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Abstract 

Natural gas is a promising alternative fuel which can be used in internal combustion engines to 

achieve low carbon emission and high thermal efficiency. However, at high compression ratio, 

super knock due to detonation development might occur. In this study, the autoignitive reaction 

front propagation and detonation development from a hot spot was investigated numerically and the 

main component of natural gas, methane, was considered. The objective is to assess the 

performance of different kinetic models in terms of predicting hot spot induced detonation 

development in methane/air mixtures. First, simulations for the constant-volume homogeneous 

ignition in a stoichiometric methane/air mixture was conducted. The ignition delay time, excitation 

time, critical temperature gradient, thermal sensitivity and reduced activation energy predicted by 

different kinetic models were obtained and compared. It was found that there are notable 

discrepancies among the predictions by different kinetic models. Then, hundreds of 

one-dimensional simulations were conducted for detonation development from a hot spot in a 

stoichiometric CH4/air mixture. Different autoignition modes were identified and the detonation 

regimes were derived based on the peak pressure and reaction front propagation speed. It was found 

that even at the same conditions, different propagation modes can be predicted by different kinetic 

models. The broadest detonation development regime was predicted by the reduced GRI 

mechanism, while a relatively narrow regime was predicted by the recent kinetic model FFCM-1 

and Aramco 3.0. The present results indicate that super knock prediction strongly depends on the 

kinetic model used in simulations. Therefore, significant efforts should be devoted to the 

development and validation of kinetic models for natural gas at engine conditions. 
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1. Introduction 

Natural gas is a promising alternative fuel which can be used in internal combustion engines 

(ICEs) to achieve low emission of carbon dioxide and particulate matter.1 Moreover, spark ignition 

engines (SIEs) using natural gas can run at relatively high compression ratio or elevated boost 

pressures to achieve high thermal efficiency. However, the compression ratio in SIEs is constrained 

by engine knock which can cause severe damage.2 Recently, the so-called super-knock with 

pressure oscillation above 200 atm has been identified.3-9 Such high pressure in super-knock was 

attributed to detonation development. Therefore, there were many studies10-26 on detonation 

development from a hot spot under engine-relevant conditions. However, these studies mainly 

focused on hydrogen, syngas, or large hydrocarbon fuels while natural gas received little attention. 

Consequently, there is still incomplete understanding of detonation development from a hot spot in 

natural gas/air mixtures under engine-relevant conditions. For example, the critical conditions for 

detonation development were not fully investigated before for natural gas. In this study, the 

detonation development from a hot spot was studied numerically for methane, which is the main 

component of natural gas. 

The detonation development from a hot spot can be explained by the reactivity gradient theory 

of Zeldovich27 and the SWACER (Shock Wave Amplification by Coherent Energy Release) 

mechanism proposed by Lee et al.28. A hot spot can induce an autoignitive reaction front which 

propagates at the speed ua. If ua is close to the local sound speed, a, chemical reaction and pressure 

wave can couple together which may induce detonation development.12, 29 To quantify the 

detonation development regime, Gu et al.11 proposed a detonation peninsula based on the following 

two non-dimensional parameters:  
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where dT0/dr and r0 are respectively the temperature gradient and radius of the hot spot with a linear 

temperature distribution; (dT0/dr)c is the critical temperature gradient at which a = ua
11; and τe is the 

excitation time. Therefore, ξ and ε represent the normalized temperature gradient and the ratio of 

acoustic time to excitation time, respectively. According to Zeldovich27, the propagation speed of 

the hot spot-induced autoignition front is equal to the inverse of the gradient of the ignition delay 

time τi  
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According to the requirement of a = ua, the critical temperature gradient is11 
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Equations (1)-(3) indicates that the normalized temperature gradient is equal to the ratio of the 

local sound speed to the autoignitive reaction front propagation speed, i.e., ξ = a/ua. 

 

Fig. 1 Schematics of different regimes of autoignitive reaction front propagation induced by a hot 

spot (figure from Ref. 30). Five modes, I~V, are determined based on the comparison among 

difference characteristic speeds. 

The plot of ξ versus ε in Fig. 1 shows that different modes of autoignitive reaction front 
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propagation can be classified based on the comparison among the reaction front propagation speed, 

ua, the sound speed, a, and the laminar flame speed, Su
11, 30. Detonation development occurs in 

region III in Figure 1. The detonation development regime was used by Bradley and coworkers14, 15 

and Rudloff et al.16 to quantify the critical conditions for the super-knock phenomenon in SIEs. The 

detonation development regime was computed for hydrogen22, 30, syngas11, methanol22, dimethyl 

ether17, 31, 32, n-heptane10, 17, 21, 23, 31, iso-octane10 and toluene reference fuel19, 20, 22. However, the 

detonation development regime for methane was not reported before except the recent work of Pan 

et al.22. Therefore, in this study the detonation development regime was obtained for methane.   

Recently, Libermann and coworkers33, 34 have shown that the prediction of hot spot induced 

detonation development strongly depends on the kinetic model used in simulations and that 

simplified one-step or two-step chemical model cannot quantitatively reproduce the autoignitive 

reaction front propagation from a hot spot. In the literature, there are many kinetic models 

developed for methane or C1-C4 fundamental fuels. It is not clear whether different kinetic models 

can predict similar detonation development regimes for methane. 

Based on the above considerations, this study aims to identify the detonation development 

regime for methane and to assess the performance of different kinetic models. One-dimensional 

transient simulations considering detailed chemistry and transport were conducted. In the following 

sections, the numerical model and methods was briefly introduced first. Then, different modes of 

autoignitive reaction front propagation and detonation development regime were computed. The 

performance of different kinetic models was compared against each other. Finally, the conclusions 

were presented. 

2. Numerical model and methods 

We considered autoignitive reaction front propagating in a stoichiometric CH4/air mixture 
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inside a closed spherical chamber. The hot spot lies in the center of the chamber and it is 

represented by the following temperature distribution: 
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where T0 is the initial uniform temperature outside the hot spot, dT0/dr the initial temperature 

gradient specified inside the hot spot, and r0 the hot spot radius. The spherical chamber radius was 

fixed to be Rw = 4 cm. The computational domain was initially filled with a static, stoichiometric 

CH4/air mixture with uniformly distributed initial pressure of P0 = 40 atm. The initial temperature 

outside the hot spot was fixed to be T0 = 1300 K.   

The in-house code A-SURF (Adaptive Simulation of Unsteady Reactive Flow)35-37 was used to 

simulate the one-dimensional transient autoignitive reaction front propagation induced by a hot spot 

in a spherical coordinate. The conservation equations for multi-component reactive compressible 

flow were solved using the finite volume method. A-SURF has been successfully used in previous 

studies on ignition, flame propagation and detonation38-43. The details on the governing equations, 

numerical scheme and code validation for A-SURF can be found in Refs.35-37 and were provided in 

the Supplementary Document. It is noted that the real gas effect cannot be considered in our code and 

the ideal gas equation of state was used in simulation. Very high pressure above 300 atm appeared in 

our simulation results and thereby the real gas effect needs to be considered in future studies. 

Nevertheless, the maximum pressure before detonation development is within 100 atm, at which the 

real gas effect on the calculation of the ignition delay time is within 5% according to Karimi et al. 53. 

Therefore, it is expected that the real gas effect on the critical conditions for detonation development 

is weak. In order to accurately and efficiently resolve the autoignitive reaction front propagation, a 

multiple level adaptive mesh refining method was adopted. The reaction zone was always covered by 
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the finest mesh whose size is 2 μm and corresponding time-step is 0.4 ns. Grid convergence was 

achieved to ensure numerical accuracy (see Fig. S3 in the Supplementary Document). Similar to 

previous studies, adiabatic, non-penetrative, reflective boundary conditions were used for both 

boundaries at r = 0 and r = Rw.  

3. Results and discussion  

In the literature there are several kinetic models developed for methane or C1-C4 foundation 

fuels. These models are listed in table 1. It is noted that the model, GRI Reduced, was the reduced 

version of the original GRI Mech. 3.0. These kinetic models were used to calculate the ignition 

delay time τi and excitation time τe in a constant-volume homogeneous ignition system. The ignition 

delay time was defined as the time for the occurrence of maximum temperature rise rate; and the 

excitation time was defined as the duration between 20% of the maximum heat release rate. The 

results for a stoichiometric CH4/air mixture are shown in Table 1 and Fig. 2. 

Table 1 Different kinetic models for CH4 oxidation and the values of critical temperature gradient, 

(dT/dr)c, ignition delay time, τi, and excitation time, τe, and for stoichiometric /air at T0 = 1300 K and 

P0 = 40 atm. Ns and Nr respectively denote the number of species and reactions. 

Mechanism  Ns Nr (dT/dr)c  (K/mm) τi (ms) τe (μs) 
FFCM-144 38 291 0.208 0.598 1.30 
UCSD Mech.45 58 270 0.498 0.352 1.35 
Aramco Mech. 3.046 106 800 0.130 0.922 1.08 
GRI Mech. 3.047 53 325 0.407 0.330 1.50 
GRI Reduced48  19 15 0.409 0.328 1.49 
DTU Mech.49 68 631 0.232 0.639 1.15 
HP Mech.50, 51 92 615 0.256 0.571 0.95 
USC Mech. II52 111 784 0.239 0.557 1.42 
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Fig. 2 Change of the (a) ignition delay time τi and (b) excitation time τe with the initial temperature for 

stoichiometric CH4/air at P0 = 40 atm. 

Table 1 and Fig. 2(a) show that there are notable discrepancies among the predictions by 

different kinetic models. For the initial temperature around 1000 K, the ignition delay time 

predicted by UCSD Mech. is about one-order smaller than that by Aramco 3.0. The maximum 

relative difference in τi predicted by different kinetic models reduces to 180% for T0 = 1300 K, 

which is still notable. Similar observation was reported by the recent study of Karimi et al.53. 

Usually the ignition delay time at high temperature is measured in shock tubes for CH4/O2 diluted 

with argon. To the authors’ best knowledge, there is no experimental date for stoichiometric CH4/air 

at a broad range of temperature of 900<T0<1600 K. Therefore, in Fig. 2(a) we cannot include the 

experimental data for CH4/air. For the excitation time, Fig. 2(b) shows that it is in the order of 

micro-second. The discrepancies in τe predicted by different kinetic models are much smaller than 

those in τi. Nevertheless, the maximum relative difference in τe is still about 58% for T0 = 1300 K 

according to the data in listed in table 1.  

Figure 3 shows the critical temperature gradient (dT/dr)c, thermal sensitivity β33 and reduced 

activation energy E 10, which are defined in Eqs. (3) and (5):  
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where E is the global activation energy and R is the universal gas constant. The thermal sensitivity 

of ignition delay time, β, represents the normalized activation energy.34 When the ignition delay 

time is approximated as τi = Aexp(E/RT), we have β = E/RT, indicating that is the effective global 

activation energy33 and it determines the detonation stability. The lower reduced activation energy 

E  reflects the stronger coupling of reaction zone with the pressure wave.10 
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Fig. 3 Change of the (a) critical temperature gradient (dT/dr)c, (b) thermal sensitivity β and (c) 

reduced activation energy E  with the initial temperature for stoichiometric CH4/air at P0 = 40 atm. 

Similar to Fig. 2, Fig. 3 also shows notable discrepancies among the predictions by different 

kinetic models. Figure 3(a) shows that the critical temperature gradient increases with temperature. 
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According to the data in Table 1, the maximum relative difference in (dT/dr)c predicted by different 

kinetic models is 151% for T0 = 1300 K. Figure 3(b) shows that different trends are predicted by 

these mechanisms. Specifically, monotonic decrease of β with T0 is predicted by GRI Mech. 3.0 and 

its reduced version, Aramco 3.0, and FFCM-1; while non-monotonic change is predicted by other 

kinetic models. As mentioned before, the thermal sensitivity is β = E/RT, where E is the effective 

global activation energy E. For GRI Mech. 3.0, Aramco 3.0 and FFCM-1, the effective global 

activation energy E is not sensitive to the temperature for 1000 < T0 <1500 K and thereby β 

decreases with T0. However, for DTU Mech., the effective global activation temperature, E/R, 

increases faster than the temperature for certain temperature range, and thereby non-monotonic 

change of β with T0 is observed. The interpretation on the change of the effective global activation 

energy with temperature predicted by different kinetic models requires analysis on the reaction path 

way and the rates of elementary reactions, which is beyond the scope of the current work.  

Figure 3(c) shows that E  always reduces monotonically with T0. Therefore, the higher the 

initial temperature, the stronger the coupling between the reaction zone and shock wave and thereby 

the easier the detonation development. At T0 = 1300 K, the maximum relative difference in E  

predicted by different kinetic models is 477%. Reduced GRI mechanism has the minimum E at T0 = 

1300 K, which may contribute to an easier detonation development. Therefore, different detonation 

development regime may be predicted by different kinetic models for the same hot spot and initial 

conditions. 

Figures 2 and 3 show that the eight kinetic models listed in table 1 have different predictions of 

the ignition and excitation time, critical temperature gradient, thermal sensitivity, and reduced 

activation energy. These values were from 0D simulations of the homogeneous ignition process.      

For 1D simulations, the boundaries of the detonation development regime were obtained through 



10 
 

trial-and-error; and each line on the detonation development regime required more than one 

hundred combinations of hot spot radius and temperature gradient. Therefore, even for 1D 

simulations the computational cost is very large and we only considered three typical kinetic models, 

GRI Mech., Aramco 3.0 and FFCM-1. GRI Mech. 3.0 and Aramco 3.0 are both popularly used by 

the combustion community and thereby they were selected here. FFCM-1 was chosen since it can 

accurately predict the recent experimental data on the ignition delay time (see Figs. 6 and 16 in 

work of Karimi et al. 53) and the laminar flame speed (see Fig. 10 in work of Movaghar et al. 54). 

Since Figs. 2 and 3 show that the original and reduced GRI Mech. have nearly the same predictions, 

the reduced version of GRI Mech. was used in 1D simulations to reduce the computational cost.  

Hundreds of 1D simulations were conducted for detonation development from a hot spot in a 

stoichiometric CH4/air mixture. Figure 4 shows a typical detonation development process predicted 

by the reduced GRI mechanism for ξ = 2.8. It is noted that the values of ξ and ε were calculated 

based on the states at r = r0. Initially the autoignition front propagates outwardly at the speed in the 

order of 1000 m/s (lines #2~#5 in Fig. 4). A leading weak shock wave is developed (line #5) and it 

induces the development of the over-driven detonation (line #6). Since the detonation propagation 

speed is much larger than the shock speed, the leading shock is caught up and merges with the 

detonation (line #7). During the detonation propagation, autoignition occurs in the unburned 

mixture on the right side and eventually thermal run-away happens (line #10). Similar observation 

was reported before for other fuels.17 
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Fig. 4 Temporal evolution of the (a) temperature (b) pressure and (c) heat release rate distributions 

during the autoignitive reaction front propagation in a stoichiometric CH4/air mixture with a hot spot 

of r0 = 9 mm and ξ = 2.8. The time sequence for lines #0~10 is 0: 0 μs, 1: 285.5 μs, 2: 288.4 μs, 3: 

293.4 μs, 4: 296.4 μs, 5: 299.7 μs, 6: 301.4 μs, 7: 302.8 μs, 8: 304.6 μs, 9: 306.5 μs, 10: 308.2 μs. 

Figure 5 shows the detonation development regime obtained from 1D simulations using the 

reduced GRI mechanism. It also plots the maximum pressure for 96 sets of (ξ, ε) considered in 

simulations. The criteria for detonation development is that the reaction front speed is above 90% of 

the C-J detonation speed (i.e., ua > 0.9VCJ  = 1653 m/s) and the maximum pressure is above two 

times of the equilibrium pressure (i.e., Pmax > 2Pe = 200 atm). The detonation development was 

shown to occur for ξl < ξ < ξu, i.e., in the regime on the right side of the C-shaped curve in Fig. 4. At 

small ξ below the lower branch of the C-shaped curve (i.e., ξ  < ξl ), supersonic autoignitive 

reaction front occurs; while at large ξ above the upper branch (i.e., ξ  > ξu), subsonic reaction front 

appears. Figure 5 shows that near the lower branch of the C-shaped curve, the maximum pressure 

changes abruptly. However, around the upper branch of the C-shaped curve, the maximum pressure 

varies further more smoothly with ξ, compared with that of the lower branch in Fig. 5. The 

maximum pressure is about 200 to 210 atm in the proximity of the upper branch, which is close to 
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the pressure criterion of detonation peninsula. Consequently, as Fig. 6 (a) shows, reduced GRI 

mechanism inclines to show a much steeper upper branch than other two mechanisms, especially in 

the criterion of 200 atm.  It is noted that the present detonation regime is much broader than the 

one reported by Pan et al.22 for methane/air. This may because stronger criterion for detonation 

development was used by Pan et al.22 
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Fig. 5 Maximum pressure and detonation regime predicted by the reduced GRI mechanism for a 

stoichiometric CH4/air mixture initially at T0 = 1300 K and P0 = 40 atm.  

Figure 6 compares the detonation development regimes predicted by three kinetic models: GRI 

reduced, Aramco 3.0, and FFCM-1. Qualitatively, all these kinetic models predict the C-shaped 

boundaries for the detonation development regime. However, quantitatively, there are notable 

discrepancies among the upper and lower boundaries predicted by different kinetic models. For 

example, the upper branch of the C-shaped curve predicted by the reduced GRI mechanism is much 

higher than those by FFCM-1 and Aramco 3.0. Recent experimental data on the ignition delay time 

(see Figs. 6 and 16 in work of Karimi et al. 53) and the laminar flame speed (see Fig. 10 in work of 

Movaghar et al. 54 and Fig. 6 in work of Wang et al. 55) indicate that FFCM-1 can be used for 

methane oxidation at high pressures. Therefore, FFCM-1 is recommended for the calculation of 

detonation development from a hot spot and the detonation development regime. It is noted that 
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currently there are still no experimental data which can be used to validate the kinetic model 

FFCM-1 in terms of predicting flame propagation around the speed of sound jest before detonation 

initiation.  
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Fig. 6 Detonation development regimes predicted by different kinetic models for a stoichiometric 

CH4/air mixture initially at T0 = 1300 K and P0 = 40 atm in the plots of (a) ξ–ε and (b) dT/dr-r. Point 

A corresponds to (dT/dr)0 = -1050 K/m and = 11 mm. 

The detonation development process from the same hot spot but predicted by different kinetic 

models is shown in Fig. 7. Figure 7(a) shows that the reduced GRI mechanism predicts a very 

strong detonation initiation with a peak pressure close to 600 atm. For Aramco 3.0 and FFCM-1, the 

peak pressures are both below 300 atm. Therefore, the knock intensities predicted by different 

kinetic models have great difference. Moreover, different features after detonation propagation were 

predicted by different kinetic models. A typical homogeneous explosion was predicted by the 

reduced GRI. For Aramco 3.0, the leading shock decouples with the supersonic reaction front due to 

the temperature gradient ahead of the original detonation front. The supersonic reaction front 

consumes the remaining unburnt gas and causes a smooth rise of temperature. The FFCM-1 model 

predicts a combination of the former two features. In addition, the corresponding values of ξ for 
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reduced GRI, FFCM-1 and Aramco 3.0 are 2.56, 5.06, 8.07 respectively. Figure 7(d) shows that the 

duration of detonation propagation is different: longest by the reduced GRI mechanism and shortest 

by Aramco 3.0, decreasing as ξ increases from 2.56 to 8.07. Besides, there is notable difference in 

the reaction front propagation speeds before the detonation development: around 250 m/s, 450 m/s 

and 700 m/s for Aramco 3.0, FFCM-1 and reduced GRI mechanisms, respectively. It is difficult to 

experimentally reproduce the detonation initiation from a hot spot predicted by the simulations and 

to measure these reaction front propagation speeds. Therefore, the detonation development regime 

cannot be directly validated by experiments. The kinetic models need to validated by the ignition 

delay time measured in shock tubes 53 and the laminar flame speeds measured from expanding 

spherical flames 50 under engine-relevant conditions. 
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Fig. 7  Temporal evolution of the pressure distributions during the autoignitive reaction front 

propagation from a hot spot with (dT/dr)0 = -1050 K/m and r0 = 11 mm (corresponding point A in Fig. 

6(b)) predicted by different kinetic models: (a) GRI reduced, (b) Aramco 3.0, and (c) FFCM-1. Figure 

(d) shows the reaction front propagation speed S as a function of its location Rf. The CJ detonation 

speed (VCJ = 1837 m/s) and sound speed (a = 705 m/s) are denoted by the horizontal dashed and 

dash-dotted lines, respectively. 
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Theoretically, ξ = 1 would be the condition with the strongest detonation development, for it 

represents the reaction front moving in the identical speed with the shock. Nevertheless, numerical 

simulation tends to require a larger ξ. By varying (dT/dr)0 (or ξ) when each r0 (or ε) is fixed, we find 

that reduced GRI has its maximum Pmax when ξ varies from 2 to 3. However, FFCM-1 and Aramco 

mechanism show ranges of 3~5. When r0 (or ε) is set, as (dT/dr)0 (or ξ) deviate more from the 

condition with the maximum Pmax, detonation seems to be weakened. If (dT/dr)0 (or ξ) is rising 

from the condition with the maximum Pmax, detonation inclines to end with the decouple of shock 

and supersonic reaction front, which is particularly explicit in Aramco. 

Finally, in Fig. 8 we compared the detonation regimes of different fuels including syngas11 

methane (this work), and dimethyl ether (DME)56, n-heptane56, toluene reference fuel (42.8% 

isooctane, 13.7% n-heptane, 43.5% toluene)20. Notable difference is observed among the detonation 

regimes of these fuels, indicating that the detonation development regime strongly depends on fuel. 

Therefore, the detonation peninsular for syngas cannot be used for other fuels. It is noted that 

different kinetic models were used to calculate the detonation development regimes for different 

fuels: the kinetic model extracted from GRI-Mech 2.11 by Gu et al. 11 for syngas, the kinetic model 

of Burke et al. 57 for DME, the kinetic model of Liu et al. 58 for n-heptane, and the LLNL kinetic 

model59 for toluene reference fuel. Since the degree of variation among the lines of Nos. 5-7 is 

shown to be smaller than that of lines of Nos. 1-4, the influence of the kinetic model on the 

calculation of detonation development regime is weaker than that of the fuel type. Since both fuel 

type and kinetic model affects the detonation development regime, it is impossible to distinguish 

between the effects of the different kinetic models and the effects of the different fuels. Furthermore, 

the detonation development regime also depends on the thermal conditions (temperature and 

pressure) and composition (equivalence ratio, blending of exhausted gas) of the reactants.20 This 
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further complicates the detonation regime and deserves and needs to be explored in future studies.    
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Fig. 8 The detonation regime in the ξ-ε diagram for different stoichiometric fuel/air mixtures: line #1 

for H2/CO/air at T0 = 1000 K and P0 = 50 atm11, #2 for DME/air at T0 = 1035 K and P0 = 40 atm56, #3 

for n-heptane/air at T0 = 802 K and P0 = 40 atm56, #4 for toluene reference fuel (42.8% isooctane, 

13.7% n-heptane, 43.5% toluene at T0 = 1000 K and P0 = 50 bar20; and # 5, #6, #7 for CH4/air at T0 = 

1300 K and P0 = 40 atm, respectively from reduced GRI mechanism, Aramco 3.0 mechanism and 

FFCM -1 mechanism (this work). 

4. Conclusions 

Numerical simulations were conducted to investigate the autoignitive reaction front 

propagation and detonation development from a hot spot in stoichiometric methane/air mixtures. 

The performance of different kinetic models for methane oxidation was examined. First, the 

ignition delay time, excitation time, critical temperature gradient, thermal sensitivity and reduced 

activation energy were calculated using eight kinetic models for methane. Comparison among these 

results indicates that there are notable discrepancies among the predictions by different kinetic 

models. Therefore, it was expected that different detonation development regime may be predicted 

by different kinetic models for the same hot spot and initial conditions. Then, the detonation 

development regimes were obtained from 1D simulations using three kinetic models, the reduced 
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GRI 3.0 Mech., Aramco 3.0 and FFCM-1. Qualitatively, all these kinetic models predict the 

C-shaped boundaries for the detonation development regime. However, quantitatively, there are 

notable discrepancies among the upper boundary and the upper branch of the C-shaped curve 

predicted by the reduced GRI mechanism is much higher than those by FFCM-1 and Aramco 3.0. 

Furthermore, comparison among the results obtained for different fuels demonstrates that the 

detonation development regime is fuel-dependent and thereby the detonation peninsula for syngas 

reported by Bradley and coworkers might not work for all fuels.  

The present results indicate that further efforts need to be devoted to the development and 

validation of the kinetic model for methane at engine-relevant conditions. Unfortunately, it is 

difficult to validate the detonation development regimes directly through experiments. The kinetic 

models need to be further validated against the ignition delay time measured in shock tubes and the 

laminar flame speeds measured from expanding spherical flames under engine-relevant conditions48. 

Besides, the detonation development regimes at different initial pressures, temperatures, 

equivalence ratios and exhaust gas recirculation addition need to be explored in future studies. The 

present results indicate the limitation of the detonation development regime using the two 

well-known non-dimensional parameters introduced by Bradley and coworkers11. Therefore, further 

efforts need to be devoted to the exploration of new parameters for a universal prediction of the 

detonation development regimes. 
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