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Abstract  

This paper presents an experimental and modelling study of NO formation in high pressure premixed flames. 

Experiments were performed  in a high-pressure counterflow burner in which laminar premixed CH4/air flames 

were stabilised at equivalence ratios of E.R=0.7, 1 and 1.2 and for pressures  varying from 0.1 to 0.7 MPa. We 

report quantitative NO mole fraction profiles measured by Laser Induced Fluorescence. The effects of pressure 

and equivalence ratio on NO formation are discussed. These results are compared to the simulations using two 

reaction mechanisms: NOmecha2.0 associated to a detailed mechanism for methane oxidation: GDFkin®3.0 and 

the mechanism from Klippenstein et al., which is the most recent high-pressure NOx formation mechanism 

available in the literature. In general, both mechanisms are able to predict NO correctly in lean and stoichiometric 

high pressure flames; however, in rich flames, GDFkin®3.0_NOmecha2.0 gives the best predictions. The 

performances of these mechanisms are also tested on NO measurements in high-pressure flames from the literature. 

A kinetic analysis is then presented to identify the main pathways that lead to the formation and consumption of 

NO and highlight the differences between the two mechanisms, as well as a sensitivity analysis to identify 

important reactions that influence the formation/consumption of NO in our high pressure flames. 
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1. Introduction 

Nitric oxide (NO) is a pollutant emitted by all practical combustion devices. Since NO 

emissions are regulated, there is a need to understand how NO is formed in order to control the 

emissions, in particular at high pressure, encountered in most of the existing combustion 

applications (power-generation and propulsion engines). The investigation of NO formation 

kinetics in high-pressure flames is therefore a research area of great practical interest. The main 

formation paths of NO in flames have been identified: the thermal-NO [1], the prompt-NO [2], 

the NNH [3] and the N2O [4] routes. Since the beginning of this century, particular attention 

was paid to the prompt-NO formation as it has been demonstrated that the initiation reaction 

CH + N2 = HCN + N (known to be spin forbidden) has to be replaced by the reaction CH + N2 

= NCN + H [5, 6]. In 2006, El Bakali et al. [7] were the first to implement the new initiation 

reaction in their mechanism, namely the GDFkin®3.0_NCN (i.e., the hydrocarbon oxidation 

mechanism GDFkin3.0 associated to the N-species sub-mechanism NOmecha1.0). Since then, 

Lamoureux et al. have performed an extensive experimental and numerical study on the role of 

NCN in the prompt-NO mechanism in low pressure methane and acetylene flames with the 

measurements of species such as CH, NO, NCN [8-10], HCN, CN [11,12] and NCO [13] 

combining LIF (Laser Induced Fluorescence) and CRDS (Cavity Ring Down Spectroscopy) 

techniques. Recently, Lamoureux et al. [14] proposed a final version of a new detailed NOx 

chemistry sub-mechanism, named NOmecha2.0, validated at high temperature on a large 

experimental database obtained in laminar premixed flames, jet-stirred and plug-flow reactors 

under sub-atmospheric and atmospheric pressure conditions. The purpose of the present paper 

is to validate NOmecha2.0 in high pressure flames. Very recently, Klippenstein et al. [15] 

proposed an optimized mechanism for modelling of prompt-NO formation in high pressure 

flames using high level theoretical methods. This mechanism is the most recent updated NOx 

mechanism in the literature and is based on previous work of the group [16-19]. Interestingly, 
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they highlighted the importance of the branching ratios for the reaction NCN+H→ products, 

especially at high pressure, but this mechanism was validated only on results from Klassen et 

al. [20] in laminar premixed CH4/O2/N2 flat flames at pressures ranging from 1 to 14.6 atm. 

The complete understanding of the chemical kinetics involved in the production of NO at high 

pressure requires accurate in situ measurements of NO concentration. Most of the studies 

dedicated to NO measurements in laminar high pressure flames were performed using Laser 

Induced Fluorescence by the groups of N.M. Laurendeau [20-30] and R.K. Hanson [31-35]. 

The studies performed in Laurendeau’s group were dedicated to the kinetics of NO formation 

in laminar high pressure flames. Thomsen et al. [21,22] presented NO LIF measurements in 

lean (equivalence ratio E.R. from 0.5 to 0.8) premixed CH4/O2/N2 flat flames at pressures from 

1 to 14.6 atm and a comparison [22] with modeling results obtained with  the GRIMech2.11 

mechanism. The first NO LIF measurements in a counterflow burner configuration were 

performed by Thomsen et al. [23,24] who presented an experimental and modeling study of NO 

formation in premixed CH4/air flames at equivalence ratios varying from 0.65 to 1.5 at 

atmospheric and high pressures. Further studies were performed in high pressure partially 

premixed and diffusion flames [25-30].  

The studies performed in Hanson’s group [31-35] were more focused on spectroscopic 

considerations to measure NO by PLIF (Planar Laser Induced Fluorescence) imaging in a high-

pressure environment. Di Rosa et al. [31] presented an experimental and theoretical study of 

the excitation/detection spectra of NO LIF and interferences by O2 LIF in the burned gases of 

high-pressure (0.1-1MPa) lean CH4/O2/N2 non premixed flat flames. The authors proposed a 

method to correct the LIF NO signals from the O2 LIF contribution by collecting the 

fluorescence signal on two different spectral windows. Bessler et al. [35] performed a 

comparative study, based on their previous work [32-34], of the possible excitation/detection 

schemes using the vibrational bands A-X(0,0), A-X(0,1) and A-X(0,2) for NO LIF 
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measurements in the burned gases of flat CH4/air premixed flames stabilized at high pressure 

(0.1-6 MPa).  

Recently, the group of J.M. Bergthorson [36-38] presented NO and CH LIF measurements in 

premixed jet wall stagnation alkanes and alcohols flames at atmospheric pressure. The 

experimental results were compared with modelling using different kinetic mechanisms and 

analyses were performed to highlight CH and NO formation pathways in these different flames. 

More recently, the same group [39] published LIF NO measurements in high pressure lean 

methane-air stagnation flames (P = 0.2, 0.4 and 0.8 MPa), with a modelling study using the 

NUIG mechanism [40]. Bohon et al. [41,42] also studied NO formation in alcohol and alkanes 

premixed flames at atmospheric pressure. Zhou et al. [43] investigated the effect of CH4 content 

in syngas flames on NO formation in a premixed flat flame burner at atmospheric pressure. 

In this work, we present new experimental results of NO profile measurements obtained by LIF 

in high pressure laminar premixed counterflow methane/air flames. The measurements in 

stoichiometric and rich (Equivalence Ratio E.R.=1.2) high pressure (from 0.1 to 0.7 MPa) 

flames presented here, in addition to our results in lean flames (E.R.=0.7) published in [44], 

supplement and extend the experimental database on NO measurements in high pressure 

counterflow flames available in the literature. Note that in [23,24], the pressure limit is 0.5 MPa 

for the lean (E.R.= 0.65) flames, no stoichiometric flame and only one rich (E.R.=1.4) flame at 

pressures higher than 0.1MPa are presented in the counterflow configuration.  

The performance of the NOx submechanism, NOmecha2.0 [14], in the prediction of NO at high 

pressure is discussed in this paper and it is compared to the new mechanism from Klippenstein 

et al. [15] using the LOGEsoft software [45]. For that purpose, NOmecha2.0 is associated to 

GDFkin®3.0 [46]. The low-pressure version of the GDFkin®3.0 hydrocarbon mechanism was 

adopted in [14], its high pressure version [46] is adopted in the present work. A kinetic analysis 
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performed by rate-of-consumption/production, net flux and sensitivity analysis is then 

presented and discussed to compare the mechanisms.  

 

2. Experimental  

The experimental facility used in this work, including the high-pressure burner and the LIF 

system, has been detailed previously in [44,47,48]. An overview is presented here.  

 

2.1. High pressure burner and flame conditions 

The high-pressure burner consists of two twin counterflow converging burners placed in a high 

pressure vessel, equipped with optical accesses. Each burner is composed of two co-annular 

nozzles of 7 mm and 13 mm diameters, which were aerodynamically shaped to obtain a uniform 

velocity profile at their exit. The distance between the burners is fixed at 10 mm. A nitrogen 

co-flow isolates the flame from the surrounding gases. The burners are cooled by water 

circulation at a fixed temperature between 30 and 50°C depending on the flame conditions, to 

avoid water condensation on their surfaces. The pressure within the vessel is regulated with a 

pressure transducer and a control valve. Gas flows are monitored by Brooks mass flowmeters 

through a Labview program. Figure 1 shows pictures of the CH4/air flames stabilised in this 

work: for E.R.=0.7 at pressures from P = 0.1 to 0.7 MPa; for E.R.= 1.0 at pressures P = 0.1 and 

0.3 MPa and for E.R.= 1.2 at pressures from P = 0.1 to 0.5 MPa.  

A stabilisation criterion was defined, using a telescopic sight with high magnification (allowing 

to distinguish a wire of 50 µm), placed on one of the visualisation window of the chamber in 

order to scrutinise the flamefronts. For each pressure condition, flames were considered as 

stable if their central shape appear flat in a diameter greater than the nozzle diameter (7 mm), 
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and their position above the burner do not fluctuate by more than +/- 50 µm around their average 

position.  

Flame conditions are summarised in Table 1. Under certain flame conditions, the gas velocity 

ratio between the upper and lower burners had to be adjusted to keep the flames well centered 

between the burners. This ratio is denoted β in Table 1. Laminar premixed CH4/air flames were 

studied in this work, with equivalence ratios E.R.=0.7 (already published in [44]); 1 and 1.2 and 

the pressure was varied from 0.1 to 0.7 MPa, depending on flame stability. Note that the 

stoichiometric flames could not be stabilized at a pressure higher than 0.3 MPa and the rich 

flame higher than 0.5 MPa because of instabilities. Such instability problems were also 

mentioned in studies of counterflow premixed CH4/air flames by Laurendeau’s group [23].  

 

2.2. Laser Induced Fluorescence measurements 

For the LIF measurements of NO in the A-X(0,0) vibrational band, the wavelength around 226 

nm was obtained by mixing the frequency-doubled output of a dye laser (Quantel TDL+, 

mixture of Rhodamine 590 and 610) with the residual infrared radiation from the pumping 

injection seeded Nd-YAG laser (Quantel Brillant B, repetition rate 10 Hz, 6 ns pulses, linewidth 

0.06 cm-1). The laser energy was reduced to 100 µJ to perform LIF measurements in the linear 

regime. The beam was focused at the centre of the burner and the fluorescence signal was 

collected at right angle through a spectrometer and a photomultiplier. The probed volume was 

160 µm in height and 6.4 mm in width. 

As demonstrated in our previous work [44], the LIF excitation through the P1(23,5), 

Q1+P21(14,5), Q2+R12(20,5) lines (λ= 226.03 nm) in the A-X(0,0) vibrational band and the LIF 

signal collection through the A-X(0,1) band (centred at 236 nm with a 2.8 nm bandpass) was 

the best compromise to maximise the NO LIF signal and minimise the interferences in our 

flame conditions. The NO LIF signal was analysed with the same procedure as in [44], the 
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spectral overlap function, the fluorescence quantum yield and the Boltzmann fraction were 

calculated along each flame and variations of those three parameters were found negligible at a 

given pressure. A calibration procedure was then applied in each flame, consisting in doping 

the flame with known small amounts of NO to perform a calibration plot. The experimental 

uncertainties reached ± 20% for all flames. This value takes into account the following 

uncertainties: i) uncertainties on the calibration procedure (around ± 10%); ii) uncertainties on 

the mass flow meters (implying uncertainties on the equivalence ratio and dilution ratio); iii) 

uncertainties on the probe volume position; iv) uncertainties on the flame temperature 

(estimated to be equal to the adiabatic flame with an uncertainty of ± 5%); v) the uncertainty 

on pressure inside the combustion chamber (±1%).  

 

3. Modelling  

3.1. Code  

The kinetic modelling of atmospheric and high-pressure counterflow flames was carried out 

using the LOGEsoft software (LOGEresearch v1.10.0 [45]) with the counterflow flame module. 

Calculations were performed by solving the energy equation in the case of an adiabatic and 

isobaric system and thermo-diffusion effects were taken into account. The adaptive mesh 

parameters GRAD and CURV were fixed to 1.0 and 1.5 respectively in LOGEsoft, with a 

number of 300 grid points.  

The calculated NO mole fraction profiles with and without considering the radiation heat loss 

were carried out, assuming optically thin radiation originating from the major species (CO2 and 

H2O) within the flame. According to Gore et al. [49], the optically thin limit assumption, which 

involves considering only the loss by emission (no reabsorption), is adequate for stable flames 

with moderately high strain rates away from the radiative extinction limits, which is our case. 

Moreover, as mentioned by Bhattacharjee and Grosshandler [50], the importance of radiation 
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can be estimated by performing the computation twice: first without radiation and then with the 

optically thin model. This technique, applied in our case, gives an upper bound to the effect of 

radiation on the flow field. The results (see supplementary file, Table A) show a weak influence 

(< 10%) on the temperature and NO mole fraction, for all the flame conditions. As already 

observed in [48] for OH, the variations with and without radiation are below our experimental 

uncertainties on the NO mole fraction (±20%). As a consequence, radiation effects were 

neglected in our flames.  

 

3.2. Reaction mechanisms 

The experimental NO mole fraction profiles were compared to the simulated ones obtained  

with two detailed kinetic mechanisms: GDFkin®3.0 associated to NOmecha2.0 [14], named 

GDFkin®3.0_NOmecha2.0, developed by our group; and the mechanism from Klippenstein et 

al. [15], named here Klippenstein mechanism. 

The thermodynamic and transport properties files provided with each mechanism were 

employed. The GDFkin®3.0 mechanism (available in [14]) has been largely employed at low 

and atmospheric pressure [7-14, 46, 51]. In order to use this mechanism at high pressure (or 

atmospheric pressure), it is necessary to modify a few reactions whose rate constants are 

pressure-dependent. Those reactions and the full mechanism are given in the supplementary 

files (Table B, GDFnomecha20HP.inp and GDFnomecha20HPtran.dat). 

The NOmecha2.0 submechanism is given as a supplementary file in [14] for low pressure flame 

conditions. But two reactions need to be modified before using it at high pressure: 

HCNO=HCN+O and H+NCN=HNCN. Their corresponding high pressure rate constants are 

also listed in Table B in the supplementary files. Finally, some pressure-dependent reactions 

were updated with a fall-off formulation of their rate constants; these reactions are given in 

[14]. The GDFkin®3.0_NOmecha2.0 mechanism contains 119 species involved in 883 
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reversible reactions. In this work, in order to reduce the calculation time and convergence 

problems, this mechanism was truncated to the oxidation of C1 to C3 hydrocarbons (+NOx 

chemistry), suitable for methane combustion. The good reproducibility of the simulated results 

performed with the complete and with the simplified mechanisms was checked. 

 

The Klippenstein mechanism [15] is the most recent updated mechanism developed to predict 

the NO formation in high pressure flames. This mechanism is based on previous work of the 

group [16-19] and was updated in [15]. In this work, the NCN thermochemistry and reactions 

rates for CH + N2 → NCN + H, NCN + H → products, and NCN + OH → products were re-

evaluated by high level theoretical methods. The pressure dependency of the reactions NCN 

+H → products was investigated. The resulted mechanism was validated by comparison with 

results from laminar premixed CH4/O2/N2 flat flames at pressures ranging 1-14.6 atm, reported 

by Klassen [20]. The Klippenstein mechanism contains 148 species involved in 2692 reactions.  

Table 2 compares the NO formation sub-mechanisms (reactions and associated rate constants 

calculated at 2000K) included in the two mechanisms (GDFkin®3.0_NOmecha2.0 [14] and 

Klippenstein [15]). The sub-mechanisms of NO formation by thermal, prompt, NNH and N2O 

pathways are included in both sub-mechanisms. The thermal and NNH reaction mechanisms 

are identical in both mechanisms. The N2O reaction pathways are identical in both mechanisms 

(same reactions) but the rate constant values are  different.  For the prompt-NO pathway and 

the NCN chemistry, significant differences are observed in terms of reactions and rate 

constants, particularly for the description of the chemistry of NCN. 

The GDFkin®3.0_NOmecha2.0 and Klippenstein mechanisms were validated against laminar 

CH4/air flames velocities measurements at 0.1 and 0.5 MPa. Results are presented in Figure 2. 

A slight difference is observed between the two mechanisms with GDFkin®3.0_NOmecha2.0 

giving systematically lower flame velocities values than Klippenstein, the difference is reduced 

when pressure increases. 
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Figure A in the supplementary file shows the comparison between the temperature profiles 

predicted by GDFkin®3.0_NOmecha2.0 and Klippenstein using the adiabatic assumption in all 

our flames conditions. Figure A clearly shows that both mechanisms predict similar temperature 

profiles (and maximum temperature values) whatever the pressure, only a slight difference is 

observed in some conditions (E.R.=0.7 and 1 at 0.1 and 0.7 MPa, and E.R.=1.2 at 0.1, 0.3 and 

0.5MPa) for which Klippenstein predicts a slightly larger temperature profile compared to 

GDFkin®3.0_NOmecha2.0. This can be due to small differences in the predictions of laminar 

flame velocities between the two mechanisms, as shown in the Figure 2. The maximum 

temperature increases slightly as pressure increases for the three equivalence ratio conditions 

(see Table 1) and it increases by about 400K between lean and rich conditions and only decrease 

slightly in rich flames.  

 

3.3. Kinetic analyses 

The kinetic analyses carried out in this paper consisted in reaction pathways (rate-of-

consumption ROC/production ROP and net flux analyses) and sensitivity analyses. Rates of 

production and consumption as a function of the distance from the bottom burner were 

computed for each species with LOGESoft [45]. Net rates were considered by summing ROC 

and ROP after integration over the whole flame domain. It is thus possible to have global 

information on which reaction contributes to the production or consumption of a given species. 

To identify elementary reactions that dominate the formation/consumption of NO, sensitivity 

analyses were also conducted (only the 20 most contributive reactions were considered).  
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4. Results and discussion  

4.1. Experimental results 

The experimental NO mole fraction profiles are presented in Figure 3 for all the CH4/air 

counterflow flames conditions (E.R.= 0.7; 1 and 1.2 – P=0.1 to 0.7 MPa). As mentioned earlier, 

the stoichiometric flame could not be stabilized at a pressure higher than 0.3 MPa and the rich 

flame higher than 0.5 MPa because of instabilities. As shown in Figure 3, in the lean flames 

(E.R.=0.7), the maximum NO mole fraction remains almost constant when pressure increases 

from 0.1 to 0.7 MPa. In the stoichiometric flames, the maximum NO mole fraction increases 

by a factor of 2 between 0.1 and 0.3 MPa. For the rich flames, X(NO)max value increases linearly 

with pressure. Concerning the effect of the equivalence ratio, at atmospheric pressure, 

X(NO)max increases strongly between E.R.=0.7 and 1 (from ∼ 7 ppm at E.R.=0.7 to ∼46 ppm at 

E.R.=1) and it remains constant when the equivalence ratio is further increased to 1.2. At 0.3 

MPa, X(NO)max increases from ∼ 7ppm in lean flames to ∼ 90 ppm in stoichiometric flames, it 

then decreases slightly in rich flames (∼ 68ppm). 

 

4.2. Comparison between experimental data and calculated NO mole fraction profiles 

Figure 4 compares the experimental and calculated NO mole fraction profiles with both 

mechanisms: Klippenstein [15] and GDFkin®3.0_NOmecha2.0 [14], in all the studied CH4/air 

flames. As shown in figure 4, NO profiles simulated with both mechanisms satisfactorily 

reproduce the experimental NO profile ‘bell’ shapes for all the pressure conditions, however 

some discrepancies are observed for the flamefront positions in the lean and rich flames, which 

could be attributed to: 

1) buoyancy effect, as mentioned in [23], which can slightly compress the distance between the 

top and bottom flamefronts ; 
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2) slight heating of the top burner by the burned gases released during combustion. This can 

have an impact on the unburned fresh gases temperature and on the flame speed. As described 

in [47], the importance of the heating of the top burner was previously evaluated and it was 

demonstrated that the variations observed in the OH mole fraction profiles are smaller than the 

experimental uncertainties; 

3) the uncertainty on the location measurement is estimated to be ±100 µm. 

The comparison between experimental and calculated maximum NO mole fraction X(NO)max 

for the all the flames conditions is presented in Figure B in the supplementary files.  In the lean 

flames, the experimental maximum NO mole fraction is nearly constant with the pressure 

increase. GDFkin®3.0_NOmecha2.0 predicts a slight increase of X(NO)max when pressure 

increases, with a slight overestimation at 0.5 and 0.7 MPa compared to experiments. 

Klippenstein predicts an increase of X(NO)max between 0.1 to 0.3 MPa and X(NO)max remains 

constant as pressure increases to 0.5 and 0.7 MPa. In the stoichiometric flames, the increase of 

X(NO)max by a factor of 2 between 0.1 and 0.3 MPa is perfectly predicted by both mechanisms, 

which are in a perfect agreement with each other. In the rich flames, GDFkin®3.0_NOmecha2.0 

is in good agreement with experimental results (within the error bars), as Klippenstein slightly 

underestimates the NO concentration for all pressures . An underprediction of NO by the 

mechanism of Klippenstein in rich conditions was also reported in low pressure methane flames 

[19]. 

In summary, both mechanisms present good predictions of NO in all the flames conditions 

presented here, with a slight better prediction of GDFkin®3.0_NOmecha2.0 in the rich flames.  
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4.3. Comparison between experimental data taken from the literature and calculated NO mole 

fraction profiles 

In this section, experimental results obtained in high pressure flames by Thomsen et al. [23,24] 

and Naik et al. [27] are compared to simulations performed with GDFkin®3.0_NOmecha2.0 

and Klippenstein. In order to evaluate the chemical kinetics of NO formation in advanced gas 

turbines, Thomsen et al. [21-24] measured (by LIF) NO concentrations in various premixed 

CH4/O2/N2 flat and counterflow flames. Here, we focused only on their lean (E.R.=0.7) 

counterflow CH4/air flames at 0.1, 0.2, 0.3 and 0.4 MPa [23,24] for comparison with our lean 

flames. Calculated and experimental NO profiles in these flames are presented in the 

supplementary files (Figure C). An overall good agreement is observed between experiments 

and modelling for all pressures, except at 0.4 MPa where the flamefronts position is not well 

predicted by both mechanisms. At P=0.4  MPa, the flamefront seems to broaden out. Thomsen 

et al. [23] explain that at high pressure the flamefronts begin to become wrinkled, leading to 

non-uniformities at the burner exit. Measurements across these flamefronts are averaged across 

the wrinkles, resulting in a wider and more gradual increase in NO formation.  

Figure 5 compares the experimental and calculated peak NO mole fraction in the lean 

counterflow flames of Thomsen et al. [23,24]. It shows that, as for our lean (same E.R.=0.7) 

counterflow CH4/air flames, the experimental peak NO concentration is nearly constant when 

pressure increases. GDFkin®3.0_NOmecha2.0 predicts a slight increase with pressure, while 

Klippenstein predicts a slight increase between 0.1 and 0.2 MPa and then a slight decrease as 

pressure increases, but both simulation results are close to each other and within the 

experimental error bars reported in [23,24]. 

The predictions of both mechanisms were also compared to results obtained by Naik et al. [27] 

in partially premixed CH4/O2/N2 high pressure counterflow flames, where NO mole fraction 

profiles were measured by LIF. Results are presented in Figure 6 for an equivalence ratio of 
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1.45 at 0.1 MPa (Figure 6a), 0.3 MPa (Figure 6b) and 0.6 MPa (Figure 6c).  Both mechanisms 

give closed results but slightly underestimate the NO mole fraction at 0.1MPa and overestimate 

it at 0.3 and 0.6 MPa. 

 

4.4. Kinetic analyses 

In order to compare the two mechanisms regarding their predictions of NO in our flames 

conditions, a kinetic analysis is presented below based on reaction pathways and sensitivity 

analysis.  

b-1) Reaction pathways 

First, net rates were considered for the N-species by summing the rates of consumption (ROC, 

negative values) and rates of production (ROP, positive values) integrated over the whole flame 

domain (distance from the bottom burner = 0 to 1 cm). Figure D in the supplementary files 

shows the net rate diagram drawn for GDFkin®3.0_NOmecha2.0 (Figure D1) and Klippenstein 

(Figure D2) for E.R.=0.7 at 0.1 MPa. For clarity reasons, net rates are expressed in % and the 

diagram was simplified by removing negligible pathways (< 10%). It clearly shows the 

complexity of the chemical structure of the N-species mechanism:  it is very difficult to obtain 

directly the contribution to the overall NO formation by only removing each of the four major 

routes (prompt, thermal, NNH and N2O) because of crossed pathways as mentioned in [41, 44]. 

It is however possible to compare how the main precursor of NO, i.e. N2, decomposes through 

the four major pathways. Figure 7 shows the net rates of consumption of N2 in terms of 

percentages for both mechanisms in all the conditions studied in this paper.  

In lean flames (E.R.=0.7) at atmospheric pressure (Figure 7a), the contributions of the four 

major pathways are as follows: 1) the N2O pathway, 2) the prompt mechanism, 3) the NNH 

pathway and 4) the thermal pathway for both mechanisms. The GDFkin®3.0_NOmecha2.0 

mechanism predicts a higher contribution of the prompt and N2O routes compared to 
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Klippenstein, while the contributions of the thermal and NNH pathways are lower for 

GDFkin®3.0_NOmecha2.0. When pressure increases, both mechanisms predict an increase of 

the N2O pathway contribution. For the prompt pathway, Klippenstein predicts a decrease of its 

contribution when pressure increases while GDFkin®3.0_NOmecha2.0 predicts roughly the 

same contribution. For the NNH pathway, both mechanisms agree with a decrease of its 

contribution as pressure increases. Finally, for the thermal pathway, Klippenstein predicts a 

slight increase and GDFkin®3.0_NOmecha2.0 a slight decrease between 0.1 and 0.3MPa and 

the value remains almost constant between 0.5 and 0.7MPa  

In the stoichiometric flames (Figure 7b), at 0.1MPa, the contributions of the four major 

pathways are as follows: 1) prompt; 2) thermal; 3) NNH and 4) N2O for both mechanisms. The 

GDFkin®3.0_NOmecha2.0 mechanism predicts a higher contribution of the prompt and N2O 

routes compared to Klippenstein, while the contributions of the thermal and NNH pathways are 

lower for GDFkin®3.0_NOmecha2.0, as for the lean flames. When pressure increases to 

0.3MPa, the contributions of the thermal and N2O pathways increase and those of the prompt 

and NNH pathways decrease for both mechanisms.  

For the rich flames (Figure 7c), the prompt-NO pathway is clearly dominant for both 

mechanisms, with a small contribution of thermal and NNH pathways (N2O negligible). The 

GDFkin®3.0_NOmecha2.0 mechanism still predicts a higher contribution of the prompt route 

compared to Klippenstein, while the contributions of the thermal and NNH pathways are lower 

for GDFkin®3.0_NOmecha2.0. When pressure increases, the prompt contribution increases 

slightly for both mechanisms and the thermal and NNH decrease slightly. 

Concerning the influence of equivalence ratio, the contributions of the NNH and N2O pathways 

decrease when E.R. increases for both mechanisms. The prompt pathway becomes, as expected, 

more important in rich flames. Note that the thermal pathway increases from lean to 

stoichiometric flames but decreases for rich flames.  
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The main differences observed in this analysis concerns the relative contributions of the prompt 

and thermal pathways between the two mechanisms, GDFkin®3.0_NOmecha2.0 systematically 

predicts a higher contribution of the prompt pathway and a lower contribution of the thermal 

pathway compared to Klippenstein, which can explain the differences in NO predictions 

between the two mechanisms, especially in rich flames.  

Concerning the prompt pathway, the rate constant of the initiation reaction CH+N2=NCN+H is 

slightly higher in Klippenstein than in GDFkin®3.0_NOmecha2.0 around 2000K (see Table 2 

and Fig.3 in [15]) but the NCN consumption reactions are also different between the two 

mechanisms.  

Concerning the thermal route, the rate constant of the initiation reaction N2+O=NO+N is the 

one from Abian et al. [52] in Klippenstein and the one from Michael and Lim [53] in 

GDFkin®3.0_NOmecha2.0, which are very close at flame temperature (see Table 2 and Fig.2 

in [19]).  

For the NNH pathways, the rate constants of the reactions NNH=N2+H and NNH+O=NH+NO 

are equivalent in both mechanisms. 

Finally, for the N2O pathway, the rate constants of the pressure dependent reaction 

N2O+M=N2+O+M and the reaction NH+NO=N2O+H are different. 

 

b-2) Sensitivity toward NO  

To identify elementary reactions that dominate the formation of NO, sensitivity analysis was 

also conducted in this study (only the 20 most contributive reactions were considered). The 

first-order local concentration normalized sensitivity coefficients of NO were computed as a 

function of elementary reactions for both mechanisms. Results are presented in the 

supplementary files (Table C) and in Figure 8 for only the N-species containing reactions. Table 

C in the supplementary files shows that in lean conditions, sixteen common reactions appear 
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sensitive in both mechanisms with close normalized sensitivity coefficients. Differences exist 

for the following reactions: CH3+O→CH2O+H; CH2+O2→CH2O+O; CH3+OH→CH2+H2O; 

CH2+OH→CH+H2O; CH+O2→HCO+O; CH2+H→CH+H2 ; NNH→N2+H; N2+H→NNH. 

The first four appear with significant coefficients at atmospheric pressure only in the 

GDFkin®3.0_NOmecha2.0 mechanism, the last four only in the Klippenstein mechanism. 

Under stoichiometric conditions, seventeen common reactions appear sensitive in both 

mechanisms with close normalized coefficients. Differences exist for the following reactions: 

CH4+H→CH3+H2; CH3+OH→CH2+H2O; CH2+OH→CH+H2O; CH+O2→HCO+O; 

NCN+O→CN+NO ; CH2+H→CH+H2. The first three appear with significant coefficients at 

P=0.1 and 0.3 MPa only in the GDFkin®3.0_NOmecha2.0 mechanism, the last three at 

atmospheric pressure only in the Klippenstein mechanism. Under rich conditions, conditions 

for which the NO prediction deviations between the two mechanisms are greatest, only thirteen 

reactions are common to both mechanisms with similar coefficients. Differences exist for the 

following reactions: sCH2+M�CH2+M ; CH2+M�sCH2+M ; CH+H�C+H2; 

sCH2+H2O�CH3OH; H2O+O�2OH; O+H2�OH+H ; CH2+OH�CH+H2O; 

CH+O2�HCO+O; H2O+H�OH+H2; OH+H2�H+H2O; CH+H2O�CH2O+H; 

CH2O+H�HCO+H2; CH2O+H�H+CO+H2; NCN+O�CN+NO. The first seven appear to be 

significant for the GDFkin®3.0_NOmecha2.0 at atmospheric pressure, the last seven in the 

Klippenstein mechanism.  

To focus on the reactions containing only N-species, Figure 8 compares the sensitivity of the N 

system reactions for the two mechanisms as a function of operating conditions. Under lean 

conditions, the N2+H�NNH reaction only appears sensitive at atmospheric pressure in the 

Klippenstein mechanism. The sensitivities of the other reactions are similar except for the 

initiation reaction of the prompt-NO formation CH+N2→NCN+H which appears only at 0.1 

MPa in the Klippenstein mechanism, the initiation reaction of the thermal-NO N2+O→N+NO 
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only at 0.1 and 0.3 MPa in the GDFkin®3.0_NOmecha2.0 mechanism and the reaction 

N2O+O→2NO only at 0.1MPa in GDFkin®3.0_NOmecha2.0. For stoichiometric conditions, 

the NCN+O→CN+NO reaction appears only at atmospheric pressure in the Klippenstein 

mechanism. The other reactions occur in both mechanisms with similar sensitivity coefficients 

except for the N2O+H→NH+NO reaction, which does not occur at high pressure in the 

Klippenstein mechanism, and the NCN+H→ CH+N2 reaction, which does not occur at high 

pressure in the GDFkin®3.0_NOmecha2.0 mechanism. For E.R. = 1.2, among the four sensitive 

reactions, the initiation reaction of the prompt-NO appears sensitive in the direct and reverse 

directions in both mechanisms in the same way as a function of pressure. The 

NCN+O→CN+NO reaction occurs only in the Klippenstein mechanism at atmospheric 

pressure, and the NCN+H→HCN+N reaction only at atmospheric pressure in the Klippenstein 

mechanism. Comparing Figure 8 and Table 2, it can be seen that only reactions that are present 

in both mechanisms appear in the sensitivity analysis. No specific reaction to either mechanism 

appears to be important in this sensitivity analysis. 

 

5. Conclusion 

 

This work presents the validation, at high pressure, of the new NOx kinetic submechanism 

named NOmecha2.0, recently revised and validated in low pressure flames, jet stirred and plug-

flow reactors under sub-atmospheric and atmospheric pressure conditions by Lamoureux et al. 

[14]. NOmecha2.0 was also compared to the most recent high-pressure NOx formation 

mechanism available in the literature: the mechanism from Klippenstein et al. [15]. For this 

validation, new experimental results of NO mole fraction profile measurements were obtained 

by using LIF in laminar counterflow lean (E.R.=0.7), stoichiometric (E.R.=1.0) and rich  

(E.R. =1.2) CH4/air flames stabilised at pressures ranging from 0.1 to 0.7 MPa. These results 
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supplement the experimental database on NO measurements in high pressure flames available 

in the literature and allow discussion about the effect of pressure and equivalence ratio on NO 

formation. The performances of both mechanisms were also tested on NO measurements in 

high pressure counterflow premixed and partially premixed flames from Thomsen et al. [23,24] 

and Naik et al. [27]. It was shown that both mechanisms are able to predict NO mole fraction 

profiles in our lean and stoichiometric flames at atmospheric and high pressure. However, 

differences are observed in rich flames where GDFkin®3.0_NOmecha2.0 presents better 

predictions than Klippenstein. In the lean CH4/O2/N2 premixed flames from Thomsen et al. 

[23,24] (equivalence ratio 0.7; P=0.1-0.4MPa), both mechanisms are in good agreement with 

experiments. However, in the partially premixed CH4/O2/N2 from Naik et al. [27] (equivalence 

ratio 1.45; P= 0.1-0.6 MPa), the agreement between experiments and modelling is less good. 

Kinetic analyses were then performed on both mechanisms in order to identify the main 

pathways that lead to the formation and consumption of NO, and highlight theirs differences. 

The contribution of the four major NO formation pathways (prompt, thermal, NNH and N2O) 

was then identified for both mechanisms showing differences especially for the contribution of 

thermal and prompt pathways. Finally, a sensitivity analysis was presented to highlight 

important reactions that influence the formation and consumption of NO in our high pressure 

flames.  

This paper demonstrates the validation of the NOmecha2.0 submechanism for NO prediction 

in high pressure flames. We are confident that this recently revised mechanism [14] can be 

associated with other hydrocarbon mechanisms, as recently shown in [54]. 
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List of table captions 

Table 1. CH4/air counterflow premixed flame conditions (X(CH4) is the mole fraction of methane, X(O2) is the 

mole fraction of oxygen and X(N2) is the mole fraction of nitrogen); Air dilution ratio is used. 

 

Table 2. Rate constants calculated at 2000K for the reactions involved in the prompt-NO sub-mechanism and NCN 

chemistry, the thermal-NO initiation, the NNH pathway and the N2O pathway for the GDFkin®3.0_NOmecha2.0 

and Klippenstein mechanisms. 
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aExperimental conditions for the bottom burner, in standard conditions, i.e. T=273K and P=101325Pa. 

bβ = inlet premixed gas velocity (top burner) / inlet premixed gas velocity (bottom burner)  

cFlame temperature calculated for a free flame configuration using GDFkin®3.0 associated with 

NOMecha2.0 
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Table 2. 

 
Reactions  

First order:  s-1 

Second order:  cm3/mol⋅s 

Third order:  cm6/mol2⋅s 

R = 1.987 cal/mol⋅K 

Rate constant @2000K 

 

GDFkin®3.0_NOmecha2.0 Klippenstein 

Prompt-NO initiation and NCN consumption 

CH+N2⇌NCN+H 2.76 x 1010 3.31 x 1010 

NCN+H⇌HCN+N 5.19 x 1013 1.27 x 1013 

NCN+H⇌HNCN 1.14 x 1010 5.88 x 1011 

NCN+O2⇌NO+NCO 3.74 x 108 3.82 x 109 

NCN+OH⇌HCN+NO 4.87 x 1011 1.12 x 1012 

NCN+O⇌CN+NO 6.77 x 1013 9.18 x 1013 

NCN+H2⇌HNCN+H 9.41 x 1010 _ 

NCN+M⇌C+N2+M 1.45 x 108 1.46 x 108 

NCN+NCN⇌2CN+N2 3.70 x 1012 _ 

NCN+C⇌2CN 1.00 x 1014 _ 

NCN+N⇌CN+N2 1.00 x 1013 _ 

NCN+CN⇌C2N2+N 1.67 x 1013 _ 

NCN+H⇌HNC+N                        _ 7.07 x 1011 

NCN+OH⇌NCNOH                      _ 6.29 x 1010 

NCN+OH⇌NCO+NH                     _ 5.46 x 1011 

NCN+NO⇌CN+N2O                   _ 3.91 x 1011 

Thermal-NO initiation 

N2+O⇌N+NO 5.63 x 105 6.58 x 105 

N+O2⇌NO+O 2.63 x 1012 idem 

N+OH⇌NO+H 3.80 x 1013 idem 

NNH pathway 

NNH⇌N2+H 1.00 x 109 idem 

NNH+O⇌NH+NO 1.03 x 1013 idem 

N2O pathway 

N2O+M⇌N2+O+M HIGH PRESSURE1.89 x 105 

LOW PRESSURE 2.61 x 108 

N2/ 1.7/ O2/ 1.4/ CO2/ 3.0 / H2O / 12.0/ 

HIGH PRESSURE4.66 x 104 

LOW PRESSURE 3.17 x 108 

N2/1.7/ O2/1.4/ H2O/12.0/ 

NH+NO⇌N2O+H 1.29 x 1013 7.15 x 1012 

N2O+O⇌2NO 8.69 x 1010 idem 
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List of figure captions 

Figure 1: Pictures of the CH4/air flames stabilised in this work: a) for E.R.=0.7 at pressures from P = 0.1 to 0.7 

MPa; b) for E.R.= 1.0 at pressures from P = 0.1 to 0.3 MPa; c) for E.R.= 1.2 at pressures from P = 0.1 to 0.5 

MPa.  

 

Figure 2: Laminar flame velocities of CH4/air mixture at 0.1 and 0.5 MPa (initial temperature = 300 K) calculated 

using GDFkin3.0_NOmecha2.0 mechanism (red line) and Klippenstein mechanism (blue dashed line), compared 

to experimental results from Vagelopoulos et al. (1994), Dong et al. (2002), Gu et al. (2000), Rozenchan et al. 

(2002), Halter et al. (2005) and Goswami et al. (2013).  

 

Figure 3: Experimental NO mole fraction profiles (in ppm) for all the CH4/air counterflow flames conditions: a) 

for E.R.=0.7 at pressures from P = 0.1 to 0.7 MPa; b) for E.R.= 1.0 at pressures from P = 0.1 to 0.3 MPa; c) for 

E.R.= 1.2 at pressures from P = 0.1 to 0.5 MPa. 

 

Figure 4: Comparison between experimental and calculated NO mole fraction profiles for CH4/air flames: a) for 

E.R.=0.7 at pressures from P = 0.1 to 0.7 MPa; b) for E.R.= 1.0 at pressures from P = 0.1 to 0.3 MPa; c) for 

E.R.= 1.2 at pressures from P = 0.1 to 0.5 MPa. 

Symbols: experiments; modeling with red solid line: GDFkin®3.0 with NOmecha2.0, blue dotted line: Klippenstein 

mechanism. 

 

Figure 5: Comparison between experimental and calculated peak NO mole fraction for CH4/air flames for 

E.R.=0.7 at pressures from P = 0.1 to 0.4 MPa. 

Circle symbols: experiments obtained by Thomsen et al. [23,24]; modeling with red solid line: GDFkin®3.0 with 

NOmecha2.0, modeling with blue dotted line: Klippenstein mechanism. 

 

Figure 6: Comparison between experimental and calculated NO mole fraction profiles for partially premixed 

CH4/air flames for E.R.=1.45 obtained by Naik et al. [27]: at a) P=0.1MPa; b) P=0.3MPa and c) P=0.6MPa.  

Crosses symbols: experiments obtained by Naik et al. [27]; modeling with red solid line: GDFkin®3.0 with 

NOmecha2.0, modeling with blue dotted line: Klippenstein mechanism. 
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Figure 7: Relative contribution (in %) of the four NO formation pathways (prompt, thermal, NNH and N2O routes) 

obtained from N2 consumption rates: a) for E.R. =0.7; b) for E.R.=1.0 and c) for E.R.=1.2, as a function of 

pressure in premixed CH4/air counterflow flames with GDFkin®3.0_NOmecha2.0 in red and with Klippenstein 

mechanism in blue. 

 

Figure 8: Normalized sensitivity coefficients of NO to reaction rate coefficients (only N-species containing 

reactions are considered): a) for E.R.=0.7, b) for E.R.=1, c) for E.R.=1.2, as a function of pressure (0.1 MPa in 

black, 0.3MPa in red, 0.5MPa in blue, 0.7MPa in green), for GDFkin®3.0 associated with NOmecha2.0 (left 

column) and Klippenstein mechanism (right column). 
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Figure 4  

a) 

 

 
 

b)  

 



 36

c)  

 

  
 

 

  

0

20

40

60

80

100

120

0 0.2 0.4 0.6 0.8 1

N
O

 m
o

le
 f

ra
ct

io
n

 (
p

p
m

)

Distance from the bottom burner (cm)

E.R. = 1.2 - P = 0.5 MPa 



 37

Figure 5 

 

 
  



 38

Figure 6 

a) b) 

  
  

c)  

 

 

 

 

 

  



 39

Figure 7  
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 Figure 8  
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Supplementary files 

 
Table A: Comparison between peak temperature (in K) and peak NO mole fraction (in 

ppm) without and with considering radiation heat loss for our lean, stoichiometric and rich 

flames. Calculations were carried out using LOGESOFT software together with 

GDFkin3.0_NOmecha2.0 mechanism. 

 

E.R. 

  

Pressure 

(MPa) 

 

Peak Temperature  

(K)  

Peak NO 

 (ppm)  

Without 

radiation heat loss 

With 

radiation heat loss 

Without 

radiation heat loss 

With 

radiation heat loss 

0.7 

 

 

 

0.1 1823 1817 6.85 6.14 

0.3 1859 1844 8.43 8.17 

0.5 1863 1853 9.58 9.13 

0.7 1863 1855 10.1 9.46 

1 

 

0.1 2108 2101 39.3 38.5 

0.3 2241 2230 88.5 85.5 

1.2 

 

 

0.1 2038 2032 55.1 54.8 

0.3 2107 2097 76.0 75.4 

0.5 2122 2109 78.2 77.5 
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Table B: Reactions (and associated references) whose rate constants must be modified 

between the low and high pressure version of GDFkin3.0_NOmecha2.0 

 

Reaction at low pressure Reaction at high pressure 

H2O2=OH+OH  [1] OH+OH=H2O2 [1] 

CH4=CH3+H [2] CH3+H (+M) = CH4 (+M)   [3] 

CH3+OH=CH2OH+H [3] CH3+OH=CH2OH+H [3] 

CH3+OH=CH2O+H2 [3] CH3+OH=CH2O+H2 [3] 

CH3+OH=CH3O+H  [3] CH3+OH=CH3O+H [3] 

CH3+OH=SCH2+H2O [4] CH3+OH=SCH2+H2O [3] 

CH3+CH3=C2H6 [5] CH3+CH3=C2H6 [5] 

C2H6=C2H5+H [6] C2H6=C2H5+H [6] 

C2H4+H=C2H5 [7] C2H5=C2H4+H [7] 

HCNO=HCN+O [8,9] HCNO=HCN+O [8,9] 

H+NCN=HNCN [10] H+NCN=HNCN [10] 

 

[1] JPL Publication 06-2, Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies, Evaluation 

Number 15, July 2006 

[2] C.J. Cobos and J. Troe, The dissociation-recombination system CH4+M=CH3+H+M: Reevaluated experiments 

from 300 to 3000 K, Zeitschrift für Physikalische Chemie 167 (1990) 129.  

[3] A.M. Dean, P.R. Westmoreland, Bimolecular QRRK analysis of methyl radical reactions, Int. J. Chem. Kin. 19 

(3) (1987) 207-228. 

[4] G.P. Smith, D.M. Golden, M. Frenklach, N.W. Moriarty, B. Eiteneer, M. Goldenberg, C.T. Bowman, R.K. Hanson, 

S. Song, W.C. Gardiner, V.V. Lissianski, Z. Qin Z., GRImech3.0 Mechanism (1999). 

http://www.me.berkeley.edu/gri_mech/ 
[5] D. Walter, H. H. Grotheer, J. W. Davies, M. J. Pilling, A. F. Wagner, Experimental and theoretical study of the 

recombination reaction CH3 + CH3 → C2H6, Symposium (International) on Combustion, Vol. 23  (1991) 107–114. 

[6] P.H. Stewart, T. Rothem, D.M. Golden, Tabulation of rate constants for combustion modelling, Symposium 

(Intenational) on Combustion, Vol. 22 (1989) 943-952. 

[7] Y. Feng, J.T. Niiranen, A. Bencsura, V.D. Knyazev, D. Gutman, and W. Tsang, Weak collision effects in the 

reaction C2H5 = C2H4+H, J. Phys. Chem. 97 (1993) 871-880.  

[8] Z. Tian, Y. Li, L. Zhang, P. Glarborg, F. Qi, An experimental and kinetic modelling study of premixed 

NH3/CH4/O2/Ar flames at low pressure, Combust. Flame 156 (2009) 1413–1426. 

[9] A.M. Dean, J.W. Bozzelli, in: W.C. Gardiner Jr. (Ed.), Gas-Phase Combustion Chemistry, Springer, New York, 

2000, pp. 125–343 

[10] W.S. Teng, L.V. Moskaleva, H.-L. Chen, M.C. Lin, Ab initio chemical kinetics for H+ NCN: prediction of NCN 

heat of formation and reaction product branching via doublet and quartet surfaces, J. Phys. Chem. A 117 (2013) 

5775–5784 
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Table C: Normalized sensitivity coefficients of NO to reaction rate coefficients: a) for 

E.R.=0.7, b) for E.R.=1, c) for E.R.=1.2, as a function of pressure  for GDFkin®3.0 associated 

with NOmecha2.0 (in red, left column) and Klippenstein mechanism (in blue, right 

column). 

a) 

E.R. = 0.7 

GDFkin3.0_NOmecha2.0 

mechanism Klippenstein mechanism 

Reaction 0.1 MPa 0.3 MPa 0.5 MPa 0.7 MPa 

0.1 

MPa 

0.3 

MPa 

0.5 

MPa 

0.7 

MPa 

Common reactions to both mechanisms 

H+O2→O+OH 1 1 1 1 1 1 1 1 

O+OH→H+O2 -0.61 -0.28 -0.24 -0.21 -0.77 -0.28 -0.23 -0.2 

N2O+H→N2+OH -0.49 -0.1 0 0 -0.51 -0.12 0 0 

H+O2+M→HO2+M -0.36 -0.46 -0.52 -0.56 -0.37 -0.44 -0.49 -0.53 

H2O+O→2OH -0.21 0.13 0.13 0.14 -0.38 -0.26 -0.18 -0.16 

2OH→H2O+O 0.23 0.12 -0.09 -0.08 0.38 0.23 0.16 0.14 

CO2+H→CO+OH -0.15 0 0 0 -0.19 -0.08 -0.07 0 

CO+OH→CO2+H 0.56 0.40 0.36 0.34 0.59 0.40 0.36 0.33 

CH3+H+M→CH4+M -0.14 -0.19 -0.19 -0.18 -0.23 -0.24 -0.23 -0.21 

N2O+O→2NO 0.13 0 0 0 0.22 0.11 0.07 0.06 

H2+OH→H2O+H 0.16 0.15 0.13 0.12 0.2 0.16 0.15 0.14 

HCO+M→H+CO+M 0.25 0.23 0.2 0.18 0.24 0.24 0.24 0.24 

N2+O→N+NO 0.34 0.08 0 0 0.47 0.16 0.1 0.09 

CH+N2→NCN+H 0.43 0.12 0.07 0.05 0.27 0 0 0 

N2O+H→NH+NO 0.49 0.13 0.07 0.05 0.43 0.13 0.07 0 

N2+O+M→N2O+M 0.68 0.2 0.11 0.09 0.69 0.26 0.16 0.13 

Different reactions between the two mechanisms 

CH3+O→CH2O+H -0.31 -0.08 0 0 _ _ _ _ 

CH2+O2→CH2O+O -0.13 0 0 0 _ _ _ _ 

CH3+OH→CH2+H2O 0.22 0.09 0.07 0.07 _ _ _ _ 

CH2+OH→CH+H2O 0.29 0.1 0.06 0 _ _ _ _ 

CH+O2→HCO+O _ _ _ _ -0.25 0 0 0 

CH2+H→CH+H2 _ _ _ _ 0.27 0 0 0 

NNH→N2+H _ _ _ _ -0.19 0 0 0 

N2+H→NNH _ _ _ _ 0.19 0 0 0 

 

b)  

E.R. = 1 GDFkin3.0_NOmecha2.0 mechanism Klippenstein mechanism 

Reaction 0.1 MPa 0.3 MPa 0.1 MPa 0.3 MPa 

Common reactions to both mechanisms 

H+O2→O+OH 1 1 1 1 

O+OH→H+O2 -0.28 -0.36 -0.36 -0.17 

CO2+H→CO+OH -0.27 -0.28 -0.28 -0.22 

CO+OH→CO2+H 0.48 0.51 0.48 0.38 

CH3+O→CH2O+H -0.26 -0.15 -0.14 0 

2OH→H2O+O -0.15 0.12 0.12 0.2 

H2O+O→2OH 0.19 0.20 -0.11 -0.21 
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CH3+H+M→CH4+M -0.14 -0.21 -0.21 0.29 

H2O+H→H2+OH -0.12 -0.14 -0.14 -0.12 

H2+OH→H2O+H 0.17 0.20 0.20 0.16 

NCN+H→CH+N2 -0.11 0 -0.15 0.1 

CH+N2→NCN+H 0.36 0.27 0.27 0.1 

N2O+H→NH+NO 0.11 0.1 0.1 0 

N2+O+M→N2O+M 0.12 0.11 0.11 0.07 

O+H2→OH+H 0.14 -0.11 0.12 -0.08 

HCO+M→H+CO+M 0.15 0.12 0.13 0.13 

N2+O→N+NO 0.35 0.48 0.51 0.4 

Different reactions between the two mechanisms 

CH4+H→CH3+H2 -0.11 -0.14 _ _ 

CH3+OH→CH2+H2O 0.12 0.1 _ _ 

CH2+OH→CH+H2O 0.22 0.13 _ _ 

CH+O2→HCO+O _ _ -0.16 -0.06 

NCN+O→CN+NO _ _ 0.1 0 

CH2+H→CH+H2 _ _ 0.2 0.09 

 

c) 

 

E.R. = 1.2 GDFkin3.0_NOmecha2.0 

mechanism  

Klippenstein mechanism 

Reaction 0.1 MPa 0.3 MPa 0.5 MPa 0.1 MPa 0.3 MPa 0.5 MPa 

Common reactions to both mechanisms 

CH3+H+M→CH4+M -0.26 -0.46 -0.54 -0.31 -0.46 -0.53 

CH3+O→CH2O+H -0.23 -0.09 0 -0.11 0 0 

CO2+H→CO+OH -0.18 -0.11 -0.09 -0.2 -0.16 -0.15 

CO+OH→CO2+H 0.25 0.15 0.12 0.27 0.21 0.18 

NCN+H→CH+N2 -0.14 -0.07 -0.06 -0.19 -0.05 -0.05 

CH+N2→NCN+H 0.37 0.19 0.16 0.27 0.07 0.06 

CH4+H→CH3+H2 -0.12 -0.13 -0.13 -0.1 -0.12 -0.13 

OH+O→H+O2 -0.12 0 0 -0.1 -0.05 0 

H+O2→OH+O 1 1 1 1 1 1 

CH3+OH→CH2OH+H -0.1 0.11 0.13 0.07 0.11 0.12 

NCN+H→HCN+N 0.12 0.06 0 0.09 0 0 

CH2+H→CH+H2 0.13 0 0 0.17 0.06 0.05 

HCO+M→H+CO+M 0.18 0.12 0.09 0.14 0.11 0.09 

Different reactions between the two mechanisms 

sCH2+M→CH2+M 0.11 0.07 0.06 _ _ _ 

CH2+M→sCH2+M -0.1 -0.07 -0.06 _ _ _ 

CH+H→C+H2 -0.08 0 0 _ _ _ 

sCH2+H2O→CH3OH -0.08 -0.06 0 _ _ _ 

H2O+O→2OH 0.11 0 0 _ _ _ 

O+H2→OH+H 0.13 0 0 _ _ _ 

CH2+OH→CH+H2O 0.2 0.13 0.11 _ _ _ 

CH+O2→HCO+O _ _ _ -0.1 0 0 



 46

H2O+H→OH+H2 _ _ _ -0.1 0 0 

OH+H2→H+H2O _ _ _ 0.12 0 0 

CH+H2O→CH2O+H _ _ _ -0.09 0 0 

CH2O+H→HCO+H2 _ _ _ -0.08 -0.05 0 

CH2O+H→H+CO+H2 _ _ _ 0.08 0.06 0.05 

NCN+O→CN+NO _ _ _ 0.09 0 0 
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Figure A: Comparison between calculated temperature profiles obtained with the two 

mechanisms (red solid line: GDFkin®3.0 with NOmecha2.0, blue dotted line: Klippenstein 

mechanism) assuming the adiabatic hypothesis for CH4/air flames: a) for E.R.=0.7 at 

pressures from P = 0.1 to 0.7 MPa; b) for E.R.= 1.0 at pressures from P = 0.1 to 0.3 MPa; c) 

for E.R.= 1.2 at pressures from P = 0.1 to 0.5 MPa. 

a) 

 

 
b)  
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c)  
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Figure B: Comparison between experimental and calculated maximum NO mole fraction 

X(NO)max for CH4/air flames: a) for E.R.=0.7 at pressures from P = 0.1 to 0.7 MPa; b) for E.R.= 

1.0 at pressures from P = 0.1 to 0.3 MPa; c) for E.R.= 1.2 at pressures from P = 0.1 to 0.5 MPa. 

Symbols: experiments; modeling with red solid line: GDFkin®3.0 with NOmecha2.0, blue 

dotted line: Klippenstein mechanism. 
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Figure C:  

Comparison between experimental (obtained by Thomsen et al. [23,24]) and calculated NO 

number density profiles (in cm-3) for CH4/air counterflow flames at E.R.=0.7 and pressures 

from P = 0.1 to 0.4 MPa. 

Symbols: experiments; modeling with red solid line: GDFkin®3.0 with NOmecha2.0, blue 

dashed line: Klippenstein mechanism. 
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Figure D: N-species net rate diagram for E.R.=0.7 at 0.1 MPa: 1) GDFkin®3.0 with 

NOmecha2.0; 2) Klippenstein mechanism. For clarity reasons, net rates are expressed in % 

and the diagram was simplified by removing negligible pathways (< 10%) 
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