-workers at Stanford University. Both vibrationally 

and frozen equilibrated incident or reflected shock wave states could be calculated by 

FROSH. Because of the relatively large amount of fuel contained in the mixtures 

vibrationally relaxed shock conditions could be assumed. 

2.4. 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 and the onset of ignition. The 

time of shock arrival and reflection at the end wall was 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 linearly extrapolated to the end wall. The onset of 



 

 8

ignition was identified by a rapid acceleration in the OH* signal and pressure. The 

ignition point was defined by extrapolating the peak in the slope of the OH* emission 

signal to the baseline pre-shock value. Figure 2.1 illustrates the ignition delay time 

definition. 
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Figure 2.1. Example ignition measurement for a mixture of α-methylnaphthalene 
and air, using OH* emission and sidewall pressure traces. Experiment shown was 
performed at an equivalence ratio of 1.0, temperature of 1101 K, and pressure of 
11.4 atm. Ignition time measured was 1404 μs. 
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3. Ignition Measurements for α-Methylnaphthalene/Air Mixtures 

3.1. Experimental Data 

With the experimental method described in Chapter 2, ignition delay times for α-

methylnaphthalene/air mixtures were measured for two equivalence ratios 0.5 and 1.0. 

The temperatures ranged from 1061 K to 1445 K. Because of inconsistent diaphragm 

bursting, there was pressure variation in experiments with pressures near 10 or 40 atm. 

Figures 3.1 and 3.2 illustrate Arrhenius-style plots with the measured data for α-

methylnaphthalene/air mixtures. All the ignition times in these plots was scaled to 10 

and 40 atm, to account for deviations in pressure, using pressure scaling determined in 

regression analysis (see below for regression analysis). Tabulated ignition data can be 

found in Appendix A. 
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Figure 3.1. Ignition time results for α-methylnaphthalene/air mixtures at an 
equivalence ratio of 0.5 and pressures of 10 and 40 atm; ignition times scaled to 10 
and 40 atm using pressure scaling given in text to account for deviations in pressure. 
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Figure 3.2. Ignition time results for α-methylnaphthalene/air mixtures at an 
equivalence ratio of 1.0 and pressures of 10 and 40 atm; ignition times scaled to 10 
and 40 atm using pressure scaling given in text to account for deviations in pressure. 
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Figure 3.3. Ignition time results for α-methylnaphthalene/air mixtures at 
equivalence ratios of 0.5 and 1.0 and pressures of 40 atm; ignition times scaled to 10 
and 40 atm using pressure scaling given in text to account for deviations in pressure. 
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3.2. Correlation 

. 

Figure 3.4. All ignition times correlated to an equivalence ratio of 1.0 and a 
pressure at 40 atm, using correlation given in text. 
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3.3. Comparison with Literature Data 

Shock tube ignition delay time measurement for α-methylnaphthalene and air mixtures 

were previously reported by Pfahl et al. [20] at a small range of conditions (Φ = 1.0, P = 

13 bar, and T = 840-1300 K) similar to the stoichiometric lower pressure measurements 

reported here. For comparison with the current study, Pfahl’s data was scaled to a 

pressure of 10 atm using the pressure scaling determined earlier tign ~ P-0.85. Figure 3.5 

illustrates that the current study is in fair agreement with that of Pfahl et al., with 

deviation of at most 40%. 

Figure 3.5. Comparison of α-methylnaphthalene ignition delay time data of the 
current study to that of Pfahl et al. [20] for an equivalence ratio of 1.0 and a 
pressure of 10 atm; all data scaled to 10 atm using pressure scaling given in text 
(Pfahl measurements were at 13 bar). 
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3.4. Comparison with Existing Mechanisms 

Recently, Bounaceur et al. [3] and Mati et al. [24] both proposed detailed kinetic 

mechanisms to model the oxidation of α-methylnaphthalene. The mechanism from 

Bounaceur et al. [3] was derived from mechanisms for the oxidation of benzene [22] and 

toluene [23]. The mechanism from Mati et al. [24] contained 146 species and 1041 

reactions, most of them reversible. Both mechanisms were partially validated using 

ignition delay times of α-methylnaphthalene/air mixtures from Pfahl [20]. 

Figure 3.6. Comparison of current α-methylnaphthalene ignition times and 
mechanism predictions of Mati et al. [24] and Bounaceur et al. [23] for an 
equivalence ratio of 0.5. 
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Figure 3.7. Comparison of current α-methylnaphthalene ignition times and 
mechanism predictions of Mati et al. [24] and Bounaceur et al. [23] for an 
equivalence ratio of 1.0. 
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predictive, and that there is relatively little kinetic data/information available in the 

literature for bicyclic aromatics at combustion conditions. 
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4. Conclusions 

The ignition delay times of α-methylnaphthalene / air mixtures were investigated using 

shock tube facilities in the temperature range from 1061 to 1445 K, at pressures from 7.7 

to 43.9 atm, and for equivalence ratios of 0.5 and 1.0. The dependence of ignition time 

on temperature, pressure, and equivalence ratio was determined in the range of 

conditions studied. It was found that the ignition times could be correlated quite nicely 

using an Arrhenius expression for temperature and power-law scaling for pressure and 

equivalence ratio, resulting in the following correlation: 
2 0.85 0.431.26 10 exp(15200 / )ignt P T− − −= × φ µs, where P is in atm, and T in Kelvin. 

Comparisons of the current experimental data with the previous limited (seven 

experiments) data set from Pfahl et al. [20] illustrate good agreement. Comparison of the 

current data with two detailed kinetic mechanisms from Bounaceur et al. [3] and Mati et 

al. [24] was also made. Both mechanisms over predict the observed data by about a 

factor of two throughout the range of conditions studied. Generally, trends of the 

Bounaceur et al. [3] predictions showed a better agreement with the experimental study 

for Ф = 0.5 than those of Mati et al. [24]. The next steps for this study are to refine the 

kinetic mechanisms for better agreement with experiment and investigate the influence 

of n-alkanes, most likely n-decane, when mixed with α-methylnaphthalene to provide 

more insight into the oxidation kinetics diesel-like fuels. 
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APPENDIX A. TABULATED EXPERIMENTAL DATA 

Table 1. α-Methylnaphthalene ignition time measurements. 
Mixure: Ф = 0.5 Mixure: Ф = 1.0 

0.7721% α-methylnaphthalene 1.5323% α-methylnaphthalene 
20.8462% O2 20.6865% O2 
78.3817% N2 77.7812% N2 

T5 [K] P5 [atm] tign [μs] T5 [K] P5 [atm] tign [μs] 
1108 12.6 1377 1101 11.4 1404 
1109 12.0 1604 1119 11.4 1072 
1135 7.7 1674 1161 14.3 676 
1193 9.9 735 1162 9.7 997 
1215 10.7 609 1167 12.3 707 
1259 11.9 366 1194 8.2 738 
1277 9.7 362 1204 10.1 540 
1283 14.5 256 1208 14.5 423 
1308 10.5 216 1226 10.9 490 
1323 10.0 200 1245 9.6 420 
1379 10.9 120 1256 10.8 297 
1445 8.3 98 1269 9.8 311 
1105 42.5 790 1283 9.0 263 
1118 39.4 673 1307 9.8 240 
1120 39.3 738 1317 10.8 188 
1143 36.1 528 1327 11.3 160 
1157 27.6 554 1336 11.5 145 
1158 36.2 414 1362 12.2 103 
1177 25.8 428 1400 13.0 76 
1179 34.7 323 1061 31.5 1170 
1190 31.2 364 1116 36.6 431 
1226 37.2 197 1148 40.7 248 
1252 37.8 147 1157 30.0 333 
1257 38.7 141 1168 38.6 229 
1286 37.1 101 1182 40.6 200 
1339 31.0 76 1182 43.9 178 

   1207 40.0 141 
   1224 35.0 146 
   1225 38.2 142 
   1226 42.3 130 
   1248 34.9 116 
   1251 36.5 95 
   1265 35.3 84 
   1273 39.9 78 

 


