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Abstract 

     A detailed chemical kinetic mechanism has been developed to describe the pyrolysis and 

oxidation of the hydrogen/NOx and syngas/NOx systems. The thermodynamic data of nitrogenous 

compounds have been updated based on the study of Bugler et al. [J. Bugler, K.P. Somers, J.M. 

Simmie, F. Güthe, H.J. Curran. J. Phys. Chem. A, 2016, 120(36):7192–7197.]. The rate constants of 

individual elementary reactions associated with the Zeldovich mechanism, the N/O sub-mechanism 

(NO2, N2O and NO3), the H/N/O sub-mechanism (HNO/HON, HNO2/HONO and HONO2) and the 

NH3 mechanism (NNH and NH2OH) have been selected through a synthetic comparison of the data 

available in the literature and the adoption of the latest available published rate constant data. The 

proposed mechanism has been validated against a large number of experimental data including 

pyrolysis histories, ignition delay time data, species profile versus time and temperature and flame 

speed measurements over a wide range of initial combustion conditions and various experimental 

devices including shock tubes, flow reactors, jet-stirred reactors and spherical combustion bombs. 

     The simulations of the proposed model have also been compared to those from five recently 

published kinetic models available in the literature. It was found that although these mechanisms 

generally reproduced well the data for which they were validated, they did not globally capture the 

combustion characteristics of all of the hydrogen/NOx and syngas/NOx systems.  

     Finally, the proposed model has been used to simulate the formation of NO at practical 

gas-turbine relevant conditions. A detailed flux analysis has been performed to kinetically explore 

the NO formation mechanism under various combustion conditions. 
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1. Introduction 

Worldwide interest in emissions from gas turbine and internal combustion engines and the 

enactment of legislation to limit emissions has resulted in the need to understand the effect of 

exhaust emission control methods on engine performance [1]. Nitrogen oxides (NOx), essentially the 

sum of nitric oxide (NO), nitrogen dioxide (NO2) and nitrous oxide (N2O), originate primarily from 

the oxidation of molecular nitrogen by the oxygen present in fuel/air mixtures at high temperatures 

(T > 2100 K). This is the so-called Zeldovich/Thermal NOx mechanism. It is well known that in a 

diffusion flame combustor, the primary way to control thermal NOx formation is to reduce the flame 

temperature in the combustor. To this end, over the past number of years, a large number of 

combustion technologies [2-7] have emerged to limit NOx production during combustion. 

Nevertheless, it remains difficult to limit thermal NOx formation to a zero level due to the presence 

of air in the reactant mixtures. Previous work suggests that even small amounts of nitrogen species 

can have a dramatic impact on fuel oxidation and combustion at low to high temperatures [8-12]. 

This effect is more noticeable in supersonic combustion tests where vitiated air streams are doped 

with NOx species and can be introduced into the reaction chamber. Therefore, an advanced 

combustor design not only requires an understanding of the NOx formation mechanisms, but also the 

exploration of the chemical interaction between the fuel and NOx. For a hydrocarbon flame however, 

the interaction is reflected in part in Fenimore’s prompt NO route via the reaction sequence CH + N2 

= NCN + Ḣ and NCN + Ḣ/Ö/ȮH/O2 = NO + CN/HCN/NCO [13, 14]. Ahmed et al. [15] indicated 

that a different subset of any available hydrocarbon mechanism can induce an obvious difference in 

the description of CH chemistry, leading to a significant effect on NOx formation through 
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Fenimore’s prompt mechanism. They also confirmed that for hydrogen and syngas combustion 

considerable uncertainty still remained in model predictions of both NOx formation and the kinetic 

interaction between the fuel and NOx species. It would appear that researchers have not come to a 

consensus with respect to a quantitative description of the interaction of NOx with the free radical 

pool established, even by simple fuels such as hydrogen and syngas. In order to simplify the 

complexity of the reaction system, we have chosen the hydrogen/syngas/NOx system as the target to 

omit the prompt-NO mechanism from the analysis enabling us to isolate and better expound the 

relative importance of the various NOx formation routes such as the Zeldovich NO, the nitrous-oxide, 

the nitrous oxide and the NNH mechanism. 

To investigate these processes at a more fundamental level, a number of studies involving the 

pyrolysis of N2O and the oxidation of hydrogen/NOx and syngas/NOx have been performed in shock 

tubes [8, 16-27], jet-stirred reactors (JSR) [28-30], flow reactors (FR) [9, 10, 31, 32] and spherical 

expanding laminar flames [33, 34]. Simultaneously, many relative kinetic mechanisms [9, 10, 13, 28, 

32, 35-43] have also been proposed to improve our understanding of NOx formation and to develop 

NOx control strategies. A very good review of nitrogen combustion chemistry before 1989 was 

carried out by Miller and Bowman [44] and only a brief summary based on recent publications is 

presented herein. 

Glarborg et al. [32] conducted an experimental and theoretical work of impact of NOx on moist 

CO oxidation under post-flame conditions (p = 1.05 atm, T = 800 – 1400 K, NOx  = 0 – 1%, and 

2NOx  = 0 – 622 ppm). The concentrations of the major species including CO, CO2, NO and NO2 

were measured and used for model development. The rate constants for the NOx subset were mainly 

adopted from the recommendations of Tsang and Herron [38] and updated portions of rate constants 
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using literature recommendations, mainly including radical recombination reactions, NO formation 

recycled by reactions of HNO, NO2, HONO and NO3 with chain carriers. The model showed a 

general good agreement with the data. Glarborg et al. [32] pointed out that the presence of NO and 

NO2 significantly affects CO consumption. In particular, NO represented a two-fold impact with 

respect to CO oxidation at lower temperatures through 1) enhancing CO consumption by converting 

HȮ2 radicals into ȮH radicals via the reaction NO + HȮ2 = NO2 + ȮH at low NO concentrations and 

2) inhibiting CO consumption by catalyzing chain-carrier recombination via ȮH/Ḣ/Ö + NO (+M) = 

HONO/HNO/NO2 (+M). In contrast, NO2 was observed to be more efficient in scavenging reactive 

radicals. However, in the shock tube measurements, the experimental observations showed the 

opposite effect of NO2 with either hydrogen [8] or a hydrocarbon fuel [45], because of the higher 

temperatures (> 1400 K) relative to the flow reactor experiments (600 – 1400 K). 

To further supplement early atmospheric-pressure flow reactor studies [32, 46, 47], Mueller et 

al. [10] conducted an experimental and modeling study of H2/O2 and CO/H2O/O2 reaction kinetics in 

the presence of trace quantities of NO and NO2 at conditions relevant to auto-ignition and 

post-combustion expansion processes (p = 0.5 – 14 atm, T = 750 – 1100 K, φ = 0.25 – 1.0, NOx  = 

12 – 532 ppm, and 
2NOx  = 85 ppm). This work confirmed the experimental observations of 

Glarborg et al. [32] and also clarified the fact that the effect of the addition of NO on fuel oxidation 

and NO to NO2 conversion not only depends strongly on NO concentration but also depends on 

pressure and on equivalence ratio. The inter-conversion of NO with NO2 can consume H2 and CO at 

much lower temperatures relative to that which occurs in the absence of NOx species. The 

measurements of the concentrations of H2, CO, O2, H2O, CO2, NO, NO2 HONO and temperature 
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were used to develop a detail kinetic mechanism which was capable of reproducing their 

experimental measurements. 

Konnov et al. [48, 49] constructed a detail H/N/O mechanism to computationally investigate the 

NO production rate for fuel-lean, stoichiometric and fuel-rich hydrogen/air reaction systems in 

well-stirred reactors over a temperature range of 1500 – 2200 K. They clarified the validity of 

steady-state assumptions used in the development of explicit expressions used to predict the 

instantaneous NO formation rate in a hydrogen flame at residence times of 1 – 25 ms. Furthermore, 

Konnov et al. identified a possible new route to NO formation in fuel-rich hydrogen combustion via 

a sequence of reactions relating to N2H3 radicals, and also emphasized the importance of NNH 

chemistry to form NO that was first proposed by Bozzelli and Dean [50]. Subsequently, Konnov [13] 

released a revised model with an update of an additional implementation of kinetic pathways to 

prompt-NO formation via NCN chemistry. 

Dayma and Dagaut [28] explored the oxidation of a diluted hydrogen system perturbed with 

various concentrations of NO and NO2 at typical JSR conditions (p = 1.0 – 10 atm, T = 700 – 1150 K, 

φ = 0.1 – 2.5, NOx  = 220 – 250 ppm, and 
2NOx  = 65 – 70 ppm). They proposed a detailed kinetic 

model to interpret their experimental data and indicated that the mutual sensitization effect of NO 

and/or NO2 on hydrogen oxidation can be attributed to 1) the conversion of unreactive HȮ2 radicals 

into reactive ȮH radicals via the reaction NO + HȮ2 = NO2 + ȮH which promotes hydrogen 

oxidation via H2 + ȮH = H2O + Ḣ, and 2) the recycled generation of NO via NO2 + Ḣ = NO + ȮH 

together with the release of ȮH radicals. Moreover, the sensitization of relative importance reflected 

by these reactions presented a different pressure dependence in the range 1 – 10 atm. Unfortunately, 
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the Dayma and Dagaut model disagreement significantly with the ignition delay times of H2/O2/NO2 

reported by Slack and Grillo [51]. 

Rasmussen et al. [9] conducted a well-defined experimental investigation of homogeneous 

CO/H2/O2/NOx mixtures in a high-pressure laminar flow reactor at the following conditions: p = 20 – 

100 atm, T = 600 – 900 K, φ = 0.063, 
2NO NOx x = 36/113 ppm, 125/26 ppm and 145/6 ppm 

corresponding to 20, 50 and 100 atm, respectively. The concentrations of major species, CO, CO2, 

O2, NO and NO2, were recorded. Furthermore, a detailed kinetic model was proposed with updated 

rate constants and thermodynamic properties using either ab initio CBS-QBS calculations or new 

literature recommendations. The model reproduced the species histories for H2/CO/O2/NOx oxidation 

at high pressures pretty well, and was in reasonable agreement with literature flow reactor data, but 

trended to over-predict the reactivity of syngas ignition. 

Mathieu et al. [8, 18] assessed the validity of both the H2/O2 chemistry and NOx 

sub-mechanisms incorporated respectively in the literature models [9, 13, 28] against their own 

measured ignition delay times. The simulations showed that, although these models were in part in 

reasonable agreement with the new data for the H2/O2/NOx system, none of them could reproduce 

correctly the ignition trend for the neat H2/O2 system. Ahmed et al. [15] and Watson et al. [52] found 

that the discrepancy of the NOx subset was particularly more important in predicting species 

evolution at high-pressure flow reactor conditions. 

Considering the shortcomings of the mechanisms [9] used by Mathieu et al. [8, 18] to simulate 

their pure H2/O2 system, most recently Ahmed et al. [15] proposed a detailed mechanism to describe 

H2/CO/NOx oxidation. They integrated the literature NOx reaction schemes [9, 13, 28, 49, 53] with 

the H2/O2 reaction scheme published by Burke et al. [54]. They also updated several of the rate 
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constants for reactions recommended by Klippenstein et al. [39] relating to the NH2, HNO and 

NH2OH species. The assembled model generally showed a reasonable agreement with recent 

experimental data measured in various facilities including a shock tube, a FR and a JSR over a wide 

range of conditions. Nevertheless, the model still over-predicted the ignition delay times reported by 

Mathieu et al. [8] even considering Ḣ atom impurity condensation, especially more notably at high 

pressures and high NO2 levels. We have therefore re-evaluated the Burke et al. [54] model against 

recent data measured by Hashemi et al. [55] in a high-pressure FR for neat H2/O2/N2 mixtures. 

Results show that the Burke et al. model presents slow H2 consumption at 800 – 900 K, and the 

deviation tends to be more dramatic transitioning from fuel-rich to fuel-lean mixtures, see Fig. S1 of 

the Supplementary material. 

Extensive kinetic modeling studies have been carried out for hydrogen/NOx and syngas/NOx 

combustion. Such studies however, have not systematically addressed the combined effects of all of 

the reactions. In fact, each individually recommended rate constant and species thermochemistry 

have an associated uncertainty, which can propagate through the complete model and can eventually 

produce an undesirable simulation result [56]. With this in mind, the aim of this study is 1) to 

evaluate the effect of important reactions on the kinetic interaction of the hydrogen/syngas 

sub-mechanism with the NOx subset at different physical operating conditions (ambient temperature, 

ambient pressure, equivalence ratio, and concentrations of NOx); 2) to develop a mechanism with 

significant updates based on recent thermodynamic and kinetic data. The aim is to produce a model 

capable of reproducing the combustion characteristics of both neat hydrogen/syngas and 

hydrogen/syngas/NOx systems over a wide range of experimental targets and conditions measured 

using shock tube pyrolysis data, ignition delay times, JSR species profiles, laminar and turbulent FR 
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speciation data and flame speeds; and 3) to attempt to provide a promising strategy controlling NO 

formation through a preliminary kinetic exploration of NO at practical gas-turbine conditions. We 

expect that the model can be predictive in nature with the ultimate goal of advancing the design and 

optimization of practical fuel-flexibility engine systems to control NOx formation. 

2. Mechanism development 

2.1. Thermochemistry 

As mentioned above, erroneous or inconsistent use of both chemical kinetic and 

thermochemical data may result in a series of compensating errors which may result in an eventual 

good prediction of a limited number of targets. To avoid possible uncertainties stemming from 

thermochemistry, an accurate and consistent set of thermodynamic data is certainly necessary. In this 

study, thermodynamic data for hydrogen, carbon monoxide and related radicals are adopted from the 

NUI Galway hydrogen/syngas mechanism [57]. Moreover, thermodynamic data of 

nitrogen-containing compounds are taken from the recent work of Bugler et al. [58], where a new 

gas-phase thermochemistry database was calculated using high-level ab initio calculations for 60 

nitrogenous compounds that exist in practical combustion environments. Three quantum-chemical 

compound methods (CBS-APNO, G3 and G4) were used to derive heats of formation, while the 

B3LYP/cc-pVTZ level of theory was used to calculate entropies and heat capacities. Simulated 

results showed that the thermochemistry database presented a decrease of 10% and 20% in NO and 

N2O concentrations, respectively, and an increase of 20% in the concentration of NO2 compared to 

literature data. However, Bugler et al. reported the deviation archives to be approximately a factor of 

three for some important intermediates such as HONO and HNO2.  
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As we mentioned above, the coupled nature of the kinetics and the thermochemistry can impact 

on modeling results. To clarify the effect of thermochemistry, we have combined our current kinetic 

model with the thermochemical parameters from difference sources (Ahmed_2016 [15], 

Konnov_2009 [13], SJK/PG_2015 [31, 39], Mével_2009 [19]. and Dagaut_2008 [59]), to simulate 

common targets including ignition delay times (Fig. 1), FR speciation (Fig. 2), and JSR species 

concentrations (Fig. 3). 

For ignition delay times the impact of thermochemistry is generally limited at low pressures, Fig. 

1. At high pressures, however, the effect becomes more prominent, particularly at lower 

temperatures (< 1150 K). The simulations using the Ahmed et al. thermochemistry are consistent 

with those predicted by our model and both are in excellent agreement with the experiments. In 

contrast, the other three are similar to the data but slightly over-predict the ignition delay times. 

0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
10

1

10
2

10
3

10
4

Mixture: 0.01H
2
/0.01O

2
 in Ar, 1600 ppm NO

2

p = 1.56 atm,  = 0.5

 

 

Ig
n

it
io

n
 d

e
la

y
 t

im
e

 [

s
]

1000 / K  

Fig. 1. Effect of choice of thermochemistry on ignition delay time simulations at typical shock tube 

conditions. Symbols represent Mathieu et al. [8] measurements. Lines denote model simulations with 

the current model (solid line), Ahmed_2016 [15] (dash line), Konnov_2009 [13] (dot line), SJK/PG 

_2015 [31, 39] (dash dot line), Mével_2009 [19] (dash dot dot line) and Dagaut_2008 [59] (short 

dash line). 
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For FR species versus time prediction, likewise, the thermochemistry has a limited impact at low 

pressures but it is significant at higher pressures, Fig. 2. Specifically, the thermochemistry in current 

model, Ahmed_2016, SJK/PG_2015 and Dagaut_2008 show almost the same predictions of the 

concentrations of the major species, and they are also in very good agreement with the Mueller et al. 

measurements. [10]. The thermochemistry from Konnov_2009 and Mével_2009 present an obvious 

deviation, particularly at late stages of oxidation (> 0.5 s) where these two data sets lead to a slow 

prediction of the consumption of the fuel and formation of NO relative to the experiments. 
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Fig. 2. Effect of thermochemistry on simulating the oxidation of hydrogen/NOx at typical flow 

reactor conditions. Symbols represent Mueller et al. [10] measurements. Lines denote model 

simulations with the current model (solid line), Ahmed_2016 [15] (dash line), Konnov_2009 [13] 

(dot line), SJK/PG _2015 [31, 39] (dash dot line), Mével_2009 [19] (dash dot dot line) and 

Dagaut_2008 [59] (short dash line). 

In contrast, the effect of thermochemistry is fairly remarkable in the prediction of hydrogen/NOx 

oxidation in a JSR, even at low pressure. At 1.0 atm, Fig. 3(a), the difference in thermochemistry 

has a negligible effect on the evolutions of both the hydrogen and water profiles but has a dramatic 

effect on NO to NO2 conversion. It is clear that the thermochemistry from Dagaut_2009 and 

SJK/PG did not improve NO formation at higher temperatures (> 850 K), while the other sets are in 

good agreement with the measurements [28]. At high pressures (10 atm), the conversion of NO to 
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NO2 is reproduced well by all data sets for all conditions whereas using the data of Konnov_2009 

and Mével_2009 result in slow predictions in Ḣ atom conversion from hydrogen to water at 800 – 

1100 K, Fig. 3(b). 
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Fig. 3. Effect of thermochemistry on simulating oxidation of hydrogen/NOx at typical JSR 

conditions. Symbols represent Dayma and Dagaut experiments [28]. Lines denote model simulations 

with the current model (solid line), Ahmed_2016 [15] (dash line), Konnov_2009 [13] (dot line), 

SJK/PG _2015 [31, 39] (dash dot line), Mével_2009 [19] (dash dot dot line) and Dagaut_2008 [59] 

(short dash line). (a) Low pressure (1.0 atm); (b) high pressure (10 atm). 

It is clear that the choice of thermochemistry does effect model simulations and that different 

sources result in different simulated results for commonly validated targets. Overall, simulations 



12 

using the thermochemistry adopted here are in good agreement with that using the data from Ahmed 

et al. [15] and the experimental measurements as well. 

2.2. Kinetic reaction mechanism 

The proposed kinetic mechanism of hydrogen/NOx and syngas/NOx is developed upon the 

mechanism of hydrogen and syngas to hierarchically incorporate the sub-sets such as the Zeldovich 

mechanism, the N/O and H/N/O schemes and an NH3 sub-mechanism, which are important to 

describe NOx formation and its interaction with hydrogen and syngas. The complete kinetic 

mechanism is available as Supplementary material. 

2.2.1 H2/syngas sub-mechanism 

Similar to the selection of thermochemistry data, the sub-mechanism of H2/CO is adopted from 

the work of Kéromnès et al. [57] with updates of several critical reactions based on recent 

experimental and theoretical data. This model has been validated widely using ignition delay times 

measured in both shock tubes and rapid compression machines, speciation data in both JSRs and 

FRs, laminar flame speeds, and mass burning rates. 

2.2.2 HOĊO radical chemistry 

Due to the consideration of HOĊO chemistry in terms of the kinetic importance of the 

conversion of CO to CO2 in combustion environments, HOĊO related reactions were added in the 

Kéromnès H2/CO/O2 mechanism. Recently, Barker’s group [60, 61] applied ab initio Semi-Classical 

Transition State Theory (SCTST) to calculate the limiting low- and high-pressure rate coefficients 

for HOĊO unimolecular dissociation reactions. The thermal rate constants calculated were in 

reasonable agreement with literature experimental data, and have been adopted in the current model. 
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For bimolecular reactions of HOĊO, Yu et al. conducted a series of quantum chemical 

calculations using an ab initio direct dynamics method for the reactions of HOĊO + O2 [62], HOĊO 

+ ȮH [63], HOĊO + Ḣ [64], HOĊO + Ö [65], HOĊO + HȮ2 [66] and HOĊO + ĊH3 [67]. For 

consistency, all of the rate constants of HOĊO with free radicals are taken from Yu et al., including 

those provided in their recent review [68]. Moreover, the reactions of HOĊO + NO/NO2 are adopted 

from the theoretical calculations of Poggi et al. [69, 70]. 

Fig. 4 shows the effect of HOĊO chemistry on the conversion of CO to CO2 in the H2/CO/NOx 

reaction system at high pressures. Clearly, the new HOĊO reaction pathways promote the conversion 

of CO to CO2 at temperatures above 700 K, whereas there is a negligible effect on NOx formation. In 

fact, the conversion of NO to NO2 at these conditions is most sensitive to the reactions: NO + Ö 

(+M) = NO2 (+M) and NO + O2 = NO2 + Ö, but it is not influenced by the HOĊO chemistry. Note 

that the promoting effect of HOĊO chemistry appears to be only important at high pressure (p > 50 

atm), while it is much more limited at lower pressures (p < 20 atm). 
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Fig. 4. Effect of HOĊO chemistry on CO to CO2 conversion in the H2/CO/O2/NOx reaction system 

at high pressures. Symbols represent flow reactor experimental measurements [9]; lines denote 

model predictions with HOĊO chemistry (solid line) and without HOĊO chemistry (dash line) at 

isothermal assumption. 
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2.2.3 Zeldovich mechanism 

Thermal NOx is an important source of NO formation in combustors at high temperatures. The 

kinetic formation process has been well characterized in the Zeldovich mechanism [71] namely: 

Ö + N2 = NO + N  R1 

N + O2 = NO + Ö  R2 

N + ȮH = NO + Ḣ  R3 

Due to the importance of the rate-limiting step, R1, Baulch et al. [72] reviewed the measurements of 

the rate constant of R1, and recommended a temperature-independent value of k–1 of 2.1 × 1013 cm3 

mol–1 s–1 and this rate constant has been widely used in most NOx kinetic mechanisms [9, 13, 15, 29, 

39, 53, 73]. Nevertheless, the recent experiments reported by Abian et al. [31] indicated that 

adopting the rate constant recommended by Baulch et al. leads to an under-prediction of thermal NO 

formation, especially in the presence of high concentrations of O2. In contrast, using the Abian et al. 

rate constant shows excellent agreement with their own experimental data as well as with the 

literature data [17]. Therefore, we have adopted the recommendation of Abian et al. [31] to describe 

R1. Moreover, the rate constant of R2 is taken from Baulch et al. [36] since it is in excellent 

agreement with experimental literature data [74-77], while the rate constant of R3 is taken from the 

recommendation of Miller et al. [44, 78], which is consistent with the direct measurement of Howard 

and Smith [79]. 

2.2.4 N/O sub-mechanism 

Overall, the N/O sub-mechanism consists of four chemical species, namely nitric oxide (NO), 

nitrogen dioxide (NO2), nitrous oxide (N2O) and nitrogen trioxide (NO3). Owing to fact that NO acts 
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to either eliminate free radicals to form stable species via recombination reactions, or it acts as a 

chain carrier, participating in other reactions of nitrogenous compounds. The NO scheme will be 

thus discussed along with above the four N/O schemes. 

2.2.4.1 NO2 scheme 

NO2 is initially formed via the recombination reaction between NO and Ö atom, 

NO + Ö (+M) = NO2 (+M)  R4 

The rate constant of R4 is taken from the recommendation by Tsang and Herron [38]. The low- and 

high-pressure limits of R4 were derived, and were shown to be in good agreement with 

measurements. Third body collision efficiencies are adopted from Baulch et al. [72]. Considering the 

impact of the low pressure limit (LPL) on the consumption of CO under flow reactor conditions, we 

have increased the A-factor of the LPL by a factor of two which is within the uncertainty of a factor 

of three suggested by Tsang and Herron to better reproduce the CO species consumption profiles 

measured in a flow reactor. 

NO2 is mainly formed/consumed by reacting with either free radicals: 

NO2 + Ḣ = NO + ȮH  R5 

NO2 + Ö = NO + O2  R6 

NO2 + ȮH = NO + HȮ2  R7 

NO2 + HȮ2 = HONO/HNO2 + O2  R8 

or with fuels, namely H2 and CO in the current work.  

NO2 + H2 = HONO/HNO2 +Ḣ  R9 

NO2 + CO = NO + CO2  R10 
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The importance of R5 and R–7 with respect to inter-conversion of NO to NO2 and accumulation of 

ȮH radicals was identified in many reaction systems [8-10, 28, 45]. In this study, we have adopted 

the rate constants of R5 measured directly by Ko and Fontjin [80] which is close to the Baulch et al. 

[72] recommendation within an uncertainty by a factor of two. In order to accurately predict the 

species data from Mueller et al. [10] we have made a small (20%) adjustment in this rate constant 

which is well within the uncertainty limit mentioned above. The rate constant of R–7 is taken from 

Baulch et al. [72] evaluation based largely on experimental sets, and it is generally in good 

agreement with Howard [81] measurement and Tsang and Herron [38] recommendation. The rate 

constant of R6 is adopted from Tsang and Herron [38] recommendation due to its consistency with 

the experimental measurements [82-85] and high-level quantum chemistry calculation [86]. Glarborg 

et al. [87] in their study of the interaction of formaldehyde with NOx found that R8 can compete with 

the reaction of HȮ2 + HȮ2 = H2O2 + O2 and R–7 for HȮ2 radicals, limiting the concentration of NO2. 

Rasmussen et al. [9] performed an ab initio study at the CBS-QB3 level of theory and clarified that 

the channel forming HNO2 + O2 dominates at typical combustion conditions. Here, we have adopted 

the rate constant of Rasmussen et al. [9] for R8. As proposed by Mathieu et al. [8], R9 plays a role in 

their brute force sensitivity analysis. However, previous modeling studies [10, 13, 29] rarely 

distinguish the HNO2 isomer (cis-HONO, trans-HONO and HNO2) as the products of R9. 

Considering the lack of consensus regarding the rate constants for the channel forming the HNO2 

isomers, Chai and Goldsmith [40] conducted a high-accuracy electronic structure calculation on the 

rate constants. Their results show that, although trans-HONO represents the most stable state, the 

dominant product is cis-HONO, followed by HNO2. The total rate of R8 calculated by Chai and 

Goldsmith is in excellent agreement with that reported both in the Park et al. [88] measurement and 
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the Rasmussen et al. [9] calculation, but it is an order of magnitude lower than the Tsang and Herron 

[38] recommendation. Here, we use the Chai and Goldsmith [40] calculations for R9. Fortunately, 

there appears to be little or no disagreement in the literature [38, 89, 90] in the recommended rate 

constant of R10. We have assigned the Tsang and Herron [38] recommendation for this reaction.  

2.2.4.2 N2O scheme 

The N2O mechanism can be important in high pressure flames or under fuel-lean conditions at 

low temperatures. Indeed, N2O is primarily formed via the recombination reaction of molecular 

nitrogen with Ö atoms (R11), while its decomposition can also play a role in the release of active Ö 

atoms at low pressures. 

N2 + Ö (+M) = N2O (+M)  R11 

Mathieu et al [18] indicated that an increase in reactivity can be attributed to the additional Ö 

atoms released via R–11, as the Ö atoms produced are free to undergo chain branching through the 

reaction of H2 + Ö = Ḣ + ȮH. Javoy et al. [20] experimentally determined the LPL of R–11 with an 

overall uncertainty of less than 18%. Their result are in good agreement with both the experimental 

measurements [91-93] and with the theoretical determination [94]. Moreover, Javoy et al. [20] 

adopted the high pressure limit (HPL) rate constant from Zuev and Starikovskii [95] for R–11 as the 

activation energy was consistent with the calculation of Chang and Yarkon [94]. Here, we select the 

Javoy et al. recommended expression in our model since the rate constant leads to a better prediction 

in both N2O decomposition and ignition delay time measurements. The third body efficiencies of the 

R–11 are taken from Konnov [13].  
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In a similar manner to the NO2 scheme discussed above, N2O is also mainly consumed by free 

radical attack via the following sequence of reactions: 

N2O + Ḣ = N2 + ȮH  R12 

N2O + Ḣ = NH + NO  R13 

N2O + Ḣ = N2 + ȮH*  R14 

N2O + Ö = N2 + O2  R15 

N2O + Ö = NO + NO  R16 

N2O + ȮH = N2 + HȮ2  R17 

N2O + ȮH = HNO + NO  R18 

N2O + NO = NO2 + N2  R19 

N2O + H2 = N2 + H2O  R20 

Using both sensitivity and flux analyses the reaction of N2O with Ḣ atoms (R12) has been 

highlighted as the primary reaction channel in predicting laminar flame speed and energy release 

predictions in H2/N2O flames [33] and is the second most important reaction for ignition delay time 

predictions [96]. Marshall et al. [97] and Baulch et al. [72] determined the rate constant for R12 with 

a non-typical Arrhenius dependence with temperature. However, a more recent study of Klippenstein 

et al. [39] did not support the hypothesis that the change in activation energy in the low-temperature 

Arrhenius plot is due to a tunneling effect through an Eckart potential barrier as suggested by 

Marshall et al. [97], but is instead due to stabilization in the potential energy wells of cis- and 

trans-HNNO. Together, they found that the reactions of R12 and R13 are to be essentially 

pressure-independent, at least up to 1 atm. In fact all of the aforementioned studies [39, 72, 97] are in 

relatively close agreement. In this study, we have adopted the most recent calculations from 
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Klippenstein et al. [39] to describe R12 and R–13. Considering the effect of excited hydroxyl 

radicals (OH*) on the simulation of N2O ignition times suggested by Mével et al. [96] and Mathieu et 

al. [18], we take the rate constant of R14 from the measurement of Hidaka et al. [24] which is in 

good agreement with the formation of OH* measured in their N2O/H2 system in the temperature 

range 1400 – 2000 K. Dean and Bozzelli [98] reviewed literature data [38, 44, 91, 93, 99] and found 

that most experiments were in good agreement for the rate constant of R16 whereas there was a 

considerable discrepancy in the rate constant for R15. In order to provide reliable information to 

interpret the deviations for R15 present in most of the previous studies, Meagher and Anderson [100] 

critically evaluated these literature data using detailed chemical modeling in terms of the product 

channels and confirmed the reliability of the rate constant of R15 measured by Davidson et al. [99]. 

Together, Meagher and Anderson also proposed a rate constants for R16 through combining the 

literature data with their direct measurements [101]. In this model, we have selected the rate 

constants resulting from the intensive study of Meagher and Anderson [100] and are also 

recommended by Baulch et al. [72] for R15 and R16. Moreover, Mebel et al. [102] calculations 

using TST and RRKM theories are adopted for R17-R19, while Kosarev et al. estimation is chosen 

to for R20. 

2.2.4.3 NO3 scheme 

NO3 is initially formed by the recombination of NO2 with Ö atoms via the following reaction: 

NO2 + Ö (+M) = NO3 (+M)  R21 

Clearly, R21 competes with R6 for Ö atoms, such that the ratio of the rate constants for R6 and R21 

is important in determining the formation and consumption of NO2. As mentioned by Hahn et al. 
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[103], the reaction R21 may involve the same intermediate, similar to HȮ2 radicals in the reactions Ḣ 

+ O2 = Ö + ȮH and Ḣ + O2 (+M) = HȮ2 (+M). Hahn et al. measured the absolute rate for the sum of 

R6 and R21 over a wide range of pressure (1 – 900 bar). Meanwhile, they also theoretically 

calculated the HPL for R21 based on the Harding et al. [104] trajectory calculation approach, and the 

results are in agreement with the experimental data within a factor of two. Considering the fact that a 

small uncertainly in the rate constant of R6 can result in a large uncertainty in the LPL of R21, we 

use the rate constants determined by Hahn et al. [103] for R21 in order to be internally consistent 

because the same rate constant for R6 were used in our model and in that of Hahn et al.  

Unlike NO2 and N2O, NO3 mainly undergoes O-atom abstraction by free radicals via the 

following reaction sequence to convert to NO2. 

NO3 + Ḣ = NO2 + ȮH  R22 

NO3 + Ö = NO2 + O2  R23 

NO3 + ȮH = NO2 + HȮ2  R24 

Reactions 22–24 presented above do not appear to be important at combustion conditions and 

their rate constants have been adopted from the recommendations of Atkinson et al. [105] and 

Becker et al. [106] in this model. 

2.2.5 H/N/O sub-mechanism 

The H/N/O sub-mechanism essentially consists of five chemical species, namely nitroxyl (HNO), 

HON, nitrous acid isomers (HONO/HNO2), and nitric acid isomers (HONO2). 
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2.2.5.1 HNO scheme 

The closed-shell species HNO plays a role in the conversion of reactive nitrogen, particularly for 

non-hydrocarbon fuels such as CO and H2, by reducing NO due to an important route from NO to 

nitrogen through the amine radical pool [107]. As mentioned above, NO can promote fuel oxidation 

by converting stable HȮ2 radicals into active ȮH radicals via R–7. However, NO can also inhibit 

fuel oxidation through a catalyzing recombination process, followed by the removal of free radicals 

via the following reaction sequence: 

NO + Ḣ (+M) = HNO (+M)  R25 

HNO + Ḣ = NO + H2  R26 

HNO + Ö = NO + ȮH  R27 

HNO + ȮH = NO + H2O  R28 

HNO + NO2 = NO + HONO  R29 

Overall, the HPL of R25 recommended by Tsang and Herron [107] is widely accepted and used 

in most combustion mechanisms. However, a large uncertainty remains in the LPL of R25. For 

instance, Allen et al. [108] estimated the LPL against their turbulent flow reactor experiments. It is 

three times lower than the recommendation of Tsang and Herron [38] but is in satisfactory agreement 

with the Glarborg et al. [107] experiments. Riley et al. [109] recently measured the rate constant of 

R25 with Ar as the collider. Their result generally confirmed the values derived by Allen et al. and 

Glarborg et al. We have therefore selected the recommendation of Tsang and Herron for the HPL, 

and the values of Glarborg et al. and Allen et al. for the LPL. The third body collision efficiencies 

are taken from Konnov’s [13] estimation.  



22 

Soto et al. [110] calculated the potential energy surface (PES) for H-atom abstraction via reaction 

R26 at two levels of theory, multi-configurational self-consistent-field and configuration interaction 

involving all single and double substitutions. At 1000 K their calculated rate constant is 4.3 times 

faster than that recommended by Tsang and Herron [38]. Recently, Nguyen et al. [111] re-calculated 

the rate constants for abstraction not only by Ḣ atoms but also by Ö atoms at temperatures of 200 – 

2500 K. Their results confirmed Soto et al calculation but they are considerably higher than the value 

recommended by Tsang and Herron. Compared to R26, H-atom abstraction via reaction R28 is a 

barrier-less reaction. Similarly, the rate constants determined by Nguyen et al. [111] are much lower 

than the recommendation of Tsang and Herron, and are within a factor of 1.6 of those calculated by 

Soto et al. [112]. We have used the values of Soto et al. to describe R26 and R28, and this is 

consistent with the literature models [9, 10, 13, 15, 39]. Moreover, the indirect measurement of 

Inomate et al. [113] is selected for R27. Similar to the study by Chain et al. [40], Mebel et al. [114] 

found that despite the fact that trans-HONO is the more stable species, the dominant products are 

cis-HONO + NO via R29 due to the lower energy barrier. In this work, we have adopted the 

expression calculated by Mebel et al. for R29. It is worth noting that the chemistry of HNO still has 

large uncertainties, as stated in the work of Faßheber et al. [115]. Direct measurements and 

theoretical calculation for R25–29 are still poorly investigated, particularly at high temperatures. 

Experimental/theoretical determinations of the temperature- and/or pressure-dependency of reactions 

involving HNO would be valuable to the combustion community. 

2.2.5.2 HON scheme 

In addition to R25, Ḣ atoms can also be eliminated via the reaction: 
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NO + Ḣ (+M) = HON (+M)  R30 

Once HON is formed via R30 it can compete with HNO for free radicals via the following reactions: 

HON + Ḣ = HNO + Ḣ  R31 

HON + Ḣ = NH + ȮH  R32 

HON + Ö = NO + ȮH  R33 

HON + O2 = NO2 + ȮH  R34 

Amongst these, the branching ratio between R31 and R32 appears to be particularly important for 

NO formation. Fig. 5 illustrates the effect of including HON chemistry in the simulations, and 

particularly R32, on NO formation at a typical JSR conditions. It can be seen that the prediction with 

HON chemistry presents a lower rate of NO formation at higher temperatures (> 850 K), and is 

closer to the experimental measurements, Fig. 5(a). It means that HON chemistry overall promotes 

the conversion of NO. Moreover, a sensitivity analysis of NO formation also reveals the importance 

of R32. The significant effect of an increase in the rate constant of R32 by a factor of two is shown 

by the solid black line, exhibiting a 30% lower prediction in NO concentration at 1050 K, Fig. 5(b). 

Note that HON chemistry only plays an important role at atmospheric pressures and at fuel-rich 

conditions. However, the effect appears to be negligible at higher pressures because the conversion 

of NO to NO2 is primarily governed by R5 and R–7. In this study, all of the kinetic parameters for 

HON related reactions are adopted from the recommendations of Dean and Bozzelli [98]. 

Unfortunately, no further literature data are currently available and further theoretical and 

experimental studies on this system are warranted.  
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Fig. 5. Effects of HON chemistry and reaction R31 on NO formation in the H2/O2/NOx reaction 

system at low pressure under fuel-rich condition. (a) Effect of HON chemistry. (b) Effect of rate 

constant of R32. 

2.2.5.3 HONO/HNO2 scheme 

HONO can be formed by the reaction of HNO with NO2 via R29, while HONO can rapidly 

equilibrate with NO and ȮH radicals via R34. 

NO + ȮH (+M) = HONO (+M)  R34 

The flux analyses presented in the work of both Mueller et al. [10] and Rasmussen et al. [9] indicate 

that, the HONO formed in R29 dissociates directly to participate into the chain propagating sequence 

consisting of R25, R29 and R–34, as well as R30 (in our mechanism). Fulle et al. [116] measured the 

rate constant at pressures of 1 – 1000 bar and at temperatures of 250 – 400 K. The experimental 

measurements are generally in agreement with the LPL recommended by Tsang and Herron [38], 

whereas it appears to be over four times higher than that of Tsang and Herron for the HPL. Recently, 

Atkinson et al. [117] reviewed the rate constant measurements and derived both the LP and HPLs 

which are much closer to the Fulle et al. measurements. On the basis of the more extensive review by 

Atkinson et al. in accordance with Fulle et al. measurements, we select the Atkinson et al. 

recommendation for R34. Note that the rate constants derived from either Atkinson et al. or Fulle et 
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al. are only valid in the low temperature range (< 500 K), and thus further experimental/theoretical 

studies of R34 over a wider range temperature are recommended. 

Again, the consumption of HONO mainly undergoes attack of free radicals via the following 

reactions: 

HONO + Ḣ = HNO + ȮH  R35 

HONO + H = NO + H2O  R36 

HONO + Ö = NO2 + ȮH  R37 

HONO + ȮH = NO2 + H2O  R38 

HONO + NO2 = HONO2 + NO  R39 

HONO + HONO = NO2 + NO + H2O  R40 

Hsu et al. [118] theoretically calculated rate constants for the reactions of R35 and R36 using 

modified G2 and BAC-MP4 methods with TST and RRKM approaches, and the calculated rate 

constants have been successfully applied to reproduce their subsequent measurements for thermal 

reduction process of NO2 by H2 [88]. This thus gives us a confidence in using the Hsu et al. 

calculations in our mechanism. In contrast to the reactions R35 and R36, fewer studies of the 

reaction of HONO with Ö atoms, R37, have been performed, and Tsang and Herron [38] 

recommendation is used in our model due to its widely available temperatures. Mueller et al. [10] 

pointed out that the formation and consumption of HONO is quite sensitive to R38, especially at 

high-pressure, low temperature conditions. Recently, Xia and Lin [119] performed an ab initio 

calculation of the rate constant for R38 using orbital and variational TST theory. Their results 

indicated that R38 exhibits a noticeable negative temperature dependence at temperatures below 

1000 K. Note that Xia and Lin calculation did not agree with the recommendation of Tsang and 
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Herron [38], but it was consistently in excellent agreement with Burkholder et al. [120] experimental 

measurements and Wang et al. [121] theoretical calculations. We therefore use the rate constant from 

Xia and Lin for R38. Furthermore, Lu et al. [122] carried out an ab initio molecular-orbital 

calculation on R39 in association with TST theory. Here, we re-fit the total rate based on combining 

the three-parameter fit for cis-HONO and trans-HONO to assign a rate constant for R39. However, a 

slightly large uncertainty factor of three to four is present in the rate constant calculation due to the 

energy barrier uncertainty of 2 – 3 kcal mol–1 resulting from the G2M (RCC, MP2) level of theory 

used in the determination of the transition state parameters. The bimolecular decomposition of 

HONO via R40 has been calculated by Mebel and Lin [123] with a consistent theory approach of 

their previous work [122] of R39. We have chosen their calculation in the current model. 

As a structural isomer of HONO, the fate of the less stable HNO2 species must also be 

established. At combustion conditions, two possibilities to form HNO2 proceed through R8 and R9. 

HNO2 consumption can proceed either via isomerization (R41) to form the more stable HONO 

isomer through inter-conversion of a Ḣ atom from N-atom to O-atom or H-atom abstractions by Ö 

atoms via R42 and by ȮH radicals via R43. 

HNO2 (+M) = HONO (+M)  R41 

HNO2 + Ö = NO2 + ȮH  R42 

HNO2 + ȮH = NO2 + H2O  R43 

Rasmussen et al. [9] estimated the fall-off behavior for R41 using QRRK analysis based on their PES 

(47.3 kcal mol–1 for HNO2 and 55.3 kcal mol–1 for HONO) which is generally consistent with the 

Takane and Fueno [124] calculations (45.7 kcal mol–1 for HNO2 and 56.6 kcal mol–1 for HONO) and 

the determinations of Lu et al. [125] (46.5 kcal mol–1 for HNO2 and 55.2 kcal mol–1 for HONO). 
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Note that the LP and HPL expressions for R41 were reported by including a reduction of 17.4 kcal 

mol–1 in the activation energy in light of an Eckart correction [126] for H-atom tunneling. However, 

in the recent work of Asatryan et al. [127], the heat of formation of HONO (–18.9 kcal mol–1) at 298 

K calculated by high level composite methods is 8 kcal mol–1 lower than for the HNO2 isomer (–10.9 

kcal/mol), while this difference in heat of formation for the isomerization is in excellent agreement 

with that of Rasmussen et al., and we therefore adopt their rate coefficient to describe R41. 

Furthermore, Rasmussen et al. calculated the rate constant for reaction R43 at the same level of 

theory and it is also used in this model. Compared to R41 and R43, R42 is much less important and 

its rate constant is taken from Dean and Bozzelli [98]. 

2.2.5.5 HONO2 scheme 

The formation of HONO2 through the recombination of NO2 with ȮH radicals, R44, appears to 

be only important as an ȮH radical-sink at atmospheric pressure. At typical combustion conditions, 

however, the generated HONO2 is only an intermediate adduct of R–7 and is readily re-dissociation 

back to the formation of NO2 and ȮH radicals, as discussed by Rasmussen et al. [9]. 

NO2 + ȮH (+M) = HONO2 (+M)  R44 

We use the refined fall-off curves reported by Troe [128] as these results are consistent with his 

previously theoretical work [129] as well as with the experimental measurements [128, 130].  

HONO2 is mostly consumed by attack by Ḣ atoms and ȮH radicals via the following four 

reaction channels: 

HONO2 + Ḣ = HONO + ȮH  R45 

HONO2 + Ḣ = NO2 + H2O  R46 
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HONO2 + Ḣ = NO3 + H2  R47 

HONO2 + ȮH = NO3 + H2O  R48 

Here, we have used the recommended rate expressions from Boughton et al. [120] with 

quantum-mechanical tunneling corrections for the reactions of R45 – R47. By contrast, R48 is more 

likely critical to combustion of energetic materials related to ammonia. Xia and Lin [131] recently 

explored the mechanism of R48 via an ab initio molecular orbital calculations at the G2M(cc3) level 

of theory. Their calculations reproduce well the experimental observation of a strong negative 

temperature coefficient behavior [132-135]. In this model, we have chosen the Xia and Lin 

calculation for R48. Note that the selected value is similar to the measurements of Lamb et al. [136] 

which have been widely used as a validation target in recent kinetic models [9, 13, 15, 39] and is also 

consistent with the IUPAC recommendation [117] at 300 K, whereas it is approximately an order of 

magnitude faster than the Lamb et al. and IUPAC values at 1000 K. 

2.2.6 NH3 sub-mechanism 

Ammonia (NH3) chemistry partially influences the sub-mechanisms of N/O and H/N/O and 

further effect the formation of NOx and thus we have added an NH3 sub-mechanism in our model. 

The reactions involving NH3 are mostly taken from the recent work of Mathieu and Petersen [137] 

where the NH3 scheme was modified based on the model proposed by Dagaut et al. [59]. The 

updated model is capable of predicting the shock tube ignition delay time [137] and species profiles 

[59] for NH3/O2/Ar mixtures over a wide range of conditions. The sub-schemes of the NNH and 

NH2OH species recently reported by Klippenstein et al. [39, 73] are adopted to describe thermal 

DeNOx. 
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3. Model performance 

A great deal of experimental data measured using shock tubes, JSRs, flow reactors and spherical 

combustion bombs were collected to assess the performance of the mechanism developed in this 

study. In total, over 104 shock tube data sets, 87 JSR data sets, 87 flow reactor data sets and 6 

laminar flame speed data sets have been used for the validation and comparison which are included 

as Supplementary material. The selected data are summarized in Table 1. Furthermore, five recent 

mechanisms available in the literature, namely the Ahmed_2016 mechanism [15], the Konnov_2009 

mechanism [13], the SJK/PG_2015 mechanism [31, 39], the Mével_2009 mechanism [19] and the 

Dagaut_2008 mechanism [59] were also used to compared with the experimental targets as well as 

the model developed here.  

Table 1. Range of Experimental devices and conditions used for mechanism improvement and validation 

Experimental device Measured properties Experimental conditions Reference 

Shock tube Species profiles (2 data sets) 2.2 atm, 2150 – 2800 K, φ = 0.167 – 3.0 for 

H2/O2/N2 mixtures 

Bowman [17] 1971 

Shock tube Species profiles (29 data sets) 58 – 347 kPa, 1490 – 2490 K for N2O/Ar 

mixtures 

Javoy et al. [20] 2009 

Shock tube Species profiles (4 data sets) 8.0 – 11.5 atm, 1800 – 2700 K for 

H2/N2O/Ar mixtures 

Zuev and Starikovskii  

[21] 1991 

Shock tube Ignition delay times (15 data sets) 1.5 – 30 atm, 1038 – 1744 K, φ = 0.3 – 1.0 

for H2/O2/NO2/Ar mixtures 

Mathieu et al. [8] 2013 

Shock tube Ignition delay times (12 data sets) 1.6 – 32 atm, 940 – 1675 K, φ = 0.5 for 

H2/O2/N2O/Ar mixtures 

Mathieu et al. [18] 2012 

Shock tube Ignition delay times (3 data sets) 1.8 – 32 atm, 993 – 1975 K, φ = 0.5 for 

H2/CO/O2/NH3/Ar mixtures 

Mathieu et al. [16] 2013 

Shock tube Ignition delay times (2 data sets) 0.14 – 0.47 atm, 1007 – 1574 K For 

H2/N2O/Ar and H2/O2/N2O/Ar mixtures 

Kosarev et al. [22] 2007 

Shock tube Ignition delay times (9 data sets) 300 kPa, 1300 – 2000 K, φ = 0.5 – 2.0 for 

H2/N2O/Ar mixtures 

Mével et al. [19] 2009 

Shock tube Ignition delay times and species 1.29 – 1.91 atm, 1700 – 2600 K, φ = 0.36 – Henrici and Bauer  
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profiles (7 data sets) 1.0 for H2/N2O/Ar mixtures [23] 1969 

Shock tube Ignition delay times (3 data sets) 2.0 atm, 1400 – 2000 K, φ = 0.5 – 2.0 

H2/N2O/Ar mixtures 

Hidaka et al. [24] 1985 

Shock tube Ignition delay times (2 data sets) 1.5 atm, 1919 – 2781 K, φ = 3.3 – 5.0 for 

H2/N2O/Ar mixtures 

Pamidimukkala and 

Skinner [25] 1982 

Shock tube Ignition delay times (2 data sets) 1.4 – 10.4 atm, 1654 – 2221 K for H2/CO 

/N2O/Ar mixture 

Kopp et a. [27] 2012 

Shock tube Ignition delay times (2 data sets) 3.0 – 12 atm, 1436 – 2287 K for N2O/Ar 

mixture 

Borisov et al. [138] 

1972 

Shock tube Ignition delay times (12 data sets) 1.4 – 30 atm, 1560 – 2455 K, φ = 0.5 – 2.0 

for NH3/O2/Ar mixtures 

Mathieu and Petersen 

[137] 

JSR Species profiles (78 data sets) 1.0 – 10 atm, 700 – 1150 K, φ = 0.1 – 2.5 

for H2/O2/NOx/N2 mixtures 

Dayma and Dagaut [28] 

2006 

JSR Species profiles (9 data sets) 1.0 atm, 800 – 1400 K, φ = 0.1 – 2.0 for 

H2/CO/O2/NOx/N2 mixtures 

Dagaut et al. [30] 2003 

Flow reactor Species profiles (4 data sets) 50 atm, 702 – 900 K, φ = 0.0009 – 12 for 

H2/O2/N2 mixtures 

Hashemi et al. [55] 2015 

Flow reactor Thermal NO (4 data sets) 1.0 atm, 1700 – 1800 K, 0.45 – 20.% O2 for 

O2/N2 mixtures 

Abian et al. [31] 2015 

Flow reactor Species profiles (15 data sets) 20 – 100 atm, 600 – 900 K, φ = 0.064 for 

CO/H2/O2/NOx mixture 

Rasmussen et al. [9] 

2008 

Flow reactor Species profiles (41 data sets) 0.5 – 14 atm, 750 – 1100 K, φ = 0.25 – 1.0 

for H2/O2/NOx and CO/H2O/O2/NOx 

mixtures 

Mueller et al. [10] 1999 

Flow reactor Species profiles (23 data sets) 1.05 atm, 800 – 1400 K for 

NO/NO2/CO/H2O/N2 mixtures 

Glarborg et al. [32] 

1995 

Spherical combustion 

bomb 

Laminar flame speeds (1 data set) 1.0 atm, 300 K, φ = 0.15 – 1.8 for 

H2/N2O/Ar mixtures 

Mével et al. [33] 2009 

Spherical combustion 

bomb 

Laminar flame speeds (5 data set) 0.2 – 0.8 atm, 298 K, φ = 0.15 – 1.0, 0 – 

55% N2 for H2/N2O/N2 mixtures 

Bane et al. [34] 2011 

3.1. Zeldovich NO formation 

Bowman [17] conducted an investigation of thermal NO formation for H2/O2/N2 combustion at 

an average pressure of 2.2 atm over temperature range 2150 – 2800 K using a shock tube and he 

provided the concentration of NO in two vibrational states (v = 1 and v = 2) corresponding to the 



31 

absorption of incident radiation by both of the molecular bands ( (0, 1) and  (0, 2)). Concentration 

profiles of ȮH radicals, NO (v = 1) and H2O were measured and were simulated using the current 

model. The results are in very good agreement with Bowman’s measurements within his 

experimental uncertainty, Fig. 6(a).  
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Fig. 6. Comparison of experiments and model predictions for Zeldovich NO formationin in O2/N2 

system with different O2 concentrations. Symbols represent experimental measurements; lines denote 

model simulation with the current mechanism. (a) Shock tube data of Bowman [17]. (b) Flow reactor 

data of Abian et al. [31]. 

In addition, Abian et al. [31] recently measured thermal NO formation in N2/O2 oxidation using a 

flow reactor with various O2 concentrations (0.45% – 20.9%) at temperatures in the range 1700 – 

1800 K and at atmospheric pressure. To confirm the validity of the Zeldovich mechanism in our 

model the data reported by Abian are also used to validate model predictions. Likewise, the model 

gives excellent agreement with the experimental measurements, Fig. 6(b). More validations are 

provided in Figs. S2 and S3. 

3.2. Ignition delay times 

Shock tube measurements involving global combustion targets of ignition delay times and 

pyrolysis of nitrogenous species are primarily used to examine the validity of the current mechanism. 
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These experiments were carried out over a wide range of pressure (0.14 – 33 atm), temperature (940 

– 2600 K), equivalence ratio (0.3 – 5.0) and NOx concentration (100 ppm – 10%) for different 

reaction systems such as pure N2O, H2/N2O, H2/NOx/O2, and H2/CO/N2O system. Complete 

validations are presented in Figs. S4–S17, and only typical cases will be discussed below. 

3.2.1 Model performance 

3.2.1.1 N2O pyrolysis and self-oxidation 

When a fuel and molecular oxygen are absent in a reaction system, the N2O chemistry only 

involves its decomposition mechanism (i.e. R11, R15, R16 and R19) and the Zeldovich mechanism. 

Javoy et al. [20] explored the decomposition of N2O by experimentally monitoring the formation of 

Ö atoms behind reflected shock waves at pressures of 0.58 – 3.47 atm in the temperature range 1490 

– 2490 K. Borisov and Skachkov [26] also used a shock tube to investigate the spontaneous ignition 

behavior of N2O/Ar mixtures at pressures of 2.5 – 14 atm in the temperature range 1351 – 2326 K. 

The data measured in both of these studies are compared to the current model predictions, Fig. 7. It 

can be seen that the current model reproduces well the temperature dependence of Ö atom formation 

as well as the pressure dependence of the self-ignition delay times of N2O. 
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Fig. 7. Comparison of experiments and model predictions for the pyrolysis and oxidation of N2O/Ar 

mixtures at pressures of 2.5 – 12 atm. Symbols represent experimental measurements; lines denote 



33 

model simulations with the current mechanism. (a) Shock tube absorption profiles of Ö atoms taken 

from Javoy et al. [20]. (b) Shock tube ignition delay times taken from Borisov and Skachkov [26].  

3.1.2.3 H2/NOx/O2 system 

The H2/NO2/O2 and H2/N2O/O2 systems are considered as the targets to explore the interaction of 

hydrogen and NOx in the presence of O2. Mathieu et al. [8, 18] conducted a series of shock tube 

investigations on the effect of NO2 and N2O addition on the ignition of H2/O2 mixtures at various 

pressures (1.5 – 33 atm), equivalence ratios (0.5 – 2.0) and NOx concentrations (100 – 1600 ppm for 

NO2 addition and 100 – 3200 ppm for N2O addition). The ignition delay time data of Mathieu et al. 

are therefore used to compare to the current model predictions. Results of the model simulations are 

in excellent agreement with the experimental data, Fig. 8. For the addition of low concentrations of 

NO2, the pressure-dependence of the ignition delay times is essentially consistent with that for pure 

hydrogen. This means that NO2 only has a limited perturbation effect on the kinetics of hydrogen 

oxidation, Fig. 8(a). 
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Fig. 8. Comparison of experiments and model predictions for ignition delay times of H2/O2/NO2/Ar 

mixtures. Symbols represent experimental measurements taken from Mathieu et al. [8]; lines denote 

model simulations with the current mechanism. (a) Effect of pressure at low concentration of NO2. (b) 

Effect of pressure at high concentration of NO2. 
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For high levels of NO2 addition, NO2 has a strong pressure-dependence only at lower pressures 

(from 1.5 to 13.5 atm), whereas it was reported that there appeared to be a weak pressure dependence 

at higher pressures (from 13.5 to 33.2 atm), Fig. 8(b). As discussed by Mathieu et al. [8], for high 

levels of NO2 in the hydrogen system, reactions governing ignition change from a chain branching 

reaction (Ḣ + O2 = Ö + ȮH (RH1)) to a chain propagating reaction (H2 + ȮH = Ḣ + H2O (RH2)) due to 

the additional generation of ȮH radicals, which results in an equilibrium of the radical-pool 

concentration. 
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Fig. 9. Current model and selected literature model predictions compared to literature data. Symbols 

represent experimental measurements; lines denote model simulations with the current model (solid 

line), Ahmed_2016 [15] (dash line), Konnov_2009 [13] (dot line), SJK/PG_2015 [31, 39] (dash dot 

line), Mével_2009 [19] (dash dot dot line) and Dagaut_2008 [59] (short dash line). (a) N2O 

self-oxidation without fuel and O2 [26]. (b) H2/N2O oxidation without O2 [24]. (c) H2/NO2/O2 

oxidation [8]. (d) H2/CO/N2O oxidation [27]. 
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3.2.2 Comparison with literature models 

Fig. 9 shows a comparison of the current model prediction with the performances of five 

literature models against the experimental measurements for the five typical systems mentioned 

above. Overall, the different models predict the ignition delay times reasonable well and this 

conclusion is in consensus with Ahmed et al. [15]. The SJK/PG_2015 mechanism over-predicts the 

reactivity of the H2/N2O/Ar system (Fig. 9(b)) at low pressures while the SJK/PG_2015 and 

Dagaut_2008 mechanisms over-predict the reactivity of the H2/O2/NOx/Ar system at high pressures 

(Fig. 9(c)). It should be noted that the different models present different predictions of the 

experimentally observed global activation energy for the H2/CO/N2O/Ar system at 10.4 atm. The 

SJK/PG_2015 model and our mechanism are in good agreement with the experimental data whereas 

the other five models give slightly lower activation energy value, Fig. 9(d). The reason for the 

difference may be a combination of a) the different base chemistry (H2 and CO), b) the different 

sub-mechanisms for N2O and NO2 chemistry and c) the different sources of thermochemistry used. 

3.3. Flow reactor species versus time data 

In an attempt to further illustrate the model performance, the evolution profiles of major species 

versus reaction time and/or temperature measured in FRs have been simulated using the current 

model. These flow reactor experiments were performed over a wide range of pressure (0.5 – 100 

atm), temperature (600 – 1800 K), equivalence ratio (0.0009 – 12) and NOx concentration (12 – 

10000 ppm) for different reaction systems including H2/NOx/O2, CO/H2O/NOx/O2 and 

H2/CO/H2O/NOx/O2. Complete validations are provided in Figs. S18–S20, and only representative 

cases are selected for the discussion in the following section. 
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3.3.1 Model performance  

3.3.1.1 H2/NOx/O2 system 

Fig. 10 depicts detailed comparisons of model predictions of species profile data [10] as a 

function of time taken over a series of experimental conditions where the pressure was varied from 

1.0 to 10 atm. It indicates that increasing the pressure inhibits H2 consumption and promotes the NO 

to NO2 inter-conversion. The model accurately captures the pressure-dependent behavior throughout 

the entire reaction time scale. Note that the effect of pressure appears to be more noticeable at higher 

pressures due to the fact that the third-body recombination reaction Ḣ + O2 (+M) = HȮ2 (+M) (RH3) 

dominates the reactivity at elevated pressures and at intermediate temperatures, namely 806 K in this 

study. The abundant HȮ2 radicals preferentially react with NO to form NO2 via R–7.  
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Fig. 10. Comparison of experiments and model predictions for the species profiles in H2/O2/NO/N2 

mixture at 806 K and elevated pressures in a flow reactor [10]. Symbols represent experimental 

measurements; lines denote model simulations with the current mechanisms. 

3.3.1.3 H2/CO/H2O/NOx/O2 system 

For the H2/CO/H2O/NOx/O2 system model predictions are compared with the high pressure FR 

species profiles of Rasmussen et al. [9] at pressures of 20 – 100 atm, Fig. 11. Again, the model 

thoroughly reproduces the pressure dependence of the CO to CO2 conversion as well as the evolution 
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of the NOx species. In general, increasing the pressure reduces the initial temperature of the CO to 

CO2 conversion process. The effect of pressure on the initial temperature of CO consumption 

reduces with increasing pressure. This is as expected as indicated by Rasmussen et al. [9] and 

Ahmed et al. [15]. Note that the results simulated with the current model are quite similar to the 

numerical values of Rasmussen et al, meaning the current model are largely consistent with 

Rasmussen et al. with respect to considering real temperature profiles. 
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Fig. 11. Comparison of experiments and model predictions for the species profiles in CO/H2/NOx/N2 

mixture at 100 atm over 600 – 900 K in a flow reactor [9]. Symbols represent experimental 

measurements (solid: 20 atm, half-solid: 50 atm, open: 100 atm); lines denote model simulations 

with the current mechanism (solid line: 20 atm, dash line: 50 atm, short dash line: 100 atm). 

3.3.2 Comparison with literature models 

Unlike the comparison of the model performance in predicting ignition delay times, the current 

model is considerably different to other literature models in simulating either the H2/NOx/O2 system 

or the CO/H2O/O2 system. Fig. 12 shows detailed comparisons of the model performance at 10 atm. 

For the H2/NOx/O2 system, Fig. 12(a), both the SJK/PG_2015 and Mével_2009 mechanisms 

over-predict the consumption of hydrogen, especially at intermediate and late reaction times. As a 

result, the two models present unreasonable predictions of NO to NO2 conversion, particularly the 

SJK/PG_2015 mechanism. Note that the predictions by the Ahmed_2016 mechanism are not 
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presented at this condition due to convergence issues. However, for the CO/H2O/O2 system, all of 

the models generally agree in the prediction of NO formation but they significantly diverge in 

predicting CO oxidation. Specifically, the Mével_2009 mechanism predicts the slowest consumption 

of CO whereas the SJK/PG_2015 mechanism presents the fastest consumption. The Ahmed_2016 

and Konnov_2009 mechanisms also predict a slightly fast consumption of CO.  

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4
Mixture: 1.01H

2
/2.01O

2
 in N

2
, 110 ppm NO

p = 10 atm,  = 0.25,  T = 807 K

 

 

 H
2
 m

o
le

 f
ra

c
ti
o

n
 [

%
]

Time [s]

0

20

40

60

80

100

120

140

N
O

x
 m

o
le

 f
ra

c
ti
o

n
 [

p
p

m
]

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Mixture: 0.54CO/0.75O

2
/0.5H

2
O in N

2
, 41 ppm NO

p = 10 atm,  = 0.72,  T = 982 K

 

 

C
O

 m
o

le
 f

ra
c
ti
o

n
 [

%
]

Time [s]

0

10

20

30

40

50

N
O

 m
o

le
 f

ra
c
ti
o

n
 [

p
p

m
]

 

Fig. 12. Current model and selected literature model predictions compared to literature data. 

Symbols represent experimental measurements [10]; lines denote model simulations with current 

model (solid line), Ahmed_2016 [15] (dash line), Konnov_2009 [13] (dot line), SJK/PG_2015 [31, 

39] (dash dot line), Mével_2009 [19] (dash dot dot line) and Dagaut_2008 [59] (short dash line). 

3.4. Jet-stirred reactor species versus temperature profiles 

JSR species versus temperature data are used to test the ability of the proposed model by 

comparing its predictions to major species concentration profiles measured by Dagaut et al. [28, 30]. 

These JSR experiments were performed over a wide range of pressures (1.0 – 10 atm), temperatures 

(700 – 1400 K), equivalence ratios (0.1 – 2.5) and NOx concentrations (70 – 1000 ppm) for different 

reaction systems including H2/NO/O2, H2/NO2/O2 and H2/CO/NOx/O2. All of the data are valuable to 

provide further insight into the kinetic mechanisms including NOx formation, NO to NO2 

inter-conversion and the kinetics of interaction of NOx species with fuel. Complete validations are 
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available in Figs. S21 and S22. Likewise, we only chose several illustrative cases herein to discuss in 

the following section. 

3.4.1 Model performance  

Fig. 13 shows the detailed comparisons of experimental and model predicted species versus 

temperature profiles for the H2/O2 system in the presence of 220 ppm NO at p = 10 atm and φ = 0.5. 

It is clear that the conversion rate of NO to NO2 first promotes and then inhibits reactivity with 

increasing temperature, with the reactivity reaching a peak value at approximately 800 K. The 

transformation in the conversion rate of NO to NO2 can be kinetically interpreted by considering the 

concentration of HȮ2 radicals generated at different temperatures. At lower temperatures (< 800 K), 

HȮ2 radicals are formed via RH3, which promotes the conversion of NO into NO2. However, as the 

temperature increases RH3 is inferior in competition with RH1 resulting in a lower concentration of 

HȮ2 radicals and low rate of R–7. Meanwhile, additional Ḣ atoms yielded by reaction sequence RH1 

and RH2 accelerates the rate of R5 leading to the conversion of NO2 back to NO. As expected, the 

current model accurately captures the NO to NO2 inter-conversion as well as H2 to H2O conversion. 
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Fig. 13. Comparison of experiments and model predictions for the species profiles in H2/O2/NO/N2 

system at 1.0 and 10 atm over 700 – 1100 K in a jet-stirred reactor [28]. Symbols represent; lines 

denote model simulations with the current mechanism. 
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3.4.2 Comparison with literature models  

Here, only two JSR conditions (p = 1.0 atm, φ = 2.0 for the H2/O2/NO system and p = 1.0 atm, φ 

= 1.5 for the H2/O2/NO2 system) reported by Dayma and Dagaut [28] are taken as representative 

cases to test the performance of our proposed model and others in the literature, Fig. 14. 

For fuel oxidation, all of the models are in good agreements with the experimental measurements 

for the addition of both NO and NO2 except the Konnov_2009 mechanism which shows an 

under-prediction in the consumptions of reactants resulting in an over-prediction in the formation of 

H2O in the H2/O2/NO system but the model is in reasonable agreement for the H2/O2/NO2 system.  
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Fig. 14. Current model and selected literature model predictions compared to literature data. 

Symbols represent experimental measurements [28]; lines denote model simulations with the current 

model (solid line), Ahmed_2016 [15] (dash line), Konnov_2009 [13] (dot line), SJK/PG _2015 [31, 

39] (dash dot line), Mével_2009 [19] (dash dot dot line) and Dagaut_2008 [59] (short dash line). (a) 

H2/O2 oxidation under NO perturbation. (b) H2/O2 oxidation under NO2 perturbation. 
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For the NO to NO2 conversion process however, noticeable discrepancies in the model 

simulations can be clearly observed in either the H2/O2/NO or the H2/O2/NO2 systems. All of the 

literature models do not predict the decline in the NO concentration at higher temperatures— > 950 

K for the H2/O2/NO system and > 850 K for the H2/O2/NO2 system. Dayma and Dagaut [28] 

attempted to modify their model’s shortcoming by modifying the rate constant of the reactions HNO 

+ H2 = NH + H2O and NH + NO = N2 + ȮH, but this change does not appear to be a satisfactory 

explanation/improvement as the modified model results in poorer predictions of the experiments at 

high pressures. They thus suggested that more kinetic analysis was needed to clarify this issue. In the 

current model, we have added the new reaction scheme for HON oxidation as discussed in Section 

2.1.4.2, and identified its importance in predicting NO formation/consumption at low pressures. 

Clearly, the addition of HON chemistry greatly improves the NO conversion kinetics at low 

pressures yet maintains the model’s good predictability at high pressures. 

3.5. Spherical flame speeds 

Finally, spherical flame data are used to test the fidelity of the proposed model by comparing its 

predictions to laminar flame speeds measured by Mével et al. [33] and Bane et al. [34]. These 

experiments were performed over a range of pressures (0.2 – 1.0 atm), equivalence ratios (0.15 – 1.8) 

and dilutions (0 – 55% for N2 and 60% for Ar). All of the data are helpful in testing the high 

temperature chemistry of the H2/N2O system. More validations are presented in Figs. S23 and S24. 

3.5.1 Model performance  

Fig. 15 shows an example case of model predictions of measured laminar flame speed data for 

two different systems. For the case of the H2/N2O system diluted in Ar, the proposed model 
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generally agrees with the experimental data over the range of equivalence ratios available, Fig. 15(a). 

It slightly under-estimates the flame speeds on the fuel-lean side but it in better agreement on the 

fuel-rich side. Moreover, our current model is in excellent agreement with the data taken in the 

undiluted H2/N2O system, Fig. 15(b). The comparative results suggests that the rate constants of the 

most important reactions R12 (N2O + Ḣ = N2 + ȮH) and R13 (N2O + Ḣ = NH + NO) in the flame 

conditions highlighted by Mével et al. [33] are reliable in our proposed mechanism. 
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Fig. 15. Comparison of experiments and model predictions for the laminar flame speeds in 

H2/N2O/dilution system; lines denote model simulation with the current mechanism. Symbols 

represent experimental measurements for (a) H2/N2O diluted by 60% Ar at 1.0 atm and 300 K taken 

from Mével et al. [33] and for (b) H2/N2O undiluted at 0.2 atm and 298 K taken from Bane et al. 

[34]. 

3.5.2 Comparison with literature models  

The conditions associated with the experiments presented in Fig. 15(a) have been selected as a 

representative case to compare the ability of literature models to predict flame speeds. Detailed 

comparisons are provided in Fig. 16.  
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Fig. 16. Comparison between current model and selected models against literature data. Symbols 

represent experimental measurements; lines denote model simulations with the current model (solid 

line), SJK/PG_2015 [31, 39] (dash dot line), and Dagaut_2008 [59] (short dash line). 

The results indicate that all of the models tested here predict well the measured flame speeds but 

the consensus tends to be worse with increasing equivalence ratios. The SJK/PG_2015 mechanism 

shows an under-prediction while the Dagaut_2008 mechanism over-predicts the flame speeds at 

richer conditions. Note that the current mechanism and the SJK/PG_2015 mechanism predict a peak 

value of flame speed at φ = 1.1 which is consistent with the experimental observations, whereas the 

Dagaut_2008 mechanism predicts the peak at φ = 1.2. 

It is noted that, we only added part of error bars to the experimental data due to such the reasons: 

a) the authors did not pointed out clearly the uncertainty of their data and b) the data can be more 

clearly depicted and compared with modeling without error bars. Mueller et al. data [10] for example, 

although they gave the uncertainties of measured species (H2O: 10%; O2: 3%; CO: 2%; CO2, 2%; H2: 

5%; NO: 5% and NO2: 5%), to better distinguish the comparison of different models and the 

comparison of experimental data and model predictions, we have chosen not to include error bars for 

clarity as they are already very busy plots. 
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4. Mechanism application to gas-turbine relevant condition 

To provide more kinetic information for combustor design, we have used the proposed model to 

simulate the pressure-, temperature- and equivalence ratio-dependence of NO concentration for the 

selected mixture, 50% H2/50% CO diluted in air, at practical engine-relevant conditions of pressures 

in the range 10 – 80 atm, at temperatures of 750 – 1050 K and at equivalence ratios of 0.1 – 2.0. 

Detailed flux analyses were then carried out to better understand the effect of equivalence ratio on 

NO formation. 

4.1. Effect of engine combustion conditions on NO formation 

Fig. 17(a) shows the NO concentration as a function of pressure at T = 850 K and at various 

equivalence ratios. It is clear that NO exhibits a weak pressure-dependence at a given equivalence 

ratio meaning that the ignition pressure within an operating range of between 10 and 80 bar does not 

appear to have any effect on the concentration of NO formed. In contrast, the effects of temperature 

and equivalence ratio are more prominent, especially the latter, Fig. 17(b). For a given equivalence 

ratio, decreasing the temperature leads to a proportional reduction in NO concentration. At φ = 0.5 

for example, a 10 K decrease in temperature reduces the NO concentration by 10 ppm over the 

temperature range investigated. For a given temperature however, increasing the equivalence ratio 

first promotes and then inhibits NO formation. The NO concentration reaches a maximum value at φ 

≈ 0.75. On either side of this peak value, either fuel-lean or fuel-rich, there is a dramatic reduction in 

the observed NO concentration. Compared to controlling the pressure and temperature in the reactor, 

controlling the equivalence ratio of the reactant mixtures in the reactor appears to be more a 

promising way to control NO formation. 
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Fig. 17. NO formations calculated using the proposed model for H2/CO/O2/N2 system at practical 

engine conditions. (a) NO formation as a function of pressure at 850 K at various equivalence ratios; 

(b) NO formation as a function of equivalence ratio at 30 atm and different temperatures. 

4.2. Flux analysis  

Based on the analysis above, flux analyses were carried out for the same mixtures at p = 30 atm 

and T = 850 K to provide an overview of the critical NO formation/consumption pathways at 

equivalence ratios of 0.3, 0.75 and 2.0, Fig. 18. In the system investigated here, NO is formed from 

molecular nitrogen. N2 is therefore selected as the initial reactant to explore the critical reaction 

pathway governing NO formation/consumption. 

At all of the conditions investigated N2 is consumed by recombining with either Ḣ atoms forming 

NNH (over 99.7%) via R49 (N2 + Ḣ (+ M) = NNH (+ M)) or with Ö atoms forming N2O (less 0.3%) 

via R11 (N2 + Ö (+M) = N2O (+M)). Despites the fact that the former pathway consumes most of the 

N2, the latter pathway appears to be a dominant channel in producing NO since 100% of the NNH 

generated from R49 can react with molecular oxygen to re-form N2 together with the release of HÖ2 

radicals via R50 (NNH + O2 = N2 + HȮ2), especially at φ = 0.3 and 0.75. The N2O formed from R11 

mainly undergoes O-atom abstractions by the fuel molecules via R20 and R51 (N2O + CO = N2 + 

CO2), resulting in the regeneration of N2. Only a very small amount of N2O reacts with Ḣ atoms via 
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R13 resulting in NO formation. The amount of NO formed less than 100 ppm at φ = 0.3 but increases 

to 300 ppm at φ = 0.75 and to 1.88% at φ = 2.0. Even through NO has similar formation pathways at 

different equivalence ratios, there are quite different kinetic mechanisms involved in its consumption 

at different equivalence ratios. At φ = 0.3, 100% of NO is converted to NO2 by reacting with HȮ2 

radicals via R–7 due to the abundance of HȮ2 radicals present in this lean environment. Most of the 

NO2 subsequently reacts with either Ḣ atoms (75.4%) via R5 or with CO (6.0%) via R10 to 

reproduce NO resulting in an inter-conversion of NO into NO2. Only 15.9% of the NO2 is further 

oxidized by HȮ2 radicals via R8 forming HNO2, followed by isomerization to HONO, which finally 

decomposes to NO and ȮH radicals via R–34. However, at φ = 0.75 NO consumption occurs either 

by its reaction with Ö atoms (61.7%) via R4 forming NO2 or by reaction with Ḣ atoms (38.3%) via 

R25 forming HNO. Both NO2 and HNO can be converted into NO via O-atom abstraction and 

H-atom abstraction reactions respectively, until they reach an equilibrium concentration. Although 

the NO consumption pathways are somewhat different at φ = 0.3 and 0.75, the NO to NO2 

inter-conversion pathways continue to play a dominant role rather than NO to HNO conversion, 

suggesting that there is a comparable NO consumption rate at both equivalence ratios. Thus, there is 

a two-fold reason for the higher NO concentration presented at φ = 0.75, Fig. 17(b). Namely, 1) there 

is a faster NO formation rate due to the rate of R13 being accelerated due to an increased 

concentration of Ḣ atoms generated at φ = 0.75 and 2) there are similar NO consumption rates due to 

the dominant role of NO2 to NO conversion in NO consumption at both equivalence ratios. 

At φ = 2.0, N2O can be formed by the reaction of NNH with Ö atoms (100 ppm) via R52 (NNH 

+ Ö = N2O + Ḣ) in addition to the direct oxidation of N2 via R11. Likewise, N2O is mainly consumed 

by R13 resulting in NO formation. Unlike the case for fuel-lean conditions, a small amount of NNH 
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(100 ppm) can also contribute to NO formation by recombining with Ḣ atoms via R53 (NNH + Ḣ 

(+M) = N2H2 (+M)) followed by the reaction of N2H2 with Ö atoms via R54 (N2H2 + Ö = NO + 

NH2). All (100%) of the NO formed is then converted to HNO via R25 due to the relatively high 

concentration of Ḣ atoms and low concentrations of HȮ2 radicals and Ö atoms at fuel-rich conditions. 

All of the HNO can react back to NO through H-atom abstraction reactions via Ḣ atoms (81.75%) in 

R26, via ȮH radicals (14.56%) in R28 and via Ö atoms (3.69%) in R27. It is worth noting that, 

despites the seemingly high percentage of NO that is observed at φ = 2.0, the lower total amount of 

N2 at fuel-rich conditions results in a lower rate of formation of N2O and NNH precursors relative to 

fuel-lean conditions. Additionally, the reaction rate of R26, which predominantly converts HNO into 

NO, is essentially unfavorable due to the rate constant being several times lower than that of R25 as 

well as a higher concentration of H2 at fuel-rich conditions. As a result, the conversion efficiency of 

HNO into NO is much slower than that of NO into HNO resulting in a lower rate of NO production. 
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Fig. 18. Flux analysis of NO formations for 50% H2/50% CO in air mixtures at 30 atm under 

different equivalence ratios. The reaction time corresponds to 20% of hydrogen consumption. (a) φ = 

0.3; (b) φ = 0.75; (c) φ = 2.0. 

5. Conclusions 

In this study, we have developed a detailed kinetic mechanism to describe the hydrogen/NOx and 

syngas/NOx systems. Critically important reactions associated with the Zeldovich mechanism, the 

N/O sub-mechanism involving nitrogen dioxide, nitrous oxide, nitrogen trioxide, the H/N/O 

sub-mechanism involving nitroxyl isomer, nitrous acid isomers, and nitric acid isomers, and the NH3 

mechanism have been described. Additionally, some missing reaction pathways involving HOĊO 

kinetics of the CO chemistry sub-mechanism have also been considered in the current model. The 

rate constants used for these important reactions associated with the pyrolysis and oxidation of each 

NOx sub-mechanism have been selected by comparison with literature values and integrating the 

latest published values. We have optimized several rate constants that had a large uncertainty by 
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testing against the experimental data but did not further modify the rate constants obtained from 

either directly experimental measurements or high-level theoretically calculation in the literature. 

The ability of the mechanism developed in this study to simulate a wide-range of experimental 

data for various reaction systems including H2/O2/N2, N2O pyrolysis, H2/N2O, H2/NOx/O2, CO/ H2O/ 

NOx/O2, H2/CO/NOx/O2 and the H2/CO/H2O/NOx/O2 system. A large number of experimental data 

including 104 shock tube data sets, 87 JSR data sets, 87 FR data sets and 6 laminar flame speed data 

sets over 3000 experimental points were used. Overall, the current model gives a satisfactory 

representation of the experimental data over a wide range of conditions for each of the selected data 

sets considered here. Through the comparisons of the proposed mechanism and a selection of 

available literature mechanisms, we found that each literature mechanism performed well for certain 

systems but exhibited relatively noticeable deviations compared to others. It is suggested that the 

reason for the different simulation results by different mechanisms may be three-fold: a) different 

hydrogen/CO chemical kinetics, b) different NOx chemistry and c) different thermochemistry for the 

species. Therefore, only updating one of these either the kinetic parameters as part of the 

sub-mechanisms or the thermochemistry of the species may not result in a high-fidelity model. 

An open question proposed by Dayma and Dagaut [28] in 2008 was that the kinetic model was 

not able to capture the fall-off behavior of NO concentration with increasing temperatures at low 

pressures (1.0 atm) and this issue also pertains to the current literature models. We found that HON 

chemistry appears to be a promising way to resolve this problem through R32: HON + Ḣ = ȮH + 

NH in competition for Ḣ atoms with R26 (HNO + Ḣ = NO + H2) which reduces the rate of NO 

formation at low pressures. However, further experimental and/or theoretical research of HON 

chemistry is recommended to better explore its kinetic role in combustion mechanisms. 
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The proposed mechanism was also used to simulate NO formation at practical gas-turbine 

conditions. We found that a change in pressure does not effectively control the formation of NO 

during fuel oxidation/ignition rather that changes in temperature and equivalence ratio appear to 

provide a better strategy. By contrast, controlling the equivalence ratio appears to be a more efficient 

way of controlling NO formation, because the kinetic pathways that lead to its 

formation/consumption are more sensitivity to the variations in equivalence ratio. 
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