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Ignition delay times for five low-vapor-pressure biodiesel surrogates were measured behind reflected shock 

waves, using an aerosol shock tube.  These fuels included methyl decanoate (C11H22O2, CAS: 110-42-9), methyl laurate 

(C13H26O2, CAS: 111-82-0), methyl myristate (C15H30O2, CAS: 124-10-7), and methyl palmitate (C17H34O2, CAS: 112-

39-0), all of which have a fully saturated alkane chemical structure.  This study also examined a methyl oleate 

(C19H36O2, CAS: 112-62-9) / Fatty Acid Methyl Ester (FAME) blend.  Experiments were conducted in 4% oxygen/argon 

mixtures with the exception of methyl decanoate which was studied in 1% and 21% oxygen/argon blends.  Reflected 

shock conditions covered temperatures from 1026 to 1388 K, at pressures of 3.5 and 7.0 atm, and equivalence ratios 

from 0.3 to 1.4.  Arrhenius expressions describing the experimental ignition delay time data are given and compared to 

those derived from applicable mechanisms available in the literature.  Graphical comparisons between experimental data 

and mechanism predictions are also provided.  Experiments of methyl laurate, methyl myristate, and methyl palmitate 

represent the first shock tube ignition delay time measurements for these fuels.  Finally, experiments with methyl 

palmitate represent, to the authors' knowledge, the first neat fuel/oxidizer/diluent gas-phase experiments involving a fuel 

which is a waxy solid at room temperature.   

 

1. Introduction 

 

In light of the finite supply of fossil fuels and recent concerns about the impact of combustion engine emissions, 

a search has begun for alternative energy resources.  Such fuels would ideally have characteristics such as a high-energy-

density, lower pollutant (hydrocarbon, soot, nitrogen oxide, etc.) emissions, the ability to be produced and refined 

geographically close to the location of consumption, and the ability to be consumed using currently existing 

infrastructure.  With the exception of lower nitrogen oxide emissions, biodiesel fuel realizes all of these qualities and as 

such has become a leading candidate to blend with, supplement, or completely replace traditional fossil diesel fuel 

[Knothe 2010, Demirbas 2007, Demirbas 2009, Schönborn 2009].  In order to achieve this, however, a comprehensive 

understanding of biodiesel oxidation chemistry is necessary.  One key component of such an understanding is a fuel’s 

ignition delay time at elevated temperatures and pressures.   

This study measured ignition delay times for several biodiesel surrogate molecules behind reflected shock 

waves using an aerosol shock tube.  Biodiesel fuel is composed of Fatty Acid Methyl Esters (FAMEs), the actual fuel 

mixture having only five such components: methyl palmitate (MP, C17H34O2), methyl stearate (MS, C19H38O2), methyl 

oleate (MO, C19H36O2), methyl linoleate (ML, C19H34O2), and methyl linolenate (MLN, C19H32O2).  Neat MO and ML 

were studied in another work [Campbell 2012].  MP and MS are fully saturated molecules, having no double bonds in 

their normal-alkane-like carbon chain; at room temperature they are waxy solids and normally they are found dissolved 

into the other three biodiesel components.  Other saturated FAMEs can be formed by varying the carbon chain length; 

three such molecules covered in this study are methyl decanoate (MD, C11H22O2), methyl laurate (MLA, C13H26O2), and 

methyl myristate (MM, C15H30O2).  Studying ignition delay times of smaller surrogate compounds can elucidate the 

chemistry of these molecules’ larger counterparts.   
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2. Previous Studies 

 

Methyl Decanoate 

Of the surrogate fuels examined in this study, methyl decanoate (MD) has been the subject of the majority of 

research efforts to date.  This is because its vapor pressure at 315 K (186 mTorr) makes it experimentally accessible 

using traditional techniques [Yuan 2005]; its melting point is 260 K [Knothe 2008] (more fuel property information can 

be found in Table 1).  Moreover, it is the largest component in cuphea biodiesel (65% by mass), hailed for its beneficial 

combustion properties [Knothe 2009].  Previous studies of MD include microgravity experimentation [Vaughn 2006, 

Marchese 2011, Liu 2013], motored engine studies [Szybist 2007], pre- and non-pre-mixed flame examinations 

[Seshadri 2009, Sarathy 2010, Diévart 2011, Wang 2011, Feng 2012, Diévart 2013], pyrolysis studies [Pyl 2012], and 

jet-stirred reactor analyses [Glaude 2010, Herbinet 2011a]. Shock tube studies were performed by Wang and 

Oehlschlaeger, who worked at pressures of 15-16 atm in 21% O2/N2 mixtures with lean, stoichiometric, and rich 

equivalence ratios [Wang 2012]; Haylett et al., who worked at a pressure of 8 atm in 21% O2/Ar mixtures with very lean 

equivalence ratios [Haylett 2012a]; and Li et al, who examined methyl decanoate autoignition at engine exhaust gas 

recirculation (EGR) conditions in air [Li 2012].  Other researchers have conducted modeling studies [Herbinet 2008, 

Hoffman 2009, Herbinet 2010, Luo 2010, Herbinet 2011b, Diévart 2012, Grana 2012, Luo 2012], and some of the 

experimental papers also include sections concerning mechanism development or reduction [Marchese 2011, Seshadri 

2009, Sarathy 2010, Diévart 2011].  A summary of kinetic mechanisms designed for the fuels explored in this study is 

given in Table 2.   

 
Table 1: Physical property information for the fuels investigated in this study [Yuan 2005, Knothe 2008]. 

Fuel Molecular 

formula 

Molecular weight 

[g/mol] 

Vapor pressure (315 K) 

[Torr] 

Melting point (1 atm) 

[K] 

Methyl decanoate C11H22O2 186.3 186x10
-3

 260 

Methyl laurate C13H26O2 214.3 21x10
-3

 278 

Methyl myristate C15H30O2 242.4 3x10
-3

 292 

Methyl palmitate C17H34O2 270.5 327x10
-6

 304 

Methyl oleate C19H36O2 296.5 97x10
-6

 254 

 

Methyl Laurate 

Methyl laurate (MLA) has been studied by far fewer researchers.  Its vapor pressure at 315 K is 21 mTorr 

[Yuan 2005] and its melting point is 278 K [Knothe 2008].  Vaughn at al. [Vaughn 2006] and Marchese et al. [Marchese 

2011] studied MLA droplets in microgravity environments, Schönborn et al. examined it in an engine study [Schönborn 

2009], and Herbinet et al. [Herbinet 2011b] developed a kinetic mechanism for this fuel using an automatic compilation 

program known as EXGAS.   

 

Methyl Myristate  

Methyl myristate (MM) has also been relatively untouched in the literature.  Its vapor pressure at 315 K is 3 

milliTorr [Yuan 2005] and its melting point is 292 K [Knothe 2005].  One motored engine study [Schönborn 2009] and 

one modeling study [Herbinet 2011b] have addressed this fuel.   

 

Methyl Palmitate 

 Despite being one of the five primary components of real biodiesel blends, to the authors’ knowledge, methyl 

palmitate (MP) has been the subject of only two experimental kinetic studies and two kinetic modeling studies.  Its low 

vapor pressure (327 Torr at 315 K) [Yuan 2005] and its high melting point (304 K) [Knothe 2005] make it inaccessible 

to typical gas-phase experimental techniques.  Schönborn et al. studied MP in an engine using PID-controlled heaters to 

melt this waxy fuel [Schönborn 2009], and Hakka et al. dissolved MP in n-decane (at a mol:mol ratio of 26:74) in order 

to examine it using a jet-stirred reactor [Hakka 2009].  The two modeling studies of this methyl ester are Herbinet et al. 

[Herbinet 2011b] and Westbrook et al. [Westbrook 2011]. 
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Table 2: Studies which have developed or modified kinetic mechanisms for the fuels examined in this study. 

Fuel Authors Year Design 

Methyl decanoate Herbinet et al. 2008 Detailed chemical kinetic mechanism 

 Seshadri et al. 2009 Skeletal mechanism 

 Glaude et al. 2010 EXGAS automatically-generated mechanism 

 Herbinet et al. 2010 Modifications for monounsaturated variants of MD 

 Luo et al. 2010 Skeletal mechanism 

 Herbinet et al. 2011a EXGAS automatically-generated mechanism 

 Herbinet et al. 2011b EXGAS automatically-generated mechanism 

 Sarathy et al. 2011 Detailed chemical kinetic mechanism and skeletal mechanism 

 Diévart et al. 2012 Detailed chemical kinetic mechanism 

 Grana et al. 2012 Lumped kinetic mechanism 

 Luo et al. 2012 Skeletal mechanism 

Methyl laurate Herbinet et al. 2011b EXGAS automatically-generated mechanism 

Methyl myristate Herbinet et al. 2011b EXGAS automatically-generated mechanism 

Methyl palmitate Herbinet et al. 2011b EXGAS automatically-generated mechanism 

 Westbrook et al. 2011 Detailed chemical kinetic mechanism 

Methyl oleate Naik et al. 2011 Detailed chemical kinetic mechanism 

 Westbrook et al. 2011 Detailed chemical kinetic mechanism 

 Westbrook et al. 2013 Detailed chemical kinetic mechanism 

 Campbell et al. 2013 Updates to thermochemistry in Westbrook 2011 mechanism 

 Saggese et al. 2013 Lumped kinetic mechanism 

 

Methyl Oleate 

Methyl oleate (MO) has been the subject of multiple studies.  Its vapor pressure at 315 K is 97 Torr [Yuan 

2005] and its melting point is 254 K [Knothe 2008].  Early work from the food industry is summarized by Porter et al. 

[Porter 1995].  More recent work includes tubular reactor studies [Archambault 1998, Archambault 1999], cetane 

number determination work [Knothe 2003], microgravity experimentation [Vaughn 2006, Marchese 2011], a motored 

engine study [Schönborn 2009], a jet-stirred reactor analysis [Bax 2010], an aerosol shock tube study [Campbell 2013], 

and kinetic modeling [Naik 2011, Westbrook 2011, Westbrook 2013, Saggese 2013].   

 

Summary of Previous Studies 

The literature review above demonstrates that a solid base of research in the area of large biodiesel surrogates 

has been established.  However, key pieces of information which are necessary to improve kinetic mechanism accuracy 

are still lacking.  In the case of MD, shock tube studies at oxygen contents other than 21% are needed.  For ML, MM, 

and MP, no shock tube data is currently available.  Finally, for MO, shock tube data demonstrating the effect of blending 

this methyl ester with other FAMEs would provide direct information on methyl ester blends.  The current study has 

sought to explore these research problems.     

 

3. Experimental Setup 

 

Aerosol Shock Tube 

Ignition delay times were measured behind reflected shocks in a second-generation aerosol shock tube.  Details 

of this facility and the associated optical diagnostics are available elsewhere [Davidson 2008, Haylett 2012a, Haylett 

2012b, Campbell 2013], so only a brief overview will be given here.  The aerosol shock tube consists of a driver section 

filled with high-pressure helium separated by a polycarbonate diaphragm from a low-pressure mixture of bath gas (1%, 

4%, or 21% oxygen in argon; gas/fuel supplier and purity information can be found in Table 1).  Nebulizers (Ocean Mist 

DK12NS) in a tank adjacent to the endwall produce a mixture of fuel droplets and bath gas, and the mixture is introduced 
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into the last 1.3 meters of the shock tube via a sliding endwall gate valve.  An incident shock wave, generated upon 

bursting of the diaphragm, propagates through the aerosol mixture and evaporates the droplets, producing a uniform gas-

phase fuel-oxidizer-diluent mixture.  The size of the droplets follows a log-normal distribution with an approximate 2.5 

µm number median diameter; this small size allows the droplets to evaporate quickly.  When the incident shock reaches 

the endwall, it reflects back into the gas, stagnating the flow, and rapidly producing the high temperatures needed for the 

ignition experiment.   

 
Table 3: Gas/fuel purity information, as determined by the supplier.  The methyl oleate blend (MOB) is a mixture, obtained 

and used as-supplied from Sigma-Aldrich, which consists of about 70% (by mole) methyl oleate, along with about 30% other 

FAME components.  Fuels were subjected to mechanical pumping to remove dissolved oxygen but were otherwise used as-is 

without further purification.   

Component Supplier Purity 

Helium Praxair 99.99% 

1% Oxygen in argon Praxair 99.99+% 

4% Oxygen in argon Praxair 99.99+% 

21% Oxygen in argon Praxair 99.99+% 

Methyl decanoate (MD) Sigma-Aldrich 99.4% 

Methyl laurate (MLA) Sigma-Aldrich 99.1% 

Methyl myristate (MM) Sigma-Aldrich 99.6% 

Methyl palmitate (MP) Sigma-Aldrich 99.4% 

Methyl oleate blend (MOB) Sigma-Aldrich ~70% MO, ~30% other FAMEs 

 

Spectroscopic measurements of fuel concentration and droplet scattering were made using a 3.39 µm helium-

neon laser and a 650 nm diode laser, respectively; through sidewall windows located 3.6 cm from the endwall.  In order 

to increase nebulizer output, the liquid fuels were heated to 40 C prior to nebulization; such mild heating is not known to 

induce premature fuel decomposition [Dantas 2007].  Test gas temperature, pressure, and equivalence ratio were 

computed using an in-house code described in [Davidson 2008] with thermodynamic data taken from the Westbrook et 

al. mechanism [Westbrook 2011].  Absorption cross section values for the fuels examined in this study at 3.39 µm, 

necessary for the quantitative Beer’s Law-based fuel mole fraction measurement, were estimated with an uncertainty of 

approximately ±10% based on published data for smaller normal alkanes and methyl esters [Sharpe 2004].   

For shocks involving MLA, MM, and MP, a driver insert, constructed according to the method of Hong et al. 

[Hong 2009], was used to mitigate the non-ideal pressure rise following the reflected shock wave.  The resulting non-

reactive (no fuel) pressure trace showed an increase of about 2%/ms at 7.0 atm and 1%/ms at 3.5 atm.  This residual non-

ideal pressure rise in the presence of the driver insert may be related to flow variations generated by the circular-to-

square transition incorporated in this shock tube near its end section.   

 

Ignition Measurement 

Ignition was measured by observing excited OH radical (OH*) emission at 306 nm using a silicon photo-

detector and UG-5 Schott glass band-pass filter positioned at 3.6 cm from the endwall.  Ignition delay time was defined 

as the time from the arrival of the reflected shock (marked by either the peak or the 50%-rise point of the helium-neon 

laser Schlieren spike) to the point where the maximum slope of the OH* emission trace was extrapolated to the OH* 

baseline (zero) value.  This time was confirmed by sidewall pressure measurements (Kistler Model 603B1) and by 

helium-neon fuel absorption data.  Ignition delay time data are plotted in Arrhenius form, where best-fit (residual) 

uncertainties are typically ±15%.  This error margin is largely due to a ±1.5% uncertainty in individual temperature 

determinations.   
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Figure 1: Example methyl decanoate ignition delay time data.  Reflected shock initial conditions: 1069 

K, 7.1 atm, 21% O2 in Argon, φ=0.6, tign = 1164 µs. 

 

An example ignition delay time measurement is given in Figure 1.  Following the incident shock, the droplets 

rapidly evaporate, as confirmed by the 650 nm laser trace, which shows the extinction dropping to zero at approximately 

50 s before arrival of the reflected shock.  The 3.39 µm signal also decreases while evaporation is taking place, because 

in this intermediate time the laser is both scattered by aerosol droplets and absorbed by evaporated fuel molecules.  At 

typical post-incident-shock temperatures and pressures (700 K / 1.7 atm), the timescale of fuel decomposition is much 

longer than the particle time (time between shock waves as experienced by individual molecules, typically 400 µs), thus 

fuel molecules enter the post-reflected-shock region intact.  After evaporation is complete, the 3.39 µm signal shows a 

uniform purely gas-phase fuel mixture as these post-incident-shock gases flow past the observation window.  Typical 

variation in 3.39 µm signal following complete evaporation is 2%, representing 2% non-uniformity in initial gas-phase 

fuel concentration.  When the reflected shock arrives, at time zero, the pressure undergoes a step-change and the fuel 

begins to decompose.  Ultimately, the fuel concentration drops to zero as the OH* radical light emission at 306 nm and 

pressure rise exponentially, marking the ignition event.   

 

4. Kinetic Modeling 

 

Ignition delay times were simulated using Chemkin-II (for EXGAS mechanisms) and Chemkin-Pro [Reaction 

Design 2010] (for all other mechanisms) by extrapolating the maximum gradient in the OH-radical concentration to the 

baseline (pre-ignition) value.  Simulations did not include the experimental non-ideal pressure rise; however, at high 

temperatures this small increase has little effect on ignition delay, as illustrated in the recent methyl decanoate 

experiments/modeling of Wang and Oehlschlaeger [Wang 2012].   

Results for MD were simulated using three mechanisms: Herbinet et al. [Herbinet 2008], Glaude et al. [Glaude 

2010], and Diévart et al. [Diévart 2012].  These mechanisms are described and compared extensively in Li et al. [Li 

2012].  Ignition delay times for MLA, MM, and MP were simulated using the Herbinet et al [Herbinet 2011b] 

mechanism, which was automatically generated using the EXGAS software package and validated against methyl 

palmitate jet-stirred reactor experiments [Hakka 2009].  Data for MP were also simulated using the Westbrook et al. 

[Westbrook 2011] mechanism, which included thermochemistry updates as suggested by Campbell et al. [Campbell 

2013].   Finally, results for the MOB were simulated using the updated Westbrook et al. [Westbrook 2011, Campbell 

2013] mechanism.   
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5. Results and Discussion 

 

Methyl Decanoate 

Ignition delay times for methyl decanoate were measured at a pressure of 7 atm in 1% and 21% oxygen/argon 

bath gas at equivalence ratios ranging from 0.29 to 0.81 and at temperatures ranging from 1026 to 1388 K.  Using these 

results, Arrhenius expressions in the form 

         (
  
  
) 

were determined from the experimental data for the 1% and 21% oxygen/argon/MD mixtures.  In this expression,      is 

the ignition delay time in ms, A is the A-factor [ms],    is the activation energy [kcal/mol], R is the ideal gas constant 

[kcal/mol-K], and T is the temperature of the experiment [K].  Likewise, Arrhenius parameters were also determined 

based on ignition delay times simulated using the Herbinet et al. [Herbinet 2008], Glaude et al. [Glaude 2010], and 

Diévart et al. [Diévart 2012] mechanisms for 1% and 21% oxygen/argon/MD mixtures at the conditions of this study.  

Finally, data from Wang and Oehlschlaeger [Wang 2012], which were obtained using a high pressure shock tube at 15-

16 atm in 21% oxygen/nitrogen/MD mixtures, were scaled to 7 atm using a simple       
   rule; an Arrhenius 

expression for this scaled data set has also been determined.  The Arrhenius parameters mentioned above, along with the 

Arrhenius data determined by both mechanism and experiment for the other fuels pertinent to this study, are listed in 

Table 4.   
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Figure 2: Methyl decanoate ignition delay times at φ=0.5 and 7 atm for oxygen mole fractions of 0.01 and 0.21 in 

argon.  Solid lines are predictions by Diévart et al. [Diévart 2012], Glaude et al. [Glaude 2010], and Herbinet et al. 

[Herbinet 2008] mechanisms.   Data from Wang and Oehlschlaeger [Wang 2012] were taken in air at 15-16 atm 

and have been scaled to 7 atm using a simple       
   rule. 

 

Ignition delay time data measured in this study for methyl decanoate are plotted in Arrhenius form in Figure 2.  

Small corrections to ignition delay times have been applied to normalize individual points to common pressure and 

equivalence ratio values in this and all subsequent figures.  Noteworthy is the negative oxygen mole fraction scaling 

shown on the plot; as oxygen content increases, ignition delay times decrease.  Moreover, activation energy, visible in 

the slope (
     

  
) of the data points and numerically in Table 2, decreases as oxygen content increases.   
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Also shown in this figure are the 21% oxygen/nitrogen/MD data from Wang and Oehlschlaeger [Wang 2012] 

which again have been scaled from their original 15-16 atm pressures to a common pressure of 7 atm using a simple 

      
   rule.  Notice the similarity, given experimental uncertainty, in ignition delay times and activation energy 

between the scaled Wang and Oehlschlaeger data and the 21% oxygen/argon/MD data presented in the current study.  

This gives confidence to the aerosol shock tube technique and helps validate comparisons between the two shock tube 

facilities.  As expected, the diluent of the experiment (nitrogen vs. argon) has little effect on the measured ignition delay 

times; however, a slightly shorter ignition delay time in the argon-diluted data is observable.    

  
Table 4: Best-fit Arrhenius parameters for fuels examined in this study.  Comparisons are also given, where appropriate, with 

predictions from Diévart et al. [Diévart 2012], Glaude et al. [Glaude 2010], Herbinet et al. [Herbinet 2008], Herbinet et al. 

[Herbinet 2011b], and updated Westbrook et al. [Westbrook 2011, Campbell 2013] mechanisms.  Arrhenius information is 

given as well for the scaled methyl decanoate data of Wang and Oehlschlaeger [Wang 2012], together with pure methyl oleate 

data taken by Campbell et al. [Campbell 2013].            (
  

  
). 

Fuel Data Set Pressure 

(atm) 

Equivalence 

Ratio 

XO2 A Factor 

(ms) 

EA 

(kcal/mol) 

MD This Study 7.0 0.5 0.01 4.95x10
-9

 47.3 

MD Herbinet 2008 7.0 0.5 0.01 2.10x10
-8

 44.6 

MD Glaude 2010 7.0 0.5 0.01 1.70x10
-11

 63.5 

MD Diévart 2012 7.0 0.5 0.01 8.70x10
-10

 53.8 

MD This Study 7.0 0.5 0.21 7.11x10
-6

 25.9 

MD Wang 2012 (in air; scaled) 7.0 0.5 0.21 2.27x10
-6

 28.9 

MD Herbinet 2008 7.0 0.5 0.21 1.18x10
-7

 34.9 

MD Glaude 2010 7.0 0.5 0.21 3.48x10
-7

 33.8 

MD Diévart 2012 7.0 0.5 0.21 9.02x10
-7

 31.7 

MLA This Study 3.5 1.25 0.04 2.71x10
-8

 43.2 

MLA Herbinet 2011 3.5 1.25 0.04 7.53x10
-9

 49.3 

MLA This Study 7.0 0.75 0.04 4.74x10
-8

 40.8 

MLA Herbinet 2011 7.0 0.75 0.04 3.56x10
-9

 48.6 

MLA This Study 7.0 1.25 0.04 2.95x10
-6

 30.9 

MLA Herbinet 2011 7.0 1.25 0.04 6.37x10
-8

 42.3 

MM This Study 3.5 0.75 0.04 1.32x10
-8

 44.2 

MM Herbinet 2011 3.5 0.75 0.04 3.12x10
-9

 50.1 

MM This Study 7.0 0.75 0.04 1.57x10
-8

 43.1 

MM Herbinet 2011 7.0 0.75 0.04 4.81x10
-9

 47.9 

MM This Study 7.0 1.25 0.04 5.26x10
-7

 34.9 

MM Herbinet 2011 7.0 1.25 0.04 9.99x10
-8

 41.3 

MP This Study 3.5 0.75 0.04 4.14x10
-10

 52.4 

MP Herbinet 2011 3.5 0.75 0.04 3.67x10
-9

 49.9 

MP Westbrook 2011 3.5 0.75 0.04 2.46x10
-8

 41.8 

MP This Study 7.0 0.325 0.04 3.29x10
-7

 35.1 

MP Herbinet 2011 7.0 0.325 0.04 2.99x10
-10

 53.6 

MP Westbrook 2011 7.0 0.325 0.04 3.12x10
-9

 46.0 

MOB This Study 7.0 0.75 0.04 3.42x10
-7

 35.6 

MO Campbell 2013 (pure MO) 7.0 0.75 0.04 7.32x10
-7

 33.5 

MO Westbrook 2011 (pure MO) 7.0 0.75 0.04 2.40x10
-8

 41.8 

MOB This Study 7.0 1.25 0.04 2.60x10
-6

 30.7 

MO Campbell 2013 (pure MO) 7.0 1.25 0.04 9.37x10
-8

 38.1 

MO Westbrook 2011 (pure MO) 7.0 1.25 0.04 4.89x10
-8

 40.2 
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Ignition delay time predictions made using the mechanisms of Herbinet et al. [Herbinet 2008], Glaude et al. 

[Glaude 2010], and Diévart et al. [Diévart 2012] have also been plotted in Figure 2 in solid lines.  First, observe the 1% 

oxygen/argon/MD mixture data.   At low temperatures, the Herbinet mechanism predictions are most accurate; however, 

at higher temperatures, those based on the Glaude mechanism do a better job.  For all temperatures, the Diévart 

mechanism’s predictions are too slow by an approximate factor of two.  In terms of activation energy, the Herbinet 

mechanism underpredicts the experimental value of 47.3 kcal/mol by 2.7 kcal/mol, and the Glaude and Diévart 

mechanisms overpredict this value by 16.2 and 6.5 kcal/mol respectively.   

 Next, observe the data 21% oxygen/argon/MD mixture data.  At these conditions, all of the mechanisms do a 

reasonable job at simulating the experimental data.  In particular, the Herbinet mechanism underpredicts ignition delay 

times at high temperatures but reproduces them well at low temperatures.  Conversely, the Glaude and Diévart 

mechanisms overpredict ignition delay times at low temperatures by do a good job at high temperatures.  All three 

mechanisms give similar activation energies, which are higher than the experimental data by between 5.8 and 9.0 

kcal/mol.  Finally, notice that, true to the experimental data presented here, all of the mechanisms predict a decrease in 

ignition delay time and activation energy as oxygen content increases.   

 

Methyl Laurate 

Ignition delay times for methyl laurate were measured at pressures of 3.5 and 7 atm in 4% oxygen/argon bath 

gas at equivalence ratios ranging from 0.67 to 1.44 and at temperatures ranging from 1163 to 1354 K.  Results are 

displayed in Figure 3.  First observe the data at a common pressure of 7 atm.  For these data, at high temperatures, 

positive equivalence ratio scaling is evident, in which an increase in equivalence ratio results in an increase in ignition 

delay time.  However, notice that at low temperatures, the data seem to be insensitive to equivalence ratio.  Such a trend 

was seen in the neat methyl oleate and methyl linoleate/4% oxygen/argon mixtures studied by Campbell et al. [Campbell 

2013].  Furthermore, activation energy decreases with increasing equivalence ratio, a trend also observed by Campbell et 

al.  Next observe the data at a common equivalence ratio of φ=0.75.  Within this subset of the data, negative pressure 

scaling is evident; as pressure increases, ignition delay time decreases.  In addition, activation energy decreases with 

increasing pressure.   
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Figure 3: Methyl laurate ignition delay times taken in 4% oxygen/argon mixtures.  Comparison is given with the 

Herbinet et al. mechanism [Herbinet 2011b], shown in solid lines. 

 

Ignition delay time predictions calculated using the Herbinet et al. mechanism [Herbinet 2011b] are also shown in 

Figure 3.  Notice that the Herbinet mechanism generally overpredicts ignition delay times; its predictions at 3.5 atm are 

too long by an approximate factor of two.  However, for the higher-temperature data at 7 atm, the mechanism predictions 

are closer to the experimental results.  The mechanism seems to accurately capture the positive equivalence ratio scaling 

and negative pressure scaling.  Focusing on the predictions at 7 atm, we observe that the mechanism emulates the 

experimentally-seen low-temperature equivalence ratio independence.  Finally, while the mechanism overpredicts 
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activation energy values by 6.1 to 11.4 kcal/mol, it correctly predicts that activation energy decreases with increasing 

equivalence ratio and decreases with increasing pressure.   

 

Methyl Myristate 

Ignition delay times for methyl myristate were measured at pressures of 3.5 and 7 atm in 4% oxygen/argon bath 

gas at equivalence ratios ranging from 0.54 to 1.35 and at temperatures ranging from 1162 to 1357 K.  The results, 

displayed in Figure 4, show striking resemblance to those of methyl laurate.  Similar to ML, the MM data display 

positive equivalence ratio scaling (observable at high temperatures) and negative pressure scaling.  Also similar to ML, 

the MM data show insensitivity to equivalence ratio at low temperatures.  Finally, like the ML data, the MM activation 

energy decreases with increasing equivalence ratio and decreases with increasing pressure.   
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Figure 4: Methyl myristate ignition delay times taken in 4% oxygen/argon mixtures.  Comparison is given with the 

Herbinet et al. mechanism [Herbinet 2011b], shown in solid lines. 

 

Comparisons with the methyl myristate mechanism of Herbinet et al. [Herbinet 2011b] are also shown in Figure 

4.  At all temperatures studied the Herbinet mechanism overpredicts ignition delay time data by a factor of 

approximately two.  As in the ML mechanism predictions, the MM mechanism seems to capture the positive equivalence 

ratio scaling and negative pressure scaling accurately.  In addition, the mechanism correctly captures the equivalence 

ratio independence shown in the MM data at low temperatures.  Finally, while the MM mechanism overpredicts 

activation energy by between 4.8 and 6.4 kcal/mol, it accurately predicts the trend that activation energy decreases with 

increasing equivalence ratio and with increasing pressure.   

 

Methyl Palmitate 

Ignition delay times for methyl palmitate were measured at pressures of 3.5 and 7 atm in 4% oxygen/argon bath 

gas at equivalence ratios ranging from 0.27 to 0.81 and at temperatures ranging from 1180 to 1311 K.  Results are 

displayed in Figure 5.  While the two sets of data displayed have neither pressure nor equivalence ratio in common, 

several important comparisons can nevertheless still be made.  Observe that ignition delay times taken at lower pressure 

and higher equivalence ratio are longer than those taken at higher pressure and lower equivalence ratio; however, a 

convergence of the two trends can be seen at high temperatures.  Furthermore, the activation energy is higher for the high 

pressure/low equivalence ratio data than for the low pressure/high equivalence ratio data.   
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Figure 5: Methyl palmitate ignition delay times taken in 4% oxygen/argon mixtures.  Comparison is given with the 

Herbinet et al. [Herbinet 2011b] and updated Westbrook et al. [Westbrook 2011, Campbell 2013] mechanisms, 

shown in solid lines. 

 

Comparisons are given in Figure 5 with predictions from the Herbinet et al. [Herbinet 2011b] and updated 

Westbrook et al. [Westbrook 2011, Campbell 2013] mechanisms.  Several general observations can be made upon initial 

examination.  First, both mechanisms correctly predict that the data taken at low pressure and high equivalence ratio 

should have longer ignition delay times than those taken at high pressure and low equivalence ratio.  However, contrary 

to experimental data, both mechanisms predict that activation energy should be lower for the low pressure/high 

equivalence ratio data rather than for the high pressure/low equivalence ratio data.  Moreover, neither mechanism 

captures the convergence of the two trend lines at high temperatures.   

More observations can be made by examining the 3.5 atm data alone.  At all temperatures studied, the Herbinet 

mechanism overpredicts ignition delay times by an approximate factor of four.  In contrast, the updated Westbrook 

mechanism predicts ignition delay times correctly at high temperatures, but underpredicts them by approximately two at 

lower temperatures.  Finally, the activation energy predicted by the Herbinet mechanism is within 2.5 kcal/mol of the 

experimental value of 52.4 kcal/mol; however, that predicted by the Westbrook mechanism is too low by 10.6 kcal/mol.   

Observations may also be made by focusing solely on the 7 atm data.  At high temperatures, the Herbinet 

mechanism accurately captures ignition delay time data; however, at lower temperatures its predictions are too large.  In 

contrast, the Westbrook mechanism underpredicts ignition delay times at high temperatures, but correctly simulates them 

at low temperatures.  Finally, both the Herbinet and Westbrook mechanisms overpredict the experimentally-determined 

activation energy.   

 

Methyl Oleate / FAME Blend 

Ignition delay times for the methyl oleate / FAME blend were measured at a pressure of 7 atm in 4% 

oxygen/argon bath gas at equivalence ratios ranging from 0.32 to 1.42 and at temperatures ranging from 1141 to 1360 K.  

These results are displayed in Figure 6.  In addition to these data, ignition delay times for pure methyl oleate at the same 

conditions, obtained by Campbell et al. [Campbell 2013] are also shown.  There are multiple noteworthy attributes of 

this comparison.  First, both of the MO and MOB data sets show positive equivalence ratio scaling.  Moreover, for both 

MO and MOB, a region at low temperatures exists wherein the sensitivity of ignition delay time to equivalence ratio 

vanishes. By comparing ignition delay time values between the MO and MOB data sets, it can be seen that the MOB 

may have slightly reduced reactivity as compared to the pure MO; however, the uncertainty in the data sets makes this 

difficult to confirm.  Finally, close comparison reveals that activation energy increases with equivalence ratio in the pure 

MO data set, whereas activation decreases with equivalence ratio in the MOB data.  Overall, it appears that the 30% non-

MO components in the MOB did not appear to significantly affect reactivity of the blend.    
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 Figure 6: Methyl oleate / FAME blend ignition delay times taken in 4% oxygen/argon mixtures.  Comparison is 

given with neat methyl oleate ignition delay times simulated using the updated Westbrook et al. [Westbrook 2011, 

Campbell 2013] mechanism, shown in solid lines.  Ignition delay times for pure methyl oleate taken by Campbell et 

al. [Campbell 2013] are also shown as hollow symbols for comparison.   

 

Comparisons of the MO and MOB experimental data to simulations of pure MO ignition delay times performed 

using the updated Westbrook model [Westbrook 2011, Campbell 2013] reveal further insight.   In general, the updated 

Westbrook mechanism correctly predicts ignition delay times for both the pure MO and the MOB.  However, it appears 

that the mechanism slightly underpredicts data at an equivalence ratio of φ=1.25 at high temperatures, and tends to 

overpredict values at all equivalence ratios at low temperatures. The mechanism successfully predicts the 

experimentally-observed low-temperature equivalence ratio-independent region.  At both equivalence ratios, activation 

energy values predicted by the Herbinet mechanism for pure MO are higher than the experimentally determined pure 

MO and MOB activation energy values.  Finally, the mechanism predicts that activation energy for pure MO ignition 

should decrease as equivalence ratio increases; this is contrary to the experimental results for pure MO but in agreement 

with the experimental MOB results.   

 

Fuel Comparisons 

A comparison between the ignition delay time results for MLA and MM at a pressure of 7 atm and equivalence 

ratios of φ=0.75 and φ=1.25 is given in Figure 7.  This comparison is insightful because it helps elucidate the effect of 

carbon chain length on ignition delay time; the structures of MLA and MM are identical except that the carbon chain 

length of MLA is 12, whereas that of MM is 14.  First observe the data points for MLA and MM which occur at an 

equivalence ratio of φ=0.75.  A comparison between these two sets of data reveals that ignition delay time decreases as 

carbon chain length increases from MLA to MM. This effect is most pronounced at high temperatures, and is less 

apparent as temperature decreases.  Furthermore, activation energy increases as the chain length increases from MLA to 

MM.  A comparison of these two fuels at an equivalence ratio of φ=1.25 reveals identical conclusions; ignition delay 

time decreases and activation energy increases as carbon chain length increases from MLA to MM.  Finally, for both 

MLA and MM, activation energy decreases by about 9 kcal/mol as equivalence ratio increases from φ=0.75 to φ=1.25.   

Ignition delay times simulated using the Herbinet et al. [Herbinet 2011b] mechanism are also shown in Figure 

7.  Again, several conclusions may be drawn by examining this plot.  Most notably, the mechanism does not capture the 

increase in reactivity with carbon chain length; in fact, it seems to predict a slight decrease in reactivity as carbon chain 

length increases from MLA to MM.  Moreover, the mechanism incorrectly predicts that the activation energy will 

slightly decrease as carbon chain length increases from MLA to MM.  Finally, the mechanism correctly predicts that the 

activation energy decreases for both MLA and MM as equivalence ratio increases from φ=0.75 to φ=1.25; however, it 

underpredicts the magnitude of this decrease by about 3 kcal/mol.   
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Figure 7: Comparison of methyl laurate and methyl myristate ignition delay times at 7 atm and equivalence ratios of φ=0.75 

and φ=1.25, together with simulations performed using the Herbinet et al. [Herbinet 2011b] mechanism.   

A comparison between the ignition delay time results for MM and MP at a pressure of 3.5 atm and an 

equivalence ratio of φ=0.75 is given in Figure 8.  This graph helps further emphasize the effect of carbon chain length on 

reactivity; MM has a carbon chain length of 14 and MP has a carbon chain length of 16.  Similar to the MLA-MM 

comparison, this figure shows that reactivity increases (ignition delay time decreases) as carbon chain length increases 

from MM to MP.  Moreover, in the same way this change is more pronounced at high temperatures and less noticeable 

as temperature decreases.  Finally, the data again show that activation energy increases as carbon chain length increases. 

Figure 8 also includes ignition delay time predictions performed using the Herbinet et al. [Herbinet 2011b] 

mechanism.  As in the MLA-MM comparison, the mechanism fails to capture the increase in reactivity as chain length 

increases from MM to MP, and in fact a slight reduction in reactivity can be seen. Furthermore, despite the increase in 

chain length from MM to MP, the mechanism predicts that activation energy is nearly constant at about 50 kcal/mol.   
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Figure 8: Comparison of methyl myristate and methyl palmitate ignition delay times at 3.5 atm and φ=0.75, together with 

simulations performed using the Herbinet et al. [Herbinet 2011b] mechanism.   
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6. Conclusions 

 

The first methyl decanoate ignition delay time data in 1% oxygen/argon bath gas mixtures have been reported at 

7 atm and an equivalence ratio of φ=0.5 at temperatures between 1262 and 1388 K, showing that available mechanisms 

generally overpredict ignition delay times at these conditions.  Methyl decanoate ignition delay time data in 21% 

oxygen/argon bath gas mixtures have been found to compare favorably with existing mechanisms, and moreover good 

agreement was found with scaled data from Wang and Oehlschlaeger [Wang 2012].  The first shock tube ignition delay 

time measurements for neat methyl laurate, methyl myristate, and methyl palmitate have been reported at pressures of 

3.5 and 7 atm, equivalence ratios ranging from φ=0.27 to φ=1.44, and temperatures ranging from 1162 to 1357 K.   

Comparisons with available mechanisms at these conditions show reasonable agreement of activation energy values, 

though in general simulated ignition delay times are too long.  Furthermore, comparisons between these three fuels at 

common pressure and equivalence ratio conditions show that activation energy increases and ignition delay time 

decreases as carbon chain length increases.  Methyl oleate has been studied in a blend of other FAMEs, showing that the 

presence of the 30% other FAMEs had little effect on reactivity.  Finally, these data provide targets for the validation of 

reduced kinetic mechanisms for these surrogates, or for future improvements to detailed mechanisms for biodiesel fuels.   
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