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ABSTRACT 

Laminar flame speed (LFS) is used as an important input 

in certain turbulent premixed combustion modelling for spark 

ignition engines. At engine-relevant temperatures and 

pressures, the LFS is difficult to be measured and it is usually 

obtained from calculations using detailed or reduced chemical 

mechanisms. However, at very high temperature in the range 

of 700~1000 K, it is difficult to get the converged solutions 

during LFS calculation. In this study, the LFS at engine-

relevant conditions are obtained from simulating propagating 

spherical CH4/air flames in a closed spherical vessel. The 

results from different chemical mechanisms are obtained and 

compared. It is found that there is significant difference 

between the LFSs predicted from different chemical 

mechanisms, especially at high temperatures and pressures. It 

is also shown that the reduced mechanism has very good 

performance in terms of predicting the LFS at engine-relevant 

conditions. Besides, the performance of difference chemical 

mechanisms in terms of predicting the ignition delay time and 

the excitation time is assessed and significant difference is 

also observed. 

INTRODUCTION 

The combustion process in the spark ignition engines 

(SIEs) involves complex interactions between fluid dynamic, 

thermodynamic and chemical processes (Gillespie et al., 

2000). In order to improve the engine design and achieve high-

efficiency and low-emission, it requires a fundamental 

understanding of combustion process in SIEs. Numerical 

simulations of the turbulent premixed combustion are 

nowadays an essential tool to investigate the combustion 

process in SIEs.  

In certain turbulent premixed combustion modelling for 

SIEs, the laminar flame speed (LFS) is used as an input for the 

evaluation of turbulent flame speed. For example, the flamelet 

model assumes that the characteristic combustion time is 

shorter than the turbulent eddy turn-over time such that the 

reaction takes place in relatively thin layers and the inner 

flame structure is close to a laminar flame (Poinsot and 

Veynante, 2005). Under this assumption, the LFS is used as 

an input to model the turbulent burning rate by considering the 

enlargement of flame surface by turbulence (Duclos et al., 

1993). Therefore, the LFS is important for modelling turbulent 

premixed combustion in SIEs. 

The LFS is a fundamental physicochemical property of a 

combustible mixture. It depends on the local pressure, 

unburned gas temperature and equivalence ratio. Usually the 

change of LFS with the pressure, unburned gas temperature 

and equivalence ratio is represented by empirical correlations 

obtained from fitting of experimental or numerical LFS data 

(Amirante et al., 2017). Such empirical correlations can be 

easily implemented modelling combustion in SIEs. However, 

the accuracy of these correlations is not warranted under 

engine-relevant conditions since at such conditions the 

experiment data reported in the literature are sparse or 

inconsistent (Gillespie et al., 2000). It is difficult to conduct 

the experiments for LFS measurement under engine-relevant 

conditions. For example, flame instability occurs at engine-

relevant high pressures and it can significantly affect the flame 

propagation (Yuan et al., 2007), which prevents the accurate 

measurement of the LFS. Currently, the LFS at engine-

relevant temperatures and pressures is usually obtained from 

simulations considering detailed or reduced chemical 

mechanisms. In the literature, there are many chemical 

mechanisms for the same fuel; and the LFS usually depends 

on the chemical kinetic model used in simulation. 

Based on the above considerations, this study aims to 

access the performance of different chemical mechanisms on 

predicting LFS. Methane is considered here since it is the main 

component of natural gas which is widely used in SIEs, and 

many mechanisms have been developed for methane. The 

propagating spherical CH4/air flame in a closed spherical 

vessel is simulated using different chemical mechanisms and 

the LFSs at a wide range of engine-relevant conditions are 

obtained compared. Besides, the performance of difference 

chemical mechanisms in terms of predicting the ignition delay 

time and the excitation time is also assessed since both times 

are related to knock in SIEs (Bates et al., 2017). 
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METHODOLOGY 

Numerical Setup 

One-dimensional spherical flame propagation in a closed 

chamber is considered. The constant-volume propagating 

spherical flame method (Faghih and Chen, 2016) is used to 

calculate the LFS. It has the advantage in obtaining the LFS at 

a broad range of temperature and pressure under engine-

relevant conditions (Faghih and Chen, 2016). In this method, 

the flame is center-ignited inside a closed spherical chamber 

and then the pressure rise during spherical flame propagating 

is recorded. From the pressure history, P=P(t), the local LFS, 

Su, is determined according to (Faghih and Chen, 2016): 
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where RW is the inner radius of the closed chamber, x the burnt 

mass fraction, P0 the initial pressure, and γu the heat capacity 

ratio of unburned gas. Unlike in experiments where P(t) is the 

only available data, in simulations, the flame front position 

thus x and γu can be obtained at any instant. The data post-

processing is only conducted for P>1.5P0 so that the ignition 

effect is negligible. 

The in-house code A-SURF (Adaptive Simulation of 

Unsteady Reactive Flow) (Chen et al., 2009; Chen, 2010; Dai 

and Chen, 2015) is used to simulate the 1D spherical flame 

propagation in a close chamber. The conservation equations 

for compressible, multi-component, reactive flow are solved 

using the finite volume method. CHEMKIN packages (Kee et 

al., 1989) are incorporated into A-SURF to calculate the 

chemical reaction rates and temperature-dependent thermal 

and transport properties. The mixture-averaged model is used 

to evaluate the mass diffusivities for different species. The 

computational domain is initially filled with static CH4/air 

mixture at the initial temperature and pressure denoted as Tu,0 

and P0, respectively. Zero flow speed and zero gradients for 

temperature and mass fractions are enforced at both 

boundaries. The flame is centrally initiated by a hot spot. It 

should be noted that the residence time of unburned mixture 

is directly related to RW. During the spherical flame 

propagation, the unburned gas is compressed and it can reach 

very high pressure and temperature (e.g. 90 atm and 1100 K) 

when the flame front is very close to the wall. Under these 

conditions, the end gas auto-ignition may occur, which affects 

the evaluation of LFS (Faghih et al., 2019). Therefore, in all 

simulations a small chamber radius, RW, in the range from 5 

cm to 0.6 cm is chosen so that the end gas auto-ignition dose 

not occur. In order to efficiently and accurately resolve the 

reaction zone, adaptive mesh refinement algorithm is 

implemented. At a high pressure up to 90 atm, the reaction 

zone is always covered by the finest meshes with the width of 

0.12 μm. Grid convergence is ensured. A-SURF has been used 

to simulate ignition and flame propagation in previous studies 

(e.g., (Chen et al., 2011; Yu and Chen, 2015)). The details on 

governing equations and numerical methods can be found in 

(Chen et al., 2009; Chen, 2010; Dai and Chen, 2015) and 

thereby are not repeated here. 

Chemical Reaction Modelling 

In the literature there are different chemical mechanisms 

proposed for the oxidation of methane. The performance of 

the following mechanisms are assessed here: 

1) Aramco 3.0 Mech. with 106 species and 800 reactions 

(Zhou et al., 2018); 

2) DTU Mech. with 68 species and  631 reactions (Hashemi 

et al., 2016); 

3) FFCM-1 Mech. with 38 species and 291 reactions (Smith 

et al., 2016); 

4) GRI Mech. 3.0 with 53 species and 325 reactions (Gregory 

et al., 2018); 

5) HP Mech. with 92 species and 615 reactions (Shen et al., 

2014; Zhao et al., 2017) 

6) USC Mech. Ⅱ with 111 species and 784 reactions (Wang 

et al.); 

7) UCDD Mech. with 58 species and 270 reactions (UCSD, 

2016). 

Besides, three GRI Mech. 3.0 based skeletal or reduced 

mechanisms are also considered, and there contain 19 species 

(Lu and Law, 2008), 27 species (Chen and Chen, 2018) and 

30 species (Lu and Law, 2008), respectively. 

RESULTS AND DISCUSSION 

Results for a CH4/air Mixture Initially at Normal 
Temperature and Pressure (NTP)  

Computations of one-dimensional spherical flame 

propagation were firstly performed for a stoichiometric 

CH4/air mixture initially at P0=1 atm and Tu,0= 300 K using 

different chemical mechanisms. Instead of comparing the 

pressure history on which the ignition energy has a non-

negligible influence, we show the pressure rise rate (PRR), 

dP/dt, as a function of the pressure in Fig. 1. In general, HP 

Mech predicts the highest PRR while UCSD Mech. yields the 

lowest value. However, it can be seen from the inset in Fig. 1 

that when P is below 2 atm, GRI Mech. 3.0 gives the highest 

prediction of PRR while FFCM-1 Mech. has the lowest 

prediction.  

  

Figure 1 Pressure rise rate as a function of the 
instantaneous pressure for stoichiometric CH4/air 

mixture initially at P0=1 atm and Tu,0= 300 K.  
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This tendency can be observed more obviously in Fig. 2 

which shows the change of Su with P. The results predicted by 

UCSD Mech. have a much flatter trend between Su and P 

compared to those by FFCM-1 Mech. Moreover, the relative 

difference among Su predicted by different chemical 

mechanisms at a specified pressure is very large. At P=1.5 atm 

and Tu=336 K, the maximum relative difference is 7.5%; while 

it becomes 12.7% for P=8 atm and Tu=527 K. Therefore, even 

for stoichiometric CH4/air mixture with P0=1.5~8 atm and Tu= 

336~527 K, the LFS strongly depends on the chemical 

mechanism. 

  

Figure 2 The LFS as a function of the instantaneous 
pressure and unburned gas temperature for 

stoichiometric CH4/air mixture initially at P0=1 atm 
and Tu,0= 300 K. 

Figure 3 compares Su predicted by the GRI Mech. 3.0 

based skeletal or reduced mechanisms. Compared to the 

original GRI Mech. 3.0 with 53 species, the maximum relative 

difference is within 3% for the model with 27 species and it’s 

within 1% for both models with 19 and 30 species. Therefore, 

Su can be well predicted by these three GRI Mech. 3.0 based 

skeletal or reduced mechanisms. 

 

Figure 3 The LFS as a function of the instantaneous 
pressure and unburned gas temperature for 

stoichiometric CH4/air mixture initially at P0=1 atm 
and Tu,0= 300 K. 

Results for CH4/air Mixtures at Engine-Relevant 
Conditions 

In this section, computations of 1D spherical flame 

propagation were performed for stoichiometric (=1) and 

fuel-lean (=0.6) CH4/air mixtures at engine-relevant 

conditions using different chemical mechanisms. 

For premixed flame propagation in SIEs, it has the 

pressure and unburned gas temperature in the range of 20~120 

atm and 550~1050 K respectively (d'Adamo et al., 2017). To 

achieve such high pressure and unburned gas temperature, the 

unburned mixture is isentropically compressed during the 

spherical flame propagation.  

For stoichiometric CH4/air mixture, we performed two 

computations with the initial conditions at P0=10atm and 

Tu,0=650 K and P0=30 atm and Tu,0=848 K, respectively. These 

two sets of (P0, Tu,0) are on the same isentropic-compression 

curve for stoichiometric CH4/air mixture. The results are 

shown in Figs. 4-7. 

  

Figure 4 Pressure rise rate as a function of the 
instantaneous pressure for stoichiometric CH4/air 

mixture initially at P0=10 atm and Tu,0= 650 K.  

  

Figure 5 The product of chamber radius and 
pressure rise rate as a function of the 

instantaneous pressure for stoichiometric CH4/air 
mixture initially at P0=30 atm and Tu,0= 848 K.  
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ignition. The PPR is inversely proportional to the chamber 

radius and thereby their product, RW∙dP/dt, is independent of 

RW. Since different chamber radii were used for different 

mechanisms for P0=30 atm and Tu,0=848 K, we plot RW∙dP/dt 

instead of dP/dt in Fig. 5. It is observed that USC Mech. II 

gives the lowest prediction of PRR for pressure in the range of 

P=10~110 atm. The highest prediction of PRR is given by HP 

Mech. and GRI Mech. 3.0 respectively for P<60 atm and P>60 

atm.  

Since these two initial conditions of (10 atm, 650 K) and 

(30 atm, 848 K) are on the same isentropic-compression curve 

of stoichiometric CH4/air mixture and the unburned mixture is 

compressed isentropically during spherical flame propagation, 

the two Su-P curves obtained from these two computations can 

merge into one curve as show in Fig. 6. Similar to the trend 

observed in Figs. 4 and 5, the highest prediction of LFS is 

given by HP Mech. and GRI Mech. 3.0 respectively for P<60 

atm and P>60 atm. On the other hand, USC Mech Ⅱ always 

gives lowest LFS. The maximum relative difference among 

LFSs predicted by these mechanisms can reach 50%. 

Therefore, the LFSs under engine-relevant pressures and 

temperatures strongly depend on the chemical mechanism 

using in simulation. 

  

Figure 6 The LFS as a function of the instantaneous 
pressure and unburned gas temperature for 

stoichiometric CH4/air mixture.  

Besides, the performance of different GRI Mech. 3.0 

based skeletal or reduced mechanisms for stoichiometric 

CH4/air mixture at engine-relevant conditions was also 

accessed. The results were plotted in Fig. 7. The reduced 

model with 19 species is shown to have very good 

performance (within 1%) even for P=100 atm and Tu=1116 K. 

Compared to the original GRI Mech 3.0, the skeletal 

mechanism with 27 species has the under prediction within 

3%. Therefore, even under engine-relevant pressures and 

temperatures, the skeletal and reduced mechanisms have high 

accuracy in terms of predicting the LFS compared to the 

original chemical mechanism. 

 

  

Figure 7 The LFS as a function of the instantaneous 
pressure and unburned gas temperature for 

stoichiometric CH4/air mixture.  

The results for fuel-lean (=0.6) CH4/air mixture are 

shown in Figs. 8 and 9. Similar trends are observed as those 

for the stoichiometric mixtures show in Figs. 6 and 7. At high 

pressure (e.g. P>45 atm), GRI Mech. 3.0 also gives the highest 

prediction of Su. DTU Mech. and USC Mech. II gives the 

lowest prediction of Su for P<50 atm and P>50 atm 

respectively. The maximum relative difference among LFSs 

predicted by these mechanisms can reach 42%. Figure 9 shows 

the results predicted by different GRI Mech. 3.0 based skeletal 

or reduced mechanisms. All the results collapse on the same 

curve, indicating that these three skeletal or reduced 

mechanisms have nearly the same prediction of LFS for fuel-

lean (=0.6) CH4/air mixture as the original GRI Mech. 3.0. 

 

Figure 8 The LFS as a function of the instantaneous 
pressure and unburned gas temperature for lean 

(=0.6) CH4/air mixture.  
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Figure 9 The LFS as a function of the instantaneous 
pressure and unburned gas temperature for lean 

(=0.6) CH4/air mixture.  

 
 

 

Figure 10 Change of the ignition delay time with the 
initial temperature for (a) stoichiometric and (b) 

fuel-lean CH4/air mixtures at P=40 atm.  

Besides the laminar flame speed, the ignition delay time, 

τi, and the excitation time, τe, were also studied since they are 

closely related to knocking in SIEs. The constant-pressure 

homogeneous ignition processes at different initial 

temperatures were simulated for stoichiometric (=1) and 

fuel-lean (=0.6) CH4/air mixtures at P=40 atm using 

SENKIN (Lutz et al., 1988) of CHEMKIN II (Kee et al., 

1989). The performance of different mechanisms were 

examined. The ignition delay time, τi, is defined as the time to 

the maximum temperature rise rate; and the excitation time, τe, 

is defined as the duration when the heat release rate is larger 

than 20% of the maximum heat release rate.  

The results for τi and τe were plotted in Figs. 10 and 11, 

respectively. It is found that, Aramco 3.0 Mech. gives the 

highest prediction of τi while a relatively low prediction of τe. 

HP Mech. has the lowest prediction of τe. Both FFCM-1 Mech. 

and GRI Mech. 3.0 have relatively high prediction of τe. 

Moreover, the relative difference among τi and τe predicted by 

different mechanisms are shown to increase as the initial 

temperature decreases. At T0=1000 K, the ignition delay time 

predicted by Aramco 3.0 Mech. is around 10 times larger than 

that by UCSD Mech. As for the GRI Mech. 3.0 based reduced 

mechanism with 19 species, it has nearly the same prediction 

of the ignition and excitation times compared to the original 

GRI Mech 3.0. Therefore, the reduced mechanism can be used 

in modelling to greatly reduce the computational cost while 

achieve the same accuracy as the non-reduced mechanism.  

 

 

Figure 11 Change of the excitation time with the 
initial temperature for (a) stoichiometric and (b) 

fuel-lean CH4/air mixtures at P=40 atm.  
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lean (=0.6) CH4/air mixtures were both considered. It was 

found that the LFSs under engine-relevant pressures and 

temperatures strongly depend on the chemical mechanism 

using in simulation. The maximum relative difference among 

LFSs predicted by different mechanisms can reach 50%. It 

was also shown that even under engine-relevant conditions, 

the skeletal and reduced mechanisms have high accuracy in 

terms of predicting the LFS compared to the original chemical 

mechanism. 

In addition, the performance of different chemical 

mechanisms in terms of predicting the ignition delay time and 

excitation time was also accessed. Large discrepancies in the 

ignition delay times and excitation times were also observed. 

The above results indicate that even for the simplest 

hydrocarbon fuel, methane, great effort still needs to be 

devoted to developing chemical mechanisms with accurate 

prediction of ignition and flame propagation under engine-

relevant conditions.  
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