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a b s t r a c t 

Large amount of experimental data for laminar burning velocity (LBV) measurements of methane ( + 

H 2 /CO) − oxygen − diluent mixtures (5500 data points in 646 datasets) covering wide ranges of equiv- 

alence ratio, diluent ratio, cold side temperature and pressure were collected from 111 publications. 

The diluents included N 2 , H 2 O, CO 2 , Ar and He. The data files are available on the ReSpecTh site 

( http://respecth.hu ). Performances of 12 methane combustion mechanisms on reproducing these LBV 

measurements were analyzed according to experiment types and conditions. Most mechanisms could pre- 

dict well the LBVs for stoichiometric and fuel-lean mixtures and for diluent ratios higher than 60%. The 

performances of several mechanisms were relatively poor at other conditions. Focusing on the operating 

conditions of natural gas engines, we recommend the application of mechanisms FFCM-I-2016, SanDiego- 

2014, and NUIG1.1-2021 for engine simulations. Mechanisms Aramco-II-2016, Konnov-2009, Caltech-2015 

and Glarborg-2018 have the lowest average errors for the reproduction of all available methane LBV data. 

Using local sensitivity analysis on the most accurate mechanisms, we identified 29 important elementary 

reactions, which, however, were not present in all the 12 mechanisms. We also collected large amount 

of directly measured and theoretically calculated rate coefficients for these reactions and compared them 

with the rate coefficients used in the 12 mechanisms. Reactions found important in any of the Aramco-II- 

2016, Konnov-2009 and Glarborg-2018 mechanisms, but missing from the Aramco-II-2016, Konnov-2009, 

Glarborg-2018, Caltech-2015, FFCM-I-2016 and NUIG1.1-2021 mechanisms were added to these six mech- 

anisms to investigate if the extended mechanism performs better than the original one. Some of the 

extended mechanisms became the best performing mechanisms. 

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

Widespread applications of renewable fuels have been seen in 

recent years. These fuels include H 2 produced by electrolysis of 

water using surplus electric energy, and NH 3 produced from H 2 

and N 2 . However, natural gas is still a very prospective fuel con- 

sidering its huge reserves, safety and the convenience of its ap- 

plication. Also, utilization of renewable H 2 and NH 3 is frequently 

planned in the form of co-combustion with natural gas. The main 

component of natural gas is methane, therefore, understanding 

of the chemical kinetics of methane combustion is important for 

the development of combustor technologies. In our recent article 

[1] we reported the collection of large amount of methane igni- 
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tion delay time measurements carried out in shock tubes and rapid 

compression machines, and testing 13 recent methane combustion 

mechanisms against these experimental data. Another fundamental 

measurable property of methane combustion is the laminar burn- 

ing velocity (LBV). In this work, recent methane combustion mech- 

anisms were tested using LBV experimental data. 

Few works have investigated methane combustion mechanisms 

systematically using LBV measurements under wide condition 

ranges, although large amount of LBV experimental data are avail- 

able for methane-containing mixtures. Konnov et al. [2] reviewed 

the LBV measurements for methane (and several other fuels) and 

evaluated the performance of San Diego mech (denoted here as 

SanDiego-2016) [3] , USC mech II (USC-II-2007) [4] , GRI mech 3.0 

(GRI3.0-1999) [5] and Konnov mech 0.5 (Konnov-2009) [6] for 

methane/air mixtures under wide ranges of experimental data, 

which included cold side temperatures from 300 K to 443 K, pres- 

sures from 1 atm to 70 atm, equivalence ratios from 0.55 to 1.7 and 
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various diluent ratios. Mazas et al. [7] compared two mechanisms, 

GRI-mech 3.0 (GRI3.0-1999) [5] and the mechanism of Le Cong 

and Dagaut [8] , under atmospheric pressure and in a cold side 

temperature range of 298 to 473 K, for CH 4 /O 2 /N 2 /H 2 O mixtures. 

Varghese et al. [9] investigated the performance of GRI-Mech- 

3.0 (GRI3.0–1999) [5] , Aramco-2 (Aramco-II-2016) [10] and FFCM- 

I (FFCM-I-2016) [11] on reproducing the LBVs of methane − air 

mixtures under wide ranges of conditions (cold side tempera- 

ture 350–650 K, pressure 1 − 5 atm and equivalence ratio 0.6–

1.4). Wang et al. [12] assessed GRI-3.0 (GRI3.0-1999) [5] and the 

high-pressure mechanism of Yang et al. [ 13 , 14 ] for CH 4 /O 2 /N 2 and 

oxygen-enriched CH 4 /O 2 /CO 2 mixtures at room cold side temper- 

ature (298 K) and high pressures (from 0.1 to 0.5 MPa). Nilsson 

et al. [15] analyzed the performance of Aramco-2.0 (Aramco-II- 

2016) [10] and a mechanism developed by Konnov et al. [16] on 

predicting the LBVs of CH 4 –air mixture at cold side temperatures 

of 298–338 K, atmospheric pressure and equivalence ratios of 0.6–

1.5. Wang et al. [17] recently compared measured laminar burn- 

ing velocities with ones simulated by seven methane combustion 

mechanisms for a stoichiometric mixture with N 2 and He dilu- 

ents, at typical temperature and pressure ranges of natural gas en- 

gines. They found that mechanism FFCM-1 (FFCM-I-2016) [11] re- 

produced the best their measurements. 

Large number of LBV measurements of methane/oxygen/diluent 

mixtures have been carried out by many research groups. In sev- 

eral investigations H 2 and/or CO were added to the methane fuel. 

An extensive literature review was performed on the laminar burn- 

ing velocities of such mixtures, and in total 646 datasets, compris- 

ing 5500 data points, were collected from 111 publications. To pro- 

mote the elaboration and validation of combustion mechanisms, 

these data have to be systematically collected in a well-defined for- 

mat. We have set up the ReSpecTh Information System [18] , which 

stores thousands of combustion experimental data sets in an orga- 

nized way in ReSpecTh Kinetics Data (RKD) format XML files [19] . 

These files include indirect combustion measurements, and also 

rate coefficient determinations by direct measurements and the- 

oretical calculations. 

For a systematic review of methane combustion mechanisms, 

we collected 646 sets of methane LBV experimental data in the 

literature and stored them in RKD format XML files. The experi- 

ments were simulated by 12 widely used combustion mechanisms 

and a quantitative assessment of their performance was given over 

a wide range of conditions from various aspects. Pairwise correla- 

tions between the prediction errors of the mechanisms were cal- 

culated to explore similarities between them. We also assessed the 

performance of the mechanisms specifically at the operating con- 

ditions of natural gas engines, which is a major engineering appli- 

cation of methane combustion. Local sensitivity analysis was car- 

ried out in order to identify important reactions, whose rate co- 

efficients directly affect the performance of mechanisms in repro- 

ducing methane LBV measurements. Reaction steps were identified 

that were not present in some good mechanisms, but found to be 

important in the three best performing mechanisms. These miss- 

ing reactions were added and it resulted in the improvement of 

several published mechanisms. 

2. Methodology 

Turányi et al. [ 20 , 21 ] suggested a systematic method for the as- 

sessment of the performance of combustion mechanisms. This ap- 

proach has been used on the comparison of widely used mech- 

anisms of several fuels, like hydrogen [21] , synthesis gas [22] , 

methanol [23] , ethanol [24] , ammonia [25] and methane [1] . The 

method utilizes two error functions, the mean squared error func- 

tion ( E ) [20] and the mean signed deviation function ( D ) [21] . In 

both error functions, each deviation term between the simulated 

and measured data is normalized by the corresponding one stan- 

dard deviation error of the experimental determination. While er- 

ror function E quantifies the predicting power of a mechanism, the 

signed deviation D can tell whether a given mechanism systemati- 

cally under- or over-predicts the experimental data on average. The 

two functions are defined as: 

δi j = 

Y sim ,i j − Y exp ,i j 
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In the equations above, i is the index of the data set, y sim ,i j is 

the j th simulated data point, y exp ,i j is the j th experimental data 

point, σ ( y exp ,i j ) is the estimated standard deviation of the j th ex- 

perimental data point and N i is the number of data points in 

dataset i; N is the number of datasets. δi j denotes the standardized 

signed deviations. We considered that the LBV data can be better 

characterized by constant absolute error, based on the investiga- 

tions of Olm et al. (see article [22] , Supplementary, Appendix A). 

Thus, no transformation was applied to it ( Y i j = y i j ). 

In this article we introduce σD , the standard deviation of the 

D value in order to assess the statistical confidence of systematic 

under- and overprediction indicated by value D . 

σD = 
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If D + 2 σD < 0 or 0 < D − 2 σD , then we can state with 95% sta- 

tistical confidence that the mechanism systematically under- or 

overpredicts the experimental data, respectively. The derivation of 

the equation above is provided in Part 2 of Supplementary 1. 

The Pearson correlation coefficient ( C ) characterizes the pair- 

wise similarity between mechanisms a and b with respect to their 

simulation results [21] . These coefficients are defined as: 
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Analogous definitions were applied to quantities with super- 

script b . At the estimation of the standard deviation of the data 

points, we considered both uncertainty σexp ,i j provided by the ex- 

perimentalist and the σstat ,i statistical scatter of the data points: 
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� 

σ 2 
stat ,i 

+ σ 2 
exp ,i j 

where 

σ 2 
stat ,i = 

� N i 
j=1 

�
Y exp ,i j − Y fit 1 ,i 

�
x i j 

��2 

N DOF ,i 

2 



P. Zhang, I.G. Zsély, M. Papp et al. Combustion and Flame 238 (2022) 111867 

Table 1 

Summary of the methane LBV experimental data sorted according to measurement types (CTF: counterflow twin-flame method, SJF: single jet flame, FCM: flame cone 

method, HFM: heat flux method, OPF: outwardly propagating flame method, HDC: externally heated diverging channel method). The table includes the numbers of datasets 

and data points, ranges for cold side temperature T , pressure p , equivalence ratio ϕ, and the combinations of fuels and diluents together with the number of corresponding 

data points. 

Type Sets Points T / K p / atm ϕ Fuel types Diluent types 

CTF 42 400 298–343 0.24–4.51 0.31–1.80 CH 4 (284) 

CH 4 /CO (40) 

CH 4 /H 2 (56) 

CH 4 /H 2 /CO (20) 

N 2 (334) 

Ar (13) 

N 2 /CO 2 (42) 

CO 2 (11) 

SJF 13 92 295–298 1 0.48–1.56 CH 4 (71) 

CH 4 /CO (8) 

CH 4 /H 2 (13) N 2 (77) N 2 /CO 2 (15) 

FCM 63 519 295–600 0.83–98.7 0.39–2.21 CH 4 (403) 

CH 4 /H 2 /CO (60) 

CH 4 /H 2 (56) N 2 (302) 

CO 2 (45) 

N 2 /He (22) 

No diluent (16) 

N 2 /H 2 O (81) 

H 2 O (31) 

N 2 /CO 2 (22) 

HFM 188 2045 293– 455 0.1–5.0 0.39–3.34 CH 4 (1145) 

CH 4 /CO (119) 

CH 4 /H 2 (755) 

CH 4 /H 2 /CO (26) 

N 2 (1703) 

N 2 /CO 2 (111) 

Ar (38) 

CO 2 (148) 

No diluent (45) 

OPF 321 2267 290–718 0.06–72.8 0.10–4.50 CH 4 (1782) 

CH 4 /H 2 /CO (47) 

CH 4 /H 2 (438) N 2 (1708) 

CO 2 (104) 

N 2 /He (174) 

CO 2 /He (17) 

N 2 /CO 2 /H 2 O (11) 

N 2 /CO 2 (177) 

He (39) 

N 2 /Ar (26) 

N 2 /H 2 O (11) 

HDC 19 177 300–700 1–5 0.60–1.41 CH 4 (147) CH 4 /H 2 /CO (30) N 2 (147) N 2 /CO 2 (30) 

Here Y fit 1 ,i ( x i j ) is the trendline value that corresponds to experi- 

mental point Y exp ,i j , x i j is the systematically changed condition pa- 

rameter within the dataset, N DOF ,i = N i − n fit 1 ,i is the number of de- 

grees of freedom, and n fit 1 ,i is the number of parameters in the fit- 

ting function. This trendline was obtained by spline or polynomial 

fitting using code Minimal Spline Fit [26] . The theoretical back- 

ground of the determination of the trendline has been published 

in [27] . 

3. Collection of experimental data 

The combustion characteristics of methane containing mixtures 

have been widely studied. In this work, we consider only those 

laminar burning velocity measurements in which the fuel mix- 

tures contain methane and may also contain H 2 and/or CO, but no 

higher hydrocarbons or oxygenated species. Details of the condi- 

tions covered by the experimental datasets are given in Table A of 

the Supplementary Material. The measurements had been carried 

out by the following six experimental methods: counterflow twin- 

flame method (CTF) [28] , single jet flame (SJF) [ 29 , 30 ], flame cone 

method (FCM) [31] , heat flux method (HFM) [32] , outwardly propa- 

gating flame method (OPF) [ 33 , 34 ] and externally heated diverging 

channel method (HDC) [35] . Egolfopoulos et al. [36] reviewed ex- 

perimental methods CTF, OPF, HFM, and SJF. Recently, Konnov and 

coworkers [2] systematically reviewed all the above experimental 

methods. 

An overview of the covered ranges of initial conditions, fuel and 

diluent types is given in Table 1 , separately for each experimental 

method. Cold side temperatures and pressures, equivalence ratios, 

and diluent ratios vary in the range of 290–718 K, 0.06–98.7 atm, 

0.1–4.5, and 0–0.8518, respectively. Diluent ratio is interpreted as 

the total molar ratio of the non-fuel and non-oxidizer components 

in the mixture. The ranges of initial conditions covered by the col- 

lected LBV measurements are summarized in Fig. 1 , which presents 

the pairwise distributions of temperature, pressure, equivalence ra- 

tio, and diluent ratio for all collected experimental data points. 

Figure 1 shows that the distributions of conditions are rather un- 

even and exhibit certain patterns. For example, at high cold side 

temperatures the diluent ratios for most measurements are around 

0.70–0.80. 

Figure 1 also shows that the measurements based on different 

experimental methods belong to different areas of conditions. The 

SJF method was used for measurements at atmospheric pressure 

and room temperature only. The other experimental methods were 

used in wider ranges of conditions. CTF, HFM and HDC were used 

to measure the LBVs in the pressure range of 1 to 5 atm; the mea- 

sured highest temperatures of CTF and HFM are 343 K and 455 K, 

respectively, while the highest temperature among the HDC mea- 

surements could reach 700 K. Furthermore, all the high pressure 

( > 5 atm) measurements were carried out by OPF and FCM, and 

the cold side temperature in these measurements could be as high 

as 600 K. 

Some papers provided experimental uncertainties that are char- 

acteristic for the whole dataset. In this case the estimated stan- 

dard deviation σi j of the data points is identical for all points in the 

dataset. These standard deviations are given in column 4 of Table A 

in Supplementary 1. In other papers, the uncertainties of the points 

were given as a percentage of the measured flame velocity, result- 

ing in different absolute error for each point in a dataset. In such 

cases, we assigned absolute standard deviations to each individ- 

ual point after transforming the relative error. For these cases col- 

umn 4 of Table A contains the range of standard deviations in the 

dataset and the actual standard deviations are given in Supplemen- 

tary 2. In the present work, 77 out of all the reviewed 111 articles 

reported experimental errors, which refer to 4328 data points in- 

cluding 477 data sets. When experimental errors were not reported 

in the original article, we assigned the following systematic exper- 

imental errors to the data: 1 cm/s absolute standard deviation for 

the CTF, HFM, and SJF methods, 5% relative standard deviation for 

the OPF and HDC methods, and 6% relative standard deviation for 

the FCM method. The details of the determination of these uncer- 

tainties are discussed in Part 4 of Supplementary 1. 

If low experimental error σexp ,i j was estimated by the original 

authors and the statistical error σstat ,i is also very low for a data 

series due to the low scatter of data points around their trend- 

line, then the estimated composite standard deviation σi j is also 

very low, which would lead to amplified, unrealistically high error 

function values E . Therefore, a minimum limitation of the standard 

deviation of measurements is needed. We selected the minimum 

composite standard deviation as 1% of the experimental LBV, but 

at least 0.5 cm/s. This minimum standard deviation was enforced 

for 776 data points of the total 5500 data points. 

Combining the regions of applicability with the uncertainty of 

the measurements, more details are obtained. Figure 2 shows that 

methods SJF and HFM have the lowest absolute uncertainty, in ac- 

cordance with that these techniques were used for measuring rel- 

atively small LBVs. FCM and HDC have the highest average abso- 

lute uncertainties, and OPF also has large average uncertainty, and 

3 



P. Zhang, I.G. Zsély, M. Papp et al. Combustion and Flame 238 (2022) 111867 

Fig. 1. Distribution of the cold side temperature, pressure, equivalence ratio and diluent ratio in the collected LBV measurements. The legends indicate the various methods 

and the application of helium diluent (-He/-noHe). 

these were used to measure large LBVs. As for the CTF method, it 

has the highest relative uncertainty, but has a quite narrow range 

for measured LBVs. 

4. The investigated mechanisms 

In the present study, we investigated 12 widely used methane 

combustion mechanisms. The mechanism identifiers were created 

by combining the names of the mechanism or the group-leading 

authors and the years of publication. These are GRI3.0-1999 [5] , 

USC-II-2007 [4] , Konnov-2009 [6] , SanDiego-2014 [37] , CRECK-2014 

[38] , Caltech-2015 [39] , Aramco-II-2016 [10] , SanDiego-2016 [3] , 

FFCM-I-2016 [11] , Konnov-2017 [40] , Glarborg-2018 [41] , NUIG1.1- 

2021 [42] , respectively. Except for NUIG1.1-2021, the other 11 

mechanisms are among the 13 mechanisms that had been stud- 

ied in our recent article [1] . Two mechanisms were not studied 

here: the GDF-2012 was omitted, because no transport data were 

provided with this mechanism and furthermore this mechanism 

was developed to describe ignition delay time measurements [43] . 

Results of the Leeds-2001 mechanism are not reported here, as 

convergence issues occurred during the simulations. The diagnos- 

tics tool of Cantera identified that the reasons of the numerical 

problems were the too high values of some rate coefficients at 

low temperatures. The k values of the following reactions are 

significantly high at 300 K: CH 2 CO + M = H + HCCO + M 

( k rev = 7.52e + 80), C 2 H 2 + CH = C 2 H + CH 2 ( k rev = 1.79e + 36), 

C 2 H 2 + M = C 2 H + H + M ( k rev = 1.08e + 30), 

CH 3 + M = CH 2 + H + M ( k rev = 2.08e + 25), 

CH 2 CO + M = CH 2 + CO + M ( k rev = 7.21e + 23). The units 

of the rate coefficients are cm 

3 mole -1 s -1 . 

All the investigated mechanisms were validated on methane 

combustion data by their authors and also all mechanisms, but 

the two SanDiego mechanisms, were validated on methane lam- 

inar burning velocity measurements by their developers. In the 

Supplementary, Table B lists the range of conditions (tempera- 

ture, pressure, equivalence ratio ( ϕ) and diluent ratio) of their 

validating LBV measurements, whereas Fig. 3 plots these ranges. 

The cold side temperatures of the validating measurements for 

USC-II-2007, Konnov-2009, Caltech-2015, Konnov-2017, NUIG1.1- 

2021 were around room temperature (290 −300 K), whereas 

for the other mechanisms higher temperatures were also used 

(300 −480 K). Regarding pressures, the validating simulations for 

USC-II-2007 were done only at atmospheric condition, while the 

other mechanisms were validated also at higher pressures (1 − 20 

atm), except for Konnov-2009, which was tested at both low and 

high pressures (0.25 −10 atm). The ranges of equivalence and dilu- 

ent ratios in the validating measurements for the 12 mechanisms 

are very similar, they are in the ranges of 0.5 − 1.6 and 65 −81%, 

respectively. In both panels of Fig. 3 , the last pairs of columns rep- 

resent the condition ranges of the experimental data collected in 

4 
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Fig. 2. Relation between the uncertainty of the measurements and the magnitude 

to the LBV for all the measurements without helium. Panel (a) shows the estimated 

absolute standard deviation (cm/s, left axis) vs. laminar burning velocity and panel 

(b) shows the relative (%, right axis) standard deviation (absolute standard deviation 

/ LBV) vs. laminar burning velocity. Panels (c) and (d) enlarge the densest regions 

within the same panel. 

the present study. We also found a data set with equivalence ra- 

tio of 0.096, however, it was not used for the tests as none of 

the mechanisms could reproduce it to an acceptable degree. There- 

fore, as shown in Fig. 3 b, the lowest equivalence ratio of the mea- 

surements used for the mechanism evaluation is 0.31. The ranges 

of testing conditions are much wider than those of the validating 

simulations for any of the mechanisms, therefore this study pro- 

vides new information for all mechanisms. 

5. Details of simulations 

All LBV experimental data were encoded in ReSpecTh Kinet- 

ics Data Format v2.3 (RKDF2.3) [19] XML files. The RKD format is 

an XML data format for the storage of indirect combustion mea- 

surements and rate coefficient determinations by direct gas kinet- 

ics measurements and theoretical calculations. The RKD format is 

a modified and extended version of the PrIMe Kinetics Data For- 

mat [44] . All the prepared XML files are available in the ReSpecTh 

database ( http://respecth.hu/ ) [18] . 

The RKD files contain all information required for the simula- 

tion of the experiments, such as initial compositions, temperature 

and pressure. In principle, the complete testing of a mechanism 

against several thousand experimental data points can be carried 

out in a single run based on these files using the Optima ++ frame- 

work [45] . In the present study, the OpenSMOKE ++ [ 46 , 47 ] (OS) 

simulation package was used in the Optima ++ environment for 

simulating LBVs. To check the results, many experiments were also 

simulated with FlameMaster [48] . There were only minor differ- 

ences between the LBVs calculated by these two simulation pack- 

ages. The average absolute difference between the LBVs calculated 

by the two codes was 0.67 cm/s, based on 1271 simulations. The 

simulated LBV value for the j -th data point of the i -th data set 

( y sim 

i j 
) is denoted with v L ,i j . 

Some experimental data points could not be reproduced within 

3 σ error by any of the investigated mechanisms. We assume that 

most of these data have large systematic errors, but it is possi- 

ble that some of them are related to special conditions that none 

of the current mechanisms can handle. To avoid biased conclu- 

sions, we excluded these data sets from testing. In addition, using 

measurements without correction for stretch or heat-loss may re- 

sult in incorrect conclusions, therefore we excluded the data with 

missing stretch or heat-loss correction. In these ways, 152 data 

sets containing 1086 data points in total, were identified, and ex- 

cluded from the comparison. These excluded datasets were indi- 

Fig. 3. Comparison of temperature, pressure, equivalence ratio and diluent ratio ranges of methane LBV measurements originally used for the validation of 10 of the 12 

mechanisms with those of the experimental data used in this study. Mechanisms SanDiego-2014 and SanDiego-2016 are not included as they were not validated against 

methane LBV data by their developers. 

5 
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Fig. 4. Mean squared errors of the mechanisms in reproducing LBVs for measurements (a) without helium and (b) with helium diluent, for each experiment type and for 

all measurements. The experiment types are: CTF: counterflow twin-flame method, FCM: flame cone method, HFM: heat flux method, OPF: outwardly propagating flame 

method, SJF: single jet flame, HDC: externally heated diverging channel method. The numbers given in parentheses below the measurement types are the average of the 

estimated error ( σ ) of the corresponding experimental LBV values, in cm/s units. 

cated by either grey or yellow shading in Table A of the Supple- 

mentary. Testing of the mechanisms was based on the remaining 

4414 data points in 494 data sets (4174 data points / 476 datasets 

are for helium-free measurements, 240 data points / 18 datasets 

for helium-including measurements). 

For three mechanisms with the lowest E error values, local sen- 

sitivity analysis [49] was carried out at the conditions of each LBV 

measurement. Sensitivity coefficients, S i j,k = d v L ,i j / d A k , were cal- 

culated using the finite difference formula via repeated simula- 

tions with + 5% perturbation in Arrhenius parameter A k of reac- 

tion step k . Normalized sensitivities were calculated using equa- 

tion d ln v L ,i j / d ln A k = ( A j / v L ,i j ) d v L ,i j / d A k . The normalized sensitiv- 

ity coefficients were scaled to values between −1 and + 1 by divid- 

ing them with the absolute value of the largest absolute sensitiv- 

ity coefficient for each data point. The most influential reactions 

for the reproduction of each data point were identified based on 

the order of the absolute values of the scaled normalized sensitiv- 

ity coefficients. Furthermore, range [ −1 , +1] was divided into ten 

equidistant intervals, and the relative frequency of the reactions in 

each interval considering all data points was counted and investi- 

gated. 

6. Results and discussion 

6.1. Performance comparison of the mechanisms by measurement 

types 

Figure 4 shows the mean squared error function value ( E ) of 

the mechanisms separately for mixtures with (a) and without (b) 

helium bath gas considering all measurements, and also according 

to the various measurement types. 

At the calculations of the E and D values, the deviation between 

the simulated and experimental data is divided with the estimated 

uncertainty of the data point, which means that usually a higher 

deviation is tolerated for an FCM data point compared to an SJF 

data point. The consequence is that there are usually no big dif- 

ferences among the E values for the same mechanism for the data 

obtained from the six experimental techniques. Also, Konnov et al. 

[2] commented that the recent experimental data reported with 

different methods and various stretch extrapolations techniques 

match well with non-stretched flames for CH 4 /O 2 /diluent mixtures. 

This also means that it is justified to investigate the performance 

of the mechanisms at various conditions based on all data points, 

without separating the measured LBV values according to the ex- 

perimental method. 

It is interesting that the earliest mechanism, the two-decade 

old GRI3.0-1999 can reproduce all kinds of LBV data relatively 

well, within 3 σ error ( E < 9). According to Fig. 4 and Table 2 , 

mechanisms Aramco-II-2016 and Konnov-2009 can reproduce the 

LBV data without helium diluent from all types of measurements 

with about 2.4 σ experimental error on average. Glarborg-2018 

and Caltech-2015 also show a similar level of accuracy, except for 

the data from HFM measurements. Considering the measurements 

without helium diluent, all mechanisms reproduce the CTF, OPF 

and SJF data well with a mean standard error of about 2 σ ( E = 4) 

and always with less than 3 σ ( E < 9). Except for the CRECK mecha- 

nism, all mechanisms reproduce the FCM and HDC data with sim- 

ilarly good accuracy and with a mean standard error less than 3 σ . 

Considering the experiments using helium diluent, Glarborg-2018 

and Konnov-2017 can reproduce the LBV data within 2 σ experi- 

mental error ( E < 4), and the E values of NUIG1.1-2021, Aramco-II- 

2016 and FFCM-I-2016 are within 3 σ ( E < 9). However, GRI3.0-1999, 

Konnov-2009 and Caltech-2015 do not contain helium as an option 

for bath gas. 

Figure 5 shows the mean signed deviation D with ±2 σD error 

bars, for all mechanisms according to the experiment types and 

for all LBV measurements with and without helium diluent. Except 

for the smallest D values, the σD values are significantly smaller 

than the D values, thus we may speak about systematic under- or 

over-prediction for most of the cases with high statistical confi- 

dence. For the CTF, FCM, HFM and OPF measurements without he- 

lium, all mechanisms but CRECK-2014 and GRI3.0-1999 underpre- 
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Table 2 

The mean squared error function values E for all the mechanisms. The shaded cells indicate the errors of the three best performing mechanisms in 

each experimental type. Three derived mechanisms ( K + R28 (Konnov-2009 + R28); C + R28 (Caltech-2015 + R28); F + R29 (FFCM-I-2016 + R29), see 

Section 6.5 ) are also included; in these rows bold numbers indicate when the modified mechanism is better than the original one. 

Fig. 5. Mean signed deviation value D with ±2 σD error bars, for all mechanisms according to the experiment types and for LBV measurements with and without helium. 

dict the measured values. For the HDC measurements, all mech- 

anisms on average overpredict the LBV values. There is no sys- 

tematic deviation concerning the mechanisms for the SJF measure- 

ments. Regarding the measurements with helium bath gas, most 

mechanisms overpredict the OPF measurements, and there is no 

systematic tendency for the FCM measurements. 

Figure 6 , panels a and b, display the average Pearson corre- 

lation coefficients between the mechanisms considering all data 

points, without and with helium bath gas, respectively. Like in the 

previous similar investigations [ 21 , 22 ], the correlations among the 

signed simulation errors of data points show which mechanisms 

are intrinsically similar. For the LBV experimental data without he- 

7 



P. Zhang, I.G. Zsély, M. Papp et al. Combustion and Flame 238 (2022) 111867 

Fig. 6. Matrix of Pearson correlation coefficients between the signed simulation errors of the mechanisms regarding all LBV experimental data. All correlation coefficients 

are positive. Mechanisms GRI3.0-1999, Konnov-2009 and Caltech-2015 do not contain helium, therefore the corresponding columns and rows are empty in the right panel. 

lium, SanDiego-2014 (#4) and SanDiego-2016 (#8) always provide 

similar results, and these are also similar with those of USC-II- 

2007 (#2). There is also a strong correlation between mechanisms 

Aramco-II-2016 (#7) and Glarborg-2018 (#11), and the results from 

this pair of mechanisms are fairly well correlated with those of 

mechanisms GRI3.0-1999 (#1), Konnov-2009 (#3), Caltech-2015 

(#6), FFCM-I-2016 (#9), Konnov-2017 (#10), NUIG1.1-2021 (#12). 

This essentially means that the 12 mechanisms can be separated 

into two groups and it is only CRECK-2014 (#5) that does not 

provide results similar to the others. Considering the experiments 

with helium ( Fig. 6 b), the correlations are much weaker, but there 

are still fair correlations in the two mechanism sets, USC-II-2007 

(#2) / Aramco-II-2016 (#7) / SanDiego-2016 (#8) / Konnov-2017 

(#10) / Glarborg-2018 (#11) and FFCM-I-2016 (#9) / NUIG1.1-2021 

(#12). 

6.2. Comparison of mechanism performance under various conditions 

Figure 7 a shows the mean squared error values belonging to the 

various cold side temperature intervals from room temperature to 

612 K. For all mechanisms, the E values do not change much with 

increasing temperature up to 500 K. Above 500 K cold side tem- 

perature, the error function values start to increase for all mech- 

anisms, although these E values just slightly exceed 3 σ for mech- 

anisms NUIG1.1-2021, Aramco-II-2016, and Caltech-2015. Figure 7 b 

presents error function value E as a function of pressure on a log- 

arithmic scale. Most mechanisms have high error at low pressures 

( p < 0.5 atm), very good performance for pressures between 0.5 

and 1.0 atm and acceptable error near atmospheric pressure. The 

performance of several mechanisms is improving with increasing 

pressure, starting from atmospheric pressure. 

Figure 7 c shows the errors of mechanisms for various equiva- 

lence ratio ( ϕ) intervals. The mean squared errors show the same 

pattern for most mechanisms, that is the accuracy of the predic- 

tion of LBV is very good for fuel-lean and stoichiometric mix- 

tures, but for fuel-rich mixtures the errors are high. In the range 

of ϕ = 0.85 −0.99, almost all mechanisms reproduce the exper- 

imental data within 3 σ on average. The probable reason is that 

at fuel-lean and stoichiometric conditions the laminar burning ve- 

locity is controlled by the C1 chemistry. The rate parameters of 

the corresponding reaction steps are known with low uncertainty. 

The laminar burning velocities of fuel-rich flames are partially con- 

trolled by the C2 oxidation chain of methane oxidation, and the 

corresponding rate parameters are known with higher uncertainty. 

Figure 7 c shows that all mechanisms have a poor prediction (above 

3 σ , E < 9) in the equivalence ratio range 1.25 < ϕ < 1.55. Mech- 

anism Konnov-2009 is much better in this range than the other 

ones. Interestingly, the E error function values of almost all mech- 

anisms start to improve above ϕ = 1.55 and become really low 

above ϕ = 2. Increasing the diluent ratio ( Fig. 7 d), the general ten- 

dency is that the error of all mechanisms decrease. 

Figure S2 of the Supplementary shows the average mean signed 

deviation values of the mechanisms in various intervals of cold 

side temperature, pressure, equivalence ratio, and diluent ratio 

based on LBV measurements without helium bath gas. The vari- 

ations of systematic errors as a function of the four condition 

parameters show that most mechanisms systematically underpre- 

dict, or overpredict the calculated laminar burning velocity. Usually 

there is no such single sided bias for mechanisms Aramco-II-2016, 

Konnov-2009, FFCM-I-2016, SanDiego-2016, and USC-II-2007. 

In Figs. 7 and S2, each interval of experimental conditions con- 

tained typically several hundred, the most frequent ones (e.g. near 

T = 300 K and p = 1 atm) even several thousand data points. This 

means that the conclusions are not sensitive to the individual er- 

rors of the data points for the LBV experimental data that used 

diluent without helium. 

Figures S3 and S4 present the variations of the E and D val- 

ues, respectively, in a similar way in the various intervals of exper- 

imental conditions based on LBV measurements with helium dilu- 

ent gas. As the numbers at the top of the columns in Fig. S3 show, 

in this case each interval contains only a few, at most a few dozens 

of measurements. Therefore, it is better not to draw detailed con- 

clusions from these figures. In general, Glarborg-2018, Aramco-II- 

2016, NUIG1.1-2021, and Konnov-2017 reproduce the experimental 

data with helium bath gas the best, and also they do not show 

one-sided bias in the whole intervals. 

6.3. Conditions of a natural gas engine 

Natural gas engines are widely used in trucks and town buses. 

In these engines typically near stoichiometric mixtures are applied 

and the pollutants are removed from the exhaust gas by three-way 
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Fig. 7. Average error function values of the mechanisms in various intervals of (a) temperature, (b) pressure, (c) equivalence ratio, (d) diluent ratio based on LBV measure- 

ments without helium bath gas. The numbers on the top of the intervals indicate the numbers of data points used. 

catalysts. Natural gas engines are also used for electricity produc- 

tion and marine transportation [50] . Some of these engines also 

apply stoichiometric mixtures, while most of such engines use a 

lean mixture (air–fuel equivalence ratio λ = 1.1 − 1.7; fuel–air 

equivalence ratio ϕ = 0.91 −0.58). Furthermore, utilization of pre- 

ignition chambers allows the application of ultra-lean mixtures 

( λ = 2.1 − 2.2; ϕ = 0.48 −0.45) [51] . When lean or ultra-lean mix- 

tures are used, the exhaust gas contains very little CO and NOx, 

therefore the application of three-way catalysts is not needed. 

In spark ignition engines the fresh mixture is compressed by 

the piston and after the ignition the flame front is spreading in a 

high-temperature − high-pressure mixture. D’Adamo [52] demon- 

strated that in gasoline engines the flame is spreading in a fresh 

mixture that can be characterized by a narrow band of correlated 

temperature and pressure, even when the size of the engine ar- 

chitecture and engine speed were changed in a very wide range 

(see Fig. 1 in [52] ). Following this idea, Wang et al. [17] derived 

a similar, highly correlated band of possible pressure and temper- 

ature values of a compressed stochiometric methane −air mixture 

for natural gas engines. The band is determined by the isentropic 

compression relationship, T u / T u, 0 = ( p / p 0 ) 
1–1/ γ , where T u, 0 and p 0 

are the initial temperature and pressure, respectively, and γ is the 

specific heat capacity ratio of unburned gas. Considering that in 

the natural gas engines the mixtures are not always stochiomet- 

ric, we plotted the isentropic bands for CH 4 −air mixtures with 

both lean ( ϕ = 0.5) and stochiometric ( ϕ = 1.0) equivalence ra- 

tios. As shown in Fig. S5, the locations of the bands are negligibly 

shifted with changing equivalence ratios. Wang et al. [17] did not 

find any literature methane LBV measurements in this ( p, T ) region 

and therefore carried out own measurements with a stoichiomet- 

ric mixture using the OPF method. To suppress flame instability at 

high pressures, N 2 /He mixture was used as diluent in higher ra- 

tio compared to air. Wang et al. [17] investigated the performance 

of 7 mechanisms and found that FFCM-1 (FFCM-I-2016) provided 

simulation results most closely to their own experimental data. 

Since our methane LBV experimental data collection is very 

comprehensive, we expected that it contained measurements also 

at the conditions of natural gas engines. Unfortunately, we also 

did not find data in this region and therefore we used the data 

of Wang et al. for a similar testing. 

As shown in Fig. 8 , FFCM-I-2016, NUIG1.1-2021, and SanDiego- 

2014 very well reproduced the experimental data of Wang et al. 

[17] . The simulated LBVs obtained with SanDiego-2016, Aramco-II- 

2016 and Konnov-2017 are also within the 2 σ error limits. Note, 

that Fig. 6b of article [17] showed 1 σ error bars and these were 

reproduced in Fig. 8 as 2 σ error bars. 
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Fig. 8. Measured and simulated laminar burning velocities of a stoichiometric 

methane-containing mixture under the conditions relevant for natural gas engines. 

The experimental data and their estimated 2 σ errors were published by Wang et al. 

[17] . Simulated LBVs are given for all mechanisms, but GRI3.0-1999, Konnov-2009 

and Caltech-2015, which do not contain He as a diluent. 

6.4. Sensitivity analysis 

Aramco-II-2016 and Konnov-2009 have the lowest E values for 

measurements without helium, and Glarborg-2018 has low error 

function values for measurements both with and without helium. 

Therefore, we carried out sensitivity analyses based on these three 

mechanisms for methane/air mixtures under 18 typical cold side 

conditions ( T : 300 / 400 K, p : 0.2 / 1 / 60 atm, ϕ: 0.5 / 1.0 / 2.0). 

We selected the top 20 reactions with the highest absolute scaled 

sensitivity coefficients for each mechanism, and due to the overlap, 

it provided a list of 29 important reactions (see Table 3 ). The abso- 

lute scaled sensitivity coefficients of the reactions are available in 

Table C of the Supplementary. 

The following analysis is based on these 29 important reac- 

tions. In Figs. 9-11 , for the 29 important reactions, we compared 

the Arrhenius curves of the rate coefficients used in all the 12 

mechanisms with the available direct experimental and theoreti- 

cal data over the temperature range of 550 −2850 K. Further infor- 

mation about the rate parameters used in the models, the related 

direct measurements and theoretical results are available in the k- 

evaluation web site [53] . 

Several of these reactions belong to the hydrogen oxidation sys- 

tem (R1 H + O 2 = OH + O ; R3 H + O 2 ( + M) = HO 2 ( + M) (LP, 

M = N 2 ); R4 HO 2 + OH = H 2 O + O 2 ; R11 H 2 + OH = H 2 O + H , 

R25 H 2 + O 2 = HO 2 + H) or the carbon-containing reactions of 

the syngas oxidation system (R2 CO + OH = CO 2 + H ; R5 HCO ( + 

M) = H + CO ( + M) (LP, M = N 2 ); R8 HCO + O 2 = CO + HO 2 ). 

We have discussed the selection of the rate parameters of 

these reactions in our earlier publications [ 54 , 55 , 56 ] and there- 

fore these will not be detailed here. Some other reaction 

steps belong to the methanol/formaldehyde oxidation system: R6 

CH 3 + HO 2 = CH 3 O + OH; R12 CH 2 O + HO 2 = HCO + H 2 O 2 ; 

R17 CH 2 O + OH = HCO + H 2 O; R26 CH 2 O + H = HCO + H 2 ; 

R27 CH 3 OH ( + M) = CH 3 + OH ( + M) (LP, M = N 2 ); R29 

CH 2 O + H = CO + H 2 + H), which has also been discussed in de- 

tails in one of our previous works [23] . The discussion of reactions 

R7 CH 4 + OH = CH 3 + H 2 O, R9 CH 3 + O 2 = CH 2 O + OH and R18 

CH 4 + HO 2 = CH 3 + H 2 O 2 has been carried out in the methane 

– ignition delay time study [1] . The rate parameters of these reac- 

tions also will not be conferred here in details either. 

Table 3 

Important reactions (denoted by 
√ 

) identified by sensitivity analysis of the Konnov- 

2009 (K), Aramco-II-2016 (A) and Glarborg-2018 (G) mechanisms. Reactions missing 

from any of these three mechanisms are indicated by 0. 

Reactions K A G 

R1 H + O 2 = OH + O 

√ √ √ 

R2 CO + OH = CO 2 + H 

√ √ √ 

R3 H + O 2 ( + M) = HO 2 ( + M) (LP, M = N 2 ) 
√ √ √ 

R4 HO 2 + OH = H 2 O + O 2 

√ √ √ 

R5 HCO ( + M) = H + CO ( + M) (LP, M = N 2 ) 
√ √ √ 

R6 CH 3 + HO 2 = CH 3 O + OH 

√ √ √ 

R7 CH 4 + OH = CH 3 + H 2 O 

√ √ √ 

R8 HCO + O 2 = CO + HO 2 

√ √ √ 

R9 CH 3 + O 2 = CH 2 O + OH 

√ √ √ 

R10 CH 4 ( + M) = CH 3 + H ( + M) (LP, M = N 2 ) 
√ √ √ 

R11 H 2 + OH = H 2 O + H 

√ √ √ 

R12 CH 2 O + HO 2 = HCO + H 2 O 2 

√ √ √ 

R13 C 2 H 6 ( + M) = CH 3 + CH 3 ( + M) (HP) 
√ √ 

R14 CH 3 + O = H + CH 2 O 

√ √ 

R15 CH 2 + O 2 = CO 2 + H + H 

√ √ 

R16 CH 3 + HO 2 = CH 4 + O 2 

√ √ 

R17 CH 2 O + OH = HCO + H 2 O 

√ √ 

R18 CH 4 + HO 2 = CH 3 + H 2 O 2 

√ √ 

R19 CH 3 + H ( + M) = CH 4 ( + M) (HP) 
√ √ 

R20 CH 2 (S) + H 2 O = CH 3 OH 

√ 

R21 CH 3 + O 2 = CH 3 O + O 

√ 

R22 CH 2 (S) + O 2 = CO + OH + H 

√ 

0 

R23 CH 3 + OH = CH 2 (S) + H 2 O 

√ 

R24 CH 4 + H = CH 3 + H 2 

√ 

R25 H 2 + O 2 = HO 2 + H 

√ 

R26 CH 2 O + H = HCO + H 2 

√ 

R27 CH 3 OH ( + M) = CH 3 + OH ( + M) (LP, M = N 2 ) 
√ ∗

R28 CH 3 + O = H 2 + CO + H 0 0 
√ 

R29 CH 2 O + H = CO + H 2 + H 0 0 
√ 

LP: low-pressure limit, HP: high-pressure limit. S: singlet. 
∗low-pressure rate coefficients were defined with the PLOG formalism. 

In the following paragraphs, we will mainly concentrate on the 

reaction steps specific to methane flames (not sharing importance 

with the hydrogen, syngas, methanol and formaldehyde combus- 

tion systems) and especially on the usage of the rate parameters in 

reaction mechanisms Konnov-2009, Caltech-2015, Aramco-II-2016, 

NUIG1.1-2021 and Glarborg-2018. 

In Fig. 9 , the rate coefficients of reactions H + O 2 = OH + O 

(R1), HCO ( + M) = H + CO ( + M) (LP, M = N 2 ) (R5), 

CH 4 + OH = CH 3 + H 2 O (R7) and H 2 + OH = H 2 O + H (R11) 

in all mechanisms match the directly measured experimental rate 

coefficients accurately. 

For reaction CH 3 + HO 2 = CH 3 O + OH (R6), Glarborg-2018 

takes Arrhenius parameters from the theoretical study of Jasper 

et al. [57] , around which the measured rate coefficients are dis- 

tributed. Most mechanisms use rate parametrizations that are con- 

sistent with the experimental data. 

While the Arrhenius curve of HCO + O 2 = CO + HO 2 (R8) 

in most mechanisms runs within the wide uncertainty range of 

experimental data, only those of Konnov-2017 and Glarborg-2018 

capture well the trend of measurements. This seems to indi- 

cate that the rate parameters of reactions R6 and R8 as used in 

Glarborg-2018 are more reliable. 

In all mechanisms except USC-II-2007, the rate parametriza- 

tions of reaction CH 3 + O 2 = CH 2 O + OH (R9) agree well with 

the experimental data that are only available at high temperatures 

( > 1250 K). Whereas at lower temperatures, where we have no ex- 

perimental data, the rate coefficients of R9 are rather different in 

the various mechanisms. 

The available directly measured rate coefficients for 

CH 4 + M = CH 3 + H + M (LP, M = N 2 ) (R10) are concentrated at 

the high temperatures ( > 1650 K), the rate parameterization in all 

mechanisms agreed very well with them, and also with each other 

in the whole temperature range. 
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Fig. 9. Comparison of the rate parametrizations of important reactions R1 - R12 with the available direct determinations. The units of the rate coefficients are expressed 

in cm, mol and s units. The ID numbers for the direct measurements are identical to those in the ReSpecTh database and the detailed references are available in the 

Supplementary. More direct measurement data are used: Hong et al. (2010) [58] for R4, Hong et al. (2012) [59] , Bonard et al. (2002) [60] , Srinivasan et al. (2005) [61] and 

Bott et al. (1989) [62] for R7, Fassheber et al. (2015) [63] , Ryu et al. (2017) [64] , Timonen et al. (1988) [65] and Colberg et al. (2006) [66] for R8, Srinivasan et al. (2007) 

[67] , Srinivasan et al. (2005) [68] and Saito et al. (1986) [69] for R9. Scatter points: experimental direct determination of the rate coefficients, thin solid line with points: 

theoretical direct determination of the rate coefficients. 

For all mechanisms but USC-II-2007 and CREC-2014, the Arrhe- 

nius curves of CH 2 O + HO 2 = HCO + H 2 O 2 (R12) run close to 

each other and they are well in line with the direct measurements. 

This is not true for USC-II-2007 in the whole temperature range 

and for CREC-2014 at high temperatures ( T > 1200 K). This indicates 

that the rate parameters used in these mechanisms are well estab- 

lished. 

In Fig. 10 , the Arrhenius curves both for reaction C 2 H 6 

( + M) = CH 3 + CH 3 ( + M) (HP) (R13) and for reaction 

CH 4 + HO 2 = CH 3 + H 2 O 2 (R18) are running close to each other 

for all mechanisms and also close to the experimental data (avail- 

able only for R13). 

For CH 3 + O = H + CH 2 O (R14), only a few points of di- 

rect measurements are available in the investigated tempera- 

ture range, with which the Arrhenius curves for the majority of 

the mechanisms are consistent, except for Caltech-2015, GRI3.0- 

1999 and FFCM-I-2016 that employ slightly lower rate coefficients. 

Parametrizations in all mechanisms agree well with each other as 

they have only very little or no temperature dependence and they 

span a narrow range. 

No direct experimental data are available for reaction 

CH 2 + O 2 = CO 2 + H + H (R15). The Glarborg-2018 mecha- 

nism, which identified R15 as sensitive, adopted its Arrhenius 

parameters from unpublished work of Klippenstein et al. However, 

in Fig. 10 it is seen that GRI3.0-1999, Konnov-2009, NUIG1.1- 

2021, Aramco-II-2016 and FFCM-I-2016 have used similar rate 

coefficients for R15. 

For mechanisms USC-II-2007, CRECK-2014, Konnov-2009, 

SanDiego-2014 and SanDiego-2016, the Arrhenius curves of 

CH 3 + HO 2 = CH 4 + O 2 (R16), are running below the measured 

rate coefficient values. The rate parametrization in Caltech- 

2015, Aramco-II-2016, FFCM-I-2016 and Konnov-2017 adapted 

the theoretical results of Jasper et al. [57] which is consistent 

with the experimental values. The rate coefficient curves in 

Glarborg-2018 and NUIG1.1-2021 are slightly above the theoret- 

ical curve, nevertheless, it is also consistent with the measured 

values. 

Direct measurements for R17 (CH 2 O + OH = HCO + H 2 O) have 

obvious discrepancy, resulting in a wide uncertainty band which 

covers relatively well the scattered Arrhenius curves of the dif- 
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Fig. 10. Comparison of the rate parametrizations of important reactions R13 - R19 with the available direct determinations. The units of the rate coefficients are expressed 

in cm, mol, s. The ID numbers for the direct measurements are identical to the ReSpecTh database, the detailed reference is available in the Supplementary. More direct 

measurement data are used: Davidson et al. (1993) [70] for R13, Slagle et al. (1987) [71] for R14, Tore and Ushakov (2012) [72] for R19. Scatter points: experimental direct 

determination of the rate coefficients, thin solid line with points: theoretical direct determination of the rate coefficients. 

ferent mechanisms in the investigated temperature range. Mech- 

anisms GRI3.0-1999 and USC-II-2007 do not contain R18. 

Tore and Ushakov [72] provided theoretical results for re- 

action CH 3 + H ( + M) = CH 4 ( + M) (HP) (R19). Glarborg- 

2018 and NUIG1.1-2021 employ rate parametrization adopted from 

their results, whereas the Arrhenius curves in other mecha- 

nisms are usually running lower, except for GRI3.0-1999 and 

Konnov-2009. 

In Fig. 11 , the presented rate coefficients of the various mech- 

anisms match well with each other and the available direct 

measurements for R21, R24 and R25. In panel R20 (reaction 

CH 2 (S) + H 2 O = CH 3 OH), USC-II-2007 uses similar reaction rate 

constant with Konnov-2009, while the other mechanisms have 

lower rate coefficients if the temperature is above 715 K. In ad- 

dition, CRECK-2014 and two SanDiego mechanisms do not contain 

R20. For reaction R22: CH 2 (S) + O 2 = CO + OH + H , the used rate 

constants of most mechanisms vary within very small range ( ∼
2.90 ×10 13 cm 

3 mol -1 s -1 ), while the R22 rate constant of NUIG1.1–

2021 is significantly lower ( ∼ 1.18 ×10 12 cm 

3 mol -1 s -1 ). More- 

over, FFCM-I-2016, Konnov-2017 and Glarborg-2018 do not contain 

this reaction. In the panel of R23 (CH 3 + OH = CH 2 (S) + H 2 O), 

the rate coefficient used in FFCM-I-2016 almost matches the avail- 

able direct experimental data and theoretical results, while the 

other mechanisms used different rate parameters. For reaction R26 

CH 2 O + H = HCO + H 2 in temperature range 1180 K – 1680 K 

there is significant difference between the direct measurements of 

Choudhury and Lin [76] and the other available direct measure- 

ments. Konnov-2009 used rate coefficient close to the experimen- 

tal data of Choudhury and Lin [76] , while the rate coefficients in 

other mechanisms are near to the other measurements. 

For reaction R27: CH 3 OH ( + M) = CH 3 + OH ( + M) (LP, M = N 2 ) 

the available direct measurements concentrate on high tempera- 

ture conditions ( > 1400 K), in which the rate coefficients of all 

mechanisms can match the experimental results accurately. 

Most mechanisms do not contain the reaction R28 

(CH 3 + O = H 2 + CO + H), while it was identified as one of the 

most important reactions by sensitivity analysis in Glarborg-2018. 

Only four mechanisms (GRI3.0-1999, FFCM-I-2016, Konnov-2017 

and Glarborg-2018) include R28, and the used rate coefficients are 

close to each other. 

The sensitivity analysis of Glarborg-2018 also identified reac- 

tion R29 (CH 2 O + H = CO + H 2 + H), which is present in 

this and the NUIG1.1-2021 mechanisms. This reaction proceeds 

through H abstraction and subsequent HCO (formyl) radical de- 

composition [77] , thus it is different form the collision activated 

CH 2 O + M = CO + H 2 + M dissociation step that is present in 

all mechanisms (including Glarborg-2018 and NUIG1.1-2021) and 

where H can also be a collision partner. Hashemi et al. [78] em- 

phasized the importance of HCO prompt decomposition on repro- 

ducing burning velocity, as a fraction of the HCO radicals from the 

reaction CH 2 O + H = HCO + H 2 dissociate promptly to H + CO, 

and accelerates the flame propagating due to radical branching. 

On the contrary, the reactions of HCO with H, OH, or O 2 decel- 

erate flame speed since they terminate the radical chain, therefore 

the competition between the two channels of HCO are important 

for reproducing flame speed. However, R29 reaction is missing in 

these widely used mechanisms. 

Together with other missing steps CH 2 + O 2 = CO 2 + H + H 

(R15), CH 2 (S) + O 2 = CO + OH + H (R22), CH 3 + O = H 2 + CO + H 

(R28), step R29 represent a special class of reactions, in which 

three product molecules are formed. This behavior is due to the 

formation of a highly excited (e.g. HCOOH in the case of R15 [79] ) 

or a weakly bound intermediate (e.g. HCO radical in the case of 

R29 [77] ), which undergoes prompt dissociation before collisional 

stabilization and thermalization could take place. The possible im- 

portance of non-equilibrium effects for HCO radical decomposi- 

tion in flame chemistry has been recognized recently [80] and 

further studies are in progress to clarify the relevance of such 
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Fig. 11. Comparison of the rate parametrizations of important reactions R20 – R29 with the available direct determinations. The units of the rate coefficients are expressed 

in cm, mol, s. The ID numbers for the direct measurements are identical to the ReSpecTh database, the detailed reference is available in the Supplementary. More direct 

measurement data are used: Hwang et al. (1999) [73] and Michael et al. (1999) [74] for R21, Sutherland et al. (2001) [75] for R24. Scatter points: experimental direct 

determination of the rate coefficients, thin solid line with points: theoretical direct determination of the rate coefficients. 

reactions of weakly-bound radicals to combustion chemistry (see 

e.g. [81] ). 

6.5. Effect of adding reaction steps to selected mechanisms 

Table 3 shows that almost all of the most sensitive 29 reac- 

tions are present in the most accurate mechanisms. The excep- 

tions are that reactions R28 and R29 are missing in Aramco-II-2016 

and Konnov-2009, and R22 is missing in Glarborg-2018. After these 

three mechanisms, the other three good mechanisms are Caltech- 

2015, FFCM-I-2016, and NUIG1.1-2021. Reactions R15, R28 and R29 

are not present in Caltech-2015, reactions R22 and R29 are missing 

in FFCM-I-2016, and R28 is not included in NUIG1.1-2021. 

A series of extended mechanisms were created by adding sepa- 

rately each missing reaction step to the original mechanisms, and 

by adding all of them together. The details of these extensions are 

shown in Table 4 . It has to be emphasized that complex reaction 

mechanisms are usually created in such a way that the parameters 

are assigned so that the whole obtained mechanism well describes 

all considered indirect measurement data. This means that even if 

the presence of another reaction step is chemically justified, it may 

spoil the general performance of a mechanism. 

Figure 12 shows the performance of the modified mecha- 

nisms in reproducing the methane LBV measurements. Some mod- 

ified mechanisms could not be simulated at the reproduction of 

some LBV measurements. To make the error function values E 

comparable for all investigated mechanisms, this figure is based 

on a reduced set of experimental data comprising 3458 data 

points in 345 datasets. Panel (a) shows that adding reaction R28 

CH 3 + O = H 2 + CO + H improved the performance of Aramco-II- 

2016 for measurements without helium, while it did not happen 

for adding R29 and the helium-containing measurements. Panel 

(b) demonstrates that adding reaction R28 slightly improves the 

performance of the Konnov-2009 mechanism, but adding R29 has 

a negative effect. The performance of the Glarborg-2018 mecha- 

nism was slightly improved for the helium-free measurements by 

adding reaction R22: CH 2 (S) + O 2 = CO + OH + H (see panel (c)). 

Adding reactions R15, R28 and R29 separately decreases the error 

of the Caltech-2015 mechanism, but adding all these steps results 

in higher error. Adding reactions R22 and R29 one by one signifi- 

cantly decreases the error of FFCM-I-2016 in reproducing methane- 

LBV measurements without helium, but adding both results in a 

more limited improvement. Also, adding R22 and/or R29 decreased 

the performance of FFCM-I-2016 in reproducing the measurements 

with helium. Panel (f) shows that the addition of R28 slightly im- 

proved the performance of NUIG1.1-2021 for the LBV measure- 

ments without helium, while it ill influenced the mechanism on 

the reproduction of helium-containing measurements. 

The last three rows of Table 2 compare the performance of 

extended mechanisms Konnov-2009 + R28 (K + R28), Caltech- 
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Table 4 

IDs of the extended mechanisms. 

Mechanism IDs Modifications in the mechanisms 

Aramco-II-2016 The original mechanism without modification 

A + R28 R28 of Glarborg-2018 was added to Aramco-II-2016 

A + R29 R29 of Glarborg-2018 was added to Aramco-II-2016 

A + R28 + R29 R28 and R29 of Glarborg-2018 was added to Aramco-II-2016 

Konnov-2009 The original mechanism without modification 

K + R28 R28 of Glarborg-2018 was added to Konnov-2009 

K + R29 R29 of Glarborg-2018 was added to Konnov-2009 

K + R28 + R29 R28 and R29 of Glarborg-2018 was added to Konnov-2009 

Glarborg-2018 The original mechanism without modification 

G + R22 R22 of Konnov-2009 was added to Glarborg-2018 

Caltech-2015 The original mechanism without modification 

C + R15 R15 of Glarborg-2018 was added to Caltech-2015 

C + R28 R28 of Glarborg-2018 was added to Caltech-2015 

C + R29 R29 of Glarborg-2018 was added to Caltech-2015 

C + R15 + R28 + R29 R15, R28 and R29 of Glarborg-2018 were added to Caltech-2015 

FFCM-I-2016 The original mechanism without modification 

F + R22 R22 with the Konnov-2009 parameters was added to FFCM-I-2016 

F + R29 R29 with the Glarborg-2018 parameters was added to FFCM-I-2016 

F + R22 + R29 R22 with the Konnov-2009 parameters and R29 with the Glarborg-2018 parameters were added to FFCM-I-2016 

NUIG1.1–2021 The original mechanism without modification 

N + R28 R28 of Glarborg-2018 was added to NUIG1.1–2021 

Fig. 12. Mean squared errors of the newly generated mechanisms (see Table 4 ) re- 

garding the selected measurements (3270 data points in 336 datasets for helium- 

free measurements and 188 data points in 9 datasets are for helium- including mea- 

surements.). 

2015 + R28 (C + R28) and FFCM-I-2016 + R29 (F + R29) on the 

whole set of data (4523 data points in 519 datasets) with all other 

mechanisms. Adding these reaction steps to the original mecha- 

nisms always improved the performance not only for all datapoints 

together, but in most cases in each measurement category (see 

the numbers in bold print). Considering also the extended mecha- 

nisms, the new order of performance is F + R29, C + R28, Aramco- 

II-2016, K + R28, Konnov-2009, and Caltech-2015 for all measure- 

ments without helium bath gas. Considering the helium containing 

measurements, mechanisms K + R28 and C + R28 are not appli- 

cable and the performance of extended mechanism F + R29 is not 

better than those of the original one. 

7. Conclusions 

Large amount of laminar burning velocity (LBV) experimental 

data of methane − oxygen − diluent mixtures (5500 data points 

in 646 datasets) measured using six different methods were col- 

lected from 111 publications. The fuel included pure methane or 

mixtures of methane with hydrogen and CO, but not other hy- 

drocarbons or oxygenates. The diluents included nitrogen, H 2 O, 

CO 2 , Ar and He. The experimental techniques were the counter- 

flow twin-flame method (CTF), single jet flame method (SJF), flame 

cone method (FCM), heat flux method (HFM), outwardly propagat- 

ing flame method (OPF) and externally heated diverging channel 

method (HDC). The distribution of the collected LBV data as a func- 

tion of cold side temperature, pressure, equivalence ratio and dilu- 

ent ratio was investigated. All the experimental data files were en- 

coded in RKD 2.3 format and the related details are available in 

the database of the ReSpecTh Information System [18] . 

We evaluated and compared the performance of 12 widely 

used methane combustion mechanisms published in the last two 

decades regarding their accuracy in simulating the collected ex- 

perimental data in various regions of cold side temperatures, pres- 

sures, equivalence ratios and diluent ratios. The results show that 

most mechanisms could well predict the experimental LBVs for 

stoichiometric and fuel-lean mixtures and for mixtures with dilu- 

ent ratios higher than 70%. Aramco-II-2016, Konnov-2009, Caltech- 

2015, Glarborg-2018, and NUIG1.1-2021 were the best performing 

mechanisms (in this order) at the reproduction of measurements 

without helium. Glarborg-2018 was the most accurate for helium 

containing LBV measurements. In our previous study of methane 

ignition delay times [1] , Aramco-II-2016, Caltech-2015, Glarborg- 

2018 and SanDiego-2014 proved to be the best mechanisms. This 

means that the Aramco-II-2016, Glarborg-2018, and Caltech-2015 

mechanisms have satisfactory performance for both the ignition 

delay time and laminar burning velocity measurements of methane 

( + H 2 /CO) −oxygen −diluent mixtures. The Pearson correlation coef- 

ficients of the simulation results indicated that mechanisms within 

the two following sets: USC-II-2007 / SanDiego-2014 / SanDiego- 

2016 and Konnov-2009 / Caltech-2015 / Aramco-II-2016 / FFCM-I- 

2016 / Konnov-2017 / Glarborg-2018 / NUIG1.1-2021 are intrinsi- 

cally similar as their signed simulation errors show high correla- 

tions considering the measurements without helium. These group- 

ings reveal which previous mechanisms were used as a starting 

model at the development of later mechanisms. For the LBV mea- 
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surements with helium, the correlations of the simulation results 

are much weaker. The highest correlation coefficients are within 

mechanism sets USC-II-2007 / Aramco-II-2016 / SanDiego-2016 / 

Konnov-2017 / Glarborg-2018 and FFCM-I-2016 / NUIG1.1-2021. 

The performance of the mechanisms was investigated at the 

conditions of compressed fresh mixture in the cylinders of natu- 

ral gas engines using the data of Wang et al. [17] . We confirmed 

the statement of Wang et al. that these experimental data are 

well reproducible using mechanism FFCM-I-2016, and found that 

SanDiego-2014 and NUIG1.1-2021 perform similarly well. The sim- 

ulation results obtained with SanDiego-2016, Aramco-II-2016 and 

Konnov-2017 are also within the 2 σ error limits. 

Local sensitivity analysis carried out at 18 typical cold side con- 

ditions ( T : 300 / 400 K, p : 0.2 / 1 / 60 atm, ϕ: 0.5 / 1.0 / 2.0) us- 

ing mechanisms Aramco-II-2016, Konnov-2009 and Glarborg-2018 

identified 29 important reaction steps. For each of these 29 el- 

ementary reactions, the temperature dependence of the rate co- 

efficient was shown on Arrhenius-type plots. These figures con- 

tained the rate coefficients as used in the 12 mechanisms (pro- 

vided the reaction steps were included) and also selected direct 

measurements of the rate coefficients. By comparing rate coeffi- 

cients among the mechanisms, it was found that the used rate co- 

efficients in the mechanisms have obvious discrepancy with not 

only each other, but sometimes also with the available direct mea- 

surements. 

The 29 reactions above are important in the three top mech- 

anisms, but some of them are missing from several other 

mechanisms. We investigated the effect of adding the miss- 

ing ones to the top 6 best-performing mechanisms. Con- 

siderably improvements were found by adding reactions R28 

(CH 3 + O = H 2 + CO + H) to Konnov-2009, R28 to Caltech-2015 

and R29 (CH 2 O + H = CO + H 2 + H) to FFCM-I-2016. 

Associated content 

The following files are available free of charge. 

List for the details of all collected experimental data collected in 

this study, supplementary figures and tables for sensitivity analysis 
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(ch4_mech_comp_lbv_supp2.txt) 

Further data are available at the following web sites: (1) Lam- 

inar burning velocity experimental data at the ReSpecTh Infor- 

mation Site [18] ( http://respecth.chem.elte.hu/respecth/reac/dofile. 
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