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A B S T R A C T   

Natural gas is a promising alternative fuel which can be used in internal combustion engines to reduce carbon 
emission. Therefore the combustion properties of methane, the major component of natural gas, have received 
great attention recently. This work aims to provide skeletal and reduced kinetic models for methane oxidation, 
which can be used for efficient simulations of methane combustion under engine-relevant conditions. The 
Foundational Fuel Chemistry Model (FFCM-1) developed at Stanford University served as the starting kinetic 
model for the reduction process. A 25 species skeletal model was firstly obtained by using sensitivity analysis and 
a 17 species reduced model was subsequently obtained through quasi-steady-state assumptions. The reduction 
procedure was performed within the parameter range of pressure from 1 to 120 atm, initial temperature for 
homogeneous ignition from 1000 to 2500 K, and equivalence ratio from 0.6 to 1.4, which includes the engine 
relevant conditions. Extensive validations of the present skeletal and reduced kinetic models were demonstrated 
through comparison with the original FFCM-1 model in the prediction of the homogeneous ignition, extinction 
and ignition in perfectly stirred reactor, premixed flame propagation and detonation properties. Very good 
agreement is achieved and thereby the original FFCM-1 model can be replaced by the present skeletal or reduced 
kinetic models in simulations of methane combustion.   

1. Introduction 

Natural gas is one of the promising alternative fuels which can be 
used in spark-ignition and compression-ignition engines [1]. Methane is 
the major component of natural gas and it has similar combustion 
properties as natural gas. Therefore, methane’s combustion properties 
under engine-relevant conditions have received great attention recently 
(e.g., [1–4]). 

Numerical simulation is currently one of the most important research 
tools for understanding fundamental combustion processes and it can be 
used in the development of high-performance natural gas engines [5,6]. 
To achieve quantitative prediction, multi-step or even detailed kinetic 
model instead of simplified one- or two-step chemistry should be applied 
in the numerical simulations [6,7]. However, applying the detailed ki
netic model in the simulation can be time consuming due to the large 
number of species and the severe chemical stiffness. To achieve efficient 
combustion simulation, the detailed kinetic model needs to be 
adequately reduced before it is used in simulation. In the recent decades, 
mechanism reduction methods have been extensively studied [7,8]. The 

first category of reduction methods is the skeletal reduction, which 
quantifies the importance of the species and then eliminates unimpor
tant species and reactions from the detailed mechanism. These methods 
include sensitivity analysis [9], principal component analysis [10], 
directed relation graph (DRG) [11–13], DRG with error propagation 
(DRGEP) [14], path flux analysis (PFA) [15], global pathway selection 
(GPS) [16], and Linearized error propagation (LEP) [17], etc. Another 
category is the time scale analysis, which assumes the fast processes 
decay in a transient time. The representative methods include quasi- 
steady-state approximations (QSSA) [18], partial equilibrium assump
tions (PEA) [19] and intrinsic low-dimensional manifold (ILDM) [20], 
etc. 

The objective of this work is to provide compact skeletal and reduced 
kinetic models for methane oxidation, which can be applied in efficient 
methane combustion simulations especially under engine-relevant 
conditions. Though in the literature there are several skeletal or 
reduced kinetic models for methane oxidation (e.g., [21,22]), most of 
them were based on the GRI mechanism which are suitable for flame 
propagation at high pressures [3]. In the following, first the performance 
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of different kinetic models in terms of predicting methane combustion 
under engine-relevant conditions is described. Due to the accuracy 
compared with other kinetic models, the Foundational Fuel Chemistry 
Model (FFCM-1, for which the skeletal/reduced models do not exist in 
the literature) [23] is selected as the starting kinetic model for the 
mechanism reduction process. After that, the reduction process is 
introduced and the skeletal and reduced kinetic models are obtained. 
Lastly, extensive validations of the obtained skeletal and reduced kinetic 
models against the original FFCM-1 model in the prediction of the ho
mogeneous ignition process, extinction and ignition in perfectly stirred 
reactor (PSR), premixed flame propagation and detonation properties 
are performed. 

2. Methodologies 

2.1. The starting kinetic model for methane 

Due to the simple structure and widely application of methane, its 
oxidation kinetic has been studied by different research groups. A widely 
used methane mechanism is GRI Mech 3.0 which consists of 53 species 
and 325 reactions [24]. GRI Mech 3.0 is an optimized model and it 

includes the NOx sub chemistry. Other available kinetic models for 
methane combustion include USC Mech II [25], UCSD Mech [26], HP 
Mech [27] and DTU Mech [28]. Recently, the FFCM-1 model, consisting 
of 38 species and 291 reactions, has been developed by the collaboration 
research between Stanford University and SRI International [23]. The 
FFCM-1 model was optimized by a comprehensive uncertainty quanti
fication analysis against a target set of fundamental combustion dataset 
over a wide range of conditions and phenomena. 

Among these kinetic models mentioned above, the FFCM-1 model 
has been demonstrated to be able to predict methane combustion 
accurately under engine-relevant conditions. Using a high pressure 
shock tube, Karimi et al. [29] measured methane autoignition delays in 
carbon dioxide and argon diluents at pressure of 100 and 200 bars. Fig. 1 
compares the experimental data with the predictions from different ki
netic models. It is seen that the FFCM-1 model can accurately predict the 
autoignition delay of methane at high pressure up to 200 bar. 

Wang et al. [3] assessed the performance of different kinetic models 
in terms of predicting the laminar flame speeds (LFSs) of methane/air 
under engine-relevant conditions. Experiments for spherically expand
ing flames were conducted to measure the LFSs of a CH4/O2/N2/He 
mixture under a broad range of pressures and temperatures (15–30 atm, 
405–514 K and 579–726 K) [3]. As shown in Fig. 2, the FFCM-1 model 
closely predicts the laminar flame speeds at high pressures and 
temperatures. 

The above results show that the FFCM-1 model is the most accurate 
in predicting the ignition and flame propagation for methane under 
engine-relevant conditions. Therefore, the FFCM-1 model was selected 
as the starting kinetic model in generating the compact kinetic models. 

It is noted that a 19-species reduced kinetic model has been devel
oped based on GRI Mech 3.0 by Lu and Law [21]. However GRI Mech 3.0 
was shown to greatly over-predict and under-predict the laminar flame 
speed and ignition delay, receptively, for methane/air at high pressures 
[3,29]. This is due to the fact that the pressure dependence of the re
action rate for H + O2 + M = HO2 + M is not adequately considered in 
GRI Mech 3.0, and that GRI Mech 3.0 does not consider methylperoxy 
(CH3O2) and methyl peroxide (CH3O2H) which are vital to the oxidation 
of methane at high pressures [30]. Therefore, the 19-species reduced 
kinetic model of GRI 3.0 is not suitable under engine-relevant 
conditions. 

2.2. Methodology for kinetic model reduction 

To obtain compact models suitable for engine applications, the 
reduction was performed within the parameter range of pressure from 1 
to 120 atm, initial temperature for ignition problems from 1000 to 2500 
K, and equivalence ratio from 0.6 to 1.4, focusing on the high- 
temperature and high-pressure conditions. 

Since the detailed mechanism only contains 38 species, the brute 
force sensitivity analysis [31] was directly employed to achieve 
maximum reduction. Note the brute force sensitivity analysis is time 
consuming since it directly measures the reduction error through 
comparing the target flame features before and after reduction, there
fore it usually applied in reducing relatively small mechanisms, for 
example in the present condition. The target parameters used in the 
sensitivity analysis included auto-ignition delay time under constant 
pressure condition and extinction residence time in PSR, since previous 
research indicates that that skeletal mechanisms derived from auto- 
ignition and PSR in most cases can be readily extended to more com
plex systems [7]. This is because reaction states sampled from auto- 
ignition carry the information on important reaction pathways con
trolling ignition, while those from PSR carry the information on re
actions controlling flame extinction and high temperature flame 
chemistry. To achieve a relatively high accurate skeletal model, an error 
tolerance of 0.2 was used and a skeletal mechanism with 25 species and 
145 reactions was obtained. The worst-case errors for the ignition delay 
time and extinction residence time for the reduction range are 0.17 and 

Fig. 1. Experimental and computed ignition delay time of stoichiometric CH4/ 
O2/Ar mixtures at 200 bar, T0 = 1253 ~ 1379 K. The experimental data, results 
of HP Mech. and USC Mech. II are from Karimi et al. [29]. 

Fig. 2. Experimental measured and computed laminar flame speeds for the 
stoichiometric mixture (1.0CH4 + 2.0O2 + 1.214 N2 + 10.926He) along the P- 
Tu isentrope with the initial pressure and temperature of P0 = 6 atm, Tu,0 = 424 
K. The experimental data are from Wang et al. [3]. 
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0.15 respectively. 
The skeletal kinetic model was further reduced through quasi-steady- 

state (QSS) assumptions to obtain the reduced kinetic model. Eight QSS 
species including CH, CH2, HCO, CH2OH, CH3O, C2H3, C2H5, and 
CH2CHO were identified by a systematic method based on the compu
tational singular perturbation (CSP) [21], inducing a final 17-species 
reduced kinetic model. The reaction rates for the reduced kinetic 
model were evaluated through a systematically generated subroutine, in 
which the reaction rate coefficients are evaluated using the efficient 
transformed form as described in work of Lu et al. [7]. In addition, the 
concentrations of QSS species were obtained through the linearized 
quasi steady state approximations solved with a quasi-steady state graph 
method (LQSSA-QSSG) [32]. Both the skeletal and reduced kinetic 
models are provided in the Supplementary Documents. 

3. Model validation 

To validate the present skeletal and reduced kinetic models, the 
homogeneous ignition, extinction and ignition in perfectly stirred 
reactor, premixed flame propagation and detonation properties were 
compared with the detailed FFCM-1 model. 

3.1. Homogeneous autoignition 

Ignition delay is one of the most important targets for kinetic model 
development and reduction. Therefore, the zero-dimensional homoge
neous ignition process under constant pressure was considered and 
simulated using SENKIN [33]. The ignition delay times, τi, defined as the 
time for the occurrence of maximum temperature rise rate, for methane/ 
air mixture are calculated using the original FFCM-1 model and the 
skeletal and reduced models over a broad range of pressure, temperature 
and equivalence ratio. Stoichiometric mixture results at different pres
sures and temperatures are compared in Fig. 3. 

Fig. 3(a) shows that the ignition delay time increases exponentially 
with the inverse of the initial temperature. Fig. 3(b) reveals that the 
ignition delay time is nearly proportional to the inverse of the pressure. 
These trends are consistent with the homogeneous ignition theory. It is 
seen the results predicted by skeletal and reduced models closely agree 
with those by the detailed mechanism, with a maximum relative dif
ference of 5.3%. For off-stoichiometric mixtures similar results were 
obtained and were not shown here. 

Besides the ignition delay time τi, another important parameter 
characterizing the ignition process is the excitation time τe, which rep
resents the duration of heat release and is usually several order smaller 
than the ignition delay time. The excitation time, defined by the period 
between 5% and the peak heat release rate, is important for detonation 

Fig. 3. Change of the ignition delay time with the (a) initial temperature and (b) initial pressure for a stoichiometric CH4/air mixture predicted by the detailed (solid 
lines), skeletal (open circles) and reduced (crosses ‘x’) kinetic models. 

Fig. 4. Change of the excitation time with the (a) initial temperature and (b) initial pressure for a CH4/air mixture predicted by the detailed (solid lines), skeletal 
(open circles) and reduced (crosses ‘x’) kinetic models. 
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development from temperature gradient [34–36]. Fig. 4 compares the 
excitation time predicted by the detailed, skeletal and reduced kinetic 
models for different pressures, temperatures, and equivalence ratios. It is 
seen that the reduced and skeletal models agree well with the detailed 
model with slightly overestimate. Note that similar results for fuel lean 
mixture have also be obtained but not shown in Fig. 4 due to the over
lapping of the results for different equivalence ratios. 

The above results indicate that the skeletal and reduced kinetic 
models can accurately predict the ignition process and thereby can 
replace the detailed FFCM-1 model. It is noted that the maximum dif
ference between the results from the skeletal and reduced kinetic models 
is within 1%, which implies the QSSA successfully reduces the number 
of species without reducing the accuracy. 

3.2. PSR 

The performance of the reduced and skeletal models in predicting the 
combustion in PSR is then examined. Fig. 5 displays PSR S-curves for 
pressures of 1, 10 and 40 atm under stoichiometric and lean conditions. 
The S-curves predicted by the skeletal and reduced kinetic models are 
shown to overlap with the one by the detailed model, demonstrating that 
the skeletal and reduced kinetic models can accurately predict the 
ignition and extinction processes in PSR. 

3.3. Premixed flames 

Laminar flame speed (LFS) is another important target for kinetic 

model development and reduction [37]. To further validate the skeletal 
and reduced kinetic models, the LFSs of CH4/air mixtures at normal and 
elevated temperatures and pressures were calculated using the constant- 
volume spherically expanding flame (CVSEF) method (see [38] and 
references therein). In this method, LFS as a function of initial temper
ature/pressure can be obtained after running the code for one specific 
case [38]. This method is much more efficient than using CHEMKIN- 
PREMIX or Cantera. Besides, CVSEF has the advantage of obtaining 
the LFSs at very high temperatures and pressures close to or under 
engine-relevant conditions. Therefore, this method was recommended 
by Faghih et al. [39] for assessing the performance of reduced kinetic 
models over a broad range of temperatures and pressures. 

Fig. 6 plots the LFSs of lean and stoichiometric CH4/air mixtures with 
the initial temperature and pressure up to 1000 K and 100 atm, 
respectively. Note that the unburned gas pressure increases with the 
unburned gas temperature following the isentropic compression rela
tionship [39]. It is seen that the discrepancy among LFSs predicted by 
different kinetic models increases with unburned gas pressure. Never
theless, the maximum difference is within 5%, indicating the skeletal 
and reduced kinetic models can accurately predict the LFSs of CH4/air 
mixtures under engine-relevant conditions. It is noted that in experi
ments it is difficult to measure the LFSs at very high pressures and 
temperatures due to flame instability and autoignition in unburned gas. 

The unsteady ignition kernel propagation is sensitive to kinetic 
models [40]. Therefore, the performance of the skeletal and reduced 
kinetic models in terms of predicting the ignition kernel and spherical 
flame propagation in a static stoichiometric CH4/air mixture are 

Fig. 5. The S-curves for PSR with an inlet temperature of 1400 K for CH4/air with (a) ϕ = 0.6 and (b) ϕ = 1.0. The results are from the detailed (solid lines), skeletal 
(open circles) and reduced (crosses ‘x’) kinetic models. 

Fig. 6. Laminar flame speeds of (a) fuel-lean (ϕ = 0.6) and (b) stoichiometric (ϕ = 1) CH4/air mixtures predicted by the detailed, skeletal and reduced kinetic 
models. The unburned gas pressure and temperature, (P, Tu), satisfy the isentropic compression relationship with (P0 = 1 atm, Tu,0 = 298 K). 
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assessed. The unsteady ignition and flame propagation process was 
simulated with the in-house code A-SURF [41,42] and the numerical 
model and specifications were similar to those in [43]. Fig. 7 shows that 

during the ignition kernel propagation there are three regimes: the 
ignition energy induced flame kernel propagation regime (I), the un
steady flame transition regime (II), and the normal flame propagation 
regime (III). Note that the over-driven flame propagation regime [43] 
does not appear since the effective Lewis number of the stoichiometric 
CH4/air mixture is close to unity. It is observed that the different regimes 
were predicted by the skeletal and reduced kinetic models. Though there 
is slight under-prediction in the flame propagation speed, the overall 
agreement is satisfactory. 

3.4. Detonation 

Besides the autoignition and normal flame propagation, the deto
nation development and propagation, referred to as super-knock [44], 
might occur in internal combustion engines under certain conditions. 
Therefore, we also assessed the performance of the skeletal and reduced 
kinetic models in predicting the detonation properties. 

First, we calculated the Chapman-Jouguet (CJ) speed, DCJ, and the 
induction length, δth, of one-dimensional ZND detonation in CH4/air 
mixtures using Cantera [45] and the results are shown in Fig. 8. It is seen 
that compared to the detailed model, the skeletal model can accurately 
predict the CJ speed and the induction length over a broad range of 
equivalence ratio. It is noted that the results from the reduced model was 
not obtained due to the lamination of Cantera in applying the QSS as
sumptions. Nevertheless, since almost the same results are predicted by 

Fig. 7. Change of the spherical flame propagation speed with the stretch rate in 
a stoichiometric CH4/air mixture at 300 K and 1 atm. The ignition energy is Eig 
= 0.24 mJ and different lines represent results predicted by the detailed, 
skeletal and reduced kinetic models. 

Fig. 8. (a) C-J detonation speed and (b) induction length of the steady ZND detonation structure for CH4/air mixtures at 298 K and 1 atm.  

Fig. 9. Change of the critical temperature gradient with (a) the initial temperature and (b) the initial pressure for a stoichiometric CH4/air mixture predicted by the 
detailed (solid lines), skeletal (open circles) and reduced (crosses ‘x’) kinetic models. 
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the skeletal and reduced kinetic models in Figs. 3–7, the induction 
length predicted by these two models is expected to be also nearly the 
same. It is also noted that the FFCM-1 model has not be validated 
experimentally by characterized C-J detonation parameters. 

Then, we considered the detonation development from temperature 
gradient [34–36,42,46]. The detonation development is determined by 
the coherent coupling between chemical reaction and pressure wave, 
and it occurs only when the reaction front speed, S, is in the same order 
as the sound speed, a. The following critical temperature gradient is 
defined for equivalent value of reaction front speed and sound speed 
[34]: 
(

dT0

dr

)

c
= −

(

a
dτi

dT0

)− 1

(1) 

The critical temperature gradient was widely used in studies on 
detonation development from a hot spot with linear temperature dis
tribution [32–34,39,42]. Therefore, the critical temperature gradient 
predicted by the detailed, skeletal and reduced kinetic models are 
compared. The results in Fig. 9 show that very good consistency is 
achieved for a broad range of initial temperature and pressure with the 
worst case relative error within 2%. 

We further simulated the detonation development from a hot spot 
using the detailed, skeletal and reduced kinetic models using the in- 
house code A-SURF [42,47,48]. In the simulation, a stoichiometric 
CH4/air mixture initially at T0 = 1300 K and P0 = 40 atm was considered 
and the hot spot locates in the center has the initial temperature gradient 
of (dT/dr)0 = − 1050 K/m and radius of r0 = 11 mm. More details of the 
specifications can be founded in our previous study [49]. It is shown in 
Fig. 10 that the auto-ignitive reaction front is initiated from the hot spot 
and it starts to propagate outwardly at around t = 0.48 ms. First, the 
reaction front propagates at the speed around 450 m/s. Then, the re
action front accelerates at around t = 0.51 ms, where the detonation 
develops and the propagation speed is around the CJ speed of DCJ =

1809 m/s. Lastly, all the unburned gas auto-ignites at around t = 0.517 
ms and the reaction front accelerates again. These observations are 
consistent with previous numerical results [34–36,42,46]. Fig. 10 shows 
that the detailed, skeletal and reduced kinetic models predict nearly the 
same position of detonation initiation and very close reaction front 
propagation speed, indicating the skeletal and reduced kinetic models 
can be used to replace the detailed model in simulations of detonation 
development from temperature gradient under engine-relevant 
conditions. 

When an implicit solver like VODE is used in numerical integration, 
the computational time is proportional to nr with n being the number of 

species and r > 2. Since the number of species in the detailed and 
reduced models is respectively 38 and 17, a speed-up factor of more than 
5 can be achieved by using the reduced kinetic model compared with the 
detailed one. 

4. Conclusions 

Using the FFCM-1 model with 38 species as the starting kinetic 
model, we first obtained a skeletal kinetic model with 25 species through 
sensitivity analysis and then a reduced kinetic model with 17 species 
through quasi-steady-state assumptions. The present skeletal and 
reduced kinetic models were extensively validated by comparing the 
ignition delay and extinction time, ignition and extinction residence 
time in perfectly stirred reactor, laminar flame speed, ignition kernel 
propagation, CJ speed, detonation induction length, and detonation 
development predicted by the detailed and reduced kinetic models. 
Excellent agreements were observed for different pressures and tem
peratures under engine-related conditions. Therefore, the present skel
etal or reduced kinetic models can be used to replace the detailed FFCM- 
1 model to achieve a speed up in the simulation. The present skeletal or 
reduced kinetic models are provided in the Supplementary Documents. 

CRediT authorship contribution statement 

Jingyi Su: Conceptualization, Methodology, Writing - review & 
editing, Methodology, Validation, Writing - original draft. Yunchao 
Wu: Methodology, Validation. Yiqing Wang: Methodology, Validation. 
Xinyi Chen: Methodology, Validation. Zheng Chen: Conceptualization, 
Methodology, Writing - review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

This work was supported by National Natural Science Foundation of 
China (Nos. 91841302 and 91741126). We thank Professor Tianfeng Lu 
at University of Connecticut for helpful discussion on kinetic model 
reduction. 

Fig. 10. Auto-ignitive reaction front propagation from a hot spot in a stoichiometric CH4/air mixture initially at T0 = 1300 K and P0 = 40 atm. The hot spot has the 
temperature gradient of (dT/dr)0 = − 1050 K/m and radius of r0 = 11 mm. (a) change of reaction front position Rf with time t; (b) change of reaction front 
propagation speed S with the position Rf. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fuel.2020.119667. 
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