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FINAL REPORT 

 
Abstract 
The effects of high hydrogen content fuels were studied using experimental, computational and 
theoretical approaches to understand the effects of mixture and state conditions on the ignition 
behavior of the fuels.  A rapid compression facility (RCF) was used to measure the ignition delay 
time of hydrogen and carbon monoxide mixtures.  The data were combined with results of 
previous studies to develop ignition regime criteria.  Analytical theory and direct numerical 
simulation were used to validate and interpret the RCF ignition data.  Based on the integrated 
information the ignition regime criteria were extended to non-dimensional metrics which enable 
application of the results to practical gas turbine combustion systems. 
 
Keywords: Syngas, hydrogen, carbon monoxide, ignition, impurities 
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Executive Summary 

The objective of the project was to develop a thorough and quantitative understanding of the 
combustion properties of high hydrogen content fuels at conditions relevant to gas turbine 
operation.  Auto-ignition properties and flame/autoignition interactions were determined using 
state-of-the-art experimental and computational facilities.  The University of Michigan (UM) 
rapid compression facility (RCF) was used to measure ignition properties of hydrogen and 
carbon monoxide mixtures over a range of state conditions and for a range of fuel/air 
compositions including the effects of impurities.  The effects of trimethylsilanol and 
hexamethyldisiloxane impurities (common landfill gases) were to significantly promote ignition, 
causing drastic reductions in auto-ignition delay time of almost an order of magnitude.  
Additional metrics studied included the ignition regime, the ignition delay time, rate of reaction 
front propagation (for ignition experiments in the mixed ignition regime) the time of the first 
stage of heat release (for conditions where multiple stages were observed), and OH time histories 
during ignition.  The results for the ignition delay times were in excellent agreement with model 
predictions when autoignition occurred in the strong ignition regime.  When conditions were in 
the weak or mixed ignition regime, the experimentally measured autoignition delay times were 
systematically faster than zero-dimensional model predictions based on elementary reaction 
chemistry.  Ignition regime criteria were developed based on the chemical sensitivity of the 
reactant mixture to temperature gradients in the experimental system.  The thermal sensitivity 
criteria captured the trends observed in the current work as well as in previous experimental 
studies of hydrogen ignition regimes.  Combustion theory was used to extend the ignition criteria 
to a more general format using non-dimensional thermodynamic parameters such as the 
Reynold’s and Damköhler numbers.  The theory was validated using the RCF ignition regime 
data and via one-dimensional computational simulations.  The direct numerical simulations 
provided further confidence in the ignition regime theory.  Further two-dimensional direct 
numerical simulations were used to include the effects of turbulence on the ignition regime 
criteria.  A major conclusion of the study is the definitive explanation of previously observed 
discrepancies in measured and predicted ignition delay times for syngas (and other fuels) at low 
temperatures.  The cumulative results of this project show with high confidence the discrepancies 
are due to a break-down in the model assumptions of zero-dimensional behavior, i.e. the 
experiments exhibit spatial effects which are not captured by the models.  The spatial effects in 
turn are attributed to the sensitivity of the syngas combustion system to temperature gradients 
and competing effects of flame propagation and auto-ignition.  Details of these results are 
provided in several journal articles, and highlights of the work are reported here. 
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Project Objectives 
The primary goal of this project was to develop a thorough and quantitative understanding of 
important HHC fuel combustion properties at conditions relevant to gas turbine operation. 
Flammability limits and flame/auto-ignition interactions were determined computationally and 
experimentally.  The experimental data provided rigorous targets for development of accurate, 
well-validated models for detailed and simplified chemical kinetic reaction mechanisms for HHC 
combustion.  The efforts included distillation of the fundamental data into forms that will aid the 
rapid transfer of information into syngas turbine design and provide new quantitative assessment 
of HHC combustion at conditions directly applicable to gas turbines. 
 
The specific project objectives were: 
 
 To develop an accurate and rigorous experimental and computational database of HHC fuel 

combustion covering reaction kinetics, flame speeds, and flammability limits of HHC fuels, 
including mixtures with high levels of exhaust gases. 

 To develop detailed and simplified models of HHC chemical reactions that accurately 
reproduce the new experimental data as well as data in the literature. 

 To develop a quantitative understanding of the stability of HHC combustion in relation to 
fluctuations in the flow field, including the opportunities and challenges of exhaust gas 
recirculation (EGR)/dilution on extinction, ignition, and flame stability. 

 To develop domain maps that identify the range of conditions (e.g., percent EGR) where 
HHC combustion can be effective in both positive and negative manners such as expanded or 
restricted flammability limits.   
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Technical Approach 
The technical approach used to meet the overall project goal and the specific project objectives 
was a combination of experimental, computational and combustion theory efforts.  All 
experiments were conducted using the University of Michigan (UM) rapid compression facility 
(RCF).  The numerical efforts used one-dimensional (1-D) and two-dimensional (2-D) direct 
numerical simulations (DNS).  The following sections describe the details of experimental and 
computational efforts.  The combustion theory is developed and presented in the Results section.  
 
Technical Approach - UM RCF Ignition Studies 
Ignition experiments were conducted for realistic but simple syngas mixtures for two values of 
equivalence ratio (φ = 0.1 and 0.5), designed to represent lean syngas mixtures used in the power 
industry.  Both mixtures contained only H2 and CO as fuel, with a molar ratio of H2:CO = 0.70, 
and were approximately air-dilute with N2, i.e. molar O2 to inert gas ratio of 1:3.76.  In some 
cases small amounts of the N2 diluent gas were replaced by Ar and/or CO2 to modify the test 
temperature.  Ignition experiments were conducted at approximately 3, 5, 10, and 15 atm for the 
broadest range of temperatures allowable in the UM-RCF for these mixtures (~950-1150 K, 
based on experimental test times).  The composition of the gas mixture and the thermodynamic 
state corresponding to each auto-ignition delay time measurement are given in Mansfield and 
Wooldridge [1].  

Regarding the experimental apparatus, the UM-RCF is uniquely designed to create 
uniform thermodynamic conditions through an isentropic compression process [2]. A schematic 
of the UM RCF is presented in Figure 1.  A detailed description of the UM-RCF and results of 
studies characterizing its performance can be found in Donovan et al. [2] and He et al. [3].  
Briefly, the apparatus consists of a long cylinder, the Driven Section, in which a gas mixture is 
rapidly compressed by the motion of a free piston (Sabot).  Prior to compression, the test volume 
is evacuated with a pump and then filled with a specific test gas mixture.  Upon firing, the Sabot 
travels the length of the Driven Section compressing the test gas mixture into the Test Section – 
a small cylindrical volume located at the end of the Driven Section (~ 50 mm length and 50 mm 
diameter).  As the Sabot reaches its final position near the Test Section, the Sabot achieves an 
annular interference fit, thereby sealing the test gas mixture in the Test Section.  At this point, the 
Test Section is filled with a uniform and isentropically compressed test gas mixture at the desired 
initial thermodynamic condition.  This is achieved in large part because cool boundary layer 
gases from the Driven section are trapped in an external volume formed by the geometry of the 
Sabot. 
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Figure 1.  Schematic of the UM RCF as configured for high speed imaging. 
 
For this study, the Test Section was instrumented with a piezoelectric transducer (6125B 

Kistler, Amherst, NY) and charge amplifier (5010, Kistler, Amherst, NY) for pressure 
measurements, and a transparent polycarbonate end-wall to permit high-speed imaging of the 
ignition process.  During each experiment the pressure time history was recorded using the 
pressure transducer at 100 kHz sampling frequency.  The uncertainty in the pressure 
measurements is estimated as ≤ 1% (~ 0.1 atm) considering both the signal-to-noise ratio in the 
post-ignition pressure time-history data and the non-linearity limits defined by Kistler during the 
calibration process.  High-speed color imaging was recorded using a digital video camera (V711-
8G-MAG-C, Vision Research, Phantom) with a Navitar 50mm lens (F0.95), a Hoya 62 mm lens 
(+2 zoom), and a Hoya 62 mm UV(0) filter.  Video sequences were recorded at 25,000 
frames/second with a CMOS array resolution of 512 x 512 pixels, resulting in an exposure time 
of 39.3 μs.   

All test gas mixtures were made using a dedicated stainless steel tank and the mixture 
composition was determined by measurement of the relative partial pressures of the components.  
After filling, the tank was left to rest for at least one hour before the test gas was used for an 
experiment, during which time the mixture homogenized by diffusion.  Error in the mixture 
composition is assumed to be negligible and have negligible effect on the ignition results, 
considering ~80-95% of the mixture is comprised of N2 and O2. 

Some experiments were conducted of iso-octane ignition in order to confirm the 
hypotheses of the combustion theory developed as part of this work.  For the sake of brevity, 
those results are not reported here.  The details of the iso-octane study are presented in Mansfield 
et al. [4].   

For the RCF studies of impurities, the same experimental apparatus and approach was 
used as for the ignition regime studies.  For the studies of OH formed during ignition, a narrow-
line ultraviolet laser absorption system was used as shown in Figure 2.  The laser apparatus 
consisted of an intra-cavity frequency-doubled ring dye laser (Coherent 899-05) using 
Rhodamine 6G dye and a potassium deuterated phosphorus (KDP) doubling crystal.  The ring 
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dye laser was pumped with a Coherent Verdi G7 solid state laser (~7 W @ 532nm).  This system 
was used to generate a beam with specific wavelength corresponding to the R1(5) line of the 
A2Σ+  X2Πi (0,0) band of the OH spectrum (ν0 = 32606.556 cm-1 

 or ~ 306.687nm).  As 
illustrated in Figure 2, once generated this beam was split into a reference and probe beam, 
using various optics and fiber optic components.  The test beam was passed through the UM-
RCF Test Section then both reference and probe beams were targeted on a pair of well-matched 
large area photodetectors (contained in one assembly) for continuous time monitoring of the 
power. The window ports though which the probe beam passes are heated for ~ 20 min prior to 
each experiment using installed resistance heaters, in order to avoid water condensation on the 
windows during the experiment.  System components are labeled in the schematic presented in 
Figure 2.    

 

 
Figure 2. Schematic of the OH laser absorptionspectroscopy system.  BS = beam splitter, C = 
collimator , F = fiber optic cable, OF = optical filter, DAQ = data acquisition system. 
 

Using this system, it was possible to measure the fractional absorption of the test beam in 
the Test Section during auto-ignition and then calculate the corresponding concentration of OH 
molecules.  Assuming a basic Beer-Lambert relation for a non-saturating linearly absorbing 
medium with homogeneous conditions along the path length, the fractional absorption of the test 
beam power can be related to a wavelength dependent absorption coefficient, kν, via: 

െ ln ቀ ூ
ூబ
ቁ ൌ ݇ఔ(1-6)   ܮ 

where, I0 is the probe beam intensity before passing through the Test Section, I is the probe beam 
intensity after passing through the Test Section, and L is the path length of the beam through the 
absorbing medium.  The analysis of the laser signals to determine the OH time history is 
described in detail in Mansfield [5].   
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Technical Approach - DNS Autoignition Studies 
The 1-D DNS used the code S3D [6] which solves the compressible, Navier-Stokes, species 
continuity and total energy equations.  A fourth-order explicit Runge-Kutta method and an 
eighth-order central differencing scheme were used for time integration and spatial 
discretization.  A detailed H2/CO mechanism with 12 species and 33 chemical reactions [7] was 
employed. The mechanism was used with standard source code for evaluating the reaction rates 
and thermodynamic and mixture-averaged transport properties.  Periodic boundary conditions 
were imposed such that heat release in the computational domain led to pressure rise and 
compression heating of the reactants.  

A number of parametric conditions were considered for initial pressures (P0) of 10 atm 
and 20 atm, and the initial mean temperature (T0) ranging 850-1100 K, as typically encountered 
in gas turbines.  A uniform syngas/air mixture with H2:CO molar ratio of 0.7:1 and fuel-air 
equivalence ratio of 0.5 was chosen.  For the 1-D study temperature non-uniformities were 
represented by two types of initial conditions.  First, to represent moderate global temperature 
variations, a sinusoidal temperature profile was superimposed on the initial mean temperature, 
with a prescribed root-mean-square (RMS) fluctuation, T’, and wavelength spanning the domain 
length, L.  Alternatively, to represent a localized ignition source, a hot spot was represented by 
superimposing a Gaussian temperature profile, Ths, onto the mean temperature: 

 
2 2

2

2 ( / 2)
( ) exp

2.5hs

A n x L A
T x

L n
  

  
 

 

where the factor n governs the size of the hot spot and A determines the amplitude.  The 
amplitude (∆T) of the hot spot is varied in the range 25-100 K, while the size of the hot spot was 
kept constant at 6 mm.  

For the 2-D DNS simulations, the same DNS and chemistry codes and the same syngas 
reaction mechanism were used.  A uniform syngas/air reactant mixture of equivalence ratio of 
0.5, H2:CO molar ratio of 0.7:1, an initial pressure of 20 atm, was chosen.  In addition, the 
mixture was diluted with excess nitrogen equal to twice the amount of nitrogen present in the air, 
resulting in the overall molar ratio of N2:O2=11.28 in the reactant mixture, to ensure the pressure 
rise was sufficiently high to serve as an indicator of auto-ignition, but also to avoid shock wave 
formation, which cannot be captured by the employed computational schemes at present. 

Turbulent velocity fluctuations were superimposed on a stationary mean velocity field 
based on an isotropic kinetic energy spectrum function.  A similar random temperature spectrum, 
uncorrelated with the turbulent kinetic energy spectrum, was superimposed on a constant mean 
temperature field. In addition, a thermal hot spot was superimposed on the temperature field and 
the peak temperature of the hot spot was approximately 100 K, which is the upper limit of the 
local temperature fluctuations commonly observed in ignition experiments. 

A total of eight DNS cases A-H were considered by varying the initial mean temperature, 
To, and the level of turbulence (ld) and u’. For the four different To values of 1100, 1020, 990 and 
970 K considered, the computed laminar flame speed values were 67.7, 27.8, 20.5, and 16.5 
cm/s, respectively.  L = 1.075 cm and 1.5 cm for cases A-E and F-H, respectively. The 
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magnitude of the temperature fluctuation was fixed at 15 K for all cases. Details of the physical 
parameters for the different cases and the expected ignition regimes are provided in Pal et al. [8]. 
All the parametric cases are plotted on the regime diagram in the Results section below (Figure 
9). 
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Results 
 

Results - UM RCF Autoignition Regime Studies 
As noted above, several types of ignition experiments were conducted, including experiments to 
identify ignition regime, to quantify ignition delay time, to quantify the effects of impurities on 
ignition delay time and to measure the formation of hydroxyl radicals during ignition.  A 
summary of the results of the ignition regime data is provided in Figure 3.  The data show the 
ignition behavior is strongly related to initial thermodynamic state and is repeatable, with 
generally clear boundaries between different regions.  Also shown in Figure 3 are the thermal 
sensitivity iso-contours based on the Sankaran Criterion [9] and the critical thermal iso-contour 
is highlighted in bold.  There is excellent agreement between the critical iso-contour and the 
observed strong ignition limit at all pressures.  The results quantitatively show the ignition 
regime behavior is a competition between the laminar flame and the auto-ignition characteristics 
of the syngas mixture and the local and global state conditions. 

 

 
Figure 3.  Ignition behavior as a function of thermodynamic state for syngas mixtures with  = 
0.5.  The strong ignition limit is shown as a hashed area.  Results are from the present work, 
Kalitan et al. [10], and Blumenthal et al. [11]. Predicted locations of the strong ignition limit are 
shown as solid lines and calculated iso-contours of auto-ignition delay time are shown as dotted 
lines.  The most accurate predicted strong ignition limit, for a 5 K/mm gradient, is the bold solid 
line. 
 

Considering the success of this criterion it was apparent that localized thermal gradients 
are the dominant driver of inhomogeneous ignition behavior in this work and the studies by 
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Blumenthal et al. [11] and Kalitan et al. [10].  Non-uniformities will be present in any 
experimental or practical combustion system and could come from a number of sources such as 
heat transfer, mixing, or the presence of minute reactive or non-reactive particles like those 
considered in Chaos and Dryer [12].  Previously, Chaos and Dryer [12] and Blumenthal et al. 
[11] predicted that hot spots of 150-200 K would be necessary to cause inhomogeneous auto-
ignition.  The present work highlights the importance of considering not only the absolute 
temperature of hot spots, but also the corresponding thermal gradients, as those on the order of 
merely 3-5 K/mm were found to drive inhomogeneous ignition behaviors in the current work.   

This work was the first experimental validation of the Sankaran criterion and showed the 
theory can be used for a priori prediction of the strong ignition limit.  Validating this criterion 
was fundamentally important, as the criterion quantitatively describing the roles of chemical 
kinetics, thermo-physical properties, and device dependent thermal characteristics in determining 
auto-ignition behavior.  Overall both the demonstration of the application of the Sankaran 
Criterion and the ignition behavior maps created in the present work provide important, new, and 
unique tools that can be used in the design of combustion devices using high hydrogen content 
fuels like syngas. 

 
Results - UM RCF Autoignition Studies of Impurities 
The effects of a range of impurities on syngas ignition were explored.  A summary of the results 
can be found in Mansfield and Wooldridge [13].  Briefly, methane (CH4), trimethylsilanol 
(TMS) and hexamethyldisiloxane (HMDSO) were added in small part per million levels to 
reference syngas mixtures and conditions, and the changes in the autoignition delay time was 
measured.  Figures 4 and 5 show the results for the effects of TMS and HMDSO, respectively.   
As demonstrated in Figure 4, the effect of TMS addition on the auto-ignition delay time is 
dramatic and highly pressure dependent, with significantly larger magnitude impact at 15 atm.  
While 10 ppm TMS addition had minimal impact on the pressure dependence of the reference 
syngas mixture, the addition of 100 ppm of TMS completely suppressed the syngas pressure 
dependence of the auto-ignition delay time.  As the pressure dependence of syngas is attributed 
to HO2 and H2O2 chemistry, the results suggests the promoting effect of TMS is related to 
interaction with these species. 

Figure 5 shows the pressure time histories of syngas ignition with and without the 
addition of HMDSO.  HMDSO also had a significant accelerating effect on syngas ignition.  The 
similarities in the chemical structure of TMS and HMDSO allowed further insight into the 
chemical reaction pathways affected by these organosilicon compounds.  These impurities are 
particularly relevant as siloxanes are increasingly present in land-fill gases.  This work was not 
only the first study of silicon organic compounds; the work also provided the first direct 
observations of sometimes drastic effects, and highlighted trends in behavior that extended 
beyond the initial TMS compound studied.  Project such as these are vital to the safe and 
effective application of real syngas and other high-hydrogen content fuels, especially when used 
in modern high-pressure low-temperature combustion strategies like dry low-NOx combustors.   
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Figure 4. Measured auto-ignition delay time of the second step of ignition as a function of 
inverse temperature for P = 5 and 15 atm for pure syngas and syngas with TMS mixtures.  The 
solid lines are provided for visual reference to the pure syngas data.   
 
 

 
Figure 5. Pressure time histories of pure syngas (blue lines) and syngas with 100 ppm of 
HMDSO (red lines).   
 

 
Results - UM RCF Autoignition Studies of OH Time Histories 
For the OH studies, for each experiment the fractional absorption (I/I0) time history was 
calculated by dividing the output laser signal by the input then smoothing the result using a 50-
point smoothing algorithm to reduce noise.  A typical result can be seen in Figure 6 for the 
measured OH time history. A clear peak in fractional absorption is apparent and an alternate 
auto-ignition delay time (τign, OH) was defined as the time from the end of compression the 
maximum OH mole fraction (χOH).   
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Figure 6. Typical pressure time history, P(t), and OH mole fraction based on the measured 
fractional absorption (I/I0) for experimental conditions P = 5.1 atm, T = 1075 K.  τign,OH is the 
auto-ignition delay time corresponding to peak fractional absorption and therefore peak χOH. 

Figure 7 shows the measured and predicted values for peak χOH as a function of inverse 
temperature.  As evidenced, the measurement results range between ~~100 and 225 ppm.  There 
is excellent agreement between measurements and predictions for T < ~ 1050 K using both the 
Li et al. [7] and NUIG Kéromnès et al. [14] mechanisms, with nearly identical nominal values 
and largely overlapping uncertainty bounds; whereas, for T > ~ 1050 K the measurements agree 
within the uncertainty bounds for predictions using the Kéromnès et al. [14] mechanism only.  
Predictions for the Li et al. [7] mechanism are above the upper uncertainty bounds of the 
measurements at these higher temperatures.  Overall these results are an excellent indication that 
the laser spectroscopy system yielded valuable results and the Kéromnès et al. [14] mechanism 
applied to a homogeneous reactor physical model can accurately predict peak values of χOH 
during the auto-ignition process at the conditions studied. 

 

 
Figure 7. Measured and predicted maximum values of χOH as a function of inverse temperature; 
where uncertainty in the measurements and predictions are presented as the error bars.   
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This aspect of the project represented a unique and important investigation of the OH 
concentration throughout the auto-ignition process of syngas fuel at practical combustor 
conditions, providing the first data of its kind for this fuel at any conditions.  Studies such as this 
are vital to the effective development and application of syngas and other high-hydrogen content 
fuels, considering that the accuracy of chemical kinetic mechanisms directly corresponds to the 
accuracy of any reacting system models to which it is applied.  Furthermore, the results of this 
work are an important validation of the new laser absorption apparatus applied to the UM-RCF. 
 
Results – Combustion Theory 
The experimental results of the ignition regime studies motivated the development of a more 
universal method of characterizing the limits of the ignition regimes in terms of the scalar 
properties of the combustion systems.  Moreover, we wanted to include the effects of turbulence 
on the ignition regime criterion.  The theoretical scaling analysis to extend the regime criterion in 
terms of non-dimensional parameters that are commonly used in characterizing turbulent 
combustion systems is presented in Im et al. [15].   The relevant physical quantities are defined 
in addition to the simplifying assumptions in that work, as well as the derivations of relevant 
scaling relations that lead to the ignition regime criterion with turbulent combustion parameters. 
The outcome is the predicted regime diagram presented in Figure 8. 
 

 

Figure 8. Regime diagram for strong and weak ignition for nearly homogeneous reactant 
mixture with temperature fluctuations. 
 

As seen in Figure 8, the primary factor to determine the ignition regime is Damköhler 
number, while the Reynolds number modifies the conditions further.  For a given Reℓ , the 
Zeldovich-Sankaran criterion indicates the weak/mixed ignition regime is possible for 

1 Daℓ  K 2 , where K is a the normalized thermal ignition sensitivity. If Daℓ  K 2 , then the 
reactant mixture is either too reactive (small  ig ) or the mixture ignition characteristics are not 

sensitive to the temperature fluctuations (small d ig / dT ), such that the entire mixture ignites 
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almost at the same time despite some level of temperature fluctuations.  This is referred to as the 
reaction-dominant strong ignition regime. On the other hand, if Daℓ 1, then the turbulent 
mixing is rapid (small  ℓ ) such that the temperature fluctuations are dissipated before the local 

ignition takes place. In contrast to the Daℓ  K 2 case, this is referred to as the mixing-dominant 
strong ignition regime.  Note that the K parameter includes the ignition delay sensitivity, which 
is more than just a time scale characterization, and depends strongly on the ignition chemistry of 
the specific fuel.  Between the limits 1 Daℓ  K 2 , weak ignition is possible; however, the 
mixing Damköhler number, Da , provides an additional criterion for this region of the regime 

diagram.   
The regime diagram was validated with the UM RCF syngas ignition data and with 1-D 

and 2-D DNS simulations.  The results of the work provided a more unified and comprehensive 
understanding of the physical and chemical mechanisms controlling ignition characteristics 
compared to the existing experimental maps in previous studies (e.g. [1]), which were solely 
based on the ignition delay sensitivity 
 

Results –DNS Autoignition Studies 
The 1-D DNS studies are summarized in Pal et al. [16].  The 2-D DNS are highlighted here and 
additional detail on the 2-D DNS results are presented in Pal et al. [8].  Details of the physical 
parameters for the different cases and the expected ignition regimes are listed in Table 1/Figure 
9.  Snapshots of the predicted temperature fields for Case A at three times during the simulation 
are provided in Figure 10.   
 

 
Figure 9/ Table 1. Physical and regime diagram parameters for the 2-D DNS syngas cases 
studied. 
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As seen in Figure 10, a reaction front emanates from the hot spot at the centre of the 
domain and consumes the majority of the reactant mixture.  The characteristics of this simulation 
are of a flame consuming the majority of the fuel/air mixture, which is consistent with a system 
in the weak ignition regime.  In comparison, Figure 11 shows the simulation results for Case C, 
which had the same initial conditions as Case A.  The stronger turbulence levels of Case C lead 
to rapid scalar dissipation of the temperature fluctuations.  Due to strong turbulent mixing, T  
decreases from the initial value of 15 K to a minimum value of 6 K in Case C, before any 
ignition fronts develop. Consequently, the reactant mixture auto-ignites almost homogeneously 
throughout the domain as seen in Figure 11, consistent with the expected characteristics for the 
strong/mixing dominated ignition regime.  In both Cases A and C, the autoignition delay time 
was faster relative to the homogeneous condition at the same initial average temperature.   

 
 
 

 
(a) (b) (c) 
 

Figure 10. Predicted temperature fields for Case A at (a) t/ ig = 0.0, the initial condition for the 

simulation; (b) t/ ig = 0.41 and (c) t/ ig = 0.48. 

 
 
 
 

 
(a) (b) (c) 
 

Figure 11. Predicted temperature fields for Case C at (a) t/ ig = 0.0, the initial condition for the 

simulation; (b) t/ ig = 0.33 and (c) t/ ig = 0.94. 

 
For all the simulation cases, the observed ignition behaviors consistently agreed with the 
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predictions of the regime diagram.  Providing further confidence in the ignition regime theory 
developed as part of this research program.   
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Conclusions 
The development and implementation of syngas fuel is of great interest, as it can enable a 
gradual transition from fossil to renewable fuel sources while simultaneously reducing the 
emissions associated with both.  While it is a seemingly simple mixture composed primarily of 
H2 and CO, there are still fundamental issues preventing successful application of syngas fuels to 
commercially viable combustion systems.  These issues arise largely within the context of 
increasing NOx emission standards, which are driving the development of combustors toward 
lean pre-mixed, low-temperature, and high-pressure conditions often outside the scope of 
historical syngas and H2 combustion research.  While understanding of syngas fuels has indeed 
expanded in recent decades to include these conditions in some respects, research has focused 
largely on the combustion of pure mixtures of H2 and CO in highly homogeneous environments.  
This is far from reality for actual syngas mixtures burned in practical gas turbine or reciprocating 
engine systems.  Indeed recent research and experiences by those in industry have revealed that 
the effects of both chemical and physical disturbances in syngas fueled combustors can be 
dramatic and are not well-understood.  These effects are manifested quite visibly as uncontrolled 
auto-ignition in homogeneous environments like those in shock tubes and rapid compression 
machines.  Furthermore, drastic changes in reactivity have been observed for syngas fuels with 
the addition of sometimes very small quantities of various chemical impurities. 

The results of this research project include important quantitative studies of syngas fuel 
combustion, aimed specifically at comprehensively understanding the effects of specific 
chemical and physical disturbances.  The findings here will help facilitate a more predictable and 
controllable application of syngas and other fuels to practical devices.  The studies were 
completed using the UM RCF, a unique, well characterized, quiescent, constant volume 
equipped with state of the art diagnostics and the highest fidelity computational methods.  The 
use of the UM RCF eliminates turbulence and other flow field and fuel/air mixing effects and 
thus allowed for a focus on the underlying chemical kinetics and ignition regime criteria.  The 
use of DNS allowed the expansion of the learning and outcomes from the RCF studies to 
turbulent systems and a larger range of state conditions.  

The study included many key aspects and outcomes.  First, the auto-ignition behavior of 
syngas fuel at practical combustor conditions was investigated.  These behaviors were mapped 
over a wide range of thermodynamic and mixture conditions for numerous experimental 
facilities, revealing consistent and well grouped behaviors strongly related to the initial 
thermodynamic and mixture state.  This unique mapping, intrinsically valuable to combustor 
designers and other investigators, was then used to investigate predictive models and the 
fundamental source of inhomogeneous behaviors in these experimental systems.  It was 
discovered the Sankaran Criterion, a previously proposed relationship between dominant 
chemical kinetics, transport properties, and thermal characteristics of the system, could predict 
the occurrence (albeit not the magnitude) of inhomogeneous auto-ignition behavior with 
remarkable accuracy.  The success of the Sankaran Criterion is a strong indication that minor 
thermal disturbances distributed throughout the test volume can be the underlying source of 
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inhomogeneous auto-ignition behavior in syngas mixtures.  This predictive capability and 
newfound fundamental description of inhomogeneous behaviors exhibited by syngas mixtures is 
an important contribution to both the scientific and industrial communities, which until now have 
either ignored categorizing the behavior or avoided low-temperature high-pressure conditions 
entirely.  This work represents the first attempt to integrate results from diverse experimental 
platforms to describe common auto-ignition behaviors in high-hydrogen content fuels, and 
further to provide a quantitative basis for predicting and interpreting data of other ignition 
studies, beyond syngas and the conditions studied here.  To this end, auto-ignition behaviors 
were also investigated and mapped for iso-octane fuel (not described in detail here but available 
in Mansfield et al. [4]), an important primary reference fuel for gasoline.  The results indicated 
the Sankaran Criterion was again successful in predicting the conditions at which 
inhomogeneous auto-ignition will occur – providing an important tool potentially useful to the 
successful implementation of modern boosted direct injection combustion strategies in 
automotive engines. 

Regarding the impact of inhomogeneous auto-ignition for both syngas and iso-octane 
fuels, the effect of these behaviors on the accuracy of basic auto-ignition delay time predictions 
was also investigated.  For both fuels these behaviors indeed impacted the accuracy of 
predictions at certain mixture conditions, leading to global auto-ignition up to several orders of 
magnitude faster than predictions.  This is an important indication that while inhomogeneous 
behaviors are localized in nature, they can impact global phenomena significantly and their 
consideration is therefore critical.  This is especially true at low-temperature conditions where 
inhomogeneous ignition behaviors are far more prominent. 

After exploring ignition behaviors, the effects of impurities on the combustion of syngas 
were then investigated.  The studies included effects of CH4, a common component of syngas, 
and trimethylsilanol (TMS) and hexamethyldisiloxane (HMDSO), impurities commonly found in 
landfill-based syngas.  Interestingly, through the course of this study multi-stage auto-ignition 
behaviors were observed; where the pressure rise associated with ignition had two distinct 
regions of rapid heat release.  This behavior has not been reported prior to the present work and 
was found to depend strongly on pressure and the relative concentration of CO in the mixture.  
The impact of CH4 impurity was to inhibit ignition, evidenced by auto-ignition delay time 
increases by up to a factor of 3.  This effect is likely through OH scavenging early in the ignition 
process.   On the other hand the impact of the TMS and HMDSO impurities was to promote 
ignition, causing drastic reductions in auto-ignition delay time of up to 70%.  This is likely 
related to enhanced consumption and/or reduced production of HO2, though the precise chemical 
kinetic effects cannot be resolved with existing kinetic mechanisms. 

The drastic effects of TMS and HMDSO have significant safety implications, as 
pronounced early auto-ignition can lead to catastrophic failures.  Furthermore, the upward trend 
in organic Si content in syngas mixtures and the current movement toward higher pressure 
combustion systems means consideration of these effects is of increasing importance.  The 
impact of TMS and HMDSO addition observed here is remarkably similar to that for SiH4 in 
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pure H2 made in previous investigations.  This suggests a possible trend for Si-based species to 
promote auto-ignition in syngas and hydrogen mixtures.  Overall, this work represents a unique 
investigation on the effects of common yet understudied impurities on the combustion of syngas 
fuel at practical combustor conditions, providing not only the first direct observations of these 
sometimes drastic effects, but also highlighting trends in behavior that may extend beyond the 
specific compounds evaluated in the present work.   

The combustion theory expanded and developed for turbulent ignition regimes was 
validated using multiple methods including experimental and computational data.  The regime 
diagram provides a tool that can be directly used by turbine designers to verify operating 
conditions for expected behavior.  Specifically, the Zeldovich-Sankaran criterion predicts 
weak/strong ignition behavior in terms of global combustion parameters.  The ignition sensitivity 
parameter K is more than just a characteristic time scale and the use of K to define the ignition 
regime created the additional fidelity required to describe the ignition/combustion phenomena, 
where a conventional Da-Re characterization was not sufficient.  Furthermore, it was determined 
that high-K mixtures are more susceptible to weak ignition, which happens at low temperatures 
for hydrogen/syngas mixtures.  

Lastly, the overwhelming evidence of the results of the experimental, computational, and 
combustion theory produced from this research demonstrate the observed ignition advancement 
for syngas at low temperatures is attributable to weak ignition behavior. 
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Ignition properties of simulated syngas mixtures were systematically investigated at high-pressure low-
temperature conditions relevant to gas turbine combustor operation using the University of Michigan
Rapid Compression Facility. Pressure time history measurements and high-speed imaging of the ignition
process in this facility were used to determine auto-ignition delay times and observe and characterize
ignition behaviors. The simulated syngas mixtures were composed of H2 and CO with a molar ratio of
0.7, for equivalence ratios (u) of 0.1 and 0.5, near air dilution (i.e. molar O2 to inert gas ratio of
1:3.76), with N2 as the primary diluent gas. The pressures and temperatures after compression ranged
from 3–15 atm and 870–1150 K respectively. The comprehensive results of the present work combined
with those from previous shocktube studies in the literature clearly illustrate the existence of both homo-
geneous and inhomogeneous auto-ignition behaviors at these conditions. Analysis of patterns in the igni-
tion behaviors revealed a dependence on temperature, pressure, and equivalence ratio with distinct
thermodynamic regions in which the ignition behavior is consistent and repeatable. Predicted locations
of the strong ignition limit made using a criterion which compares laminar flame speed to a thermal gra-
dient driven front propagation speed have excellent agreement with the experimental findings for each u
and an assumed gradient of 5 K/mm. Experimental validation of this unique and powerful criterion
means that it can be used for a priori prediction of the strong ignition limit using basic computational
simulations. The validity of this criterion is fundamentally important, quantitatively describing the roles
of chemical kinetics, thermo-physical properties, and device dependent thermal characteristics in deter-
mining auto-ignition behavior. Additionally, a comparison of the measured auto-ignition delay times to
predictions made using zero-dimensional homogeneous reactor modeling revealed that agreement was
dependent on u, with excellent agreement for u = 0.1 and large discrepancies for u = 0.5. These results
indicate that while inhomogeneous ignition phenomena are not entirely avoidable by reducing equiva-
lence ratio, the subsequent effects on the accuracy of typical auto-ignition delay time predictions may
be reduced or eliminated.

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Synthesized gas, or syngas, is a mixture composed primarily of
hydrogen and carbon monoxide, which can be produced via
gasification of coal and combusted directly in a gas turbine as part
of an Integrated Gasification Combined Cycle (IGCC) power plant.
Compared to a pulverized coal system, an IGCC plant can achieve
reductions in emissions of SOx, NOx, particulate matter, and heavy
metals without a significant decrease in overall plant efficiency [1].
Currently the gas turbine portion of the IGCC system is in
development, with a focus on the abatement of increased NOx

production resulting from the increased flame temperatures of this
high-hydrogen-content fuel [2]. A modern method of temperature
control is to utilize a lean pre-mixed combustion strategy, other-
wise known as ‘‘Dry Low-NOx’’, with a fuel-to-air equivalence ratio
(u) nearing 0.5 [3]. Given that the behavior of a pre-mixed com-
bustion system is highly dependent on the chemical kinetics of fuel
oxidation, it is imperative that both these kinetics and the chemi-
cally driven ignition behaviors (auto-ignition) be well understood
at gas turbine post-compressor conditions (P � 10–30 atm,
T < 1000 K) [4] for air–dilute mixtures over a range of equivalence
ratios [5]. Adding to the complexity of such a combustion system is
the high variability in syngas fuel composition, where, for example,
relative molar fractions of H2 to CO can range from �0.4 to 1 for
coal-derived syngas [6].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2014.03.001&domain=pdf
http://dx.doi.org/10.1016/j.combustflame.2014.03.001
mailto:amansfld@umich.edu
mailto:mswool@umich.edu
http://dx.doi.org/10.1016/j.combustflame.2014.03.001
http://www.sciencedirect.com/science/journal/00102180
http://www.elsevier.com/locate/combustflame


A.B. Mansfield, M.S. Wooldridge / Combustion and Flame 161 (2014) 2242–2251 2243
While the kinetics of syngas and pure hydrogen oxidation have
been well studied and modeled, see Chaos and Dryer [4] and the
references contained therein, there have been only a few experi-
mental investigations of auto-ignition behavior conducted at a
small range of conditions (Voevodsky and Soloukhin [7] – undi-
luted H2, Meyer and Oppenheim [8] – air–dilute H2 u = 1.0,
Blumenthal et al. [9] – air–dilute H2 u = 0.4, Kalitan et al. [10] –
air–dilute syngas u = 0.4 and molar H2:CO = 0.05–4.0, and Walton
et al. [11] – air–dilute syngas u = 0.1–0.4 and molar H2:CO = 0.25–
4.0). In these studies, optical techniques were employed during
ignition measurements in a variety of experimental facilities,
which revealed diverse auto-ignition behaviors at thermodynamic
conditions relevant to gas turbine operation. The observed behav-
iors consisted of both homogeneous (spatially uniform emission or
detonation wave) and inhomogeneous (localized reaction sites and
deflagration) phenomena.

Voevodsky and Soloukhin [7] and Meyer and Oppenheim [8]
observed a clear transition between inhomogeneous and homo-
geneous auto-ignition behavior at varying initial thermody-
namic conditions, i.e. the strong ignition limit. These studies
indicate ignition behaviors are generally repeatable and strongly
related to the unburned condition. Voevodsky and Soloukhin [7]
further illustrated that the strong ignition limit corresponds to
the second explosion limit of hydrogen at low pressures, dem-
onstrating the importance of dominant chemical kinetic path-
ways in determining ignition behavior. Meyer and Oppenheim
[8] expanded on the work by Voevodsky and Soloukhin [7] at
low pressures, discovering that a specific value of the tempera-
ture derivative of the auto-ignition delay time (which they de-
fined as the thermal sensitivity of the system) was well
correlated with the strong ignition limit – thus connecting
auto-ignition behavior to the dominant chemical kinetic path-
way and thermal non-uniformities in the unburned gas. This
was an important indication that transitions in auto-ignition
behavior can be understood and potentially predicted using
thermal sensitivity.

The relationship between thermal non-uniformities and auto-
ignition behavior was investigated computationally by Sankaran
et al. [12] using high fidelity direct numerical simulations of air–di-
lute pure H2 at u = 0.1. These simulations revealed that indeed var-
ious auto-ignition behaviors could be caused by distributed
thermal non-uniformities. A non-dimensional criterion was
proposed which compared thermal gradient driven propagation
speed and laminar flame speed to indicate the transition between
inhomogeneous and homogeneous ignition behaviors. Since a
propagation speed determined by a thermal gradient is directly re-
lated to thermal sensitivity, this criterion again highlights the
importance of the value of the thermal sensitivity. While providing
a potentially powerful tool in the prediction of auto-ignition
behavior, this criterion had not been experimentally validated
prior to the results of the current work.

The understanding and prediction of the occurrence of various
auto-ignition behaviors are important, as is the relationship
between auto-ignition behaviors and the accuracy of basic homo-
geneous ignition modeling. As highlighted in Chaos and Dryer
[4], it is apparent that auto-ignition delay time measurements for
experiments with inhomogeneous ignition behavior are up to sev-
eral orders of magnitude less than typical model predictions;
whereas measurements for experiments with homogeneous igni-
tion behavior are generally in excellent agreement with these pre-
dictions. This highlights a potentially catastrophic tendency of
syngas fuels to ignite at unexpected locations or times if inhomo-
geneous ignition behavior occurs. With this in mind, there is cur-
rently a lack of understanding as to whether the effects
inhomogeneous ignition necessarily lead to inaccuracy in basic
auto-ignition delay modeling.
The objectives of the current study were to comprehensively
advance the understanding and prediction of the auto-ignition
behaviors of air–dilute syngas for a broad range of conditions,
and to evaluate the relationship of such behaviors to the predictive
accuracy of basic auto-ignition delay time modeling. The objectives
were accomplished in part through an experimental investigation
of syngas auto-ignition behavior and ignition delay times at lean
conditions, using the University of Michigan Rapid Compression
Facility (UM-RCF). The results were then combined with those
from the shocktube studies of Blumenthal et al. [9] and Kalitan
et al. [10] to comprehensively map auto-ignition behavior as a
function of initial thermodynamic state and equivalence ratio. On
these maps, the strong ignition limit was identified and compared
to the second explosion limits of hydrogen and values of thermal
sensitivity. The locations of the experimentally determined strong
ignition limits were also compared to predictions made using the
criterion of Sankaran et al. [12], the first application of this tool
to experimental data. Lastly, the auto-ignition delay time measure-
ments were compared to predictions made using typical zero-
dimensional homogeneous reactor ignition modeling and the
formaldehyde oxidation mechanism of Li et al. [13] (Li 2007
mechanism).
2. Methods

2.1. Experimental

Ignition experiments were conducted for realistic but simple
syngas mixtures for two values of equivalence ratio (u = 0.1 and
0.5), designed to represent lean syngas mixtures used in the power
industry [14]. Both mixtures contained only H2 and CO as fuel, with
a molar ratio of H2:CO = 0.7, and were approximately air–dilute
with N2, i.e. molar O2 to inert gas ratio of 1:3.76. In some cases
small amounts of the N2 diluent gas were replaced by Ar and/or
CO2 to modify the test temperature. Ignition experiments were
conducted at approximately 3, 5, 10, and 15 atm for the broadest
range of temperatures allowable in the UM-RCF for these mixtures
(�950–1150 K, based on experimental test times). The composi-
tion of the gas mixture and the thermodynamic state correspond-
ing to each auto-ignition delay time measurement are given in the
Supplemental material section.

Regarding the experimental apparatus, the UM-RCF is uniquely
designed to create uniform thermodynamic conditions through an
isentropic compression process [15]. A detailed description of the
UM-RCF and results of studies characterizing its performance can
be found in Donovan et al. [15] and He et al. [16]. Briefly, the appa-
ratus consists of a long cylinder, the Driven Section, in which a gas
mixture is rapidly compressed by the motion of a free piston
(Sabot). Prior to compression, the test volume is evacuated with
a pump and then filled with a specific test gas mixture. Upon firing,
the Sabot travels the length of the Driven Section compressing the
test gas mixture into the Test Section – a small cylindrical volume
located at the end of the Driven Section (�50 mm length and
50 mm diameter). As the Sabot reaches its final position near the
Test Section, the Sabot achieves an annular interference fit, thereby
sealing the test gas mixture in the Test Section. At this point, the
Test Section is filled with a uniform and isentropically compressed
test gas mixture at the desired initial thermodynamic condition.
This is achieved in large part because cool boundary layer gases
from the Driven Section are trapped in an external volume formed
by the geometry of the Sabot [15,17].

For this study, the Test Section was instrumented with a piezo-
electric transducer (6125B Kistler, Amherst, NY) and charge ampli-
fier (5010 Kistler, Amherst, NY) for pressure measurements, and a
transparent polycarbonate end-wall to permit high-speed imaging



Fig. 1. Typical experimental pressure time history at experimental conditions of
P = 10.2 atm, T = 1060 K, u = 0.1; where, sign is the auto-ignition delay time and
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of the ignition process. During each experiment the pressure time
history was recorded using the pressure transducer at 100 kHz
sampling frequency. The uncertainty in the pressure measure-
ments is estimated as 61% (�0.1 atm) considering both the sig-
nal-to-noise ratio in the post-ignition pressure time history data
and the non-linearity limits defined by Kistler during the calibra-
tion process. High-speed color imaging was recorded using a digi-
tal video camera (V711-8G-MAG-C, Vision Research, Phantom)
with a Navitar 50 mm lens (F0.95), a Hoya 62 mm lens (+2 zoom),
and a Hoya 62 mm UV(0) filter. Video sequences were recorded at
25,000 frames/s with a CMOS array resolution of 512 � 512 pixels,
resulting in an exposure time of 39.3 ls.

All test gas mixtures were made using a dedicated stainless
steel tank and the mixture composition was determined by mea-
surement of the relative partial pressures of the components. After
filling, the tank was left to rest for at least one hour before the test
gas was used for an experiment, during which time the mixture
homogenized by diffusion. Error in the mixture composition is as-
sumed to be negligible and have negligible effect on the ignition
results, considering �80–95% of the mixture is comprised of N2

and O2.

Dsign is the symmetric uncertainty of the auto-ignition delay time.
2.2. Computational

Auto-ignition delay time predictions were made using the con-
stant volume adiabatic zero-dimensional homogeneous reactor
model in the CHEMKIN software suite [18] with the Li 2007 chem-
ical kinetic mechanism. This mechanism was used only, given its
previous success in predicting syngas ignition behavior [4,13]
and the minor differences in predictions seen between other H2

and CO reaction mechanisms in other studies [19]. Using this igni-
tion model, a corresponding auto-ignition delay time prediction
was calculated for each ignition experiment conducted in the
UM-RCF, using the exact initial thermodynamic condition and mix-
ture composition. For each prediction, quantified uncertainty
bounds of the model predictions were calculated using the known
uncertainty in the ‘‘A-factor’’ of the Arrhenius reaction rates for the
two most sensitive reactions, H + O2 = H + OH (R1) & H + O2

(+M) = HO2 (+M) (R9), selected using OH sensitivity analysis in
the CHEMKIN software suite. The rate coefficients used for this
reaction are listed in the Supplemental material section. Iso-con-
tours of constant predicted auto-ignition delay time and thermal
sensitivity were also calculated using this model for a broad range
of initial thermodynamic conditions and nominal reaction rates,
though a constant pressure boundary condition was applied when
calculating thermal sensitivity.
3. Results and discussion

For each experiment in the UM-RCF, a pressure time history and
a high-speed imaging video were recorded, allowing for the deter-
mination of an auto-ignition delay time and direct observation and
classification of the auto-ignition behavior. A typical pressure time
history during an ignition experiment for the present work can be
seen in Fig. 1. Trends in the pressure data illustrate a pressure in-
crease during the compression stroke until the Sabot is seated at
the end-of-compression event, followed by a slight decrease in
pressure due to heat transfer from the test gas volume into the cool
Test Section walls, followed by a large and rapid increase in
pressure during the ignition event. For each experiment, the time
and pressure value was noted at three distinct events: end-of-
compression (EOC), minimum pressure (Pmin), and maximum
pressure (Pmax), denoted in Fig. 1. After filtering the pressure time
history with a 75-point smoothing algorithm to reduce signal
noise, the pressure and time value for each event was defined
mathematically as a local maximum or minimum respectively.
The nominal ignition event was defined as occurring at the average
time of Pmin and Pmax with symmetric uncertainty bounds assigned
to span the time from Pmin to Pmax. The nominal auto-ignition delay
time was defined as the time from EOC to the ignition event, with
symmetric uncertainty bounds defined by the uncertainty bounds
of the ignition event time. Overall, this definition is quite general
and biases the auto-ignition delay times slightly to faster times
compared to conventional definitions based on the maximum rate
of pressure rise. However, this approach ensures the analysis can
be applied to all experiments regardless of ignition behavior, which
was critical given the wide range of conditions considered in this
work yielding variable pressure time history characteristics. Addi-
tionally, the uncertainty limits assigned in this study ensure that
the conventional definition of auto-ignition delay time based on
the maximum rate of pressure rise is captured within the bounds
of the reported measurements.

While the pressure within the Test Section was directly mea-
sured throughout each experiment, it was necessary to calculate
the bulk temperature using thermodynamic relations. Experimen-
tally verified by Donovan et al. [15], the initial compression stroke
in the UM-RCF is well represented as isentropic compression.
Furthermore, assuming that the gas volume contained in the Test
Section is composed of an ‘‘adiabatic core’’ and a ‘‘boundary layer
region’’, as defined in Lee and Hochgreb [20], the pressure decrease
after the EOC event can be modeled as isentropic expansion. With
these well supported assumptions in place, the initial uncom-
pressed thermodynamic conditions were used in conjunction with
isentropic state relations to calculate the temperature at both EOC
and Pmin. Propagation of the pressure measurement uncertainty of
61% through the isentropic state relations yields an uncertainty of
60.4% in the assigned temperature (�5 K). This is in very good
agreement with expected thermal variations in the UM-RCF, exper-
imentally determined by Donovan et al. [15] to be less than �10 K
by direct thermocouple measurement.

For each experiment a thermodynamic state was assigned, rep-
resenting the isobaric/isothermal condition at which the experi-
mental was conducted. In most cases, there was no appreciable
decrease in temperature between the EOC event and the ignition
event (i.e. <10 K change from PEOC to Pmin), and so the EOC thermo-
dynamic state was assigned to the experimental result. However,
for the cases with appreciable decreases in temperature (i.e.



Fig. 2a. Single frame from high-speed imaging of homogeneous ignition behavior,
illustrating uniform chemilluminescence for experimental conditions P = 3.3 atm,
T = 1043 K, u = 0.1.

Fig. 2b. Single frame from high-speed imaging of inhomogeneous ignition behav-
ior, illustrating non-uniform chemilluminescence with various localized flame-like
structures, for experimental conditions P = 9.2 atm, T = 1019 K, u = 0.5.
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>10 K) in that time period, an average thermodynamic state was
assigned. The average pressure was defined mathematically as
the arithmetic mean of the pressures at the EOC and Pmin. The aver-
age temperature was calculated thereafter assuming an isentropic
expansion from the thermodynamic state at the EOC event to the
average pressure. Assignment of an average state captures heat
transfer effects on the experiment while retaining critical clarity
in both reporting and interpreting the experimental results, thus
greatly improving the archival value of the results as compared
to using the EOC conditions. Similar methods of assigning an
average or ‘‘effective state’’ to experiments exhibiting some non-
adiabatic behavior have been successfully applied in numerous
past experiments using the UM-RCF [11,15]. Moreover, the use of
average conditions allows straightforward interpretation of the data
using isobaric and isothermal reporting techniques such as the P–T
diagrams and Arrhenius diagrams presented later in this work.

Other methods to represent the effects of heat transfer on sim-
ilar rapid compression experiments exist, such as those which inte-
grate a non-reactive pressure time history or a derived ‘‘volume
trace’’ into the modeling process as done in Gersen et al. [21], Mit-
tal et al. [22], and Würmel et al. [23]. Different modeling methods
were considered in the current work and results are compared in
the Supplemental material section. While incorporation of a vol-
ume trace is indeed a more time-dependent treatment of heat
transfer effects, the merit of implementing such detail is small
and may be significantly outweighed by the often overlooked
drawbacks. Foremost, if this empirical method is used without
appropriate documentation, the archival value of the data is signif-
icantly reduced. Without any record of the heat loss profiles,
appropriate comparisons cannot be made between experimental
facilities or model predictions, and any quantitative understanding
of the effects of heat transfer in the experiments is lost. A standard
for reporting rapid compression machine heat losses using these
empirical corrections has yet to be established or a criterion for
when it is appropriate to take such steps to represent heat losses
(clearly not all experiments need such attempts, only systems
and conditions with high heat transfer rates). As noted above, a cri-
terion of a maximum temperature change of 10 K was applied in
this study. Further, comparison of the volume trace and the effec-
tive state methods revealed no significant difference between
auto-ignition delay time predictions (<15%), which was particu-
larly irrelevant when the uncertainty in the chemical kinetic mech-
anism was appropriately considered. Thus, the assignment of an
effective state allows for both improved archival clarity and equiv-
alent accuracy as compared to the volume trace method.

Typical high-speed imaging results of chemilluminescence dur-
ing syngas auto-ignition in the UM-RCF are shown in Figs. 2a and
2b, illustrating both homogeneous and inhomogeneous auto-igni-
tion phenomena respectively. As seen in the figure, homogeneous
ignition is indicated by spatially uniform chemilluminescence
emission; whereas, inhomogeneous ignition is indicated by local
emission features forming flame-like structures which propagate
and merge. In some experiments, inhomogeneous phenomena
were followed by homogeneous ignition of the unburned gas vol-
ume. Based on the observed chemilluminescence behavior, each
experiment was classified as exhibiting one of three ignition
behaviors, strong, weak, or mixed, described in detail in Table 1.
In general, the imaging closely resembled previous high-speed
imaging results for syngas ignition seen in Walton et al. [11]. In
several low-pressure experiments no chemilluminescence was ob-
served, likely due to low energy content and/or low-densities, and
the ignition behavior was classified as strong by default.

In order to compare ignition behaviors from the UM-RCF to
those observed in Blumenthal et al. [9] and Kalitan et al. [10], it
was necessary to re-classify the behavior in these other studies
according to the three categories in Table 1. In Blumenthal et al.
experiments were originally classified as ‘‘Strong’’, ‘‘DDT’’ (Defla-
gration to Detonation Transition), or ‘‘no DDT’’ which were defined
as strong, mixed, and weak ignition in the present work respec-
tively. In Kalitan et al. experiments were classified as exhibiting
‘‘early OH emission’’ or not, which were defined as mixed and
strong ignition in the present work respectively.
3.1. Auto-ignition behavior

Figure 3 presents the observed ignition behavior as a function of
thermodynamic state for mixtures with u = 0.1. A range of behav-
iors is evidenced, with strong ignition generally at temperatures
above �1000 K transitioning to mixed and/or no ignition as the
temperature decreases. The data show the ignition behavior is
strongly related to initial thermodynamic state and is repeatable,
with generally clear boundaries between different regions. The
boundary between mixed and strong ignition behaviors at lower



Table 1
Classification of ignition behavior based on high-speed imaging results.

Ignition classification Imaging characteristics Auto-ignition phenomena

Strong Spatially uniform only Homogeneous
Weak Flame-like structures only Inhomogeneous
Mixed Flame-like structures then spatially uniform in unburned gas volume Inhomogeneous, then homogeneous in unburned gas volume

Fig. 3. Ignition behavior as a function of thermodynamic state for mixtures with
u = 0.1. The strong ignition limit is shown as a hashed area. H2/O2 explosion limits
are shown as solid lines with upper and lower bounds shown as dashed lines,
representing uncertainty in the rate coefficient of reactions R1 and R9.

Fig. 4. Ignition behavior as a function of thermodynamic state for mixtures with
u = 0.5. Results are from the present work, Kalitan et al. [10], and Blumenthal et al.
[9]. The strong ignition limit is shown as a hashed area. H2/O2 explosion limits are
shown as solid lines with upper and lower bounds shown as dashed lines,
representing uncertainty in the rate coefficient of reactions R1 and R9.
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pressures (2–5 atm) is the strong ignition limit and is marked as a
hashed area. A strong ignition limit is not evident at higher pres-
sures (10–15 atm) though, where no mixed ignition is observed
at any temperature.

Figure 4 presents the observed ignition behavior as a function of
thermodynamic state for mixtures with u = 0.5, including results
from Blumenthal et al. [9] and Kalitan et al. [10]. Again, a range
of behaviors was observed, with strong ignition generally at the
highest temperatures transitioning to mixed, then weak, then no
ignition as the temperature decreases. There is excellent agree-
ment between the results in the present work and those from Blu-
menthal et al. [9] and Kalitan et al. [10]. This finding suggests that
the ignition behavior of syngas is not highly sensitive to the molar
ratio of H2:CO at these conditions and that the behavior trends are
not strongly device dependent. Overall the data show the ignition
behavior is strongly related to initial thermodynamic state and is
repeatable, with generally clear boundaries between different re-
gions. The boundary between mixed and strong ignition is the
strong ignition limit, which exhibits a clear dependence on pres-
sure and is marked as a hashed area. The onset of mixed ignition
at higher pressures as the equivalence ratio is increased from 0.1
to 0.5 is an indication that the energy content of the mixture is re-
lated to the auto-ignition behavior, in agreement with previous
findings that connected inhomogeneous ignition phenomena and
‘‘high energy density mixtures’’ [4]. This relation is not evident at
lower pressures, however, where the strong ignition limit seems
largely unaffected by changes in the equivalence ratio.

With the strong ignition limit experimentally determined for
u = 0.1 and 0.5, it was possible to develop a more complete under-
standing of the transition in auto-ignition behavior. This was
accomplished through a comparison of the strong ignition limit
in each case to: (1) the second explosion limits of hydrogen, as
suggested by Voevodsky and Soloukhin [7], (2) values of thermal
sensitivity, as suggested by Meyer and Oppenheim [8], and (3)
predicted locations of the strong ignition limit, as proposed by
Sankaran et al. [12].

3.1.1. H2/O2 second explosion limits
The explosion limits are thermodynamic states which mark a

transition between regions of dominant H2/O2 chemistry. While
Voevodsky and Soloukhin [7] considered only the classical second
explosion limit in their analysis, in the present work the extended
second explosion limit was also included. A detailed description of
these two limits is given in Zheng and Law [24]. Briefly, the classi-
cal second limit represents the competition between the dominant
chain-branching pathway (H + O2 = OH + O (R1)), and the domi-
nant chain-terminating pathway (R9). The limit is the thermody-
namic state at which the reaction rates of these two reactions
are equal and no net radicals (O, OH) are produced. The extended
second limit represents a similar balance between radical genera-
tion and termination, though it includes HO2 chemical pathways
significant only at pressures greater than �1 atm, i.e. the second
limit represents the competition between the chain-branching
reactions ((R1), HO2 + H = OH + OH (R11)), the chain-propagating
reaction (H + O2 = HO2 (R9)), and the chain-terminating reaction
(HO2 + H = H2 + O2 (R10)). The extended second limit is the ther-
modynamic state at which no net radicals (H, O, OH, HO2) are pro-
duced. Note that this formulation for the extended second limit is
simplified, as done in Zheng and Law [24], assuming that HO2 is
consumed only by H. The thermodynamic states corresponding
to the classical and extended second limits were calculated using
formulations from Zheng and Law [24] where,



Fig. 5. Ignition behavior as a function of thermodynamic state for mixtures with
u = 0.1. The strong ignition limit is shown as a hashed area. Calculated iso-contours
of thermal sensitivity are shown as solid lines and calculated iso-contours of auto-
ignition delay time are shown as dotted lines. The iso-contour of critical thermal
sensitivity, �0.7 ms/K, is the bold solid line.

Fig. 6. Ignition behavior as a function of thermodynamic state for mixtures with
u = 0.5. The strong ignition limit is shown as a hashed area. Results are from the
present work, Kalitan et al. [10], and Blumenthal et al. [9]. Calculated iso-contours
of thermal sensitivity are shown as solid lines and calculated iso-contours of auto-
ignition delay time are shown as dotted lines. The iso-contour of critical thermal
sensitivity, �0.04 ms/K, is the bold solid line.
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Classical second limit : ½M� ¼ 2k1

k9
½mole=m3� ð1Þ

Extended second limit : ½M� ¼ 2k1

k9
� k10

k10 þ k11
ð2Þ

½M� ¼ P
RT

ð3Þ

R = universal gas constant, P = pressure, T = temperature.
The thermodynamic location of the second explosion limits

were calculated using the nominal reaction rate values of the Li
2007 mechanism. Uncertainty bounds were assigned using the
known uncertainty of the reaction rates of R1 and R9, consistent
with the computational work described previously.

The calculated classical and extended second explosion limits
are included in the maps of ignition behavior in Fig. 3 and 4. As
illustrated in Fig. 3 for u = 0.1, the classical explosion limit corre-
lates with the strong ignition limit at low pressures (2–5 atm)
and the extended explosion limit correlates well with the transi-
tion from strong to no ignition at high pressures (10–15 atm). As
illustrated in Fig. 4 for u = 0.5, the classical explosion limit corre-
lates well with the strong ignition limit at low pressures (1–
5 atm); however, at higher pressures the strong ignition limit is
not well described by either the classical or extended explosion
limit with progressively worse deviation as pressure increases be-
yond 5 atm. It is therefore apparent that the classical H2/O2 second
explosion limit is a good predictor of the location of the strong
ignition limit for pressures less than �5 atm for a range of equiva-
lence ratios; however, the accuracy of such prediction falls off rap-
idly as pressure increases beyond this value even if the extended
second limit is considered. This finding at lower pressures is in
excellent agreement with Voevodsky and Soloukhin [7], and sug-
gests that at low pressures the dominant H2/O2 chemical pathway
is highly correlated to the auto-ignition behavior, whereas at high-
er pressures other factors must be considered. As discussed in
Chaos et al. [25] and the references contained therein, competing
chemical kinetic and transport time-scales near the extended sec-
ond explosion limit at higher pressures are expected and it is likely
that consideration of transport phenomena is indeed necessary at
higher pressures.

3.1.2. Thermal sensitivity
As previously discussed, Meyer and Oppenheim [8] built on the

work by Voevodsky and Soloukhin [7] and devised a method to
more deliberately consider the relationship between gas-dynamic
effects and the strong ignition limit, based on the assumption that
numerous thermal non-uniformities exist within the reacting vol-
ume. It was postulated that these non-uniformities will lead to
localized reaction centers (inhomogeneous behavior) in regions
with higher thermal sensitivity and longer auto-ignition delay
times, where chemical kinetic and transport time-scales are simi-
lar. It was indeed demonstrated in their study for an air–dilute
pure H2 mixture at u = 1.0 that a limiting value of the thermal
sensitivity of approximately �2 ls/K exists which corresponds
well to the strong ignition limit at pressures below 3 atm; where
regions with higher thermal sensitivity exhibit inhomogeneous
auto-ignition and regions with lower thermal sensitivity exhibit
homogeneous auto-ignition.

In a similar fashion, thermal sensitivity values were calculated
in the present work and iso-contours of these values were com-
pared to the experimentally determined strong ignition limit for
each equivalence ratio. Figures 5 and 6 present the ignition behav-
ior for u = 0.1 and u = 0.5, respectively, as a function of initial ther-
modynamic state with iso-contours of predicted auto-ignition
delay time and thermal sensitivity included for comparison. For
u = 0.1 there is a close correlation between the iso-contour of
thermal sensitivity ��0.7 ms/K and the strong ignition limit.
Correspondingly for u = 0.5 there is a close correlation between
the iso-contour of thermal sensitivity ��0.04 ms/K and the strong
ignition limit. These two values are therefore considered the criti-
cal values of thermal sensitivity for each equivalence ratio and
their existence supports the notion of a critical thermal sensitivity
previously made by Meyer and Oppenheim [8]. Similar to findings
by Meyer and Oppenheim [8], regions with thermal sensitivity in
excess of the critical iso-contours exhibited mixed or weak



Fig. 7. Ignition behavior as a function of thermodynamic state for mixtures with
u = 0.1. The strong ignition limit is shown as a hashed area. Predicted locations of
the strong ignition limit are shown as solid lines and calculated iso-contours of
auto-ignition delay time are shown as dotted lines. The most accurate predicted
strong ignition limit, for a 5 K/mm gradient, is the bold solid line.
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behavior; whereas, regions with lower sensitivity exhibited only
strong behavior. Important to note is the excellent agreement be-
tween the critical iso-contour of thermal sensitivity and the strong
ignition limit at high pressures for u = 0.5, a marked improvement
over the predictions using the H2/O2 second explosion limits. These
findings are strong evidence that the value of thermal sensitivity is
indeed an important factor in determining auto-ignition behavior
across many mixture and thermodynamic conditions relevant to
gas turbine operation. It follows that the assumptions originally
made by Meyer and Oppenheim [8] are supported in the present
work as well, that thermal non-uniformities and subsequent
localized reaction centers are a dominant cause of inhomogeneous
ignition behavior.

From the perspective of predicting auto-ignition behavior, using
thermal sensitivity is a step forward from using the explosion lim-
its in that high pressure behaviors can be captured. However, in or-
der to determine the critical value of thermal sensitivity of a given
mixture it is still necessary to find the strong ignition limit exper-
imentally for at least a few pressure values. These experiments
may be avoided for mixtures and conditions sufficiently similar
to those studied in the present work. For example, critical values
can be estimated for different equivalence ratios by interpolating
between the results of the current work (u = 0.1 and 0.5) and in
Meyer and Oppenheim (u = 1.0). Furthermore, it is not clear how
these thermal sensitivity limits extend to less ideal combustion
devices, which can contain higher magnitudes of thermal non-
uniformities and turbulence. Overall, while a priori prediction of
the strong ignition limit is not possible using thermal sensitivity,
establishing the connection between thermal sensitivity and the
strong ignition limit at a minimum reduces the number of experi-
ments necessary to define the strong ignition limit for a system.

3.1.3. Sankaran criterion
As previously mentioned, the effect of distributed thermal non-

uniformities on auto-ignition behavior in pure H2 mixtures was
investigated in detail by Sankaran et al. [12] using high fidelity di-
rect numerical simulation methods. In that work auto-ignition
behavior was investigated for air–dilute H2 at u = 0.1 in a small
constant pressure reactor (4.1 mm � 4.1 mm), with a distribution
of thermal gradients and a constant turbulence flow field. Two dis-
tinct ignition behaviors emanating from thermal hot spots were
subsequently observed: spontaneous propagation – where a
reaction front propagates at a speed (up) equal to the inverse of
the gradient of the auto-ignition delay time (ds/dx)�1, and deflagra-
tion – where a reaction front propagates at the laminar flame speed
s0

u

� �
. Sankaran et al. [12] postulated that a non-dimensional transi-

tion parameter, b, exists which indicates the relative dominance of
the two ignition behaviors,

b ¼ s0
u

up
¼ s0

u

ds
dx

� ��1 ð4Þ

where if b < 1 a homogeneous explosion (strong ignition) will occur,
and if b > 1 then an inhomogeneous deflagration front (mixed or
weak ignition) will occur. If the gradient of the auto-ignition delay
time is decomposed into a product of the thermal gradient (dT/dx)
and thermal sensitivity (ds/dT), as was done by Walton et al. [17],
then the importance of thermal sensitivity is illustrated in the fol-
lowing criterion (which we define as the Sankaran Criterion),

ds
dT

<
dT
dx

s0
u

� ��1

ð5Þ

where strong ignition will occur if the inequality is true, and mixed
or weak ignition will occur if the inequality is false.

In the current work, the Sankaran Criterion was used predict the
thermodynamic location of the strong ignition limit by evaluating
the inequality across the range of initial temperature and pressure
values for each equivalence ratio and a range of initial thermal gra-
dients (3, 5, 10, 20 K/mm). Typical thermal gradients in similar
experimental devices are expected to be on the order of 5 K/mm
based on findings from Walton et al. [17] and Strozzi et al. [26].
Additional thermal gradient values were included to illustrate
the sensitivity of the predicted limits to this parameter and expand
the predictions to higher thermal gradients which may be more
representative of practical combustion devices. Laminar flame
speeds were calculated using the ‘‘Premixed Laminar Flame-Speed
Calculation’’ module in the CHEMKIN software suite [18] with the
Li 2007 kinetic model [11]. At temperatures above �1025 K it was
necessary to extrapolate laminar flame speeds from lower temper-
atures, which was done using an exponential fit with correlation
coefficients above 0.997. For simplicity, the nominal A-factors
and transport parameters provided in the Li 2007 mechanism were
used for the calculations. Thermal sensitivity values determined
for the iso-contours presented earlier were used for this analysis
as well. All calculations were completed with the same syngas
mixture used in the experimental work (air–dilute with molar ratio
H2:CO = 0.7).

Figures 7 and 8 present the ignition behavior for u = 0.1 and
u = 0.5, respectively, as a function of initial thermodynamic state
with iso-contours of predicted auto-ignition delay time and pre-
dicted strong ignition limits for various thermal gradient magni-
tudes. For u = 0.1 there is excellent correlation between the
experimental and the predicted strong ignition limit for 5 K/mm.
Quite remarkably, the predicted limit moves to drastically lower
temperatures as pressure is increased beyond 3 atm, correctly pre-
dicting the absence of a strong ignition limit at higher pressures
mentioned earlier. This shift to lower temperatures corresponds
to a significant decrease in laminar flame speeds as pressure in-
creases beyond 3 atm and is not captured by the critical thermal
sensitivity iso-contour. For u = 0.5, there is also remarkable corre-
lation between the experimental and the predicted strong ignition
limit for 5 K/mm for the entire pressure range considered. The pre-
diction is somewhat less representative of the experimental data
closer to 1 atm, predicting a strong ignition limit�50 K higher than
what was measured, but that is most likely within the uncertainty



Fig. 8. Ignition behavior as a function of thermodynamic state for mixtures with
u = 0.5. The strong ignition limit is shown as a hashed area. Predicted locations of
the strong ignition limit are shown as solid lines and calculated iso-contours of
auto-ignition delay time are shown as dotted lines. The most accurate predicted
strong ignition limit, for a 5 K/mm gradient, is the bold solid line.
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of the prediction. As opposed to the results for u = 0.1, there is gen-
eral agreement between the predicted strong limit and the critical
thermal sensitivity iso-contour for all pressures, which is the result
of a gradual decrease in laminar flame speeds as pressure is in-
creased for u = 0.5.

Concerning the results for various thermal gradients, there is
minimal difference between strong ignition limit predictions at
pressures below �3 atm for u = 0.1 and �7 atm for u = 0.5. In both
cases, at higher pressures the predicted strong ignition limit shifts
to higher temperatures as the thermal gradient is increased. The
shift to higher temperatures occurs with decreasing magnitude
as the thermal gradient magnitude is increased, suggesting that
the strong ignition limit may asymptote as thermal gradients in-
crease to much higher values. It is noteworthy that the thermal
gradient of 5 K/mm yielded the most accurate predictions, in excel-
lent agreement with the expected gradient magnitudes in the
experimental UM RCF and shock tube equipment.

Overall, these results indicate that the Sankaran Criterion is in-
deed an excellent tool for a priori prediction of the strong ignition
limit, with no experimentation necessary for its application. It is
accurate and easy to use, requiring only basic computational mod-
eling and the magnitude of characteristic thermal gradients in the
system. Beyond the predictive capability, it also provides a
straightforward method for extending experimental results to
other mixtures, conditions, and devices; a key attribute for com-
bustor designers. The validation of this simple non-dimensional
criterion is important, as this criterion quantitatively describes
the roles of chemical kinetics, thermo-physical properties, and de-
vice dependent thermal characteristics on auto-ignition behavior.
In this way, it is not an alternative to the explosion limit and ther-
mal sensitivity methods investigated previously by Voevodsky and
Soloukhin [7] and Meyer and Oppenheim [8], but instead is an
important integration of these methods with transport phenom-
ena. This criterion not only provides a practical tool for combustor
designers and experimentalists, it also sheds light on the funda-
mental nature of thermally driven auto-ignition behaviors in pre-
mixed combustion systems.
Considering the success of this criterion, it is apparent that
localized thermal gradients are the dominant driver of inhomoge-
neous ignition behavior in this work and the studies by Blumenthal
et al. [8] and Kalitan et al. [9]. Non-uniformities will be present in
any experimental or practical combustion system and could come
from a number of sources such as heat transfer, mixing, or the
presence of minute reactive or non-reactive particles like those ob-
served in Elsworth et al. [27] and considered in Chaos and Dryer
[4]. Previously, Chaos and Dryer [4] and Blumenthal et al. [9] pre-
dicted that hot spots of 150–200 K would be necessary to cause
inhomogeneous auto-ignition. The present work highlights the
importance of considering not only the absolute temperature of
hot spots but also the corresponding thermal gradients, as those
on the order of merely 3–5 K/mm were found to drive inhomoge-
neous ignition behaviors in the current work.

Varying levels of turbulence will likely impact the accuracy of
the Sankaran Criterion, through an influence on the development
of thermal gradients (highlighted in the study by Sankaran et al.
[12]), chemical kinetics (highlighted in the study by Ihme [28]),
and flame speeds (highlighted in the study by Daniele et al. [29]).
While both the UM-RCF and the shocktubes considered in this
study are assumed to be nominally quiescent, significantly higher
levels of turbulence are expected in practical devices. An investiga-
tion of turbulence effects is outside the scope of the present work;
however, current computational efforts are underway to expand
the work of Sankaran et al. [12] and Bansal and Im [30] to more di-
rectly probe the issues of turbulence-chemistry interactions.

3.2. Auto-ignition delay time

As previously discussed, while there are well documented inac-
curacies of zero-dimensional homogeneous reactor modeling in
predicting auto-ignition delay time in systems with inhomoge-
neous ignition behavior [4], there is currently a lack of understand-
ing as to whether the occurrence of inhomogeneous ignition
necessarily leads to this inaccuracy. Illustrated in Fig. 9 are the
measured and predicted auto-ignition delay times as a function
of inverse temperature for mixtures with u = 0.1 over a range of
pressures. Recall that the error bars on the experimental data rep-
resent the limits of the definition of the auto-ignition delay time
and the error bars on the simulation results represent the effects
of the uncertainty limits of R1 and R9. The results indicate excel-
lent agreement between the measured and predicted values, across
all thermodynamic conditions investigated and for both ignition
behaviors exhibited (strong and mixed). It is therefore apparent
that the presence of inhomogeneous ignition phenomena does
not significantly affect the predictive accuracy of the zero-
dimensional homogeneous reactor model using the Li 2007 mech-
anism at these conditions. This is likely related to the low energy
content of the mixture, limiting the quantity of energy released
during local ignition events and/or reducing flame speeds. The
results support this notion, given that while high-speed imaging
indicates the presence of local ignition events almost immediately
after EOC in most cases, inspection of the lower bound of the
measured auto-ignition delay time indicates that the first signs
of pressure increase occur only just before the auto-ignition event.
Important to note is the rather large uncertainty in the predicted
auto-ignition delay times for 3 atm, highlighting that consideration
of uncertainty in the reaction mechanism is critical when compar-
ing modeling and experimental data.

Illustrated in Fig. 10 are the measured and predicted auto-
ignition delay times as a function of inverse temperature for mixtures
with u = 0.5 over a range of pressures. Unlike the earlier results,
these data indicate poor agreement between the measured and
predicted auto-ignition delay times, with rapidly increasing error
as temperatures decrease below �1000 K. Note also the limited



Fig. 9. Measured and predicted auto-ignition delay time as a function of inverse
temperature for mixtures with u = 0.1. Half-filled symbols are experimental
measurements and open symbols are the predictions corresponding to each
measurement. Uncertainty bounds of the predictions are the effect of the
uncertainty in the rate coefficient of reactions R1 and R9; whereas, uncertainty
bounds of the measurements are the limits of the definition of the auto-ignition
delay time.

Fig. 10. Measured and predicted auto-ignition delay time as a function of inverse
temperature for mixtures with u = 0.5. Half-filled symbols are experimental
measurements and open symbols are the predictions corresponding to each
measurement. Uncertainty bounds of the predictions are the effect of the
uncertainty in the rate coefficient of reactions R1 and R9; whereas, uncertainty
bounds of the measurements are the limits of the definition of the auto-ignition
delay time.
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effect of the uncertainty of the reaction mechanism on the
predicted values at most of the simulation conditions. The results
therefore illustrate that the presence of inhomogeneous ignition
phenomena does indeed significantly decrease the predictive accu-
racy of the zero-dimensional homogeneous reactor model using
the Li 2007 mechanism at these conditions. It is assumed here that
the discrepancy is not the result of poor performance of this kinetic
mechanism at these conditions, given the multitude of previous
successful applications [4,13] and the agreement illustrated in
the present work for u = 0.1. This predictive inaccuracy is instead
likely related to the higher energy content of the mixture, leading
to larger energy release during local ignition events and/or in-
creased flame speeds. It is clear that nearly all the predicted
auto-ignition delay times greatly exceed the measured values, con-
sistent with previous findings highlighted in Chaos and Dryer [4].
These results are expected considering that energy release during
inhomogeneous ignition events would cause a temperature
increase of the unburned gas mixture, thus accelerating the auto-
ignition process. With this in mind, the increasing error trend as
temperature decreases can be explained by noting that as auto-
ignition delay time increases localized energy release will exist
for an increasingly longer time, thus allowing for an increasingly
pronounced effect on the unburned gases. Overall the results of
the present work illustrate an important finding, that the equiva-
lence ratio or energy content of the mixture is directly related to
the predictive accuracy of zero-dimensional homogeneous reactor
modeling of auto-ignition delay times in systems with inhomoge-
neous auto-ignition behaviors.

Unique for u = 0.5 is the existence of weak ignition behavior at
the lowest temperature conditions, seen as star markers in Fig. 10.
Auto-ignition delay time predictions should not be expected to
have good agreement with measurements in cases with weak igni-
tion behavior, given that no homogeneous auto-ignition event is
observed. These data were still included here to illustrate a poten-
tial pitfall in interpreting pressure time history data for low-
temperature auto-ignition experiments where inhomogeneous
ignition is possible. Had the ignition behavior not been directly
observed by imaging and classified appropriately as weak (flame
propagation with no observed auto-ignition of the unburned
gas), it is quite likely that these data would have been incorrectly
categorized as homogeneous auto-ignition events, resulting in
potentially unnecessary and inaccurate modification of physical
or chemical representations of the combustion system. Diagnostics
of ignition behavior are therefore vitally important in any ignition
study of syngas or other high-hydrogen content fuels at tempera-
tures below �1000 K.
4. Conclusions

This work represents the first attempt to integrate results
from diverse experimental platforms to describe common auto-
ignition behaviors of high-hydrogen content fuels, and further
to provide a quantitative basis for predicting and interpreting
data of other ignition studies, beyond syngas and the conditions
studied here. Studies such as these are vital for enabling low-
temperature combustion strategies, such as Dry Low-NOx. The
comprehensive results of the present work clearly illustrate the
existence of both homogeneous and inhomogeneous auto-igni-
tion behaviors for lean air–dilute syngas and pure H2 mixtures
at thermodynamic conditions relevant to gas turbine engines
and other combustion systems. Analysis of patterns in the igni-
tion behaviors revealed a dependence on temperature, pressure,
and equivalence ratio with distinct thermodynamic regions in
which the ignition behavior was consistent and repeatable. The
strong ignition limit was identified for each equivalence ratio,
marking the transition between homogeneous and inhomoge-
neous ignition behaviors.

The locations of the experimentally determined strong ignition
limits were compared to the second explosion limits of hydrogen,
iso-contours of thermal sensitivity, and predicted strong ignition



A.B. Mansfield, M.S. Wooldridge / Combustion and Flame 161 (2014) 2242–2251 2251
limits using the Sankaran Criterion. These three approaches
represent the historical progression of strong ignition limit predic-
tion and analysis methods. The second explosion limits of hydro-
gen were found to correlate with the strong ignition limits only
at pressures below 5 atm, indicating the importance of dominant
chemical kinetic pathways in determining auto-ignition behavior
at low pressures and the necessity to consider additional factors
at higher pressures. Iso-contours of a critical thermal sensitivity
described the strong ignition limit well; where any region (i.e. state
and mixture conditions) with a sensitivity value in excess of the
critical limit exhibited inhomogeneous ignition phenomena and
any region with a lower value exhibited homogeneous ignition
phenomena. The critical values were equivalence ratio dependent
and were found to be approximately �0.7 ms/K for u = 0.1 and
�0.04 ms/K for u = 0.5. It follows that thermal non-uniformities
and subsequent localized reaction centers are a dominant cause
of inhomogeneous ignition behavior in the present work. Predic-
tions of the strong ignition limit by the Sankaran Criterion, which
compares laminar flame speed to a thermal gradient driven front
propagation speed, were found to have excellent agreement with
the experimentally determined strong ignition limit for both
equivalence ratios for an assumed thermal gradient of 5 K/mm.
The experimental validation of this criterion, the first of its kind,
indicates that it can indeed be used for a priori prediction of the
strong ignition limit. As this criterion quantitatively describes the
roles of chemical kinetics, thermo-physical properties, and device
dependent thermal characteristics in determining auto-ignition
behavior it also provides unique and critical insight into thermally
driven auto-ignition behaviors. Overall both the Sankaran Criterion
and the ignition behavior maps created in the present work pro-
vide important, new, and unique tools that can be used in the de-
sign of combustion devices using high-hydrogen content fuels like
syngas.

In order to investigate the relationship between auto-ignition
behavior and the accuracy of zero-dimensional homogeneous reac-
tor modeling in predicting auto-ignition delay time, measured and
predicted ignition delay times were compared. The results indicate
the presence of inhomogeneous ignition phenomena does not sig-
nificantly affect the predictive accuracy of the zero-dimensional
homogeneous reactor model using the Li 2007 mechanism for
u = 0.1; whereas, the presence of inhomogeneous ignition phe-
nomena does significantly affect the predictive accuracy for
u = 0.5. This is an important indication that while inhomogeneous
ignition phenomena are not avoidable by reducing equivalence ra-
tio, the subsequent effects on the accuracy of typical auto-ignition
modeling may be reduced or eliminated. This inaccuracy for
u = 0.5 is likely related to the higher energy content of the mixture,
leading to larger energy release during local ignition events and/or
increased flame speeds which can cause a significant violation of
the isothermal/isobaric assumptions of the homogeneous reactor
model. The importance of properly observing and classifying igni-
tion behaviors was also highlighted, as ignition at the lowest tem-
peratures exhibited no homogeneous auto-ignition, only flame
propagation, and the pressure time histories could be confused
as consistent with homogeneous auto-ignition behavior if imaging
diagnostics had not been applied.
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Auto-ignition properties of iso-octane mixtures were systematically investigated at conditions relevant
to practical combustion devices using the University of Michigan Rapid Compression Facility and the
Tsinghua University Rapid Compression Machine. Pressure time history measurements and high-speed
imaging of the ignition process were used in both facilities to determine auto-ignition delay times and
directly observe physical ignition behaviors. Test mixtures used fuel-to-O2 equivalence ratios of
u = 0.25 and 1.0, and were air-dilute, i.e. molar O2 to diluent gas (N2, Ar) ratio of 1:3.76. The pressures
and temperatures after compression ranged from 3 to 30 atm and 740–1125 K respectively. The compre-
hensive results of the present work combined with those from previous shocktube studies clearly illus-
trate the existence of both inhomogeneous and homogeneous auto-ignition behaviors at these
conditions. Analysis of patterns in the ignition behaviors revealed a dependence on initial unburned tem-
perature and pressure, as well as equivalence ratio, with distinct regions of thermodynamic state in
which the behavior is consistent and repeatable. The strong ignition limits were identified for both u
using the experimental results and compared to predicted locations made using the Sankaran Criterion
(the ratio of the laminar flame speed to the thermal gradient driven spontaneous propagation speed). Pre-
dictions made using an assumed thermal gradient of 5–10 K/mm were in excellent agreement with mea-
surements at all conditions, clearly indicating that use of this criterion is an effective method for a priori
prediction of auto-ignition behaviors for iso-octane. This validation of the Sankaran Criterion for
iso-octane, an important reference hydrocarbon fuel, importantly broadens the use of this tool and is
an indication that ignition processes in hydrocarbon and high hydrogen content fuels are fundamentally
similar. Additionally, a comparison of the measured auto-ignition delay times to predictions made using
zero-dimensional homogeneous reactor modeling revealed that for experiments with inhomogeneous
ignition behaviors, agreement was dependent on u and the auto-ignition delay time. The presence of
inhomogeneous ignition behavior did not significantly affect the accuracy of auto-ignition delay time
predictions for mixtures with u = 0.25; whereas, for mixtures with u = 1.0 the presence of inhomoge-
neous ignition behavior significantly reduced the accuracy of predictions if the auto-ignition delay time
was greater than �1 ms. These results indicate that while lowering u may not eliminate inhomogeneous
ignition behaviors, the subsequent effect of these behaviors on the predictive accuracy of typical zero-
dimensional ignition modeling can be reduced or eliminated.
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1. Introduction

Low-temperature combustion strategies are used in both trans-
portation and stationary power devices to decrease NOx emissions
and improve efficiency. Reductions in combustion temperature can
be achieved using lean, pre-mixed, and/or dilute conditions, which
present challenging stability, safety, and control issues. These diffi-
culties stem in part from uncertainties in low-temperature chem-
istry as well as an increased instance and influence of abnormal
ignition behaviors such as knock and misfiring in reciprocating
engine systems or flashback and early ignition in gas turbine sys-
tems [1]. Therefore, successful application of low-temperature
combustion strategies requires improved understanding of both
low-temperature oxidation chemistry and chemically controlled
ignition (auto-ignition) behaviors.

While the oxidation chemistry of iso-octane has been well
studied, as indicated in Mehl et al. [2] and the references therein,
only Fieweger et al. [3] and Vermeer and Oppenheim [4] have
directly investigated the auto-ignition behaviors of iso-octane in a
controlled and quiescent experimental apparatus. Vermeer and
Oppenheim [4] employed optical techniques during auto-ignition
measurements in a shocktube for air-dilute stoichiometric iso-
octane, which revealed diverse auto-ignition characteristics at
thermodynamic and mixture conditions relevant to practical com-
bustion devices. These behaviors included homogeneous (spatially
uniform emission or detonation wave) and inhomogeneous (local-
ized reaction sites and deflagration) phenomena. Vermeer and
Oppenheim further observed a clear transition between these
auto-ignition behaviors at varying initial thermodynamic condi-
tions, which they defined as the strong ignition limit. Fieweger
et al. [3] expanded greatly on this work, classifying the auto-ignition
behaviors of air-dilute stoichiometric iso-octane in a shocktube over
a much broader range of initial temperatures, using pressure and CH
emission time history characteristics. Consistent with the previous
findings, Fieweger et al. [3] observed both homogeneous and inho-
mogeneous ignition behaviors and discovered a clearly defined
strong ignition limit. The results of these studies are an important
illustration that various auto-ignition behaviors are expected at
conditions relevant to practical combustion devices using iso-
octane, and that these generally repeatable behaviors are strongly
related to initial unburned thermodynamic state.

The occurrence of similar auto-ignition behaviors and indeed a
strong ignition limit at comparable thermodynamic conditions
was reported previously by Meyer and Oppenheim [5] and Mans-
field and Wooldridge [6] for air-dilute mixtures of hydrogen and
syngas (hydrogen and carbon monoxide), respectively. Importantly,
Mansfield and Wooldridge [6] discovered that a criterion first
derived by Sankaran et al. [7] (Sankaran Criterion) could accurately
predict the location of the strong ignition limit a priori using only
basic flame and homogeneous reactor modeling. Remarkably, the
criterion is a simple comparison of a thermal gradient driven prop-
agation speed to the laminar flame speed. This predictive capability
provided a new and unique tool that can be used in the design of
combustion devices with high hydrogen content fuels, where
auto-ignition behavior prediction and control is critical to perfor-
mance and safety. Likewise, this ignition behavior criterion would
be a valuable tool in the design of low-temperature combustion
systems using iso-octane or other higher hydrocarbon fuels.
Though its validity has not been evaluated for hydrocarbon fuels
previous to the present work, the theoretical foundation of the igni-
tion behavior criterion is not inherently fuel specific and a success-
ful extension to non-hydrogen-based fuels is conceivable. Also
highlighted in Mansfield and Wooldridge [6] were equivalence ratio
dependent effects of ignition behavior on the accuracy of auto-
ignition delay time predictions for syngas fuels made using typical
zero-dimensional homogeneous modeling techniques. As auto-
ignition delay time measurements were up to several orders of
magnitude faster than predictions in cases with inhomogeneous
ignition for syngas fuel, identifying and quantifying any effects for
iso-octane is vital to its safe and effective use. This is especially
important at low-temperature conditions where inhomogeneous
behaviors are considerably more prevalent [3,4].

The objectives of the current study were first to evaluate the
hypothesis that the Sankaran Criterion could be accurately applied
to iso-octane fuel, and second to investigate the effects of auto-
ignition behaviors on the predictive accuracy of basic auto-ignition
delay time modeling for this fuel. These objectives were accom-
plished in part through new experimental studies of iso-octane
auto-ignition behavior and auto-ignition delay times using the
University of Michigan Rapid Compression Facility (UM-RCF) and
the Tsinghua University Rapid Compression Machine (TU-RCM).
The auto-ignition behavior results were combined with those from
the shock tube studies of Fieweger et al. [3] and Vermeer and
Oppenheim [4] to map auto-ignition behavior as a function of ini-
tial thermodynamic state and equivalence ratio. Using these maps,
the strong ignition limit was identified for various equivalence
ratios and the location of each limit was compared to predictions
made using the Sankaran Criterion. Then the auto-ignition delay
time measurements for all experiments were compared to predic-
tions made using typical zero-dimensional homogeneous reactor
modeling and the iso-octane oxidation mechanism of Mehl et al.
[2] (referred to as the Mehl 2011 mechanism in the remainder of
this paper).
2. Methods

2.1. Experimental

Ignition experiments were conducted using mixtures of
iso-octane/air with molar fuel-to-O2 equivalence ratios of u = 0.25
and 1.0, at air levels of dilution, i.e. molar O2-to-diluent gas ratio
of 1:3.76. In the UM-RCF N2 was the primary diluent, with small vol-
umes of Ar and/or CO2 added to modify the test temperature, and in
the TU-RCM Ar was the primary diluent, with small volumes of N2

added to modify the test temperature. In the UM-RCF, ignition
experiments for u = 0.25 were conducted between 3 and 20 atm
for temperatures �900–1125 K and experiments for u = 1.0 were
conducted at �8 and 18 atm for temperatures �830–975 K. In the
TU-RCM, ignition experiments were conducted between at
u = 0.25 for 5–30 atm and temperatures�740–1050 K. The reactant
composition and initial state conditions for each auto-ignition
experiment are provided in the Supplemental Material.

A detailed description and characterization of the UM-RCF can
be found in Donovan et al. [8]. Briefly, the UM-RCF consists of
the Driven Section, in which a gas mixture is rapidly compressed
by the motion of a free piston (Sabot). Prior to compression, the
test volume is evacuated and then filled with the test gas mixture.
Upon firing, the Sabot travels the length of the Driven Section com-
pressing the test gas mixture into the Test Section – a small cylin-
drical volume located at the end of the Driven Section. As the Sabot
reaches its final position near the Test Section, the Sabot achieves
an annular interference fit, sealing the test gas mixture in the Test
Section. At this point, the Test Section is filled with a uniform and
isentropically compressed test gas mixture at the desired initial
thermodynamic condition. For this study, the Test Section was
instrumented with a piezoelectric transducer (6125B Kistler,
Amherst, NY) and charge amplifier (5010, Kistler, Amherst, NY)
for pressure measurements at 100 kHz sampling frequency, and a
transparent polycarbonate end-wall to permit high-speed imaging
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of the ignition process. The uncertainty in the pressure measure-
ments is estimated as 61% (�0.1 atm). High-speed color imaging
was recorded using a digital video camera (V711-8G-MAG-C,
Vision Research, Phantom, CMOS array, 512 � 512 pixels) with a
50 mm lens (Navitar, F0.95), a 62 mm lens (Hoya, +2 zoom), and
a 62 mm UV(0) filter (Hoya). Video sequences were recorded at
25,000 frames/s with an exposure time of 39.3 ls. All test gas mix-
tures were made using a continuously stirred stainless steel tank
and the mixture composition was determined by measurement
of the relative partial pressures of the components.

A detailed description of the TU-RCM can be found in Di et al.
[9]. Briefly, the TU-RCM consists of a Driven Section in which a
gas mixture is rapidly compressed by a piston. Prior to compres-
sion, the test volume is evacuated with a pump and then filled with
a specific test gas mixture. Upon firing, high pressure air drives the
piston into the Driven Section compressing the test gas mixture
into the Test Section. As the piston reaches its final position
hydraulic oil pressure dampens the motion. At this point, the Test
Section is filled with a uniform and isentropically compressed test
gas mixture at the desired initial thermodynamic condition. For the
current study, the TU-RCM test section was instrumented with a
piezoelectric pressure transducer (Kistler 6052CU20, Amherst,
NY) combined with a charger amplifier (Kistler 5018A1000,
Amherst, NY) for pressure measurements. The data were recorded
at 100 kHz using a data acquisition system (National Instruments
cDAQ-9178 chassis coupled with analog input model cDAQ-
9223). The uncertainty in the pressure measurements is estimated
as 61%. High-speed color imaging was recorded using a high speed
camera (Phantom V7.3, Vision Research, CMOS array, 128 � 128
pixels) with a 105 mm lens (Sigma, F2.3). Video sequences were
recorded at 10,000 frames/s with an exposure time of 98 ls. All
test gas mixtures were made using a dedicated stainless steel tank
and the mixture composition was determined by measurement of
the relative partial pressures of the components.
Fig. 1. Typical experimental result for pressure time history in the UM-RCF during
homogeneous ignition, for initial conditions Pavg = 4.5 atm, Tavg = 1035 K, u = 0.25;
where sign is the auto-ignition delay time. Three frames from the corresponding
high-speed imaging illustrate uniform chemiluminescence during auto-ignition.
2.2. Computational

Auto-ignition delay time predictions were made using the con-
stant volume adiabatic zero-dimensional reactor model in the
CHEMKIN software suite [10] with the Mehl 2011 mechanism [2].
Using this ignition model, a corresponding auto-ignition delay time
prediction was calculated for each ignition experiment conducted
in the UM-RCF and TU-RCM, using the specific unburned thermody-
namic condition and mixture composition of each experiment.
Uncertainty bounds were calculated for the model predictions,
reflecting the uncertainties in the pre-exponential ‘‘A-factor’’ of
the Arrhenius reaction rates for the three most important reactions
(H + O2 = OH + O (R1), H2O2 (+M) = OH + OH (+M) (R16), and
I-C8H18 = Y-C7H15 + CH3 (R3214)), determined via OH sensitivity
analysis using the CHEMKIN software suite. The precise values of
the rate coefficients used for these reactions are listed in the Supple-
mental Material. Iso-contours of constant predicted auto-ignition
delay times were also calculated for a broad range of initial thermo-
dynamic conditions, using the nominal A-factors for simplicity.

Predicted locations of the strong ignition limit were calculated
using the Sankaran Criterion as done previously in Mansfield and
Wooldridge [6]. The Sankaran Criterion, given in Eq. (1), is derived
through a comparison of the spontaneous propagation speed, equal
to the inverse of the gradient of the auto-ignition delay time (ds/
dx)�1, and the laminar flame speed (s0

u),

ds
dT
� dT

dx

����
���� < s0�1

u ð1Þ

where ds/dT is the thermal sensitivity of the ignition delay time,
and dT/dx is a characteristic thermal gradient associated with the
physical system. It is assumed that when this inequality is true,
homogeneous ignition is expected to occur and when it is false
inhomogeneous ignition behavior is expected. Therefore, the pre-
dicted thermodynamic location (P,T) of the strong ignition limit is
where the two sides of this inequality are equal. It is thereby possi-
ble to calculate the predicted location of the strong ignition limit by
systematically evaluating the thermal sensitivity and laminar flame
speed values across a broad range of initial thermodynamic condi-
tions (P,T) and combining these with an assumed value of the ther-
mal gradient; 5, 10, 20 K/mm were used in this work. Thermal
sensitivity values were calculated in this study using the same
zero-dimensional reactor model and the Mehl 2011 mechanism
used for predicting ignition delay times; although a constant pres-
sure boundary condition was applied, consistent with previous
studies by Vermeer and Oppenheim [4], Meyer and Oppenheim
[5], and Mansfield and Wooldridge [6]. It is assumed that the forma-
tion and early existence of localized flame-like structures, the pri-
mary concern of predictions in the present work, occur in a
nominally constant pressure environment. Laminar flame speed
values were calculated using the correlations developed by Middle-
ton et al. [11] for premixed iso-octane. The flame speed correlation
was validated in that study by comparison with a wide range of
experimental and computational works at initial temperatures
between 298 and 1000 K. As a consequence, predictions of the loca-
tion of the strong ignition limit in the present work were intention-
ally limited to initial temperatures less than �1100 K. Valid laminar
flame speed data at higher temperatures would allow the predic-
tions in the present work to be extended to higher temperatures.

At the foundation of the Sankaran Criterion is an assumption
made first by Meyer and Oppenheim [5] that distributed thermal
fluctuations exist within the adiabatic core region of the Test Sec-
tion of the UM-RCF, TU-RCM, and other similar experimental
devices, and that inhomogeneous auto-ignition behavior consists
of localized flame-like structures which are generated as a result
of, and propagate through, these gradients. In support of this
assumption, temperature measurements have been evaluated
experimentally in the UM-RCF by Donovan et al. [8] and in an
RCM with a very different hardware design by Strozzi et al. [12]
with both studies indicating that distributed thermal gradients
on the order of 5–10 K/mm are expected in the adiabatic core
region of an RCM-like device.



Fig. 3. Typical experimental result for pressure time history in the TU-RCM during
homogeneous ignition, for initial conditions Pavg = 29.7 atm, Tavg = 784 K, u = 0.25.
Three frames from the corresponding high-speed imaging illustrate uniform
chemiluminescence during auto-ignition. The time, t0, corresponds approximately
to the auto-ignition delay event (�62 ms).
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3. Results and discussion

For each experiment in the UM-RCF and TU-RCM, a pressure
time history and a high-speed imaging video were recorded, allow-
ing for the determination of an auto-ignition delay time and direct
observation and classification of the auto-ignition behavior. Fig. 1
presents a typical pressure time history and corresponding still
frames from the high-speed video of a UM-RCF experiment exhib-
iting homogeneous ignition. Trends in the time history data illus-
trate a pressure increase during the compression stroke until the
Sabot is seated at the end-of-compression (EOC), followed by a
slight decrease in pressure due to heat transfer from the test gas
volume into the cool Test Section walls, followed by a large and
rapid increase in pressure during the ignition event. As seen in
the frames from the high-speed video, the spatial uniformity of
the chemiluminescence is a clear indication the ignition occurs
homogeneously in the Test Section. Fig. 2 presents a typical pres-
sure time history with corresponding still frames from the high-
speed video of a UM-RCF experiment exhibiting inhomogeneous
ignition. The characteristics of the pressure time history are not
remarkably different than those for homogeneous ignition in
Fig. 1, though it is clear that the heat addition and corresponding
pressure increase occurs over nearly twice the time. As seen in
the high-speed imaging sequence there are two localized flame-
like structures which propagate and consume some of the test-
gas mixture prior to homogeneous ignition of the remainder of
the test gas volume. This sequence of ignition behaviors occurred
in every experiment which exhibited inhomogeneous ignition.
Inspection of the imaging results for all experiments exhibiting
inhomogeneous ignition revealed that local flame-like structures
initiate in widely varying locations within the UM RCF Test Section,
indicating that the behavior is likely related to a distribution of dis-
turbances not a single ignition source. Fig. 3 presents a typical
pressure time history with corresponding still frames from the
high-speed video of a TU-RCM experiment exhibiting homoge-
neous ignition. The characteristics of the pressure time history
and the high-speed imaging are quite similar to homogeneous igni-
tion data of Fig. 1 indicating similar homogeneous behaviors are
observed in both experimental facilities. No experiments in the
TU-RCM exhibited inhomogeneous ignition behaviors for the con-
ditions and compositions studied.
Fig. 2. Typical experimental result for pressure time history in the UM-RCF during
inhomogeneous ignition, for initial conditions Pavg = 2.7 atm, Tavg = 1016 K, u = 0.25.
Three frames from the corresponding high-speed imaging illustrate the formation
and propagation of localized flame-like fronts prior to the subsequent auto-ignition
of the unburned charge.
For each experiment, the time and pressure data were noted at
three distinct events: EOC, minimum pressure (Pmin), and maxi-
mum pressure (Pmax), denoted in Figs. 1–3. After filtering the pres-
sure time history with a 75-point smoothing algorithm, the
nominal auto-ignition delay time was defined as the time differ-
ence between the EOC and the average of Pmax and Pmin, with the
uncertainty of the reported ignition delay time defined as one-half
the time difference between Pmax and Pmin. Overall, this definition
biases the auto-ignition delay times to slightly faster values com-
pared to conventional definitions based on the maximum rate of
pressure rise; however, this approach ensures the analysis can be
applied to all experiments regardless of ignition behavior, which
was critical given the wide range of behaviors considered in this
work yielding variable pressure time history characteristics. Addi-
tionally, the assigned uncertainty limits assigned ensure that any
reasonable definition of auto-ignition delay time is well captured
within the bounds of the reported measurements.

While the pressure of the Test Section was measured directly,
the temperatures for each experiment were calculated using ther-
modynamic relations. Based on previous findings [8,13] both the
compression process and the subsequent expansion of the adia-
batic core region due to minor heat transfer can be modeled as
isentropic processes. With this well supported assumption in
place, the initial thermodynamic conditions were used with isen-
tropic state relations to calculate the temperature at EOC and at
Pmin. Propagation of the pressure measurement uncertainty
through the isentropic state relations yields an uncertainty of
60.4% in the assigned temperatures (�5 K).

For each experiment a thermodynamic state was assigned, rep-
resenting the isobaric/isothermal condition at which the experi-
ment was conducted. In most cases, there was no appreciable
decrease in temperature between EOC and the start of the ignition
event (i.e., <10 K) and so the EOC thermodynamic state was
assigned to that experiment. In the cases where the temperature
decrease between EOC and the start of the ignition event was
10 K or more, an average thermodynamic state was assigned. The
average pressure was calculated as the arithmetic mean of all pres-
sure measurements between the EOC and Pmin events, and the
average temperature was calculated using an isentropic expansion
from the EOC to the average pressure. The assignment of an aver-
age state in this manner incorporates heat transfer effects on the
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measurements during the time before ignition, and has been suc-
cessfully applied in numerous previous works [6,8,14]. A detailed
review of other methods of assigning a state to an experiment
and subsequently simulating each experiment is given in Mans-
field and Wooldridge [6]. As discussed in that work, assignment
of an average state accurately captures heat transfer effects on
the experiment while retaining critical clarity in both reporting
and interpreting the experimental results, thus greatly improving
the archival value of the results as compared to using the EOC
conditions.

In order to compare the auto-ignition behaviors observed in the
current work with those from the previous shocktube studies (Fie-
weger et al. [3] and Vermeer and Oppenheim [4]) it was necessary
to systematically categorize the behaviors. Two ignition classifica-
tions were defined for the present work: (1) strong ignition, where
only homogeneous ignition occured, and (2) mixed ignition, where
local ignition and flame-like propagation occured and is followed
by homogeneous ignition of the unburned gas volume. In the pres-
ent work new experiments exhibiting homogeneous ignition
behavior only (shown in Fig. 1) were classified as strong and those
exhibiting initial inhomogeneous behavior (shown in Fig. 2) were
classified as mixed. Fieweger et al. [3] and Vermeer and Oppen-
heim [4] categorized experiments as exhibiting strong or mild igni-
tion, where strong ignition was described as the appearance of an
essentially instantaneous shock, induced by an explosion, and mild
ignition was described as the appearance of numerous localized
flames gradually developing into an explosion and shock. There-
fore, experiments classified as exhibiting strong ignition in those
Shocktube studies were also classified as strong in the present
work, and those classified as mild were re-classified as mixed in
the present work.

3.1. Auto-ignition behavior

Fig. 4 presents the observed ignition behavior as a function of
thermodynamic state for mixtures with u = 0.25. A range of behav-
iors is evident, with strong ignition at all conditions except the
lowest pressures (3–5 atm) where there is a transition from strong
to mixed to no ignition as temperature decreases from �1100 K to
Fig. 4. Ignition behavior as a function of initial thermodynamic state for mixtures
with u = 0.25. The strong ignition limit identified by the experimental data is
shown as the hashed area, and the NTC region identified by model predictions is
shown as the gray area. Iso-contours of predicted auto-ignition delay time are
shown as dotted lines, and predicted locations of the strong ignition limit are shown
as solid lines. The most accurate prediction of the strong ignition limit, for a 10 K/
mm gradient, is the bold solid line.
950 K. There is excellent agreement between experimental results
from the UM-RCF and those from the TU-RCM at the higher pres-
sure conditions, suggesting that behaviors are device independent.
Overall the data show the ignition behaviors are well grouped and
strongly related to the initial thermodynamic state, with a clearly
defined strong ignition limit at lower pressures, marked as a
hashed area in Fig. 4. The transition to no ignition at the lowest
temperatures for P = 3 and 5 atm was not expected, as the pre-
dicted auto-ignition delay times in this region are well within
the normal limits of the UM-RCF (�75 ms); however, reduced pres-
sure rise rates during mixed ignition, previously highlighted in
Fig. 2, likely lead to more significant heat transfer effects at these
conditions and could result in unexpected quenching of the test
gas mixture. Also presented in Fig. 4 is the location of the predicted
strong ignition limit for three thermal gradients, illustrating excel-
lent correlation between the location of the experimentally
observed strong ignition limit and the prediction which uses a
10 K/mm thermal gradient magnitude. This is an indication that
the Sankaran Criterion can accurately predict the strong ignition
limit for iso-octane at these conditions. Interestingly, the most
accurate prediction corresponds to an assumed thermal gradient
magnitude in close agreement with the experimental findings of
Donovan et al. [8] and Strozzi et al. [12].

The experimental results indicate the propensity for strong igni-
tion behavior greatly increases near the negative temperature coef-
ficient (NTC) region (as predicted using the Mehl 2011 mechanism),
highlighted in gray in Fig. 4. Remarkably, the Sankaran Criterion
correctly forecasts the leftward curvature in the strong ignition
limit as the NTC region is approached. Within the NTC region, an
inverse relationship between temperature and auto-ignition delay
time is predicted by the Mehl 2011 mechanism, i.e. the auto-igni-
tion delay time increases with increasing temperature. Therefore,
as temperature is lowered and the NTC region is crossed from the
high-temperature side, the magnitude of the thermal sensitivity
rapidly decreases and the sign of the thermal sensitivity changes
from negative to positive. As indicated by the Sankaran Criterion,
Eq. (1), a reduction in thermal sensitivity magnitude indeed corre-
sponds to an increased likeliness for strong ignition behavior.
Fig. 5. Ignition behavior as a function of initial thermodynamic state for mixtures
with u = 1.0. The strong ignition limit identified by the experimental data is shown
as the hashed areas and the NTC region identified by model predictions is shown as
the gray area. Results are from the present work, Vermeer and Oppenheim [4], and
Fieweger et al. [3]. Iso-contours of predicted auto-ignition delay time are shown as
dotted lines, and predicted locations of the strong ignition limit are shown as solid
lines. The most accurate prediction of the strong ignition limit, for a 5 K/mm
gradient, is the bold solid line.
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Therefore, increased propensity for strong ignition behaviors near
the NTC region is likely due to a corresponding decrease in the mag-
nitude of the thermal sensitivity of the ignition delay time.

Fig. 5 presents the observed ignition behavior as a function of
thermodynamic state for mixtures with u = 1.0. A range of behav-
iors is evident, with strong ignition generally occurring at higher
temperatures and a highly pressure dependent transition to mixed
ignition occurring as temperature is decreased. There is excellent
agreement between the experimental results from the UM-RCF,
TU-RCM, and those from Fieweger et al. [3], where the latter results
span a larger range of pressures and temperatures. As the results
from Vermeer and Oppenheim [4] are at much higher tempera-
tures and lower pressures than the other three data sets, it was
not possible to directly compare their results to the others; how-
ever, the same trend of strong ignition at higher temperatures
and mixed ignition at lower temperatures is evident. Overall the
data show the ignition behaviors are consistent between devices,
well grouped, and strongly related to the initial thermodynamic
state, with a clearly defined strong ignition limit spanning 1000–
650 K for P > 10 atm and �1400 K for P < 5 atm. The measured
strong ignition limit is marked as the two hashed areas in Fig. 5.
Regarding the effect of equivalence ratio on the location of the
strong ignition limit, there is a shift toward higher temperatures
as u is increased from 0.25 to 1.0, in agreement with the trend
observed in hydrogen based fuels by Mansfield and Wooldridge
[6]. As discussed in that work, this is likely related to the energy
content of the mixture and the relative amount of energy released
during local ignition events.

Also presented in Fig. 5 is the location of the predicted strong
ignition limit for three thermal gradients, illustrating excellent cor-
relation between the measured strong ignition limit and the pre-
dicted location for 5 K/mm at P > 10 atm. This correlation is a clear
indication that the Sankaran Criterion can accurately predict the
location of the strong ignition limit for iso-octane at higher equiva-
lence ratio conditions. As the calculation of a predicted strong igni-
tion limit for initial temperatures above 1100 K was not reasonable
using the flame speed correlation from Middleton et al. [12], predic-
tions could not be compared to the measured limit around�1400 K;
however, the trajectory of the predictions is consistent with the
measured strong ignition limit at high temperatures.

Quite remarkably, for u = 1.0 the predicted strong ignition limit
for a 5 K/mm thermal gradient accurately predicts the location of
the experimentally observed strong ignition limit on both the high
and low temperature sides of the NTC region. Consistent with the
results for lower u, the strong ignition limits curve toward lower
pressures at temperatures near the NTC region from both low
and high temperature directions. This is again due to the rapid
reduction in the magnitude of thermal sensitivity near the NTC
region. Strong ignition limit predictions were not calculated for
points within the NTC region as the inverted sign of the thermal
sensitivity values contradicts the physical foundation of the Sank-
aran Criterion. The basis of this criterion assumes the existence of a
spontaneous propagation and/or laminar flame moving from high-
temperature to low-temperature down a thermal gradient cen-
tered at a thermal hot spot. It is presently unclear if and how flame
and/or propagation front motion would be affected if the thermal
sensitivity were positive, meaning the lower temperature regions
would ignite earlier. However, as evidenced by the results in
Fig. 5 the trend of the strong ignition limit is not significantly chan-
ged as the NTC region is traversed. This suggests that the underly-
ing mechanism governing ignition behavior is also not significantly
changed in this region, though more detailed experimentation in
this region would be necessary to more directly validate such an
assertion.

Overall, these results illustrate that the Sankaran Criterion is
indeed an excellent tool for a priori prediction of the strong ignition
limit for iso-octane fuels across a broad range of thermodynamic
and mixture conditions. As highlighted previously by Mansfield
and Wooldridge [6] this is an important and useful tool, which
not only provides a practical and simple approach to predicting
complex ignition behaviors, but it also describes the roles of chem-
ical kinetics, thermo-physical properties, and device dependent
thermal characteristics in governing these behaviors. Importantly,
in conjunction with the previous findings for syngas fuels [6], the
results of the present work are a strong indication that the Sankaran
Criterion can be applied to a broad range of fuels – beyond the
important hydrocarbon primary reference fuel iso-octane and fuels
with high hydrogen content. Furthermore, the similarity in thermal
gradient values which result in the most accurate predictions for
both fuels and a range of equivalence ratios suggests that an
assumption of a 5–10 K/mm gradient can be reasonably applied
for a broad range of fuel types and mixture compositions.

The quantitative nature of the Sankaran Criterion is particularly
important to the extension of this criterion to more practical com-
bustion systems like internal combustion engines, which will
experience much larger magnitudes of thermal gradients (up to
�50 K/mm, approximated using experimental data from Einecke
et al. [15]) as well as mixture inhomogeneities and turbulence.
As indicated in Figs. 4 and 5, increasing the value of thermal gradi-
ent shifts the predicted location of the strong ignition limit toward
higher pressures. Considering the approximate magnitude of ther-
mal gradients in real engine systems, mixed ignition behaviors are
likely to occur at pressures up to and exceeding 50 atm for
T 6 �1100 K, conditions particularly important to modern boosted
low-temperature engine operation. As such, it is possible that ‘‘pre-
ignition’’ and ‘‘super-knock’’ behaviors at high-pressure low-tem-
perature conditions, like those described by Kalghatgi and Bradley
[16], are related to the inhomogeneous ignition behaviors observed
in the present work.

Regarding the influence of mixture inhomogeneity and turbu-
lence in practical combustion systems, these factors are expected
to influence the accuracy and utility of the Sankaran Criterion in
predicting ignition behaviors. Although quantifying these effects
is outside the scope of the current study, these topics are valuable
directions for future work. A computational investigation of the
influence of turbulence and mixture inhomogeneities on the suc-
cess of the Sankaran Criterion is currently underway by Pal and
Im [17] for syngas fuels, expanding on the previous computational
work by Sankaran et al. [7] and Bansal and Im [18]. Additional
experimental studies are also important to further bridge the
results of the current work to engine development.

3.2. Auto-ignition delay time

Figs. 6a and 6b present the measured and predicted auto-igni-
tion delay times as a function of inverse temperature for mixtures
with u = 0.25 at various pressures. Recall that the error bars on the
experimental data represent the limits of the definition of the auto-
ignition delay time and the error bars on the predictions represent
the effects of known uncertainty in reactions R1, R16, and R3214.
The results indicate excellent agreement between the measure-
ments and predictions across the complete range of temperature
and pressure conditions for both observed ignition behaviors
(strong and mixed). Furthermore, excellent agreement is evi-
denced between the results from the UM-RCF those from the TU-
RCM. It is therefore clear that the accuracy of auto-ignition delay
time predictions made using the typical zero-dimensional model
described above and the Mehl 2011 mechanism are not signifi-
cantly affected by inhomogeneous ignition behavior at these con-
ditions for u = 0.25. This is an indication that the energy released
during the inhomogeneous ignition process does not significantly
influence the subsequent homogeneous auto-ignition.



Fig. 6a. Measured and predicted auto-ignition delay time as a function of inverse
temperature for mixtures with u = 0.25, for P = 3, 5, and 10 atm. Solid markers
represent experimental measurements and hollow markers represent correspond-
ing model predictions. Uncertainty bounds of the predictions are the effects of the
uncertainties in the rate coefficients of reactions R1, R16, R3214; whereas,
uncertainty bounds of the measurements are the limits of the definition of the
auto-ignition delay time.

Fig. 6b. Measured and predicted auto-ignition delay time as a function of inverse
temperature for mixtures with u = 0.25, for P = 15, 20, and 30 atm. Solid markers
represent experimental measurements and hollow markers represent correspond-
ing model predictions. Uncertainty bounds of the predictions are the effects of the
uncertainties in the rate coefficients of reactions R1, R16, R3214; whereas,
uncertainty bounds of the measurements are the limits of the definition of the
auto-ignition delay time.

Fig. 7. Measured and predicted auto-ignition delay time as a function of inverse
temperature, for mixtures with u = 1.0. Results are from the present work, Fieweger
et al. [3], and Vermeer and Oppenheim [4]. Solid markers represent experimental
measurements and hollow markers represent corresponding model predictions.
Uncertainty bounds of the predictions are the effects of the uncertainties in the rate
coefficients of reactions R1, R16, R3214; whereas, uncertainty bounds of the
measurements are the limits of the definition of the auto-ignition delay time.
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Fig. 7 presents the measured and predicted auto-ignition delay
times as a function of inverse temperature for mixtures with
u = 1.0 at various pressures. Overall the results indicate excellent
agreement between all measurements and predictions for temper-
atures greater than 1000 K at all pressures; however, the agree-
ment varies at temperatures less than this value. There is
generally good agreement between the experimental results from
the UM-RCF and those from Fieweger et al. [3] and Vermeer and
Oppenheim [4], though the only significant overlap in initial condi-
tions is for 15 atm. Regarding the results from Vermeer and Oppen-
heim [4] there is excellent agreement between the measurements
and predictions for the experiments which exhibited strong igni-
tion and good agreement for those which exhibited mixed ignition.
While the nominal auto-ignition delay time measurements appear
to be slightly less than the nominal predictions when mixed igni-
tion behavior occurs, the uncertainty bounds in all cases have sig-
nificant overlap indicating that the model is still accurate at these
conditions. Regarding the results from Fieweger et al. [3] at 15 atm,
there is excellent agreement between the measurements and pre-
dictions for the experiments which exhibited strong ignition (at
temperatures above �1000 K); however, after the onset of mixed
ignition at lower temperatures the measurements are consistently
lower than predictions with increasing discrepancy as the temper-
ature is decreased. The results from the UM-RCF at 15 atm are in
agreement with these findings, where the measurements are sys-
tematically lower than predicted times. This is consistent with
behaviors seen previously for syngas and hydrogen fuels [6,19],
which were linked to energy release during inhomogeneous igni-
tion coupled with increasingly longer auto-ignition delay times.
Regarding the results from Fieweger et al. [3] at 35 atm, all of
which exhibited strong ignition, there is excellent agreement
between the measurements and predictions for temperatures
1000–1250 and 725–750 K; while at temperatures between these
ranges the measurements are up to an order of magnitude faster
than predictions. As illustrated in Fig. 5 the NTC region lies
between �750 and 1000 K at this pressure, which suggests that
this discrepancy is related to error in the Mehl 2011 mechanism
and/or the CHEMKIN zero-dimensional reactor model in predicting
auto-ignition delay times in the NTC region. This level of discrep-
ancy is generally consistent with the benchmarking results of Mehl
et al. [2] for the NTC region at high pressures, though limited
experimental data was reported for those conditions.

Overall these results are an indication that the effect of ignition
behavior on the predictive accuracy of auto-ignition delay times
made using zero-dimensional modeling is strongly dependent on
the equivalence ratio, where inhomogeneous behaviors have little
impact for mixtures with u = 0.25 and can cause significant reduc-
tions in delay times for u = 1.0. This dependence on equivalence
ratio is in excellent agreement with previous findings by Mansfield
and Wooldridge [6], who found similar behavior for syngas fuel
and related such behavior to the amount of energy released during
inhomogeneous ignition. Furthermore, the results of Vermeer and
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Oppenheim [4] at high temperatures indicate the effect of inhomo-
geneous ignition behavior on predictive accuracy is also dependent
on the magnitude of the auto-ignition delay time itself, in that very
short auto-ignition delay times (<1 ms) lead to a negligible effect of
inhomogeneous behaviors even at high u.

4. Conclusions

This work represents an important integration of results from
diverse experimental platforms to describe common ignition
behaviors of iso-octane, and further to provide a quantitative basis
for predicting and interpreting data of ignition studies beyond the
fuel and conditions studied here. Studies such as this are vital
toward fundamental understanding of low-temperature combus-
tion systems where prediction and control of chemically driven
ignition phenomena is key to safety and performance. Importantly,
the insights and tools developed in this work are relevant not only
to systems which rely solely on chemically controlled ignition but
also those which can be impacted by uncontrolled auto-ignition
during an active ignition process, e.g., knock, pre-ignition, and
super-knock in spark ignited internal combustion engine systems.

The comprehensive results of the present work clearly illustrate
the existence of both inhomogeneous and homogeneous auto-igni-
tion behaviors for stoichiometric and lean air-dilute iso-octane
mixtures at thermodynamic conditions relevant to engines and
other combustion systems. Analysis of patterns in the ignition
behaviors revealed a dependence on temperature, pressure, and
equivalence ratio with distinct thermodynamic regions in which
the ignition behavior is consistent and repeatable. The strong igni-
tion limit was identified for each equivalence ratio, indicating a
transition in ignition behavior from homogeneous to inhomoge-
neous. The location of this limit was found to shift to higher tem-
peratures as the equivalence ratio was increased, with the most
significant change at pressures greater than 10 atm. Interestingly,
proximity to the NTC region increased the propensity for homoge-
neous ignition, likely resulting from a decrease in thermal sensitiv-
ity of the auto-ignition delay time.

The location of the strong ignition limit for each equivalence
ratio was predicted with remarkable accuracy using the Sankaran
Criterion, which is a comparison of the laminar flame speed to the
thermal gradient driven spontaneous propagation speed. For
u = 0.25 the prediction was most accurate for an assumed thermal
gradient of 10 K/mm, whereas for u = 1.0 this value was 5 K/mm.
In conjunction with the previous findings for syngas fuels by Mans-
field and Wooldridge [6], this is a strong indication that the Sanka-
ran Criterion can be used to predict ignition behavior for a broad
range of hydrocarbons and hydrogen based fuels. This validation
of the Sankaran Criterion for a hydrocarbon fuel importantly broad-
ens the use of this tool and is an indication that ignition processes in
hydrocarbon and high hydrogen content fuels are fundamentally
similar. Furthermore, the quantitative nature of this criterion
uniquely describes the roles of chemical kinetics, transport phe-
nomena, and thermal characteristics in determining auto-ignition
behavior, allowing for a deeper understanding of these phenomena
and facilitating a thoughtful extension to more complex systems
which include turbulence and mixture inhomogeneity.

Auto-ignition delay time measurements were compared to zero-
dimensional model predictions for all experiments considered in
the present work, revealing the accuracy of predictions was
strongly dependent on equivalence ratio and ignition behavior.
The results indicate that the presence of inhomogeneous ignition
behavior does not significantly affect the accuracy of auto-ignition
delay time predictions for mixtures with u = 0.25; whereas, for
mixtures with u = 1.0 the presence of inhomogeneous ignition
behavior can significantly reduce the accuracy of predictions at
the conditions studied here. This inaccuracy at higher u is likely
the result of increased energy release during the inhomogeneous
event, causing a significant shift in the thermodynamic state of
the yet unburned gas mixture and a subsequent violation of the iso-
baric/isothermal assumptions in the zero-dimensional model.
These results are an important indication that while inhomoge-
neous ignition behavior may still be present at lean conditions,
the subsequent effect on the auto-ignition delay time may be
reduced or eliminated. Furthermore, it is evident that ignition
behavior must be appropriately classified in any future experimen-
tal work for near stoichiometric mixtures of iso-octane at tempera-
tures below �1000 K to ensure proper interpretation of the results.
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The effects of chemical impurities on the combustion of syngas were investigated, focusing on CH4, a
common component of syngas, and trimethylsilanol (TMS), an unstudied impurity related to those com-
mon to landfill-based syngas. Ignition properties were systematically investigated at high-pressure low-
temperature conditions relevant to gas turbine combustor operation using the University of Michigan
Rapid Compression Facility. Pressure time history measurements and high-speed imaging of the ignition
process in this facility were used to determine auto-ignition delay times and observe ignition behaviors.
The four simulated syngas mixtures used were (1) pure syngas: 30% H2, 70% CO fuel volume, (2) syngas
with CH4: 27% H2, 67% CO, 6% CH4, (3 & 4) pure syngas with 10 or 100 ppm TMS, all with fuel-to-O2

equivalence ratios (u) of 0.1 at air dilution (i.e. molar O2 to inert gas ratio of 1:3.76), and N2 as the pri-
mary diluent gas. The pressures after compression were 5 & 15 atm with temperatures of �1010–1110 K
respectively. The results uniquely illustrated the occurrence of two-step ignition behavior at higher pres-
sures, with two distinct regions of heat release and pressure rise. First and second auto-ignition delay
times were therefore defined and interestingly the times were affected differently by the addition of
impurities. The addition of CH4 consistently increased auto-ignition delay times up to 40% at 15 atm,
while increasing delay times at 5 atm by up to a factor of three. Conversely, the addition of 10 ppm
TMS impurity addition caused a consistent decrease of �10–30% delay times at 15 atm with insignificant
impact at 5 atm, and 100 ppm TMS impurity caused consistent decreases of 50–70% at 15 atm and 20–
30% decreases at 5 atm. The marked pressure dependence of the auto-ignition delay time, typical for syn-
gas at these conditions, was virtually eliminated for the 100 ppm TMS mixture. Kinetic modeling suggests
that the promoting effects of TMS are related to enhanced consumption and/or reduced production of
HO2. The impact of TMS is remarkably similar to that for SiH4 in pure H2, suggesting a possible trend
for poorly understood Si-based species to promote auto-ignition in syngas and hydrogen mixtures.

� 2015 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Synthesized gas, or syngas, is a fuel mixture composed pri-
marily of hydrogen and carbon monoxide, which can be produced
via gasification or decomposition of carbonaceous feedstock such
as coal, biomass, or landfill wastes. This fuel can be used directly
in transportation or stationary combustion devices, enabling both
a diversification of fuel sources and a reduction in pollutant emis-
sions such as SOx, NOx, particulate matter, and heavy metals [1]. As
this is a high-hydrogen-content fuel, increased NOx emission is a
concern and the application of abatement schemes focusing on
low-temperature, lean, and/or pre-mixed conditions are currently
under strong consideration, e.g. dry low-NOx strategies in gas tur-
bines and homogeneous charge compression ignition in internal
combustion engines [2,3]. Given that the performance and safety
of these combustion schemes are highly dependent on the
chemical kinetics of fuel oxidation, it is imperative that these
kinetics be well understood at relevant combustion device condi-
tions (P � 1–40 atm, T < 1100 K) for air-dilute mixtures over a
range of equivalence ratios [4–6]. Additionally, the high variability
in syngas fuel composition and its potential effects on syngas com-
bustion must be considered, as diverse combinations of H2, CO,
CH4, CO2, N2, and other trace species such as Si, N, and S-based
compounds are known to exist in real mixtures [7–9]. This
variation is detailed in Table 1, which illustrates typical syngas
composition in real industrial applications. As indicated by
Glarborg [10], these impurities have the potential to drastically
alter the reactivity and dominant chemical kinetic pathways of
the fuel oxidation process.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2015.01.026&domain=pdf
http://dx.doi.org/10.1016/j.combustflame.2015.01.026
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http://www.sciencedirect.com/science/journal/00102180
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While the chemical kinetics of basic syngas mixtures (hydrogen
and carbon monoxide only) have been well studied, see Chaos and
Dryer [4] and the references therein, there are few experimental
investigations on the effects of impurities and constituent variation
on the combustion of syngas mixtures. Mathieu et al. [12] mea-
sured the effects of variations in CH4, CO2, H2O, and NH3 content
on auto-ignition delay using a shock tube at �98% Ar dilution,
u = 0.5, P = 2–32 atm, T = �960–1860 K. The results indicated that
the addition of up to 0.16% CO2, 0.22% H2O, or 0.02% NH3 by total
mixture volume had negligible effect at all conditions, while the
addition of up to 0.08% CH4 increased the auto-ignition delay time
by up to an order of magnitude. Additionally, Mathieu et al. [13]
investigated the effects of several compounds on syngas auto-igni-
tion delay time using numerical methods, considering the addition
of up to 15% CH4, 1.7% C2H6, 5.3% C2H4, 0.7% C2H2, 21.8% H2O, and
15% CO2 by total fuel volume for mixtures at air-dilution, u = 0.5
and 1.0, P = 1–35 atm, T = 900–1400 K. The results of this work
indicated that for all hydrocarbon (HC) species except C2H2 an
increase in the auto-ignition delay time by a factor of two or more
is expected, with the most significant magnitude change for
T > 1000 K. Gersen et al. [14] measured the effects of variations
in H2, CO, and CH4 content on auto-ignition delay times using a
rapid compression machine at approximately air-dilution, u = 0.5
and 1.0, P = �20–80 bar, T = �900–1100 K. The mole fraction of
CH4 in the fuel was varied from 0 to 1, for H2 from 0 to 1, and
for CH4 from 0 to 0.5. The results showed that while the relative
concentration of CO had minimal effect, increasing the concentra-
tion of H2 significantly decreased auto-ignition delay time and
increasing the concentration of CH4 significantly increased this
time at all conditions.

In addition to these studies, the effects of impurities on the com-
bustion of pure hydrogen have been evaluated for several com-
pounds. As syngas combustion chemistry is dominated by
hydrogen kinetic pathways [4], it is likely that effects similar to the-
se would also be observed for syngas mixtures. Mueller et al. [15]
measured the effects of NO and NO2 addition to pure hydrogen fuel
on species mole fraction profiles in a flow reactor at �1% fuel dilu-
tion, u = 1–2, P = �0.5–14 atm, T = �750–850 K. The experimental
results, as well as those from subsequent kinetic modeling, illus-
trated a promoting effect of both NO and NO2, with order of magni-
tude decreases in ‘‘characteristic reaction times’’ predicted for 10–
1000 ppm concentrations. Mathieu et al. [16] studied the effects
of up to 1600 ppm H2S addition by total mixture volume on auto-ig-
nition delay times in a shock tube at �98% Ar dilution, u = 0.5,
P = 2–35 atm, T = �960–1860 K. The findings of that study illustrat-
ed an inhibiting effect, with increases in auto-ignition delay time of
up to a factor of six. Petersen et al. [17] measured the effects of up to
0.046% silane (SiH4) addition by total mixture volume on the auto-
ignition delay times of pure hydrogen in a shock tube at �98% Ar
dilution, u = 1.0, P = �1 atm, T = �1000–2250 K. The results indi-
cate that the addition of�1% SiH4 to the fuel volume led to decreas-
es in the auto-ignition delay time by a factor of two or more. This
finding is in agreement with the previous study by McClain et al.
[18] which indicated that increasing concentration of SiH4 in an
Table 1
Typical syngas composition [7–9,11].

Component % by Volume

H2 25–30
CO 30–60
CO2 5–15
H2O 2–30
CH4 0–5
N2 0–4
Ar, N2, H2S, COS, NH3, Ash 0–1
Trace Impurities (Fe, Cl, Si – species, Metals, etc.) <100 ppm
H2 mixture significantly decreased auto-ignition delay times in a
shock tube with �air-dilution, u = 1.0 and 0.5, for P = �1.5 atm
and T = 800–1050 K.

Overall, previous studies of the effects of impurities on syngas
and hydrogen combustion are limited to a select few species and
the results indicate that different species indeed yield varying igni-
tion promoting and inhibiting effects. While the effects of an indi-
vidual impurity vary, it is probable that impurities consisting of
compounds with similar structures may lead to similar effects. This
hypothesis is supported by the almost universal ignition inhibiting
behavior of similar HC species, illustrated by the experimental and
computational work of Mathieu et al. discussed above. With this in
mind, the significant promoting effect of SiH4 in H2 mixtures is par-
ticularly interesting, considering the substantial and increasing
concentrations of organic Si compounds in syngas derived from
waste (landfills, waste digesters, or water treatment facilities)
[9,19]. As detailed in Rasi et al. [9] and Pierce et al. [20] syngas from
these sources contains both silanol {. . .Si–OH} and siloxane {. . .Si–
O–Si. . .} species at up to 10–100 ppm concentrations. Common
compounds include trimethylsilanol and decamethylcyclopen-
tasiloxane, which make up a majority of the organic Si content
within syngas from waste sources [9]. While the fouling tendencies
of these and other organic Si species in combustion devices is well
documented [19,20], their effect on combustion chemistry has not
been investigated in any capacity. Considering the significant igni-
tion promoting effects observed for a chemically similar com-
pound, i.e. SiH4, and the increasing concentrations of Si-based
species in syngas, this lack of knowledge presents a significant bar-
rier to the safe and effective implementation of this fuel.

The objective of the current study was to advance the under-
standing of the effects of impurities on the chemical kinetics of
syngas oxidation, focusing on CH4 and trimethylsilanol (TMS)
impurities at thermodynamic and mixture conditions relevant to
practical device operation. This objective was accomplished
through an experimental investigation of auto-ignition delay times
at lean, low-temperature, high-pressure conditions, using the
University of Michigan Rapid Compression Facility (UM-RCF).
Uniquely, high-speed imaging was utilized for each experiment,
ensuring that only ideal homogeneous ignition behaviors were
exhibited for the data reported here. This important diagnostic
enabled testing at lower temperatures and pressures not possible
in previous experimental studies by other investigators, thereby
expanding knowledge of impurity effects to more practical condi-
tions. The auto-ignition delay time and pressure time history mea-
surements were compared to predictions made using typical zero-
dimensional homogeneous reactor ignition modeling and the
formaldehyde oxidation mechanism of Li et al. [21] (Li 2007
mechanism), used frequently to successfully predict syngas com-
bustion [4,12,22]. This model was then used to interpret and ana-
lyze observed pressure time histories and impurity effects, in order
to describe behavior trends and connect these with potential
underlying chemical kinetic pathways.

2. Methods

2.1. Experimental methods

Ignition experiments were conducted for realistic syngas mix-
tures with fuel-to-oxygen equivalence ratio of u = 0.1 and were
air-dilute with N2, i.e. molar O2 to inert gas ratio of 1:3.76. In some
cases, small amounts of the N2 diluent gas were replaced by Ar
and/or CO2 to modify the test temperature. Four fuel mixtures
were used, (1) pure syngas: 30% H2, 70% CO fuel volume, (2) syngas
with CH4: 27% H2, 67% CO, 6% CH4, (3) pure syngas with 10 ppm
TMS, and (4) pure syngas with 100 ppm TMS. Mixtures were
designed to represent lean syngas mixtures used in the power



Fig. 1. Typical pressure time history, P(t), and time derivative of the pressure time
history, dP(t)/dt, for experimental conditions exhibiting two-step ignition behavior;
P = 15.0 atm, T = 1,109 K, u = 0.1 for a pure syngas mixture; where si,1 and si,2 are
the first and second auto-ignition delay times respectively.
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industry while spanning typical CH4 concentrations [1,11] and
typical TMS impurity concentrations observed by Rasi et al. [9]
(�5 ppm). Considering the upward trend in organic Si species in
waste-based syngas reported by Rasi et al. [9], the mixture contain-
ing 100 ppm TMS was selected to represent potential future con-
centrations. Ignition experiments were conducted at 5 and
15 atm for the broadest range of temperatures allowable in the
UM-RCF for these mixtures (�1010–1110 K, based on experimen-
tal test times and associated uncertainties). While it was desirable
to increase the equivalence ratio beyond the value chosen here,
u = 0.1, it was not possible to achieve homogeneous ignition
behavior at the thermodynamic conditions of interest for higher
values of u. Please see Mansfield and Wooldridge [22] for a discus-
sion of the state and syngas mixture conditions associated with
homogeneous versus inhomogeneous ignition. A detailed tabula-
tion of the gas mixture composition and thermodynamic state cor-
responding to each auto-ignition delay time measurement is given
in the Supplemental material section.

Regarding the experimental apparatus, the UM-RCF is designed
to create a gas volume with uniform thermodynamic conditions
through an isentropic compression process. A detailed description
of the UM-RCF and results of studies characterizing its perfor-
mance can be found in Donovan et al. [23] and He et al. [24].
Briefly, the apparatus consists of a long cylinder, the Driven Sec-
tion, in which a gas mixture is rapidly compressed by the motion
of a free piston (Sabot). Prior to compression, the test volume is
evacuated with a pump and then filled with a specific test gas mix-
ture. Upon firing, the Sabot travels the length of the Driven Sec-
tion compressing the test gas mixture into the Test Section – a
small cylindrical volume located at the end of the Driven Sec-
tion (�50 mm length and 50 mm diameter). As the Sabot reaches
its final position near the Test Section, the Sabot achieves an annu-
lar interference fit, thereby sealing the test gas mixture in the Test
Section. At this point, the Test Section is filled with a uniform and
isentropically compressed test gas mixture at the desired initial
thermodynamic condition. For this study, the Test Section was
instrumented with a piezoelectric transducer (6125B Kistler,
Amherst, NY) and charge amplifier (5010 Kistler, Amherst, NY)
for pressure measurements, and a transparent polycarbonate
end-wall to permit high-speed imaging of the ignition process.
During each experiment the pressure time history was recorded
using the pressure transducer at 100 kHz sampling frequency.
The uncertainty in the pressure measurements is estimated as
61% (�0.1 atm) considering both the signal-to-noise ratio in the
post-ignition pressure time history data and the non-linearity lim-
its defined by the manufacturer during the calibration process.
High-speed color imaging was recorded using a digital video cam-
era (V711-8G-MAG-C, Vision Research, Phantom) with a Navitar
50 mm lens (F0.95), a Hoya 62 mm lens (+2 zoom), and a Hoya
62 mm UV(0) filter. Video sequences were recorded at 25,000
frames/s with the CMOS array with resolution of 512 � 512 pixels,
resulting in an exposure time of 39.3 ls.

All test gas mixtures were made using a dedicated stainless
steel tank and the mixture composition was determined by mea-
surement of the relative partial pressures of the components. After
filling, the tank was continuously stirred by an internal mechanism
and was left to mix for at least one hour before use. Error in the
mixture composition is assumed to be negligible and have negligi-
ble effect on the ignition results, considering�80–95% (mole basis)
of the mixture is comprised of N2 and O2.

2.2. Computational methods

Auto-ignition delay time and pressure time history predictions
were made using the constant volume adiabatic zero-dimensional
homogeneous reactor model in the CHEMKIN software suite [25]
with the Li 2007 chemical kinetic mechanism. This mechanism
was used given previous success in predicting syngas ignition
behavior [4,21,22] and because it includes CH4 oxidation chem-
istry. Using this auto-ignition model, a corresponding auto-ignition
delay time prediction was calculated for each ignition experiment
in this study using the initial thermodynamic condition and mix-
ture composition of the experiments. The auto-ignition delay time
from the model predictions was defined as the time from the start
of the calculation to the time when dT(t)/dt was maximized. In
some cases two inflection points were predicted in the tem-
perature time history, indicating two ‘‘steps’’ of energy release dur-
ing ignition. The occurrence of two-step auto-ignition corresponds
well to the experimental observations and is discussed in detail
below. Important to note is that TMS is not included in the Li
2007 mechanism and the authors are aware of no oxidation model
which includes this species and associated combustion products.
Therefore auto-ignition delay time predictions are presented only
for experiments which used the pure syngas or syngas with CH4

mixtures. For each prediction, quantified uncertainty bounds were
calculated using the known uncertainty in the ‘‘A-factor’’ of the
Arrhenius reaction rates for the four most sensitive reactions,
CO + O2 = CO2 + O (R21), HO2 + H = H2 + O2 (R10), H + O2 = OH + O
(R1) and H + O2 (+M) = HO2 (+M) (R9). These were identified using
OH sensitivity analysis conducted in the CHEMKIN software suite
for the pure syngas mixture at P = 15 atm, and T = 1066 K. The
results of the sensitivity analysis and the rate coefficients used
are listed in Supplemental material.

3. Results

For each experiment in the UM-RCF, a pressure time history and
a high-speed imaging video were recorded, allowing for the deter-
mination of auto-ignition delay times and direct observation of the
auto-ignition behavior. A typical pressure time history during an
ignition experiment for initial pressures of 15 and 5 atm can be
seen in Figs. 1 and 2, respectively. Similar trends are observed for
both experiments. The pressure initially increases during the com-
pression stroke until the Sabot is seated at the end-of-compression
(EOC) event, followed by a slight decrease in pressure due to heat
transfer from the test gas volume into the cool Test Section walls,
followed by a large and rapid increase in pressure during the igni-
tion. For each experiment, the time and pressure were noted at the
three distinct events: end-of-compression, minimum pressure
(Pmin), and maximum pressure (Pmax), highlighted in Fig. 1. After
filtering the pressure time history with a 75-point smoothing algo-
rithm to reduce signal noise, the pressure and time value for each
event were defined mathematically as a local maximum or mini-



Fig. 2. Typical pressure time history, P(t), and time derivative of the pressure time
history, dP(t)/dt, for experimental conditions exhibiting one-step ignition behavior;
P = 4.8 atm, T = 1,029 K, u = 0.1 for pure syngas mixture; where si,2 is the auto-
ignition delay time.

Fig. 3. Single frame from high-speed imaging of typical ignition behavior within
Test Section, illustrating homogeneous chemilluminescence, for the pure syngas
mixture at experimental conditions P = 4.6 atm, T = 1052 K, u = 0.1.
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mum respectively. The pressure data (P(t)) between Pmin and Pmax

was then filtered a second time with a 100-point smoothing algo-
rithm to further reduce signal noise, and the numerical derivative
of the pressure time history (dP(t)/dt) was calculated using a center
differencing scheme.

For each auto-ignition experiment a thermodynamic state was
assigned representing the unburned isothermal isobaric condition
at which the experiment was conducted. The gas temperature with-
in the Test Section was calculated using thermodynamic relations
as this temperature was not measured directly. As suggested by
Lee and Hochgreb [26] and experimentally verified by Donovan
et al. [23], the initial compression stroke and the post-compression
expansion of the adiabatic core region in the UM-RCF are well rep-
resented as an isentropic compression process. Therefore, the initial
uncompressed thermodynamic conditions were used in conjunc-
tion with isentropic state relations to calculate the temperature at
both EOC and Pmin. Propagation of the pressure measurement
uncertainty of 61% through the isentropic state relations yields
an uncertainty of60.4% in the assigned temperature (�5 K). In most
cases, there was no appreciable decrease in temperature between
the EOC event and the ignition event (i.e. <10 K change from EOC
to Pmin), and so the EOC thermodynamic state represented the
experiment well, and was assigned to the auto-ignition delay time
measurement. For experiments with appreciable decrease in tem-
perature (i.e. >10 K) between EOC and Pmin, an average thermody-
namic state was assigned in order to incorporate the effects of
post-compression heat transfer. The average pressure was defined
mathematically as the arithmetic mean of the pressure measured
from EOC to Pmin and the average temperature was calculated
thereafter assuming an isentropic expansion from the thermody-
namic state at the EOC event to the average pressure. Assignment
of an average state in this manner has been successfully applied
in numerous past experiments using the UM-RCF for similar syngas
fuels [22,27]. As discussed in detail in Mansfield and Wooldridge
[22], assignment of an average state allows for accurate incorpora-
tion of heat transfer effects while retaining critical clarity in report-
ing, vastly improving the archival value of the results as compared
to the assignment of the EOC condition only.

For experiments with an initial pressure of 15 atm, seen in
Fig. 1, trends in the dP/dt time history exhibited two peaks for all
mixtures; one corresponding to each ‘‘step’’ of pressure rise during
the ignition event. As evidenced, each step represents a region of
rapid pressure rise and the two steps observed are separated by
a region with a reduced rate of pressure rise. Two ignition delay
times were therefore determined for each experiment that exhib-
ited these features (si,1 and si,2) as the time from EOC to each peak
in the dP/dt time history. The definitions are illustrated in Fig. 1.
For experiments with an initial pressure of 5 atm, as presented in
Fig. 2, a single peak in dP/dt was observed for all mixtures and cor-
respondingly one ignition delay time, si,2, was determined from
each of these experiments. The most significant source of uncer-
tainty associated with these auto-ignition delay time measure-
ments is from the selection of the smoothing algorithm in the
data filtering process. Uncertainty for each measurement was
quantified by varying the number of points included in the initial
filtering algorithm by ±50% and defining bounds for each measure-
ment which spanned the resulting range of auto-ignition delay
times calculated. In the vast majority of cases the uncertainty in
the measured auto-ignition delay time was <1%; though, in a few
select cases 20–35% uncertainty was observed, likely the result of
a convolution of the auto-ignition event with an artifact in the
pressure time history. Uncertainty bounds in the assigned tem-
perature values were also calculated in this manner, as variation
in the smoothing algorithm parameters affects the selection of
key pressure values (EOC, Pmin, Pmax) used to calculate the tem-
perature. While in most cases the temperature uncertainty was
less than the previously defined value of �5 K, in certain cases
the uncertainty exceeded this value. A tabulated list of all
experimental results, including calculated uncertainty bounds for
the auto-ignition delay time measurements and assigned tem-
peratures, is provided in the Supplemental material section.

A frame from the typical high-speed imaging results of chemilu-
minescence during syngas auto-ignition is shown in Fig. 3. As seen,
homogeneous ignition is indicated by the spatial uniformity of the
chemiluminescence emission. For each experiment the high-speed
imaging results were reviewed to confirm that only homogeneous
ignition occurred. This ensured that all characteristics of the pres-
sure time history correspond to global phenomena (chemical kinet-
ics and heat transfer), which are well represented by a zero-
dimensional homogeneous reactor model. As illustrated in detail
by Mansfield and Wooldridge [22], the effects of localized ignition
phenomena can significantly impact the accurate interpretation of
pressure time history results for syngas fuel and so avoiding these
behaviors was critical in the present work.

3.1. Auto-ignition delay times at 5 and 15 atm

Figures 4a and 4b illustrate the auto-ignition delay time mea-
surement results for the second (si,2) and first (si,1) steps of the
ignition at 15 atm. Overall the results for both steps illustrate



Fig. 4b. Measured auto-ignition delay time of the first step of ignition (si,1) as a
function of inverse temperature for P = 15 atm. Uncertainty bounds of the auto-
ignition measurements and temperatures are the limits of the post-processing
algorithm filtering parameters. The solid line is provided for visual reference to the
pure syngas data.

Fig. 4a. Measured auto-ignition delay time of the second step of ignition (si,2) as a
function of inverse temperature for P = 15 atm. The solid line is provided for visual
reference to the pure syngas data. Uncertainty bounds of the auto-ignition
measurements and temperatures are the limits of the post-processing algorithm
filtering parameters, and are not visible on this scale.

Fig. 5. Measured auto-ignition delay time (si,2) as a function of inverse temperature
for P = 5 atm. Uncertainty bounds of the auto-ignition measurements and
temperatures are the limits of the post-processing algorithm filtering parameters.
The solid line is provided for visual reference to the pure syngas data.
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excellent repeatability and consistent trends throughout the
temperature range evaluated. The data demonstrate TMS can be
added to the syngas mixtures in a controlled and consistent man-
ner in the present experimental system, an important verification
considering that this compound has not been tested in any known
previous combustion experiment. The effects of CH4 and TMS
impurity addition are in trend wise agreement between the first
and second auto-ignition delay times, generally with CH4 inhibit-
ing and TMS promoting ignition, though the magnitude of the
impact is more pronounced for si,2. The generally observed inhibit-
ing effects for the syngas with CH4 mixture are in agreement with
previous findings by Gersen et al. [14] and Mathieu et al. [12] who
also observed this outcome.

Regarding the results for si,2 shown in Fig. 4a, it is apparent that
the addition of CH4 consistently increases the auto-ignition delay
time relative to the pure syngas mixtures by �40%. Conversely,
the addition of TMS causes a decrease in the auto-ignition delay
times, with magnitude dependent on both the concentration and
the initial temperature. For 10 ppm TMS addition, significant
effects are only observed at T > 1060 K, at which point the auto-ig-
nition delay time is reduced by �30%. For 100 ppm TMS addition,
there is a drastic impact on the measurements, with consistent
50–70% decrease in the auto-ignition delay time across all
temperatures. Regarding the results for si,1 shown in Fig. 4b, it is
apparent that the addition of CH4 consistently increases the
auto-ignition delay time measurement by 40–50%. Again, the addi-
tion of TMS results in a reduction in measured auto-ignition delay
times; where 10 ppm addition leads to a consistent 10–30% reduc-
tion, and 100 ppm leads to a consistent 45–50% reduction. As the
effect of 10 ppm and 100 ppm TMS addition was similar for si,1,
but drastically different for si,2, this suggests that the second step
of the ignition process is more sensitive to this impurity. Converse-
ly, the difference between si,1 and si,2 remains approximately con-
stant at �5 ms for both pure syngas and syngas with CH4 across all
conditions.

Figure 5 illustrates the auto-ignition delay time measurement
results (si,2) for 5 atm initial pressure. Again, the results indicate
excellent repeatability and consistent trends throughout the tem-
perature range. Recall that the uncertainty bounds of the tem-
perature assignments are the limits of the post-processing
filtering algorithm parameters. The effects of CH4 and TMS gener-
ally agree with those at 15 atm, with CH4 inhibiting and TMS pro-
moting ignition, but the magnitudes of the impact differ. It is
apparent that the addition of CH4 has minimal impact below
1050 K, though at higher temperatures the auto-ignition delay
time is increased by up to a factor of 3. While the apparent activa-
tion energy (the slope of the auto-ignition delay time as a function
of the inverse temperature) decreases as temperature decreases for
all other mixtures, the apparent activation energy for the syngas
with CH4 mixture does not change as a function of temperature.
For 10 ppm TMS addition, there is no significant effect on the
auto-ignition delay time; whereas for 100 ppm TMS addition, there
is a consistent 20–30% decrease in the auto-ignition delay time.
Interestingly, as the temperature increases to �1070 K, the auto-
ignition delay time appears to be increasingly less sensitive to
addition of 100 ppm of TMS or CH4, suggesting that the effects of
these impurities at these mole fraction levels are negligible at tem-
peratures above this value. This may be the result of reductions in
the magnitude of the auto-ignition delay times at these conditions,
as compared to lower temperatures and higher pressures.

3.2. Pressure dependence

As demonstrated in the figures above, the effect of TMS addition
on the auto-ignition delay time is highly pressure dependent, with
significantly larger magnitude impact at 15 atm. Figure 6 illus-
trates the auto-ignition delay time measurements for the second
step of the ignition process (si,2) at both 5 and 15 atm for the
pure syngas and syngas with TMS mixtures. Regarding the



Fig. 6. Measured auto-ignition delay time of the second step of ignition (si,2) as a
function of inverse temperature for P = 5 and 15 atm for pure syngas and syngas
with TMS mixtures. The solid lines are provided for visual reference to the pure
syngas data. Uncertainty bounds of the auto-ignition measurements and tem-
peratures are the limits of the post-processing algorithm filtering parameters, and
are not visible on this scale.

Fig. 7. Typical predicted pressure time histories, normalized by the initial pressure,
for P = 5 atm and 15 atm, T = 1066 K, and the pure syngas mixture.

Fig. 8. Measured and predicted auto-ignition delay times (si,1 and si,2) as a function
of inverse temperature for P = 15 atm, for pure syngas and syngas with
CH4. Uncertainty bounds of the predictions are the effect of the uncertainty in the
rate coefficient of reactions R1 and R9 add two.

Fig. 9. Measured and predicted auto-ignition delay time (si,2) as a function of
inverse temperature for P = 5 atm, for pure syngas and syngas with
CH4. Uncertainty bounds of the predictions are the effect of the uncertainty in the
rate coefficient of reactions R1 and R9 add two.
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pressure dependence of the auto-ignition delay time, there is a
dependence for the pure syngas mixture illustrated in Fig. 6, with
increases in ignition delay time of up to 100% as the pressure is
increased from 5 to 15 atm at the same temperature. This behavior
is indeed expected as the increase in pressure corresponds to a
shift to slower HO2 and H2O2 dominated chemical kinetic path-
ways [28]. While 10 ppm TMS addition has minimal impact on this
pressure dependence, it is evident that 100 ppm TMS addition
reduces the pressure dependence of the auto-ignition delay time
to nearly zero. As this pressure dependence is likely closely related
to HO2 and H2O2 dominant chemistry, this suggests that the pro-
moting effect of TMS is related to interaction with these species.

Remarkably, similar significant reduction in both auto-ignition
delay times and the pressure dependence of the auto-ignition
delay time was reported by both Petersen et al. [17] and McLain
et al. [18] for SiH4 addition to pure H2 mixtures. Jachimowski
and McLain [29] postulated that this decrease in pressure depen-
dence was due to HO2 radical scavenging by SiH4, promoting
H2O2 and subsequently OH formation, though these claims have
not been evaluated experimentally.

3.3. Comparison with kinetic model predictions

As previously mentioned, predictions for auto-ignition delay
times of pure syngas and syngas with CH4 were made using the
Li 2007 mechanism and the homogeneous reactor model in CHEM-
KIN. For all 15 atm experiments, the kinetic model accurately pre-
dicted the existence of a two-step ignition process; whereas, for
5 atm the kinetic model predicted single step ignition in most cas-
es, though two-step ignition in rapid succession (<1 ms separation)
was predicted for some conditions. This is not in disagreement
with the measurements at 5 atm however, as the resolution of
the experiment, due to the data smoothing process, is insufficient
to accurately observe two ignition steps in such immediate occur-
rence. Typical pressure time history results (normalized by the ini-
tial pressure for clarity in the comparison) from simulations with
initial conditions P = 5 and 15 atm, T = 1066 K, using the pure syn-
gas mixture are seen in Fig. 7. These results demonstrate the rela-
tionship between the initial pressure and the time between first
and second ignition steps; where for 15 atm the ignition steps
are separated by �4 ms, and for 5 atm, the separation is <1 ms.

Figures 8 and 9 illustrate the measured and predicted auto-igni-
tion delay times for 15 and 5 atm, respectively. Recall the uncer-
tainty bounds of the predictions are the effect of the uncertainty
in the rate coefficient of reactions R21, R10, R1, and R9. As seen
in Fig. 8, predictions for all temperatures, both mixtures, and both
si,1 and si,2, are in excellent agreement with the measurements at
15 atm. Likewise, as illustrated in Fig. 9, predictions for both mix-
tures for all temperatures at 5 atm are in very close agreement
with the experimental data except for the syngas with CH4 mix-
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ture. Predictions for this mixture at temperatures below �1040 K
are faster than the measurements and outside the uncertainty
bounds. While this may suggest error in the Li 2007 kinetic
mechanism, these data correspond to the lowest temperatures
and longest auto-ignition delay times, therefore it is possible that
the slight disagreement is the result of more pronounced heat
transfer effects not sufficiently captured by the model. Overall
the evidence in Figs. 7–9 shows the system is well represented
by the Li 2007 chemical kinetic reaction mechanism and a homo-
geneous reactor physical model, importantly allowing for more
the detailed chemical kinetic analysis discussed below.

4. Discussion

4.1. Two-step ignition behavior

The experimental results of the present work illustrates the
existence of a two-step ignition process for experiments with
15 atm initial pressure, embodied by two distinct regions of heat
release and corresponding pressure rise. Furthermore, model pre-
dictions indicate that near 5 atm, two-step ignition is likely occur-
ring though the steps are in such rapid succession that it is not
possible to observe a separation in time experimentally. The exis-
tence of this two-step ignition behavior for syngas fuel mixtures
has not been previously reported, although similar behavior is evi-
dent in the pressure time history results of Kéromnès et al. [30]
and Kalitan et al. [31]. As the auto-ignition delay time is often
defined as the time where dP/dt is maximized, it is possible that
in these and other previous studies multi-step ignition behavior
was observed but only a single auto-ignition delay time was
reported. Additionally, given that historical combustion experi-
ments were conducted primarily near atmospheric pressures,
according to Chaos and Dryer [4] and the references therein, it is
possible that significant two-step ignition was not exhibited for a
majority of these lower pressure studies.

As demonstrated above, the two-step nature of the ignition pro-
cess was well predicted by the Li 2007 kinetic mechanism in the
CHEMKIN reactor model. It was therefore possible to use this mod-
el in more detail, to probe trends in two-step behavior across var-
ious conditions as well as its chemical kinetic foundations. Of
particular interest was the dependence of this behavior on initial
pressure. Additionally, given the highly variable nature of syngas
mixture composition, understanding how this two-step ignition
behavior is affected by constituent variation, e.g. the ratio of
H2:CO, is also important. In order to evaluate the effects of these
factors, simulations were conducted for a range of initial thermo-
dynamic state and mixture conditions. Illustrated in Fig. 10 are
Fig. 10. Predicted pressure time histories, for P = 5 and 15 atm, T = 1066 K, and
syngas at u = 0.1, H2:CO (molar ratio) = 0:1, 1:3, 1:1, 3:1, 1:0, air-dilute with N2.
predicted pressure time histories for syngas mixtures with P = 5
and 15 atm, T = 1066 K, for air-dilute mixtures with u = 0.1, and
variable H2:CO (molar ratio) of 1:3, 1:1, 3:1, 1:0. Note that the
pressure values are normalized by the initial unburned value for
comparative clarity. Considering these predictions, it is evident
that the occurrence of two-step ignition behavior is strongly
dependent on both the initial pressure and the molar ratio of H2

to CO. Noticeably, significant two-step ignition behavior is not
apparent at 5 atm for these conditions; however, the addition of
CO does impact the rate of pressure rise during the ignition event,
with increasing amounts of CO yielding lower pressure rise rates.
This is in excellent agreement with the experimental findings of
the present work, and indeed supports the notion that previous
studies of syngas near atmospheric conditions would likely not
observe two-step ignition behavior. In contrast, at 15 atm two-step
ignition behavior, indicated by two distinct regions of differing rate
of pressure rise, is apparent for all mixtures except pure H2. At this
higher pressure both the relative magnitude of pressure rise from
the second step and the time separation between first and second
steps of the ignition process are increased with CO. Remarkably, at
15 atm and the highest CO concentration there is a marked
increase in the time of energy release during both first and second
steps of the ignition process as compared to the other conditions
evaluated. For example, at 5 atm and H2:CO = 1:1, the heat release
and corresponding pressure rise from initial to final states occurs
over <1 ms; whereas, for 15 atm and H2:CO = 1:3 the same relative
pressure rise occurs over more than 10 ms. In a practical applica-
tion, two-step heat release and ignition behavior of this sig-
nificance could have a marked impact on system performance if
not appropriately considered.

The effect of equivalence ratio on two-step ignition behavior
was also investigated computationally, in order to assess the
impact of such behaviors at a mixture condition more directly rele-
vant to combustor operation. Illustrated in Fig. 11 are simulated
pressure time histories for syngas mixtures with P = 15 atm,
T = 1066 K, for air-dilute mixtures with u = 0.1–1.0, and H2:CO (-
molar ratio) of 3:1. The pressure, temperature and H2:CO condi-
tions were selected for further study as they exhibited the most
pronounced two-step behavior in Fig. 10. As in Fig. 10 the pressure
values in Fig. 11 are normalized by the initial unburned value for
comparative clarity. It is evident that the magnitude of two-step
ignition behavior is strongly related to the equivalence ratio, with
pronounced separation between first and second stages for
u = 0.1–0.15, and negligible separation for higher values. This is
further support of the notion that two-step ignition behaviors were
not observed in previous studies, as previous studies tended to
focus on higher equivalence ratio conditions.
Fig. 11. Predicted pressure time histories, for P = 15, T = 1066 K, and syngas at
u = 0.1–1.0, H2:CO (molar ratio) = 3:1, air-dilute with N2.
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The relationship between two-step ignition behavior and both
the initial pressure and molar ratio of H2:CO for syngas mixtures
implies that these factors are important to the chemical kinetic
foundations of this behavior. Regarding these foundations, it was
desirable to develop an understanding of the root causes of two-
step ignition behavior in syngas fuels. To accomplish this, the
kinetic model was once more utilized to predict mole fraction time
histories for both major and radical species during the ignition pro-
cess. This simulation was conducted for the pure syngas mixture
used in the present experimental work at P = 15 atm, T = 1066 K;
a condition which exhibits significant two-step ignition. Illustrated
in Fig. 12 are predicted mole fraction time histories at this condi-
tion, which reveal the stepped behavior in the pressure time histo-
ry is reflected in the mole fraction time histories of both major and
radical species. As evidenced in Fig. 12a, during the first step of the
ignition process both H2 and CO are consumed, correspondingly
forming H2O and CO2. When the H2 supply is essentially exhausted,
the rate of pressure rise decreases and the rate of CO consumption
remains nearly constant. This reduction in pressure rise rate is
expected, as the total rate of fuel consumption decreases when
H2 is no longer significantly available. The rate of pressure rise con-
tinues at this reduced magnitude until after some time the remain-
ing CO is rapidly consumed and a significantly larger rate of
pressure rise occurs. This second rapid rise in pressure forms the
second step in the pressure time history. Shown in Fig. 12b are
the major radical species formed during the two-step ignition
Fig. 12b. Predicted pressure and radical species mole fraction time histories for
P = 15 atm, T = 1066 K, and the pure syngas mixture.

Fig. 12a. Predicted pressure and major species mole fraction time histories for
P = 15 atm, T = 1066 K, and the pure syngas mixture.
process. The simulation indicates H2O2 and HO2 radicals dominate
the first step of the ignition process, as predicted by Chaos et al.
[28] and mentioned earlier; however, OH and O radicals dominate
the second step of the ignition process.

As to the chemical kinetic foundation for two-stepped ignition
behavior, the question is therefore what causes the delay in rapid
CO oxidation characteristic of the second step of the ignition pro-
cess? Rate-of-production analysis for CO at this condition, shown
in the Supplemental material, importantly indicates that nearly
all CO is consumed via the reaction CO + OH = CO2 + H (R23). This
finding, in addition to the radical mole fraction time history
results in Fig. 12b, suggests that the delay in rapid CO oxidation
is likely related to a corresponding delay in the formation of
OH. Rate-of-production analysis was therefore performed for
OH, which is also shown in the Supplemental material. Results
of that analysis indicate that H2O2 (+M) = OH + OH (+M) (R15)
dominates the formation of OH during the first step of the igni-
tion process. Once the H2 supply is nearly exhausted at the end
of the first step of the ignition, the dominant formation reactions
then change to primarily H + O2 = OH + O (R1) and O + H2O =
OH + OH (R4). As discussed in detail by Chaos et al. [28] and
Mansfield and Wooldridge [22], H + O2 = OH + O (R1) is in direct
competition with H + O2 (+M) = HO2(+M) (R9), and the corre-
sponding formation rate of OH is highly dependent on both pres-
sure and temperature. Considering the competition of these
reactions, as pressure is increased and/or temperature decreased
the rate of OH production diminishes significantly. It is therefore
likely that the pressure dependence of OH production from reac-
tions R1 and R13 during the time after the first step of the igni-
tion is the underlying foundation for the dependence of two-step
ignition behavior on pressure. In other words, when pressure is
increased, the rate of OH production after the first step of the
ignition process is slowed and more time is required to build
the OH radical pool to a sufficient level for rapid CO oxidation.
This results in a more pronounced two-step ignition behavior as
the first and second steps are separated by more time. Competi-
tion between reactions R1 and R13 can also explain the depen-
dence of two-step ignition behavior on the H2:CO molar ratio.
This ratio will affect the temperature at the end of the first step
of the ignition process, with more H2 yielding a higher tem-
perature. The increased temperature will lead to an increased rate
of OH formation and correspondingly will decrease the time
between first and second steps of the ignition. Furthermore, the
dependence of two-step ignition behavior on equivalence ratio
can be related to these reactions, as an increase in fuel concentra-
tion will also increase the availability of OH radicals.

Overall the results of both the experimental investigation and
chemical kinetic analysis of the present work illustrate an impor-
tant yet often overlooked characteristic of syngas mixtures: fea-
tures of multi-stage heat release. With this in mind, the method
of reporting a single auto-ignition delay time, as traditionally done
for syngas mixtures, misses information important to understand-
ing the combustion kinetics of these fuels. The approach of report-
ing both the first and second auto-ignition delay times is an
important improvement in capturing this multi-stage behavior.
Other methods for reporting could include more characteristics
such as magnitude and rates of pressure rise, which may further
increase the value and accuracy of similar experimental data. Note
the magnitude of the effects of multi-stage heat release is con-
volved with the volume and heat transfer characteristics of the test
section of the experimental apparatus. The amount of energy
transferred to the test gases during the combustion process is
directly affected by the amount of energy lost to the cool test sec-
tion walls and/or expended in compressing the cool boundary layer
gas volume. Consequently, care should be used when comparing
multi-step ignition data from different facilities.
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4.2. Inhibiting effect of CH4

The experimental results of the present work illustrate a pressure
dependent inhibiting effect of CH4 on the auto-ignition of syngas,
which is well predicted by the Li 2007 kinetic mechanism and the
CHEMKIN reactor model. The inhibition effect and the trend in pres-
sure dependence are both in excellent agreement with the findings
by Mathieu et al. [12], who suggested that CH4 + OH = CH3 + H2O
(R49) was the primary reaction through which CH4 inhibits syngas
auto-ignition (identified using sensitivity analysis). Uniquely,
experimental results in the present work indicate that while si,1

and si,2 are increased by the addition of CH4, the magnitude of their
difference is consistent with that for pure syngas. This suggests that
the CH4 acts primarily on the kinetics during the first step of the igni-
tion at the present concentration. In order to evaluate this hypoth-
esis, the CHEMKIN reactor model was once more utilized.
Illustrated in Fig. 13 are predicted mole fraction time histories for
the syngas with CH4 mixture at P = 15 atm, T = 1066 K for the major
species. Additionally, the predicted pressure traces for both the pure
syngas and syngas with CH4 are included for comparison. As seen in
the figure, the ignition proceeds in a very similar manner as predict-
ed for pure syngas. Interestingly though, CH4 is consumed complete-
ly along with H2 during the first step of the ignition. Furthermore,
OH rate-of-production analysis for this mixture, shown in the
Supplemental material, indicates that CH4 scavenges OH during
the first step of the ignition process via CH4 + OH = CH3 + H2O
(R49) and CH2O + OH = CHO + H2O (R38). After the first step of igni-
tion, however, there is no major consumption of OH by CH4 or relat-
ed intermediates. The predicted pressure time history results also
indeed illustrate a lengthening in the time of the first step of the
ignition process by�2 ms for the mixture with CH4, though the time
from the end of the first step to the second step remains
approximately constant at �3 ms. Therefore, the modeling results
strongly support the notion that the effect of CH4 impurity addition
at this concentration is to directly increase si,1 through OH scaveng-
ing while minimally affecting the kinetics of the second step of the
ignition process. The experimentally observed effect on si,2 is there-
fore likely the result of delayed heat release from the first step of the
ignition process. It is possible that by increasing the relative concen-
tration of CH4 that its inhibition effects would extend to the second
step of the ignition process, though that was not evaluated here.
Overall these results again highlight the importance of comprehen-
sively considering the multi-step ignition process, as impurities can
affect the driving chemical kinetics of each step differently.

Comparison of predicted pressure time history results for each
mixture illustrates a decrease in the maximum post-combustion
Fig. 13. Predicted pressure and major species mole fraction time histories, for
P = 15 atm, T = 1066 K, and the syngas with CH4 mixture. The predicted pressure
time history for the pure syngas mixture is also included, to illustrate the predicted
effect of CH4 addition.
pressure by �0.15 atm for the mixture with CH4. This can be
explained by a reduction in the total heat of reaction (HR) from
2.61 to 2.38 kcal/mol for the total mixture when changing from
the pure syngas to the mixture with CH4. The specific heat capacity
values are not significantly different between the two mixtures.
4.3. Promoting effect of TMS

As previously mentioned, no chemical kinetic mechanism cur-
rently exists which includes trimethylsilanol and the expected
intermediate species during its oxidation. In order to evaluate
the possible chemical kinetic foundations of the observed effects
of TMS addition, a perturbation study was conducted using the
CHEMKIN reactor model with a pure syngas fuel mixture. The per-
turbations were designed to explore the potential effects of the
TMS impurity on the high pressure formation pathways of OH.
Both Jachimowski and McLain [29] and Petersen et al. [17] suggest-
ed that SiH4 disrupts the formation and/or enhances the consump-
tion of HO2 thus boosting OH production rates at high pressures.
Given the effects of TMS closely resemble those of SiH4 addition,
it is possible that the kinetic foundations of the ignition promoting
effect for TMS are related to changes in the same reaction
pathways.

In the current work, two perturbations to the computational
model were considered, which was conducted at P = 5 and
15 atm, T = 1066 K, for the pure syngas mixture. In the first, HO2

consumption was boosted by increasing the A-factor of the reac-
tion HO2 + HO2 = H2O2 + O2 (R14) by up to 102 times, and in the
second perturbation, HO2 formation was inhibited by decreasing
the A-factor of H + O2 (+M) = HO2 (+M) (R9) by up to 10�3 times.
The ranges were chosen to encompass limiting behaviors in the
predicted trends of the auto-ignition delay times. Results of the
model analysis, shown in the Supplemental material, indicate that
indeed reductions in both auto-ignition delay time (si,2) and in the
pressure dependence of the auto-ignition delay time can be
achieved by modifying these reactions in the manner described.
However, the magnitude of the decrease in the pressure depen-
dence and the precise trends in the auto-ignition delay times
observed experimentally are not well captured. This is expected
because replicating the precise trends would likely require accu-
rate inclusion of TMS and several additional Si-based intermediate
species in the chemical kinetic mechanism. While the creation of
such a mechanism may improve quantitative accuracy of the pre-
diction of auto-ignition delay time, mechanism development was
beyond the scope of the present work. Regardless, the modeling
results presented here are important in that they support the
notion that the effect of TMS is indeed likely related to HO2 kinetic
pathways, in good qualitative agreement with previous assertions
for the similar Si-based impurity, SiH4.
5. Conclusions

This work represents a unique investigation on the effects of
common yet understudied impurities on the combustion of syngas
fuel at thermodynamic conditions relevant to practical combustion
devices, providing not only the first direct observations of some-
times drastic effects, but also highlighting trends in behavior that
may extend beyond the specific compounds evaluated in the pre-
sent work. Studies such as this are vital to the safe and effective
application of real syngas or other high-hydrogen content fuels,
especially when used in modern high-pressure low-temperature
combustion strategies like dry low-NOx.

The results of the present experimental work uniquely illustrate
the occurrence of two-step ignition behavior at higher pressures,
with two distinct regions of heat release and pressure rise. First
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and second auto-ignition delay times (si,1 and si,2) were therefore
defined and interestingly the times were affected differently by
the addition of CH4 and TMS impurities. Modeling results suggest
the occurrence and magnitude of two-step ignition behavior can
be explained by highly pressure and temperature dependent OH
kinetics, which can cause a delay between H2 and CO oxidation
thus creating two distinct steps in the ignition process. Trends
identified using this model illustrate that two-step ignition behav-
ior becomes more prominent with increasing pressure, increasing
relative concentration of CO, and decreasing equivalence ratio.

The addition of CH4 consistently increased both si,1 and si,2 up to
40% at 15 atm, while increasing delay times at 5 atm by a factor of 3
only for T < �1050 K. Model analysis suggests this inhibiting effect
is due to OH scavenging primarily via the CH4 + OH = CH3 + H2O
(R49) reaction, which acts to slow the first step of the ignition pro-
cess. Conversely, the addition of TMS consistently decreased the
auto-ignition delay times, with the magnitude of the effect related
to the TMS concentration and the initial pressure. 10 ppm TMS
impurity addition caused a minimal effect on si,2 at both 5 and
15 atm and a consistent decrease of �10–30% in si,1 at 15 atm.
The effect of 100 ppm TMS impurity addition was much more dras-
tic, with consistent decreases of 50–70% in si,2 and 45–50% in si,1 at
15 atm and 20–30% reduction in si,2 at 5 atm. Furthermore, the
pressure dependence of the auto-ignition delay time, typically
causing up to 100% increase as pressure increased from 5 to
15 atm, was virtually eliminated for the 100 ppm TMS mixture.
Kinetic modeling suggests that these ignition promoting effects
are related to enhanced consumption and/or reduced production
of HO2, though the precise chemical kinetic effects cannot be
resolved with existing kinetic mechanisms. The drastic effects of
TMS have significant safety implications, as pronounced early igni-
tion can lead to catastrophic failures. Furthermore, the upward
trend in organic Si content in syngas mixtures and the current
movement toward higher pressure combustion systems means
consideration of these effects is of increasing importance.

The impact of TMS addition observed here is remarkably similar
to that for SiH4 in pure H2 made in previous investigations. This
suggests a possible trend for Si-based species to promote auto-ig-
nition in syngas and hydrogen mixtures. Such a trend may facili-
tate an extension of the findings in the present results beyond
SiH4 and TMS, to other Si-based species commonly present in syn-
gas fuel. Important to note, however, is that this extension is lim-
ited by the lack of understanding as to the exact mechanism for
ignition promotion. Because of this, it is not immediately apparent
if siloxane compounds, for instance, will necessarily have a pro-
moting effect due to their Si content alone, or whether their alter-
native structure will lead to other effects. Therefore, the evaluation
of siloxanes impurities in syngas mixtures is an excellent opportu-
nity for future work.
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A theoretical scaling analysis is conducted to propose nondimensional criteria to predict
weak and strong ignition regimes for a compositionally homogeneous reactant mixture
with turbulent velocity and temperature fluctuations. This leads to a regime diagram that
provides guidance on expected ignition behavior based on the thermo-chemical properties
of the mixture and the flow/scalar field conditions. The analysis extends the original
Zeldovich’s theory by combining the turbulent flow and scalar characteristics in terms
of the characteristic Damköhler and Reynolds numbers of the system, thereby providing
unified and comprehensive understanding of the physical and chemical mechanisms
controlling autoignition. Estimated parameters for existing experimental measurements in
a rapid compression facility show that the regime diagram predicts the observed ignition
characteristics with good fidelity.

Keywords: Ignition regimes; Scaling analysis; Temperature fluctuations; Weak/strong ignition

INTRODUCTION

Towards clean and efficient energy utilization, new strategies in combustion devices
for both automotive and stationary applications operate using lean, nearly homogeneous
reactant mixtures at boosted pressure and preheated conditions. These include aircraft
engines operating at higher inlet temperatures (Lieuwen and Yang, 2013), low temper-
ature combustion engines (Lavoie et al., 2010), and stationary gas turbines using lean
premixed combustion (US DOE, 2009), among many examples. Under these conditions,
autoignition often becomes a dominant process for burning. As such, accurate prediction
of autoignition characteristics—the ignition delay times as well as the entire evolution of
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the fuel consumption behavior—is of paramount importance in successful implementation
of the combustion systems.

Historically, the subject of autoignition and slow versus rapid combustion has been
extensively studied in the context of detonation and explosion research. Earlier experimen-
tal studies of shock-induced ignition reported distinct ignition behavior, referred to as the
“weak” and “strong” ignition regimes, for which the importance of the ignition delay time
sensitivity, dτig/dT , was recognized (Meyer and Oppenheim, 1971; Oran and Boris, 1982;
Oran et al., 1982). It was found that the dτig/dT iso-lines serve as a rational criterion to dis-
tinguish the different ignition regimes. A theoretical study by Zeldovich (1980) proposed
criteria for ignition regimes, classified as detonation, spontaneous propagation, and normal
flame. The issue of premature ignition by local hot spots within a shock tube has also been
revisited in recent studies (Javed et al., 2015; Uygun et al., 2014).

Recognizing the general interest in fundamental characterization of autoignition
phenomena, the present study was further motivated by the recent research activities on
combustion of coal-derived syngas in gas turbines as a new strategy for clean utilization
of coal (US DOE, 2009). Due to the high flame temperatures and NOx emissions associ-
ated with high hydrogen content fuels like syngas, a common combustion strategy is to
operate in the lean premixed mode (Richards et al., 2001). In such conditions, combustion
stability depends more highly on autoignition characteristics (Lieuwen et al., 2008). As for
the autoignition characteristics of syngas mixtures at typical gas turbine operating condi-
tions (20 bar and above), a compilation of recent experimental and computational studies
was reported in Petersen et al. (2007), showing a wide range of discrepancies between
measurements and predictions based on homogeneous adiabatic calculations with detailed
chemistry, especially at low temperature (<1000 K) conditions.

Subsequently, a number of studies followed in order to identify the main cause of
such discrepancies. Experimental studies using rapid compression facilities (RCF) reported
a possibility that the discrepancies may be attributed to the non-uniform temperature
and mixture fields arising from wall heat loss and flow vortex generation (Mittal et al.,
2006; Walton et al., 2007). A recent study by Mansfield and Wooldridge (2014) con-
ducted imaging experiments of syngas autoignition within an RCF, and reported an early
phase front propagation, called the “weak” ignition regime, at low temperature conditions.
They also confirmed that the ignition delay in such conditions is significantly shorter, by
several factors, than the corresponding homogeneous ignition delay prediction. A pressure-
temperature diagram was provided to distinguish between the weak and strong ignition
regimes. Moreover, several criteria to identify the transition between weak and strong igni-
tion regimes were evaluated, including the criterion by Zeldovich (1980). The modified
formula proposed by Sankaran et al. (2005), based (in part) on the ignition delay time
sensitivity, dτig/dT , was found to reproduce the experimentally observed trends very well.
To corroborate experimental findings, Ihme and co-workers (Ihme, 2012; Wu and Ihme,
2014) used simple one- and two-dimensional models to demonstrate that the presence of
turbulent fluctuations can lead to significant ignition advancement. These recent series of
findings have led to a consensus in the community that scalar non-uniformities are the like-
liest causes of the discrepancies between zero-dimensional modeling and the experimental
autoignition delay time data (Dryer et al., 2014).

Considering the established significance of thermal and compositional nonuniformi-
ties on autoignition characteristics, the main objective of the present work is to extend
the understanding to develop a rational criterion to predict the conditions associated with
the different autoignition regimes for general turbulent mixing conditions. To this end,
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the diagrams shown in the experimental studies (Mansfield and Wooldridge, 2014; Meyer
and Oppenheim, 1971), which focused on a regime criterion solely based on chemical
characteristics of the ignition sensitivity, are not sufficient; such a criterion lacks other
potentially important information about the level of scalar fluctuations that trigger the front
initiation and propagation.

To elaborate further, the Zeldovich criterion (Zeldovich, 1980), which was further
refined and demonstrated by Sankaran et al. (2005), defines the nondimensional number,
Sa, as:

Sa = β
SL

Ssp
= βSL

∣∣∣∣dτig

dT
∇T

∣∣∣∣ , β = 0.5 (1)

where SL is the laminar flame speed, Ssp =
∣∣∣ dτig

dT ∇T
∣∣∣−1

is the spontaneous ignition front

propagation speed, and τig is the ignition delay time for the homogeneous mixture at the
average or bulk temperature. The factor β < 1 reflects the fact that sufficiently rapid spon-
taneous front propagation is needed in order to ensure strong ignition. Hereinafter, Eq. (1)
will be referred to as the Zeldovich–Sankaran criterion. The ignition regime criterion pre-
dicts a weak ignition if Sa > 1, as the deflagration front dominates the ignition behavior,
and strong ignition if Sa < 1, in which case the spontaneous ignition process dominates.
Therefore, it is evident that the ignition regimes are determined by the ignition delay sen-
sitivity (dτig/dT) and the temperature distribution (∇T), which is determined by the scalar
field distribution. In RCF and shock tube autoignition studies of syngas, thermal gradients
on the order of 5 K/mm are expected (Mansfield and Wooldridge, 2014); however, sys-
tematic studies of the effects of flow and scalar field fluctuations are needed to expand the
predictive regime diagram to realistic combustion devices where much larger temperature
gradients can be expected.

This study presents a theoretical scaling analysis to extend the regime criterion in
terms of nondimensional parameters that are commonly used in characterizing turbulent
combustion systems. In the following, the relevant physical quantities are identified and
simplifying assumptions are introduced. Subsequent derivations of relevant scaling rela-
tions then lead to the ignition regime criterion with turbulent combustion parameters. The
predicted regime diagram is then validated by the evaluation of the conditions encountered
in experimental measurements.

PROBLEM DEFINITION AND ASSUMPTIONS

Figure 1 shows a schematic of the problem under consideration and important char-
acteristic quantities. The length scales include the chamber length, L, the integral eddy
scale, �, the Taylor microscale, λ, and the deflagration flame thickness, δf . In general, � is
considered a fraction of L, and λ/� scales with the turbulent Reynolds number as will be
discussed later. The laminar flame speed, SL, and the root mean square (RMS) turbulent
velocity fluctuation at the integral scale, u′, are important velocity scales that will be com-
pared to the other relevant velocities to be determined later. For the scaling analysis, the
following simplifications and assumptions are made:

1. Weak ignition is primarily caused by front propagation originating from small-scale
local temperature fluctuations, with a length scale typically of an order of mm or less,

D
ow

nl
oa

de
d 

by
 [

] 
at

 0
6:

34
 1

3 
M

ay
 2

01
5 
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Figure 1 A schematic of a combustion chamber with various physical length scales.

such as local hot spots, and the effects of large scale bulk temperature gradients, such
as gradients caused by wall heat losses, are not considered. This is based on the exper-
imental observations that early stage ignition kernels are often generated in the interior
of the combustor, not necessarily near the wall region.

2. The mixture composition is homogeneous, and only the temperature fluctuations are
considered. The scales of initial temperature and velocity fluctuations are comparable
and correlated.

3. The Prandtl number of the mixture is unity, so that combined with assumption 2, the
dissipation of temperature fluctuations is mainly driven by turbulent flows. This implies
that the time and length scales for turbulent velocity and scalar fields are the same (i.e.,
the Batchelor scale is identical to the Kolmogorov scale).

To characterize the turbulent velocity and scalar fields, key nondimensional parameters
are introduced. Following the framework of Liñán and Williams (1993), a rational way to
characterize turbulent combustion systems is to use the turbulent Reynolds number, which
represents the intensity of turbulence, and the characteristic turbulent Damköhler number,
which represents the intensity of chemical reaction. For the integral scale eddy whose veloc-
ity, length, and time scales are characterized by u′, �, τ� = �/u′, respectively, the turbulent
Reynolds number is defined as:

Re� = u′�
ν

(2)

where ν is the kinematic viscosity of the bulk mixture gas. As for the measure of the
chemical intensity, two ignition Damköhler numbers are defined as:

Da� = τ�

τig
(3)
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which is referred to as the integral Damköhler number, and

Daλ = τλT

τig
(4)

is referred to as the mixing Damköhler number, where τig is the ignition delay time for
the homogeneous reactant mixture at the bulk temperature, τλT is the mixing time scale
associated with the Taylor microscale for the temperature field, λT . The mixing time scale
and the Taylor microscale are determined in terms of the RMS temperature fluctuation, T ′,

and the mean temperature dissipation rate, 2α˜|∇T|2, written as:

τλT = T ′2

α˜|∇T|2
, λ2

T = T ′2

˜|∇T|2
(5)

In analogy with those of the Taylor microscales for velocities:

τλ = u′2

ν
˜

∣∣∂uj/∂xj

∣∣2
, λ2 = u′2

˜
∣∣∂uj/∂xj

∣∣2
(6)

Based on assumption 3, it follows that the mixing time and length scales for temperature
are interchangeable with those for turbulent velocities, such that:

τλT = τλ, λT = λ (7)

SCALING ANALYSIS

The main objective of the scaling analysis is to derive an expression for the
Zeldovich–Sankaran criterion in terms of the characteristic Reynolds and Damköhler num-
bers. Recalling from the theory of homogeneous turbulence (Tennekes and Lumley, 1972),
the scaling relation yields:

λ

�
= Re−1/2

� ,
τλ

τ�

= λ/u′
λ

�/u′ = λ

�

u′

u′
λ

=
(

λ

�

)2/3

= Re−1/3
� (8)

It follows that

Daλ = τλT

τig
= τλ

τig
= τ�

τig

τλ

τ�

= Da� Re−1/3
� (9)

The significance of Daλ is that it is the ratio of the characteristic temperature dissipation
time to the characteristic ignition delay time at the bulk mean temperature. Therefore,
if Daλ < 1, the temperature fluctuations are dissipated before ignition occurs, thus it is
unlikely to exhibit the weak ignition behavior triggered by reaction front propagation.

The next step is to extend the Zeldovich–Sankaran criterion, Eq. (1), to turbulent con-
ditions. To this end, it is assumed that the occurrence of the hot-spot-induced pre-ignition
is proportional to the statistical mean temperature gradient, such that
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Sa ≈ βSL

∣∣∣∣dτig

dT

∣∣∣∣ ˜|∇T| (10)

where it is estimated that

˜|∇T| ≈ T ′

λT
≈ T ′

λ
= T ′

�Re−1/2
�

(11)

Therefore, Eq. (10) is written as:

Sa ≈ βSL

∣∣∣∣dτig

dT

∣∣∣∣ T ′

�
Re1/2

� = β

(
SL

δf

)(
δf

�

)
T ′

∣∣∣∣dτig

dT

∣∣∣∣ Re1/2
� (12)

which includes the length scale ratio, δf /�, where δf is the characteristic flame thickness.
Following Liñán and Williams (1993):

δf

�
= Re−1/2

� Da−1/2
�,f = Re−1/2

�

(
τ�

τf

)−1/2

= Re−1/2
�

(
τ�

τig

)−1/2(
τig

τf

)−1/2

= Re−1/2
� Da−1/2

�

(
τig

τf

)−1/2

(13)

where it is noted that the integral Damköhler number in Liñán and Williams (1993) was
defined differently from Eq. (3) above, and was based on the flame time scale, τf = δf /SL.
Therefore, the factor τig/τf must be included. Combining Eqs. (12) and (13), the turbulent
ignition regime criterion can be written as:

Sa = KDa−1/2
� , K = β

(
T ′(

τf τig
)1/2

) ∣∣∣∣dτig

dT

∣∣∣∣ (14)

where K is referred to as the normalized thermal ignition sensitivity. In comparison with the
laminar version in Eq. (1), SL |∇T| has now been expressed as

(
T ′/τ ∗) Da−1/2

� through the

dimensional scaling, with a reduced time scale, τ ∗ = (
τf τig

)1/2
. The final ignition regime

criterion becomes: {
Da� < K2 : weak ignition
Da� > K2 : strong ignition

(15)

As discussed with Eq. (9), an additional condition of Daλ = Da� Re−1/3
� > 1 needs to be

satisfied to ensure weak ignition, since otherwise the temperature fluctuations are likely
to dissipate away before the front forms. Finally, Da� < 1 would ensure an even stronger
mixing scenario, since eddies at all scales would have time scales shorter than the igni-
tion delay time, such that all temperature fluctuations would be dissipated and only strong
ignition would be expected.
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THE REGIME DIAGRAM AND DISCUSSION

Compiling the above scaling analysis leads to the regime diagram as shown in
Figure 2. The autoignition processes in nearly homogeneous mixtures with turbulent fluc-
tuations are characterized in the Da–Re space, to represent the relative chemical and
turbulence intensities determined by the chemistry, thermodynamics, and turbulent trans-
port in the gas mixture. It is shown that the primary factor to determine the ignition regime
is Da�, while Re� modifies the conditions further.

First, for a given Re�, the Zeldovich–Sankaran criterion indicates that the weak/

mixed ignition regime is possible for 1 < Da� < K2. If Da� > K2, then the reactant mix-
ture is either too reactive (small τig) or the mixture ignition characteristics are not sensitive
to the temperature fluctuations (small dτig/dT), such that the entire mixture ignites almost
at the same time despite some level of temperature fluctuations. This is referred to as the
reaction–dominant strong ignition regime. On the other hand, if Da� < 1, then the turbulent
mixing is rapid (small τ�), such that the temperature fluctuations are dissipated before the
local ignition takes place. In contrast to the Da� > K2 case, this is referred to as the mixing–
dominant strong ignition regime. Note that the K parameter includes the ignition delay
sensitivity, which is more than just a time-scale characterization, and depends strongly on
the ignition chemistry of the specific fuel.

Between the limits 1 < Da� < K2, weak ignition is possible; however, the mixing
Damköhler number, Daλ, provides an additional criterion for this region of the regime
diagram. Considering that the dynamics of turbulent mixing and dissipation are commonly

Figure 2 Regime diagram for strong and weak ignition for nearly homogeneous reactant mixture with
temperature fluctuations.
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characterized by the Taylor scale, λ, a proper criterion to determine the mixing–dominant
strong ignition would be the ratio of the Taylor mixing time, τλ, to the ignition time,
τig. Therefore, the Daλ = 1 condition serves as a more refined criterion within the limits
of 1 < Da� < K2 to further identify the boundary between the weak and strong ignition
regimes. Considering Eq. (9), this line appears on the regime diagram with a slope of
1/3, indicating that the occurrence of weak ignition phenomena will become less likely
as the turbulent Reynolds number of the mixture increases. Still, the conditions between
Daλ < 1 and Da� > 1 are a “grey” zone, in that some mixed mode ignition in which a mild
level of front propagation followed by a strong ignition may occur. This is denoted as the
mixing–dominant mixed/strong ignition regime.

The regime diagram serves as a qualitative guidance to the expected ignition behavior.
The appropriate autoignition regime can be identified given the knowledge of the thermo-
chemical properties of the mixture (e.g., pressure, temperature, reaction chemistry, etc.),
and the characteristic turbulent flow parameters (e.g., Reynolds number, turbulence/scalar
fluctuation intensity, etc.). If the initial condition of the mixture falls into the weak ignition
or mixed/strong ignition regimes, then large discrepancies in the ignition delay prediction
against the measured data can be expected and must be treated carefully.

To validate that the proposed regime diagram predicts the ignition characteristics in
actual systems, the experimental data for syngas autoignition by Mansfield and Wooldridge
(2014) are processed and plotted on the regime diagram, as shown in Figure 3. The homo-
geneous ignition delay times are computed using CHEMKIN (Kee et al., 1989) calculations
with the detailed reaction mechanism by Li et al. (2007). The experimental conditions, the
types of the observed ignition behavior, and the corresponding regime diagram parameters
are provided in Table 1. The turbulence parameter estimation was difficult, as no detailed
measurements of flow field fluctuations were available, as is often the case with many
ignition experiments. Therefore, estimations were made based on the reported mean veloc-
ity and a presumed level of turbulence intensity at 1%, turbulence integral length scale,
� ∼ 0.4L (where L is the dimension of the combustion chamber), and a temperature fluc-
tuation, T ′ ∼10 K. Since the K2 line also depends on the physicochemical parameters of
the mixture, each experimental data point yields a separate horizontal line on the regime
diagram.

Figures 3a and 3b show a compilation of selected data points corresponding to the
strong and weak ignition behavior, respectively. Although not all available data points are
shown for clarity, it was confirmed that most of the data points represented ignition behavior
consistent with the regime diagram. While there are some uncertainties in the parameter
estimations (especially those related to turbulent fluctuations), the experimental data points
mapped on the regime diagram are found to be in very good agreement with the proposed
theory. More experimental data with detailed flow field measurements will be needed to
validate the theoretical prediction for a wide range of device and mixture conditions.

CONCLUDING REMARKS

A theoretical scaling analysis was conducted to develop a regime diagram to pre-
dict weak and strong ignition regimes for a compositionally homogeneous reactant mixture
with turbulent temperature fluctuations. The diagram provides guidance on expected igni-
tion behavior based on the thermo-chemical properties of the mixture and the flow/scalar
field conditions. The analysis is an extension of the previous studies by Zeldovich (1980)
and Sankaran et al. (2005) to combine the turbulent flow and scalar characteristics in terms
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AUTOIGNITION OF HOMOGENEOUS REACTANT MIXTURES 1271

Figure 3 Location of (a) weak/mixed ignition cases 1–5 and (b) strong ignition cases 6–10 in red, green, dark
blue, sky blue, pink, respectively, on the turbulent regime diagram.

of the characteristic Damköhler and Reynolds numbers of the system. The results of this
work provided a more unified and comprehensive understanding of the physical and chem-
ical mechanisms controlling ignition characteristics compared to the existing experimental
maps in previous studies (Mansfield and Wooldridge, 2014; Meyer and Oppenheim, 1971),
which were solely based on the ignition delay sensitivity.
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It was recognized that the Zeldovich–Sankaran criterion includes the ignition delay
sensitivity, dτig/dT , as a critical factor. Therefore, the traditional regime characterization
based on the Damköhler and Reynolds numbers (such as those for turbulent premixed com-
bustion regimes), which were based on time scales only, was not sufficient to describe the
transitions between weak and strong ignition phenomena, and the introduction to the sen-
sitivity parameter, K, was necessary. The regime diagram further showed how turbulence
characteristics would affect the Zeldovich–Sankaran criterion based on the Kolmogorov
theory of homogeneous isotropic turbulence.

The Zeldovich–Sankaran criterion indicates that there is a region where mixtures with
high K values or high thermal sensitivity are more susceptible to weak ignition. Such condi-
tions are reached with hydrogen/oxygen mixtures at low temperatures and high pressures.
Therefore, the theory serves as a reasonable argument that the ignition delay discrepancies
observed in syngas mixtures at low temperatures may be attributed to the ignition front
propagation triggered by the local temperature peaks.

As for the turbulent combustion modeling implications, the proposed ignition regime
diagram serves as a general guideline to identify whether the combustion processes are
ignition controlled or flame-propagation controlled. Many turbulent premixed combustion
closure models inherently assume a flame-dominant combustion mode, and it is hoped that
the present study provides a metric to assess the validity of these models, as a supplement
to the commonly-used Borghi diagram (Peters, 2000).

As a final remark, for higher hydrocarbon fuels that are known to exhibit the
negative temperature coefficient (NTC) behavior, there is a broad range of intermedi-
ate temperature conditions at which the K value is expected to be low, thus promoting
strong ignition. Weak ignition and associated front propagation behavior at NTC con-
ditions have recently been studied (Gupta et al., 2013; Kim et al., 2015; Mansfield
et al., 2015; Yoo et al., 2011). Further work is needed in order to validate the proposed
regime diagram and ignition criterion for such complex fuels. Moreover, the sensitivity
of the ignition characteristics to different uniform mixture compositions as well as the
level of composition fluctuations would introduce further complexities to the problem.
Additional detailed computational investigations using direct numerical simulations are
underway.
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A computational study was conducted to investigate the characteristics of auto-ignition
in a syngas mixture at high-pressure and low-temperature conditions in the presence
of thermal inhomogeneities. Highly resolved one-dimensional numerical simulations
incorporating detailed chemistry and transport were performed. The temperature in-
homogeneities were represented by a global sinusoidal temperature profile and a lo-
cal Gaussian temperature spike (hot spot). Reaction front speed and front Damköhler
number analyses were employed to characterise the propagating ignition front. In the
presence of a global temperature gradient, the ignition behaviour shifted from sponta-
neous propagation (strong) to deflagrative (weak), as the initial mean temperature of the
reactant mixture was lowered. A predictive Zel’dovich–Sankaran criterion to determine
the transition from strong to weak ignition was validated for different parametric sets.
At sufficiently low temperatures, the strong ignition regime was recovered due to faster
passive scalar dissipation of the imposed thermal fluctuations relative to the reaction
timescale, which was quantified by the mixing Damköhler number. In the presence of
local hot spots, only deflagrative fronts were observed. However, the fraction of the
reactant mixture consumed by the propagating front was found to increase as the initial
mean temperature was lowered, thereby leading to more enhanced compression-heating
of the end-gas. Passive scalar mixing was not found to be important for the hot spot
cases considered. The parametric study confirmed that the relative magnitude of the
Sankaran number translates accurately to the quantitative strength of the deflagration
front in the overall ignition advancement.

Keywords: auto-ignition; syngas; flames; numerical simulation; ignition regimes

1. Introduction

In view of growing environmental concerns and limited petroleum reserves, the utilisation
of coal-derived synthetic gas (syngas) is considered an attractive alternative for power
generation applications [1, 2]. Syngas offers considerable opportunity for clean use of
coal with potential for near-zero pollutant emissions, including greenhouse gases, when
combined with carbon capture and sequestration methods.

Despite the promises, however, successful implementation of syngas combustion in gas
turbines faces many technical challenges associated with the high level of hydrogen content,
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0186 (mobile)
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such as high flame speeds, extended flammability limits, flashback and blowout, primarily
due to the unique thermo-diffusive properties of hydrogen. In addition, these gas turbines
are typically operated at high-pressure (up to 30 bar) and low-temperature (<1000 K)
conditions, at which the ignition and combustion characteristics of syngas are not well
understood. Recent experimental investigations [3–7] reported large discrepancies between
measurements and homogeneous chemical kinetic modelling predictions in the ignition
delay times at these conditions, with the experimental values being orders of magnitude
less than the corresponding model predictions.

A number of potential contributing factors were proposed to explain the observed dis-
crepancies, such as uncertainties in the kinetic rate constants of certain key elementary
reactions, for example, CO + HO2 = CO2 + OH, the effects of gas impurities and
surface-catalytic processes [5,6,8,9]. In addition, it was recognised that the presence of
thermal inhomogeneities at high pressures and low temperatures may also contribute to
the overall ignition advancement in comparison with the homogeneous prediction, by way
of early flame kernel growth and front propagation. For example, Medvedev et al. [10]
analysed the ignition delay data reported by various experimental facilities [3,11,12] and
reported that, at relatively low temperatures, the measured ignition delays were close to the
timescales of deflagrative flame propagation, which were much shorter than the correspond-
ing homogeneous ignition delays. In a recent experimental study using syngas in the rapid
compression facility (RCF), Mansfield and Wooldridge [13] demonstrated a transition in
the auto-ignition behaviour from the strong (characterised by nearly homogeneous ignition)
to the weak (initiated by localised reaction sites and followed by front propagation) regime
as the initial mean temperature was lowered.

These observed trends were qualitatively similar to earlier shock tube studies of
hydrogen–oxygen ignition [14–17], in which localised ignition at an early stage led to
a significant acceleration in the ignition delay times. Meyer and Oppenheim [15] re-
ported that the boundary between strong and weak ignition coincided with an iso-line
of the sensitivity of homogeneous ignition delay time to temperature, dτ ig/dT, in the
pressure–temperature space. Consistent behaviour was found in the RCF study [13], where a
dτ ig/dT = constant line served as a reasonable criterion for differentiating the strong and
weak ignition regimes. Recently, reduced order modelling was also attempted [18,19] to
demonstrate that turbulent fluctuations can also result in a significant reduction in the
ignition delay times.

Considering the significance of different ignition regimes in determining the net ignition
delay times, the ultimate practical goal is to obtain a rational criterion to predict whether
a given mixture will ignite in the strong or weak regime. To this end, it is evident that a
constant dτ ig/dT criterion is not sufficient, as a perfectly homogeneous mixture must ignite
in the strong regime regardless of the mixture’s ignition sensitivity. An additional parameter
to represent the local or global temperature distribution within the mixture must also be
considered.

Further theoretical development has led to a unified criterion to identify various ig-
nition regimes proposed by Zel’dovich [20], which was later modified and validated by
Sankaran et al. [21] in two-dimensional direct numerical simulations of auto-igniting
homogeneous mixtures in the presence of temperature fluctuations. However, since the
Zel’dovich–Sankaran criterion is based on the local temperature gradient, it cannot readily
be used as a predictive metric in practical devices in which only statistical mean quantities
in turbulent fluctuations are available. Im et al. [22], by a scaling analysis, proposed a
turbulent ignition regime diagram as an extension of the criterion to be applicable in bulk
turbulent combustion systems.
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As a complementary work to the regime diagram, the objective of the present study is to
validate the Zel’dovich–Sankaran criterion as a predictive indicator of the ignition regime
of a reactant mixture. As a first step, extensive parametric studies are conducted using
simple one-dimensional configurations with the level of initial temperature fluctuations
being prescribed as the key parameter. The corresponding ignition behaviours are then
characterised and the resulting ignition delay times are reported in comparison with the
reference homogeneous mixture conditions.

2. Numerical setup and initial conditions

One-dimensional (1D) constant-volume simulations are performed using the direct nu-
merical simulation (DNS) code S3D [23], which solves the compressible, Navier–Stokes,
species continuity and total energy equations. A fourth-order explicit Runge–Kutta method
and an eighth-order central differencing scheme are used for time integration and spatial
discretisation, respectively [24]. A detailed H2/CO mechanism with 12 species and 33
chemical reactions [25] is employed. The mechanism is linked with the CHEMKINTM [26]
and TRANSPORTTM [27] libraries for evaluating the reaction rates and thermodynamic
and mixture-averaged transport properties, respectively. Periodic boundary conditions are
imposed, such that heat release in the computational domain leads to pressure rise and
compression heating of the reactants.

A number of parametric conditions are considered for initial pressures (P0) of 10
and 20 atm, and the initial mean temperature (T0) in the range 850–1100 K, as typically
encountered in gas turbines. A uniform syngas/air mixture with an H2:CO molar ratio of
0.7:1 and a fuel–air equivalence ratio of 0.5 is chosen. In addition, the mixture is diluted
with twice the amount of nitrogen present in the air (i.e. a molar ratio of N2:O2 = 11.28),
to ensure the pressure rise is sufficiently high to serve as an indicator of auto-ignition, but
also to avoid shock wave formation [28,29]. A uniform grid size of 4.7 µm is used to allow
sufficient resolution of the thin propagating fronts. The initial flow is quiescent.

Temperature non-uniformities are represented by two types of initial conditions. First,
to represent moderate global temperature variations, a sinusoidal temperature profile is
superimposed on the initial mean temperature, with a prescribed root-mean-square (RMS)
fluctuation, T ′, and wavelength spanning the domain length, L. Alternatively, to represent a
localised ignition source, a hot spot is represented by superimposing a Gaussian temperature
profile, Ths, onto the mean temperature:

Ths (s) = A

π
exp

[
−2n2

(
x − L

/
2
)2

L2

]
− A

2.5n
, (1)

where the factor n governs the size of the hot spot and A determines the amplitude. By
definition, Ths has a zero mean so that the mean of the total temperature distribution remains
at T0. The amplitude (�T ), of the hot spot is varied in the range 25–100 K as observed
in some syngas ignition experiments [30], while the size of the hot spot is kept constant at
0.6 cm. The value of n = 16 is chosen in order to keep the size of the incipient hot spot
reasonably small (localised) as compared to the domain size, as has been typically observed
in experiments [13]. It is noted that for fixed domain length, initial mean temperature (T0)
and hot spot magnitude (A), a decrease in n results in an increase in the size/strength of
the hot spot, while the initial end-gas temperature becomes lower in order to maintain
constant T0. Consequently, this would lead to a higher propensity for deflagrative front
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590 P. Pal et al.

Figure 1. Sample initial temperature profiles with (a) global temperature gradient (T ′ = 10 K, L =
1.2 cm) and (b) local hot spot (�T = 100 K), at T0 of 1000 K.

propagation. In other words, the effect of solely decreasing n is qualitatively similar to
the effect of solely increasing A (Section 3.2), and therefore is not discussed separately.
The sensitivity to parameter n is directly reflected in the Sankaran number defined in
Section 3.1.1, representing the changes in the RMS temperature. Figure 1 shows examples
of initial temperature profiles for the two types of prescribed thermal inhomogeneities. In
the present work, the ignition regime is classified as weak when most of the reactant mixture
is consumed by deflagrative front propagation.

3. Results and discussion

3.1. Effects of global temperature variations

3.1.1 Strong ignition limit: The Sankaran number

To investigate the effect of global temperature variations, parametric tests are carried out
at different thermodynamic conditions, for varying magnitudes of the RMS temperature

Figure 2. Homogeneous ignition delay and laminar flame speed versus initial mean temperature (a)
and ignition delay sensitivity versus initial mean temperature (b), for all cases listed in Table 1.
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Combustion Theory and Modelling 591

Table 1. Initial conditions for parametric cases.

Set # P0 (atm) T0 (K) T ′ (K) L (cm)

1 20 910–1100 10 1.2
2 10 910–1100 10 1.2
3 10 910–1100 10 2.4

fluctuation (T ′) and the associated wavelength (L), as listed in Table 1. The corresponding
homogeneous ignition delay times (τ ig,0), laminar flame speeds (SL), and temperature
sensitivities of ignition delay (|dτ ig,0/dT0|) at the mean initial conditions considered in the
present work are plotted in Figures 2(a) and 2(b), respectively. The ignition delay time is
defined as the time at which the maximum pressure rise rate occurs. Note that SL decreases,
whereas both τ ig,0 and |dτ ig,0/dT0| increase with a decrease in temperature, at a given
pressure.

Figure 3 shows typical behaviour of temperature evolution for the overall progression
of the ignition and combustion process for T0 = 1030 K and T ′ = 10 K, corresponding to
set #1. Ignition first occurs at the location of the highest temperature in the middle of the
domain, and subsequently reaction fronts emanate from this ignition kernel, propagating
towards the left and right ends of the domain. The propagating fronts heat the remaining
charge by compression, thereby accelerating the ignition of the end-gas. Similar to Figure 3,
for all other parametric cases listed in Table 1, the reactant mixture is completely consumed
by ignition front propagation.

To determine the nature of the propagating front, the numerical results for the parametric
cases are analysed based on two quantitative metrics. The first metric to distinguish between
deflagrations and spontaneous propagation fronts is the density-weighted front propagation

Figure 3. Temperature versus distance for a sequence of times, for T0 = 1030 K, corresponding to
set #1 in Table 1. The equally spaced time sequence starts from 7 ms with an increment of 0.25 ms.
The arrows indicate the direction of increasing time.
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592 P. Pal et al.

Figure 4. Evolution of normalised front propagation speed as a function of normalised time (a), and
hydrogen reaction and diffusion budget terms at the time instant of lowest front propagation speed
(b), for T0 = 1030 K (red) and T0 = 910 K (blue), corresponding to set #1 in Table 1.

speed [31, 32], Sd, defined as

Sd = 1

ρu|∇Yk|
(

ẇk − ∂

∂xj

(
ρYkVj,k

))
, (2)

where Yk, Vj,k and wk denote species mass fraction, species diffusion velocity in the j-
direction, net production rate of species k, and ρu denotes the density of the unburned
mixture, which is calculated from the local enthalpy and fresh reactant mixture condition
based on the assumptions of constant pressure and enthalpy across the front [33]. Sd is
computed at the location of maximum heat release and H2 is chosen as the species k in the
present work.

As the second metric to identify the nature of the propagating fronts, the reaction and
diffusion budgets for the H2 mass fraction at the time of minimum front propagation speed
are examined. A characteristic front Damköhler number (Dafr) is defined as the ratio of the
peaks of reaction and diffusion of H2 within the front:

Dafr = max(|ẇH2 |)
max(∇ · (−ρDH2∇YH2 ))

, (3)

where the maximum values for the reaction and diffusion terms closest to the reaction zones
are considered. H2 is used for the calculations in the present study; it was found that the
choice of other species such as OH and HO2 yielded consistent results.

Figure 4(a) shows the computed temporal evolution of the front speed for two initial
mean temperatures of 910 and 1030 K, corresponding to set #1 in Table 1. The x- and
y-axes are normalised by the homogeneous ignition delay times (τ ig,0) and laminar flame
speeds (SL), respectively, at the corresponding initial mean conditions. Nominally, the
curves exhibit a characteristic U-shape behaviour, representing a stabilised low speed front
propagation between the initial ignition kernel development and final consumption points
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Combustion Theory and Modelling 593

where the speed becomes unbounded due to nearly zero fuel concentration gradient [33].
For T0 = 910 K, Sd is almost equal to the laminar flame speed, whereas for T0 = 1030 K,
the ignition front propagates at a speed higher than the corresponding SL by an order of
magnitude. The final thermal runaway also occurs relatively faster for the lower T0 case.

Figure 4(b) shows the spatial profiles of the diffusion and reaction terms in the H2

species conservation equation for the two cases. As the configuration is symmetric, only
the right half of the domain is shown. The time instants correspond to the minimum
front propagation speed for the respective cases. For T0 = 1030 K, the diffusion term is
nearly negligible relative to the reaction term. On the other hand, for T0 = 910 K, the two
contributions are comparable. Figure 4 indicates that the higher temperature case exhibits
spontaneous ignition behaviour whereas, for the lower temperature case, auto-ignition
occurs via deflagrative front propagation.

The variation of Dafr with T0 for the three parametric sets listed in Table 1 is plotted in
Figure 5 to capture the trend in auto-ignition behaviour. As T0 decreases, transport effects
become more important and the ignition regime transitions from spontaneous (strong)
propagation to deflagration (weak), indicated by Dafr approaching unity.

As an alternative metric to identify the nature of the front, the Zel’dovich–Sankaran
criterion [21] predicts that strong ignition is encountered when

Sa = β
SL

Ssp
= βSL

∣∣∣∣dτig, 0

dT0

dT0

dx

∣∣∣∣ ≤ 1, (4)

where Sa is called the Sankaran number and Ssp = |(dτig, 0/dT0) · (dT0/dx)|−1 is the speed
of a spontaneous ignition front. dT0/dx represents the initial temperature gradient in the
mixture. β is chosen to be 0.5 following [21].

The variation of Sa with T0 for the different parametric sets is also shown in Figure 5.
The data shows the Sa = 1 criterion coincides well with Dafr ≈ 1.4, which is a reasonable

Figure 5. Variation of the front Damköhler number (solid lines) and Sankaran number (dash–dot
lines) versus initial mean temperature (T0) for parametric set #1 (circles), parametric set #2 (squares)
and parametric set #3 (� ’s) in Table 1. The dotted lines show the corresponding T0 at which Sa = 1
for each parametric set.
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594 P. Pal et al.

indicator to identify deflagrative fronts. For β in the range of 0.3–0.9, the strong ignition limit
corresponding to Sa = 1 computed for each parametric set shifts by a maximum of |�T0| =
20 K about the value computed for β = 0.5 and the corresponding Dafr varied in the range
1.1–1.8, which is again a good indicator of deflagrative front propagation. This demonstrates
that Equation (4) can serve as an appropriate non-dimensional criterion to predict the
ignition regime. The magnitude of Sa quantitatively represents the net effect of chemistry,
thermo-physical properties of the mixture and system-specific thermal characteristics on
the auto-ignition behaviour.

3.1.2. Role of passive scalar mixing

In addition to transport within the flame front, the effect of diffusive transport can also
modify the ignition characteristics. For example, rapid turbulent mixing within the bulk
mixture may dissipate local temperature peaks before they can act as ignition kernels
leading to front propagation. The impact of passive scalar mixing on auto-ignition can be
quantified by the mixing Damköhler number (Damix), defined as

Damix = τmix/τig, 10%, (5)

where τmix is the mixing timescale determined by

τmix = T ′2

2α0|∇T0|2
(6)

and τ ig,10% represents the shortest ignition timescale of the initial mixture [34] and is defined
as the homogeneous ignition delay time at the temperature Tmin + 0.9(Tmax − Tmin), where
Tmin and Tmax are the minimum and maximum initial temperatures in the domain; α0 denotes
the thermal diffusivity at the initial mean thermodynamic conditions.

When the Damix becomes less than O(1), the passive scalar dissipation effects are
expected to become important. To substantiate this hypothesis, the parametric set #2 in
Table 1 is expanded to include lower T0 values at 880 and 860 K. The variation of the
front and mixing Damköhler numbers with the initial mean temperature is shown in
Figure 6(a). For T0 < 910 K, as Damix becomes much lower than unity, Dafr begins to
increase, indicating a shift in the ignition regime from deflagration to spontaneous ignition.
The time evolution of the temperature fluctuation (T ′) for a few parametric cases is shown
in Figure 6(b). It is observed that the temperature fluctuations dissipate more significantly
at lower T0, as the mixing timescale becomes shorter relative to the reaction timescale,
promoting strong ignition at sufficiently low initial mean temperatures and leading to
non-monotonic ignition trend as shown in Figure 6(a).

Note that such a rapid scalar mixing scenario has not been observed in previous shock
tube and RCF experiments [3] at lower temperatures. The present discussion of global
temperature fluctuations applies to the conditions in which the temperature fluctuations
are directly correlated with turbulent flows [35]. In the nearly quiescent conditions as
encountered in shock tubes and RCF, local thermal stratification or hot spots are considered
the primary mechanism to trigger early ignition and flame propagation. As such, the
representative temperature gradient used in Equation (4) must be determined in a different
way, which subsequently suppresses the possibility of Damix < 1 observed in Figure 6(a).
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Combustion Theory and Modelling 595

Figure 6. Variation of the front and mixing Damköhler numbers as a function of the initial mean
temperature (a), and temporal evolution of temperature fluctuations for different initial mean temper-
atures (b), corresponding to parametric set #2 in Table 1.

Figure 7. Temporal evolution of the temperature profiles during ignition for T0 = 910 K, P0 =
20 atm: �T = 25 K starting at 146 ms (a); �T = 100 starting at 24 ms (b), shown at an equal time
increment of 4 ms. The arrows indicate the direction of increasing time. Numbers denote the ignition
kernel (1), propagating front (2) and the end-gas auto-ignition (3) phase.

The characteristics of ignition caused by localised ignition sources are studied in the
following section.

3.2. Effects of local hot spots

In this section, the influence of temperature inhomogeneities as highly localised temperature
gradients, representing ‘hot spots’, on syngas auto-ignition characteristics are investigated.
Parameters of interest are: (a) the hot spot strength (�T ) for a given T0; and (b) T0 for a
fixed value of �T. Details of the numerical setup are as described in Section 2.

Figure 7 shows the temporal evolution of the temperature field for T0 = 910 K, P0 =
20 atm, with two different hot spot strengths at (a) �T = 25 K and (b) 100 K. For both
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596 P. Pal et al.

Figure 8. Front Damköhler number versus time (normalised by homogeneous ignition delay time at
the mean initial mixture conditions) for �T = 25 K and �T = 100 K; T0 = 910 K and P0 = 20 atm.

cases, an ignition kernel first develops at the centre of the domain, leading to front prop-
agation, followed by the end-gas auto-ignition. Temporal evolution of the corresponding
front Damköhler numbers is shown in Figure 8. The pressure remains spatially uniform
and varies with time only. For both cases, Dafr ≈ 1.15 at the minimum plateau condition,
indicating that the fronts are deflagrative in nature. Therefore, instead of Dafr, the percent-
age mass fraction burned by deflagration is employed to investigate the relative importance
of deflagration versus end-gas self-ignition. It can be seen that the ignition front develops
much earlier and travels much further into the unburned mixture for �T = 100 K. As a
result, the mass fraction burned by deflagration is found to be much higher for �T = 100 K
(≈ 68%) as compared to that for �T = 25 K (≈33%).

To investigate the effect of the strength of the hot spot further, Figure 9 shows the
evolution of (a) the mean and (b) the end-gas temperature for T0 = 910 K and with �T
ranging from 25 to 100 K. The time axis is normalised by τig,0, which is identical for all
cases. As �T increases, the front propagation mode becomes more prominent (as shown
in Figure 7), and the overall ignition delay time decreases. The earlier front establishment
also leads to an earlier rise in the end-gas temperature as shown in Figure 9(b).

The hot spot ignition cases are now tested for the validity of the Zel’dovich–Sankaran
criterion. Since Equation (4) is based on the bulk temperature gradient of the system, for
the hot spot ignition condition a representative temperature gradient is defined as based on
the initial root-mean-square (RMS) temperature and half of the domain size (L/2), similar
to Section 3.1.1. Table 2 shows the mass fraction burned by deflagration and the computed
Sankaran numbers for the four cases under study. It is clearly seen that Sa increases
with increasing �T, thus capturing the quantitative contributions of the deflagrative front
propagation in the overall ignition behaviour. For �T = 100 K, Sa nearly reaches unity,
at which a large fraction of the reactant mixture (nearly 70%) is consumed by the flame
front. In addition to the test cases discussed above, additional parametric tests were also
performed by varying the domain size for fixed �T and hot spot shape (not shown here). It
was still observed that Sa = 1 coincided with a mass fraction burned by deflagration in the
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Combustion Theory and Modelling 597

Figure 9. Evolution of the mean (a) and the end-gas temperature (b) versus time normalised by the
homogeneous ignition delay time at T0, for different values of �T; T0 = 910 K and P0 = 20 atm.

Table 2. Mass fraction burned by deflagration and Sankaran numbers for dif-
ferent parametric cases (T0 = 910 K, P0 = 20 atm).

Mass fraction burned
�T (K) by deflagration (%) Sa

25 33 0.24
50 38 0.48
75 48 0.72

100 68 0.96

Table 3. Mass fraction burned by deflagration and Sankaran numbers for dif-
ferent parametric cases (�T = 100 K, P0 = 20 atm).

Mass fraction burned
T0 (K) by deflagration (%) Sa

1100 21 0.06
1050 27 0.12
910 68 0.96
890 73 1.82

range 60–70%. This indicates that the Zel’dovich–Sankaran criterion serves as a rational
predictive criterion for identifying the transition from strong to weak ignition regime, and
provides a quantitative estimate of the significance of the deflagration mode on the overall
ignition characteristics. Note that passive scalar dissipation plays a negligible role here, as
Damix for all parametric cases is found to be greater than unity.

The final set of the parametric study is carried out by varying T0 from 890 to 1100 K,
for fixed P0 = 20 atm and �T = 100 K. Although not shown here, it is observed that the
propagating reaction front is in the deflagrative regime for all cases considered, similar to
Figure 8. Table 3 summarises the corresponding mass fractions burned by deflagration and
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598 P. Pal et al.

Figure 10. Evolution of the mean temperature (a) and the end-gas temperature (b), versus time
(normalised by the homogeneous ignition delay time at the mean initial mixture conditions), for
different magnitudes of T0; �T = 100 K and P0 = 20 atm.

Figure 11. Variation of ignition delay timing (normalised by the homogeneous ignition delay at the
corresponding initial mean temperature) with initial mean temperature for different hot spot strengths.

the corresponding Sankaran numbers. Based on the values of the mass fraction burned by
deflagration, it is concluded that strong ignition is encountered for T0 = 1100 K and T0 =
1050 K, whereas weak ignition occurs at lower T0 = 910 K and T0 = 890 K. Again, the
Zel’dovich–Sankaran criterion properly captures the ignition characteristics.

The evolutions of the mean and end-gas temperature for these cases are shown in
Figures 10(a) and 10(b), respectively. The weak ignition regime results in significant ad-
vancement in the net ignition delay time as compared to its homogeneous counterpart.

The overall parametric effects for combinations of the variations in T0 and �T are
summarised in Figure 11, where the normalised ignition delay time is plotted versus T0
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Combustion Theory and Modelling 599

for different magnitudes of �T. In addition to the hot spot profiles, a global temperature
gradient of 5 K/mm (similar to set #1 in Table 1) is also superimposed on the initial
mean temperature. It is clearly observed that the sensitivity of auto-ignition phenomena to
temperature inhomogeneities increases as the initial bulk temperature is lowered, leading
to greater advancement in the net ignition delay time. As shown earlier, this trend directly
reflects the transition from the strong to the weak ignition regime, resulting in greater
influence of deflagrative front propagation. These findings are qualitatively in agreement
with recent experimental findings based on detailed optical visualisations [13].

As a final remark, although the focus of the present work is on syngas auto-ignition, the
Zel’dovich–Sankaran criterion is applicable to any reactant mixture in general, with known
homogeneous ignition characteristics and deflagration front propagation speed. A recent
experimental study using iso-octane confirms consistent behaviour [36]. Extension of the
Zel’dovich–Sankaran criterion to predict weak versus strong ignition regimes in turbulent
conditions has been proposed with a scaling analysis by Im et al. [22], and validation
by multi-dimensional simulations is underway. Future work should also investigate the
extension of the current theoretical framework to generalised turbulent mixing conditions
including composition fluctuations.

4. Conclusion

Auto-ignition characteristics of syngas fuel at high-pressure and low-temperature condi-
tions were investigated by one-dimensional numerical simulations with detailed chemical
kinetics and transport properties. Parametric tests were carried out over a wide range of
thermodynamic conditions to study the effects of temperature inhomogeneities represented
by global temperature gradients and localised hot spots. Front propagation speed and front
Damköhler number analyses allowed detailed description of the propagating ignition front.
It was observed that auto-ignition became more sensitive to the presence of temperature
fluctuations as the bulk temperature was lowered, resulting in a transition from the strong
to the weak ignition regime, accompanied by enhanced deflagrative front propagation. A
larger strength of the hot spot was found to amplify the effects of weak ignition. Further-
more, the prevalence of weak ignition was found to yield a significant advancement of the
net ignition delay time as compared to the corresponding homogeneous model predictions,
by promoting end-gas compression-heating.

When the bulk mixture was not highly reactive, it was also observed that passive
scalar dissipation could lead to very fast dissipation of the temperature fluctuations, when
the mixing Damköhler number became much less than unity, thereby promoting strong
ignition at sufficiently low temperatures. However, this effect was important only in cases
of global temperature gradients, and not for local hot spots.

The numerical results were used to validate the Zel’dovich–Sankaran criterion, which
takes into consideration the interplay of chemical kinetics, thermo-physical properties
and device-dependent thermal characteristics, as a predictive metric to identify ignition
regimes. It was demonstrated that Sa = 1 adequately captures the boundary between the
weak and strong ignition regimes. Furthermore, the relative magnitude of the Sankaran
number translates accurately to the quantitative strength of the deflagration front in the
overall ignition advancement.

Extension of the Zel’dovich–Sankaran criterion to turbulent conditions has been at-
tempted and a regime diagram has been proposed [22]. Further validation of the concept in
multi-dimensional simulations will be conducted in future work.
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Abstract 

Auto-ignition characteristics of compositionally homogeneous reactant mixtures in the presence of ther- 
mal non-uniformities and turbulent velocity fluctuations were computationally investigated. The main ob- 
jectives were to quantify the observed ignition characteristics and numerically validate the theory of the 
turbulent ignition regime diagram recently proposed by Im et al. 2015 [29] that provides a framework to pre- 
dict ignition behavior a priori based on the thermo-chemical properties of the reactant mixture and initial 
flow and scalar field conditions. Ignition regimes were classified into three categories: weak (where defla- 
gration is the dominant mode of fuel consumption), reaction-dominant strong, and mixing-dominant strong 
(where volumetric ignition is the dominant mode of fuel consumption). Two-dimensional (2D) direct numer- 
ical simulations (DNS) of auto-ignition in a lean syngas/air mixture with uniform mixture composition at 
high-pressure, low-temperature conditions were performed in a fixed volume. The initial conditions consid- 
ered two-dimensional isotropic velocity spectrums, temperature fluctuations and localized thermal hot spots. 
A number of parametric test cases, by varying the characteristic turbulent Damköhler and Reynolds num- 
bers, were investigated. The evolution of the auto-ignition phenomena, pressure rise, and heat release rate 
were analyzed. In addition, combustion mode analysis based on front propagation speed and computational 
singular perturbation (CSP) was applied to characterize the auto-ignition phenomena. All results supported 

that the observed ignition behaviors were consistent with the expected ignition regimes predicted by the the- 
ory of the regime diagram. This work provides new high-fidelity data on syngas ignition characteristics over 
a broad range of conditions and demonstrates that the regime diagram serves as a predictive guidance in the 
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. Introduction 

Low-temperature combustion (LTC) strategies
ave the potential to improve efficiency and reduce
O x emissions in both transportation [1] and sta-

ionary power devices [2] . Reductions in combus-
ion temperature can be achieved by operating at
ean, nearly homogeneous, and/or diluted, condi-
ions. However, issues related to combustion stabil-
ty, safety and control may arise at these conditions,
ue to increased influence of abnormal ignition be-
aviors such as early ignition and flashback in gas
urbines [2,3] or knock in reciprocating engines [4] .
mproved understanding and better prediction of 
uto-ignition characteristics are therefore valuable
or successful implementation of these advanced
echnologies. 

Many experimental studies have been con-
ucted to investigate auto-ignition of different
uels such as hydrogen [5–9] , iso-octane [10,11] and
yngas [12,13] , at conditions relevant to practical
ombustion systems. Two types of auto-ignition
egimes were commonly observed: strong (spatially
omogeneous ignition) and weak (localized reac-
ion sites and deflagration). Moreover, the bound-
ry between strong and weak ignition regimes,
nown as the strong ignition limit , was found to co-

ncide with an iso-line of the sensitivity of homoge-
eous ignition delay time to temperature, d τ ig /dT ,

n the pressure-temperature space [6,13] . Recent ex-
erimental investigations of syngas auto-ignition

14–18] at conditions relevant to gas turbine
peration reported large discrepancies between
easurements and homogeneous chemical kinetic
odeling predictions of ignition delay times, with

he former being orders of magnitude lower than
he latter. Mansfield and Wooldridge [13] studied
yngas auto-ignition in a rapid compression facility
nd demonstrated that the discrepancy was due to
ransition from strong to weak ignition regime as
he initial mean temperature was lowered. In ad-
ition, a simple criterion proposed by Sankaran et
l . [19] (referred to as the Sankaran criterion here),
ased on Zel’dovich’s original theory [20] was

ound to capture the experimentally observed
trong ignition limit a priori . This predictive crite-
ion is defined as the ratio of laminar flame speed
o the thermal gradient driven spontaneous prop-
gation speed. Pal et al . [21] further numerically
alidated the Sankaran criterion as a predictive
Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pro
http://dx.doi.org/10.1016/j.proci.2016.07.059 
ms controlling auto-ignition in thermally inhomo-
cting flows. 
er Inc. 

n; Ignition regimes; Temperature fluctuations; 

indicator of the ignition regime for homoge-
neous mixtures in the presence of thermal non-
uniformities through parametric studies of syngas
auto-ignition in a one-dimensional configuration. 

In addition to thermal inhomogeneities, the
presence of turbulence may also significantly in-
fluence auto-ignition phenomena in practical de-
vices. Ihme and co-workers [22,23] demonstrated
using a reduced order modeling approach that tur-
bulent fluctuations could result in significant ad-
vancement of overall ignition. A number of DNS
studies [24–28] have revealed that thermal stratifi-
cation and turbulence can influence auto-ignition
phenomena in LTC engines. More recently, Im et al .
[29] conducted a theoretical scaling analysis and
proposed non-dimensional criteria in terms of the
characteristic Damköhler and Reynolds numbers
of a system to predict the occurrence of strong
and weak ignition regimes in thermally inhomo-
geneous turbulent reacting flows. The criteria for-
mulated by extending the original Sankaran cri-
terion [19] and taking into account the effects of 
passive scalar mixing due to turbulence, ultimately
led to the development of a turbulent ignition
regime diagram [29] . An alternative version of ig-
nition regime diagram has also been proposed by
Grogan et al . [30] . 

The present computational study investigates
the effects of thermal inhomogeneities and turbu-
lence on syngas auto-ignition behavior. 2D DNS
of auto-ignition in a lean syngas/air mixture are
performed at various parametric conditions. The
high-fidelity simulations aim to provide additional
insight into the range of ignition behaviors that can
be expected under high-pressure low-temperature
conditions, and also provide numerical validation
of the turbulent ignition regime diagram [29] . In
the next section, the ignition regime diagram is
briefly reviewed. The numerical setup for simula-
tions is presented next. The auto-ignition behaviors
are subsequently characterized and the results are
discussed in the context of the corresponding
predictions of the regime diagram. 

2. Turbulent ignition regime diagram 

One of the non-dimensional parameters used
as an ignition regime criterion is the Sankaran
nal characterization of ignition regimes in a 
ceedings of the Combustion Institute (2016), 
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Fig. 1. Regime diagram for auto-ignition of homoge- 
neous reactant mixture with temperature fluctuations and 
turbulence [29] . 
number, Sa [19] : 

Sa ≈ βS L 

∣∣∣∣d τig 

dT 

∣∣∣∣˜ | ∇T 

| (1)

where S L and τ ig are the laminar flame speed and
homogeneous ignition delay corresponding to the
initial bulk mixture conditions, ˜ | ∇T | denotes the
statistical mean temperature gradient [29] and β is
a constant of order unity. In the present study, β is
equal to 0.5 [19] . Scaling analysis yields the follow-
ing expression for Sa [29] : 

Sa = K Da −1 / 2 
� , K = β

( 

T 

′ (
τ f τig 

)1 / 2 

) ∣∣∣∣d τig 

dT 

∣∣∣∣ (2)

Here, τ f = α/ S L 
2 is the flame time scale, where α

is the thermal diffusivity of the initial bulk reac-
tant mixture. T 

′ represents the magnitude of ther-
mal fluctuation. D a � = τt / τig is the integral scale
Damköhler number, where τ t is the turbulence time
scale defined as the ratio of integral length scale ( � )
to velocity fluctuation ( u ′ ). K is referred to as the
nor malized ther mal ignition sensitivity [29] . 

The second ignition regime criterion is based
on mixing Damköhler number,Da λ, defined as the
ratio of time scale associated with the Taylor mi-
croscale ( τ λ) to τ ig : 

D a λ = 

τλ

τig 
= 

τ� 

τig 

τλ

τ� 

= D a � Re −1 / 3 
� (3)

where, Re � = u ′ �/ν is the turbulent Reynolds num-
ber, and ν is the kinematic viscosity of the bulk mix-
ture gas. 

Weak (W) ignition is expected if Sa > 1, and
strong ignition is expected if Sa < 1 [19,21] .
Therefore, Eq. (2) suggests that weak ignition is
possible for Da � < K 

2 . If Da � > K 

2 , the reactant
mixture ignites spontaneously despite some level
of temperature fluctuations. This is referred to
as the reaction-dominant strong (RD-S) igni-
tion regime. In addition, Da � < 1 indicates that
turbulent mixing is sufficiently rapid and the
temperature fluctuations will be dissipated before
local ignition kernels are formed. This is referred
to as the mixing-dominant strong (MD-S) ignition
regime. The conditions between Da λ < 1 and Da �
Table 1 
Physical and regime diagram parameters for the DNS cases. 

Case T 0 (K) τ ig (ms) K 

2 � e (mm) u ′ (m/s) τ t 

A 990 25 .77 4.05 4.3 0.05 8
B 1100 2 .07 2.51 4.3 0.05 8
C 990 25 .77 4.05 4.3 1.50 
D 1100 2 .07 2.51 1.4 0.325 
E 1020 12 .7 3.28 4.0 0.3 1
F 1100 2 .07 2.51 6.0 0.2 3
G 990 25 .77 4.05 6.0 0.2 3
H 970 41 .26 4.41 6.0 0.05 12
a Predicted ignition regime based on the combustion theory 

Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pr
http://dx.doi.org/10.1016/j.proci.2016.07.059 
> 1 represent a “grey” zone, in that some mixed 

mode ignition may occur. This is denoted as the 
mixing-dominant or mixed/strong (MXD) ignition 

regime. These different ignition criteria lead to the 
regime diagram as shown in Fig. 1. 

3. Numerical method and initial conditions 

2D simulations were performed using the DNS 

code, S3D [31] , which solves the compressible, 
Navier–Stokes, species and energy equations us- 
ing a fourth-order explicit Runge–Kutta method 

for time integration and an eighth-order central 
differencing scheme for spatial discretization [32] . 
A detailed H 2 /CO mechanism with 12 species 
and 33 chemical reactions from Li et al . [33] was 
linked with CHEMKIN [34] and TRANSPORT 

[35] libraries for evaluating the reaction rates and 

thermodynamic and mixture-averaged transport 
properties, respectively. Periodic boundary condi- 
tions were imposed in all directions to represent 
constant volume ignition. 

A uniform syngas/air reactant mixture of equiv- 
alence ratio of 0.5, H 2 :CO molar ratio of 0.7:1, an 

initial pressure of 20 atm, was chosen. In addition, 
the mixture was diluted with excess nitrogen equal 
(ms) Da � Re � Da λ Ignition regime a 

6 .0 3 .34 35 .24 1 .02 W 

6 .0 41 .6 29 .40 13 .5 RD-S 
2 .87 0 .11 1057 .4 0 .01 MD-S 
4 .31 2 .08 62 .2 0 .6 MXD 

3 .33 1 .05 185 .0 0 .2 MXD 

0 .0 14 .5 164 .0 2 .65 RD-S 
0 .0 1 .16 197 .0 0 .2 MXD 

0 .0 2 .91 50 .0 0 .8 MXD 

developed and presented by Im et al . [29] . 

nal characterization of ignition regimes in a 
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Fig. 2. Parametric cases A (blue square), B (green circle), C (blue triangle), D (green diamond), E (pink delta), F (green 
diamond), G (blue delta) and H (sky blue delta) on the ignition regime diagram. The solid lines with the same colors as 
the symbols correspond to the respective Sa = 1 lines for those cases. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article). 

Fig. 3. Initial temperature field for case A. 
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o twice the amount of nitrogen present in the air,
esulting in the overall molar ratio of N 2 :O 2 = 11.28
n the reactant mixture, to ensure the pressure rise
as sufficiently high to serve as an indicator of 
uto-ignition, but also to avoid shock wave forma-
ion [36,37] , which cannot be captured by the em-
loyed computational schemes at present. 
Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pro
http://dx.doi.org/10.1016/j.proci.2016.07.059 
Turbulent velocity fluctuations were superim-
posed on a stationary mean velocity field based on
an isotropic kinetic energy spectrum function [38] .
A similar random temperature spectrum, uncorre-
lated with the turbulent kinetic energy spectrum,
was superimposed on a constant mean temperature
field. In addition, a thermal hot spot was superim-
nal characterization of ignition regimes in a 
ceedings of the Combustion Institute (2016), 
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Fig. 4. Temperature fields for case A at (a) t / τ ig = 0.41 and (b) t / τ ig = 0.48. 

 

 

 

 

 

 

posed on the temperature field in the form [19] : 

T hs (x, y ) 

= 

A 

π
exp 

[ 

−2 n 2 ( ( x − L/ 2) 2 + (y − L/ 2) 2 ) 
L 

2 

] 

− A 

2 n 2 
(4)

where L is the length of each side of a 2D square
box domain, A = 450, n = 12 and ( x, y ) represents
spatial location. The peak temperature of the hot
spot was approximately 100 K, which is the up-
per limit of the local temperature fluctuations com-
monly observed in ignition experiments [39] . 
Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pr
http://dx.doi.org/10.1016/j.proci.2016.07.059 
A total of eight DNS cases A-H were con- 
sidered by varying initial mean temperature ( T 0 ), 
most energetic turbulent length scale ( � e ) and u ′ . 
For the four different T 0 values of 1100, 1020, 
990 and 970 K considered, the computed S L values 
from PREMIX [40] simulations were 67.7, 27.8, 
20.5, and 16.5 cm/s, respectively. L = 1.075 cm and 

1.5 cm for cases A–E and F–H, respectively. T 

′ was 
fixed at 15 K for all cases. The turbulence time 
scale was defined by τt = � e /u ′ . The most energetic 
length scales of velocity and the temperature fluc- 
tuations were the same for all cases. For all simu- 
lations, the Kolmogorov length scale was resolved 

with at least 1 grid point [41] and the thinnest reac- 
tion fronts were resolved with at least 10 grid points. 
nal characterization of ignition regimes in a 
oceedings of the Combustion Institute (2016), 
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Fig. 5. Temperature fields for case B at (a) t / τ ig = 0.63 and (b) t / τ ig = 0.77. 
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etails of the physical parameters for the different
ases and the expected ignition regimes are listed in
able 1 . All the parametric cases are plotted on the
egime diagram in Fig. 2 . The initial temperature
rofile for case A is shown in Fig. 3. 

. Results and discussion 

.1. General description of auto-ignition 
henomena 

For the simulation cases, auto-ignition progress
as investigated by monitoring the temporal evo-

ution of the temperature fields, mean pressure and
Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pro
http://dx.doi.org/10.1016/j.proci.2016.07.059 
heat release rate. For all cases A–H tested, the ob-
served ignition regimes were found to exhibit the
behaviors predicted by the regime diagram as sum-
marized in Table 1 . However, for the sake of brevity,
results for only the first three parametric cases A, B
and C are reported here which correspond to the
W, RD-S and MD-S ignition regimes, respectively.
Relative to cases A and C, the initial mean temper-
ature for case B is higher and case C has relatively
higher turbulence velocity fluctuation as compared
to cases A and B. 

Figure 4 shows the temporal evolution of tem-
perature field for case A. It is readily observed that
a reaction front emanates from the hot spot at the
center of the domain and consumes the majority
nal characterization of ignition regimes in a 
ceedings of the Combustion Institute (2016), 
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Fig. 6. Temperature fields for case C at (a) t / τ ig = 0.33 and (b) t / τ ig = 0.94. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of the reactant mixture. In contrast, for case B, al-
though there is initially some reaction front propa-
gation from the hot spot ( Fig. 5 a), the front is not
able to consume much of the reactant mixture. In-
stead, isolated ignition fronts are formed in the end
gas, consuming the rest of the mixture as shown in
Fig. 5 b. This is attributed to the relatively higher re-
activity of the end gas which is a result of the higher
initial mean temperature. Lastly, for case C, the
stronger turbulence level leads to rapid scalar dis-
sipation of the temperature fluctuations ( Fig. 6 a).
Due to strong turbulent mixing, T 

′ decreases from
the initial value of 15 K to a minimum value of 6 K,
before any ignition fronts develop. Consequently,
Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pr
http://dx.doi.org/10.1016/j.proci.2016.07.059 
the reactant mixture auto-ignites almost homoge- 
neously throughout the domain as seen in Fig. 6 b. 

Figure 7 shows the temporal evolution of mean 

pressure and integrated heat release rate (HRR) for 
the three cases, where HRR and time are normal- 
ized by the maximum integrated HRR and τ ig of 
the corresponding zero-dimensional (0D) cases, re- 
spectively. For comparison, the temporal evolution 

of 0D ignition for T 0 = 1100 K and 990 K are also 

shown. For case A, the pressure and HRR increase 
earlier and more slowly than the corresponding 0D 

case (at 990 K), resulting from the deflagrative front 
propagation. Based on the pressure rise curve for 
case A, it appears that the fractional contribution 
nal characterization of ignition regimes in a 
oceedings of the Combustion Institute (2016), 
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Fig. 7. Temporal evolution of (a) mean pressure and (b) heat release rate for cases A, B and C. The time is normalized by 
homogeneous ignition delay time at the mean initial mixture conditions for each case. 
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f the heat release by deflagration is about half or
ess, which is in agreement with the regime diagram
stimate shown in Fig. 2 , where case A is close to
he limit between W and RD-S regimes. The max-
mum HRR is also much lower. In comparison,
ases B and C ignite much closer to the correspond-
ng 0D ignition delay (at 1100 K) and have much
igher peak HRRs compared to case A. Moreover,
he rates of pressure rise are much higher for cases
 and C compared to case A. 
Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pro
http://dx.doi.org/10.1016/j.proci.2016.07.059 
4.2. Front speed analysis 

To characterize the auto-ignition behaviors,
front propagation speeds are examined for the
cases. The density-weighted front propagation
speed [42,43] , S d , is employed as a metric to dis-
tinguish between deflagration and spontaneous
ignition fronts. The isocontour of Y H 2 = 0.019 is
chosen to evaluate the mean displacement speed as
this particular isocontour coincides approximately
nal characterization of ignition regimes in a 
ceedings of the Combustion Institute (2016), 
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Fig. 8. Temporal evolution of mean front speed for cases A, B and C. The time is normalized by homogeneous ignition 
delay time at the mean initial mixture conditions for each case. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with the location of instantaneous maximum
HRR, thereby capturing the propagating reaction
fronts. A similar approach was used in Ref. [21] ,
and it was found that different choices of the
marker species yielded consistent results. 

Figure 8 shows the temporal evolution of the
mean front speed, normalized by the correspond-
ing laminar flame speed, for cases A, B and C. The
mean front speeds exhibit a characteristic U-shape
[44,45] , attributed to the initial thermal runaway in
the nascent ignition kernel during the early phase
of combustion and final stage of fuel consumption.
For case A, the minimum front speed is close to S L

(within a factor of 1.5) indicating deflagrative front
propagation. On the other hand, for cases B and C,
the minimum front speed is much higher (by over a
factor of 4) than S L , thereby suggesting that spon-
taneous propagation is the dominant combustion
mode. Moreover, the duration of minimum front
speed is much shorter for case C, indicating that
the mixture auto-ignites nearly homogeneously in
this case. These results along with the qualitative
description of the ignition progress in Section
4.1 suggest that the auto-ignition behaviors of 
cases A, B and C are in good agreement with W,
RD-S and MD-S regimes, respectively, as predicted
by the regime diagram. 

4.3. Computational singular perturbation 
diagnostics 

To gain further insights into the ignition char-
acteristics, a CSP analysis [46,47,48] was employed
as an automated diagnostic tool to investigate the
Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pr
http://dx.doi.org/10.1016/j.proci.2016.07.059 
nature of the local reaction front propagation. 
CSP allows projection of all relevant chemical and 

transport processes onto a curvilinear frame of ref- 
erence spanned by the right eigenvectors of the 
Jacobian matrix ( d g / d Z ) of the chemical source 
term vector ( g ), where Z is the scalar solution vari- 
able vector ( N s species and temperature). The lo- 
cal eigenmodes, equal to the total number of scalar 
variables ( N s + 1 ), are thus identified having dis- 
tinct characteristic timescales. Moreover, impor- 
tance indices can be identified as a non-dimensional 
measure of the relative contribution of an individ- 
ual process to the dynamics of a target observable 
[49,50] . To assess the role of transport with respect 
to chemistry in ignition front propagation, the im- 
portance index of transport (convection and diffu- 
sion) to the slow dynamics of temperature, I T , is an- 
alyzed in the regions ahead of the reaction fronts 
[50] . By definition, I T ranges from 0 to 1; transport 
prevails over kinetics when this index assumes val- 
ues close to unity. 

Figure 9 a shows the isocontours of I T for case 
A at t / τ ig = 0.41. The corresponding temperature 
isocontours are shown in Fig. 4 a. In addition, iso- 
contours of HCO radical mass fraction (in black) 
are also superimposed to denote the active reaction 

zones. This approach was found to be consistent 
with the identification of upstream regions ahead 

of the reaction fronts based on the number of 
exhausted modes (M) [50] . It is clearly seen that 
I T approaches 1 in the upstream pre-heat region 

of the front, indicating that the reaction zone 
propagates upstream by virtue of transport, i.e., as 
a deflagration front. This confirms that the ignition 
nal characterization of ignition regimes in a 
oceedings of the Combustion Institute (2016), 
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Fig. 9. I T isocontours for (a) case A ( t / τ ig = 0.41), (b) case B ( t / τ ig =0.77) and (c) case C ( t / τ ig = 0.94). The HCO mass 
fraction contours are overlaid (in black). 

b  

r  

H  

a  

p  

I  

 

 

 

 

 

 

ehavior in this case is indeed in the weak (W)
egime. Similarly, Fig. 9 b and c shows the I T and
CO mass fraction isocontours for cases B and C,

t the same time instants for which the temperature
rofiles are shown in Figs. 5 b and 6 b, respectively.
n contrast to case A, I T is much lower ( < 0.5)
Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pro
http://dx.doi.org/10.1016/j.proci.2016.07.059 
in the regions upstream of the ignition fronts.
Therefore, front propagation is primarily driven
by spontaneous ignition in these cases. Combining
with the observations from the evolution of the
respective temperature fields in Figs. 5 and 6 , it
can be inferred that the cases B and C fall into the
nal characterization of ignition regimes in a 
ceedings of the Combustion Institute (2016), 
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reaction-dominant and mixing-dominant strong
ignition regimes, respectively. The results demon-
strate that the ignition regime diagram is able to
predict the strong and weak ignition regimes at
various parametric conditions of initial turbulent
velocity and temperature fluctuations with good
fidelity. 

5. Conclusions 

In the present work, 2D DNS of auto-ignition
in a uniform syngas/air mixture in the presence of 
turbulence and temperature fluctuations were per-
formed, at high-pressure low-temperature condi-
tions. Parametric cases were considered by vary-
ing the characteristic integral Damköhler and
Reynolds numbers of the system, corresponding to
different conditions on the ignition regime diagram
of Im et al . [29] . For all cases, the observed ignition
behaviors were found to agree with the predictions
of the regime diagram consistently. Three represen-
tative cases A, B and C were analyzed in detail.
Temporal evolution of the temperature field, mean
pressure and integrated HRR showed increased
propensity for reaction front propagation from a
hot spot in case A; whereas for case B, isolated ig-
nition kernels were formed; and for case C, rapid
dissipation of the temperature fluctuations due to
strong turbulent mixing was readily observed. 

Further investigation of the ignition front char-
acteristics was carried out using front speed and
CSP importance index analyses. These additional
diagnostics consistently showed that ignition in
case A was driven by deflagration, whereas cases
B and C were dominated by spontaneous ignition.
These findings along with the above qualitative
description of the ignition phenomena confirmed
that the cases could be classified as weak (case
A), reaction-dominant strong (case B) and mixing-
dominant strong ignition (case C). These results are
new and importantly demonstrate the large range
of auto-ignition behaviors that can be encountered
at low-temperatures and high-pressures for syngas,
as well as the profound effects of turbulence and
temperature fluctuations to accelerate ignition rel-
ative to 0D reference conditions. Larger advance-
ment of overall ignition and significantly lower
HRR relative to homogeneous conditions was ob-
served in the weak ignition regime, in agreement
with previous experimental observations [13] . Fur-
thermore, the DNS results were consistent with pre-
dictions from the regime diagram based on the-
oretical scaling analysis. This demonstrates that
the physical and chemical mechanisms controlling
auto-ignition phenomena in thermally inhomoge-
neous turbulent reacting flows are well captured by
the proposed ignition criteria by Im et al . [29] . 

Some of the ongoing efforts are focused on ex-
tending the applicability of the regime diagram
to capture detonation by incorporating the effects
Please cite this article as: P. Pal et al., Computatio
syngas/air mixture with temperature fluctuations, Pr
http://dx.doi.org/10.1016/j.proci.2016.07.059 
of acoustics. This will have important implications 
in the prediction of engine super-knock phenom- 
ena. Experimental validation of the ignition regime 
characterization in compression ignition engines is 
also underway. 
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