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Abstract 

Emission of nitrogen oxides (NOx) are one of the major environmental concerns arising from the 

combustion of syngas. Strategies to reduce emission and improve the efficiency of syngas combustion 

can be developed using computational fluid dynamic simulations to design cleaner and more efficient 

combustors. Toward this end, an accurate and efficient chemical kinetic mechanism that can describe 

the combustion chemistry of syngas with NOx under engine-relevant conditions is critical. In this 

work, a comprehensive survey of detailed mechanisms available in the literature for syngas/NOx 

combustion reaction system is first conducted. A systematic and comparative chemical kinetic 

analysis of five detailed mechanisms is performed based on reaction pathway and sensitivity analyses 

to identify the key reactions of the nitrogen species for a wide range of mixtures including the 

formation of NOx during syngas combustion, ignition of NH3, H2/N2O, and H2/NO2 mixtures. 

Comparisons of the reaction pathways from different detailed mechanisms indicate that the detailed 
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chemistry is controlled by a small set of reactions and species. Recent high-level theoretical studies 

on HONO and HNO2 chemistry including previously neglected important reactions are updated. The 

rate constants for HNO + O2 = NO + HȮ2 are calculated using ab initio calculations in this work. An 

efficient high-fidelity skeletal mechanism consisting of 27 species and 130 reactions is developed 

based on a combination of the directed relation graph with error propagation (DRGEP) method and 

the simplified iterative screening and structure analysis (ISSA) method. Compared to the detailed 

mechanisms, the skeletal mechanism retains the major species and reactions for the syngas/NOx 

system and is validated against typical experimental data resulting in a very good performance. 

Keywords: Combustion; syngas; NOx chemistry; mechanism reduction; chemical kinetics 

 

1. Introduction 

Combustion has been the major process of power generation and will continue to dominate into 

the future. As the world’s energy demands and environmental concerns continue to increase, novel 

ideas and innovations in the areas of fuels and combustors to reduce emission and improve efficiency 

are needed to achieve cleaner and more efficient combustion. Syngas, composed of varying amounts 

of hydrogen (H2) and carbon monoxide (CO), is expected to be a potential alternative fuel for energy 

generation because it can be largely derived from biomass/coal gasification and can significantly 

improve combustion efficiency in stationary gas turbines via Integrated Gasification Combined Cycle 

(IGCC) systems.1-3 Compared to conventional fuels such as coal for power generation, one of the 

major advantages for syngas is the lack of particle matter (PM) emissions and corrosive ash elements. 

However, due to increasingly stringent emission regulations, the emission of nitrogen oxides (NOx) 

as the major drawback has become a major challenge for syngas combustion. As available 
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computational power continues to grow, computational fluid dynamic (CFD) simulations have 

become an important tool in the design of advanced combustion systems with low-NOx emissions 

and improved efficiency. It is now generally recognized that these CFD simulations must necessarily 

incorporate realistic descriptions of the chemical kinetics of fuel combustion and NOx formation.4, 5 

Hence, a large body of work has been dedicated to improve the chemistry of syngas and nitrogen 

chemistry in combustion. 

The development of detailed chemical kinetic mechanisms for syngas is essential to understand 

not only the combustion properties of H2 and CO themselves, but also the larger hierarchical 

hydrocarbon systems which rely on this core chemistry. A large number of detailed reaction 

mechanisms for syngas combustion with a focus on hydrogen combustion have been developed and 

continue to be updated, see e.g., Ó Conaire et al.,6 Konnov,7, 8 Hong et al.,9 and Kéromnès et al.10 

These detailed reaction mechanisms were mainly validated through selected experimental targets and 

were not extensively validated at high pressures and temperatures relevant to practical combustor 

conditions. The detailed mechanism developed by Kéromnès et al.10 for syngas combustion was 

validated against the most extensive experimental targets for H2 and syngas. According to a 

systematic comparison of error function values in the prediction of H2 combustion by Varga et al.,11 

the Kéromnès mechanism exhibits the best performance covering a wide range of experimental 

targets compared with 13 published mechanisms, and thus is selected as the base mechanism for 

syngas in this work. 

The nitrogen chemistry in combustion has been extensively studied after Miller and Bowman12 

published their review thirty years ago. Detailed chemical kinetic mechanisms to describe the NOx 

formation process during combustion of hydrocarbon and oxygenated fuels with focus on small 
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H2/C1–C2 hydrocarbons have been proposed by different research groups.13-18 A most recent study by 

Glarborg et al.19 comprehensively revisited this topic and they also proposed a detailed reaction 

mechanism with updated thermochemistry and reaction rate constants from recent advances in 

experiments and high-level theoretical calculations. Generally, reaction mechanisms for syngas 

combustion with NOx chemistry are usually defined as sub-mechanisms in these detailed chemical 

kinetic models except some proposed mechanisms specifically for NOx formation during syngas 

combustion. For example, Zhang et al.20 recently developed a detailed mechanism to describe the 

pyrolysis and oxidation of the H2/NOx and syngas/NOx systems by using the Kéromnès mechanism10 

for syngas. These detailed kinetic mechanisms developed by different research groups exhibit 

different performances in predicting combustion properties. 

The underlying reason for the different predictabilities of combustion properties using different 

detailed mechanisms is caused by the different species and reaction paths embodied in them, 

including their corresponding thermochemistry and reaction rates. Hence, not only evaluating the 

comparative mechanism performances, but also carrying out detailed comparisons of the reaction lists, 

reaction rates and thermochemistry of different mechanisms is helpful in refining them. Sirumalla et 

al.21 performed comparisons of detailed kinetic mechanisms using butanol isomers as an example and 

revealed significant discrepancies in the thermochemistry of many species and rates of many reactions. 

However, such comparisons require large computational resources since detailed combustion 

mechanisms of complicated fuels can contain thousands of species and reactions. Furthermore, the 

large size of a detailed mechanism may also limit its application in CFD simulations for engine design 

due to the tremendous computational resources needed. Therefore, decreasing the size of a detailed 

mechanism is necessary to incorporate realistic combustion chemistry with CFD simulations. Thus, 

https://www.sciencedirect.com/science/article/pii/S0010218017304571#!
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mechanism reduction has been extensively studied in the past three decades. Although a series of 

reduced mechanisms for H2 and syngas were developed,22-24 very few reduced mechanisms have been 

developed for syngas combustion including NOx chemistry. In addition, the discrepancies among 

detailed mechanisms developed by different authors need to be clarified. 

Based on the above considerations, this work aims to develop an efficient high-fidelity skeletal 

mechanism that is able to describe the combustion chemistry of syngas with NOx chemistry under 

practical combustor conditions. To achieve this, a systematic and comparative chemical kinetic 

analysis of five detailed mechanisms for the syngas/NOx system has been performed by comparing 

reaction pathway analyses and the associated rate constants of key reactions. An updated detailed 

mechanism is proposed with updated kinetics from recent high-level theoretical studies.25-27 Finally, 

a skeletal mechanism consisting of 27 species and 130 reactions has been developed based on a 

combination of the DRGEP and ISSA methods. 

This paper is organized as follows. The methodology used in this work is outlined in Section 2, 

including an overview of detailed mechanism for syngas combustion with NOx chemistry and a 

concise explanation of the mechanism reduction and analysis methods. Section 3 describes the 

comprehensive comparisons of different detailed mechanisms and the skeletal mechanism reduction 

results. The performance and applicability of the skeletal mechanisms are further investigated for a 

broad range of conditions relevant to engine simulations. Section 4 lists our conclusions. 

2. Methods 

2.1. Mechanism overview and development 

A series of detailed mechanisms describing syngas/NOx oxidation have been developed. However, 

most of them have been developed based on loose combinations of different parts from a small 
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number of systematically developed mechanisms and validated for their target experiments. Thus, in 

the present work, we do not intend to provide a comprehensive model performance of all of these 

mechanisms. Instead, this work aims to clarify the chemical kinetics of NOx chemistry during syngas 

combustion and develop an efficient skeletal mechanism describing syngas/NOx combustion. The 

detailed mechanism developed by Zhang et al.10 has been selected as the initial mechanism because 

this sub-mechanism provides the best performance and the detailed mechanism was validated against 

a large number of experimental data over a wide range of combustion conditions. Major reaction 

pathways, species and reactions related to NOx sub-mechanism are compared with GRI-Mech 3.028 

and three other detailed mechanisms developed by Konnov,13 Glarborg et al.,19 and Mathieu et al.14 

These selected mechanisms represent state-of-the-art kinetic mechanisms for NOx chemistry in 

combustion, based on a systematic evaluation of the knowledge of thermochemistry and reaction rates 

from theoretical/experimental works. 

2.2. Mechanism analysis method 

To perform comparative chemical kinetic analyses and determine the reaction paths of the 

skeletal mechanism for the studied syngas/NOx system, an elemental flux analysis for N is performed. 

Details of the analytical method can be found in references.29, 30 In addition, brute-force sensitivity 

analysis is employed to identify the dominant ignition chemistry. Based on these systematic analyses, 

key reactions and species affecting model performances are identified and discussed in detail.  

2.3. Skeletal mechanism generation 

Mechanism reduction methods have been extensively studied and applied to a wide range of 

combustion reaction systems.5 Skeletal reduction, aiming to remove unimportant species and 
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reactions for the target system, is the basis for further mechanism optimization or time-scale reduction. 

To obtain a minimal skeletal mechanism, skeletal reduction methods are combined together, starting 

by removing unimportant species, followed by removing unimportant reactions because one species 

generally corresponds to five reactions and the computational cost of simulations typically scales 

quadratically with the number of species and linearly with the number of reactions.5 A variety of 

methodologies have been developed for this purpose. In this work, an integrated method that 

combines the DRGEP31 and ISSA methods32-34 has been employed. The DRGEP method is selected 

as the first step as this method has proven to be more efficient compared to other DRG-based 

methods.35 The ISSA method is then used to remove unimportant species and reactions 

simultaneously as it is efficient in capturing the major reaction pathways in the mechanism reduction 

process compared to other pure mathematical methods. 

To achieve a comprehensive high-fidelity skeletal mechanism for the syngas/NOx combustion 

system, skeletal reduction is performed over a wide range of conditions. Specifically, the DRGEP and 

ISSA methods are successively applied to reaction state points densely sampled from constant volume 

ignition simulations over a wide range of simulation conditions within the parameter range of 

pressures from 1 to 30 atm and equivalence ratios from 0.5 – 2.0 at initial temperatures in the range 

800–1700 K for H2/CO/O2/N2, H2/NO2/O2/Ar, H2/N2O/O2/Ar, H2/NO/O2/Ar and NH3/O2/N2 mixtures. 

Reaction states solely sampled from ignition simulations for mechanism reduction have been 

confirmed to be efficient in generating skeletal mechanisms, which can also exhibit good performance 

in predicting other combustion properties including laminar flame speed, species concentration 

profiles, etc.5, 34, 35 The species H2, CO, N2O, NO2, NO, NH3 together with H atom are selected as 

targeted species during the reduction processes. 
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3. Results and discussions 

3.1. Preliminary mechanism analysis 

Table 1 lists the species related to the syngas/NOx combustion reaction system considered in the 

six selected detailed mechanisms and the species retained in the derived final skeletal mechanism. In 

fact, in developing detailed mechanisms, species and reactions are interdependent and mutual. The 

sub-mechanism for syngas in the detailed mechanism developed by Mathieu et al.14 were based on 

Metcalfe et al.36 and Kéromnès et al.,10 and the NOx section was largely based on the work of Dagaut 

et al.,18 which mainly focused on the formation and oxidation of hydrogen cyanide (HCN). This sub-

mechanism was also updated in the Glarborg mechanism.19 Hence, the detailed mechanism of Dagaut 

et al.18 is not discussed in detail. GRI-Mech 3.028 was published about twenty years ago representing 

the advanced level at that time and has been the industrial standard for the last two decades. The 

mechanism developed by Konnov was mainly focused on NCN pathway of prompt-NO formation. 

From Table 1, the Zhang mechanism contains the most comprehensive nitrogen related species for 

syngas combustion except for the HNNO species, which only exists in Konnov mechanism. The 

HNNO species is an energetic adduct for the reaction of Ḣ atom with N2O. At low temperatures, the 

addition reaction to the formation of cis- and trans-HNNO isomers can be dominant due to addition-

stabilization process.37, 38 But the bimolecular channels of the reaction for Ḣ + N2O to the formation 

of N2 + ȮH, NH + ṄO, NNH + Ö become dominant at high temperatures with N2 + ȮH being the 

most important.39 The HNNO species and its related reactions were added to Zhang mechanism to 

test its importance in syngas/NOx reaction system at combustion relevant conditions and nearly no 

influence is observed in the comparison. Table 2 compares the thermodynamic properties of selected 

important N-containing species, and it can be seen that the differences of the thermodynamic 
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properties in the selected detailed mechanisms are very small. The transport properties of the nitrogen 

related species in Table 1, mostly based on GRI-Mech 3.0, agree well with each other among the 

mechanisms, and thus model performances should be mainly controlled by the chemical kinetics. 

Table 1. Species related to the syngas/NOx combustion reaction system in the selected detailed mechanisms and the 

derived skeletal mechanism. 

 
Zhang et 

al.20 

 Skeletal 
mechanism 

(this work) 

 Glarborg et 
al.19 

 
Konnov13 

 GRI-Mech 
3.028 

 Dagaut et 
al.18 

 Mathieu et 
al.14 

Shared species N NH NH2 NH3 NNH ṄO NO2 N2O HNO 

Individual 
species 

N2H2 N2H2 N2H2 N2H2    

N2H3  N2H3 N2H3    

N2H4  N2H4 N2H4    

HONO HONO HONO HONO  HONO HONO 

HNOH  HNOH HNOH  HNOH HNOH 

H2NO H2NO H2NO H2NO  H2NO H2NO 

NO3  NO3 NO3  NO3 NO3 

HNO2 HNO2 HNO2   HNO2 HNO2 

HONO2  HONO2   HONO2 HONO2 

HNO3   HNO3    

H2NN  H2NN     

HON HON HON   HON HON 

NH2OH  NH2OH NH2OH    

N2O4   N2O4   N2O4 

N2O3   N2O3   N2O3 

   HNNO    

 

Table 2. Thermodynamic properties of selected important N-containing species in the reaction mechanisms. Units 

are kcal mol–1 for ∆𝒇𝐇𝟐𝟗𝟖𝟎 , and cal mol–1 K–1 for S and Cp. Temperatures are in K. 

Species Mechanism ∆𝒇𝐇𝟐𝟗𝟖𝟎  𝐒𝟐𝟗𝟖𝟎  Cp, 300 K Cp, 400 Cp, 500 Cp, 600 Cp, 800 Cp, 1000 Cp, 1500 

NH3 GRI 3.0 –10.97 46.07 8.58 9.30 10.10 10.90 12.32 13.60 15.98 

 Konnov –10.98 46.07 8.58 9.28 10.10 10.90 12.30 13.54 15.84 

 Glarborg –10.89 46.07 8.53 9.24 10.04 10.81 12.22 13.44 15.76 

 Zhang –10.43 45.99 8.52 9.24 10.00 10.80 12.40 13.90 16.46 

NH2 GRI 3.0 45.90 46.60 8.14 8.36 8.66 9.00 9.74 10.48 11.94 

 Konnov 45.20 46.60 8.14 8.36 8.66 8.98 9.70 10.44 11.88 

 Glarborg 44.46 46.57 8.05 8.24 8.51 8.81 9.50 10.19 11.64 
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 Zhang 44.58 46.51 8.08 8.28 8.54 8.86 9.56 10.26 11.68 

NH GRI 3.0 85.30 43.31 7.02 7.02 7.04 7.10 7.28 7.52 8.12 

 Konnov 85.33 43.31 7.02 7.02 7.04 7.10 7.28 7.52 8.12 

 Glarborg 85.75 43.32 6.97 6.97 6.99 7.04 7.22 7.47 8.07 

 Zhang 85.11 43.26 7.00 7.00 7.02 7.06 7.24 7.48 8.02 

ṄO  GRI 3.0 21.81 50.37 7.18 7.20 7.34 7.52 7.84 8.18 8.60 

 Konnov 21.81 50.37 7.18 7.20 7.34 7.52 7.84 8.18 8.60 

 Glarborg 21.78 50.37 7.14 7.16 7.29 7.47 7.83 8.12 8.55 

 Zhang 21.65 50.32 7.16 7.18 7.30 7.46 7.82 8.10 8.54 

N2O GRI 3.0 19.50 52.58 9.32 10.28 11.04 11.66 12.62 13.28 14.20 

 Konnov 19.50 52.58 9.32 10.28 11.04 11.66 12.62 13.28 14.20 

 Glarborg 19.73 52.58 9.25 10.21 10.96 11.59 12.54 13.20 14.15 

 Zhang 19.74 52.45 9.20 10.12 10.88 11.50 12.42 13.04 13.90 

NO2 GRI 3.0 8.17 57.40 8.96 9.74 10.50 11.16 12.12 12.76 13.52 

 Konnov 8.17 57.40 8.96 9.74 10.50 11.16 12.12 12.76 13.52 

 Glarborg 8.14 57.40 8.90 9.68 10.44 11.09 12.05 12.67 13.49 

 Zhang 7.14 57.31 8.90 9.68 10.40 11.04 12.00 12.58 13.36 

HNO GRI 3.0 25.40 52.80 8.16 8.54 9.04 9.60 10.64 11.50 13.30 

 Konnov 25.60 52.80 8.16 8.54 9.04 9.60 10.64 11.48 13.36 

 Glarborg 25.56 52.79 8.09 8.45 8.96 9.51 10.52 11.36 13.17 

 Zhang 25.82 52.71 8.12 8.48 8.96 9.52 10.56 11.40 12.82 

NNH GRI 3.0 59.63 53.65 8.34 8.86 9.44 9.98 10.86 11.56 12.56 

 Konnov 59.63 53.65 8.34 8.86 9.44 9.98 10.86 11.56 12.56 

 Glarborg 59.70 53.65 8.22 8.62 9.11 9.61 10.52 11.26 12.36 

 Zhang 60.28 53.59 8.32 8.78 9.32 9.88 10.92 11.72 13.08 

3.2. Comparative reaction path analysis 

To achieve a comprehensive understanding of the chemical kinetics of the syngas/NOx reaction 

system, a systematic reaction path analysis is performed for a wide range of mixtures including the 

formation of NOx during syngas combustion, NH3/O2/N2, H2/N2O/O2/Ar, and H2/NO2/O2/Ar mixtures. 

The reaction pathways of the formation of NO species for ignition delay time (IDT) simulations of a 

50/50 H2/CO syngas mixture in air is analyzed using the five detailed mechanisms. Figure 1 shows 

the N element flux analysis at 20% H2 consumption. The reaction pathways demonstrate the thermal 

formation of ṄO during syngas combustion. All five mechanisms reveal that the thermal formation 

of ṄO is mainly initiated by the reaction of N2 with oxygen atom: N2 + Ö = ṄO + N, and the N 
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radical subsequently reacts with O2 and ȮH to form Ṅ O. However, the other reaction pathways 

leading to the formation of ṄO from N2 exhibit large deviations in different mechanisms. The results 

based on the Zhang and Glarborg mechanisms show very similar reaction pathways because they 

mainly use the same reaction rate constants for the key reactions. The Konnov mechanism and GRI-

Mech 3.0 predict that the NNH pathway is competitive with the N2O pathway. At low temperature 

conditions, the pathway through NNH and N2O become important. 

 

Figure 1. Element flux analysis of N during ignition delay time simulation of syngas/air mixture at initial 

temperature of 1200 K with equivalence ratio (φ) of 1.0 and pressure of 20 atm. 

 The ignition delay time of H2/O2/Ar and H2/O2/Ar mixtures with NO2 and N2O as additives40, 41 

are used to benchmark these detailed mechanisms. The major reaction path for N2O during the 

ignition of the H2/N2O/O2/Ar mixture is simple and N2O mainly converts into N2. The reaction of 

N2O + Ḣ producing N2 + ȮH completely controls the transformation with the exception of N2O + H2 

= N2 + H2O only presents in Zhang’s mechanism also contributes to the transformation of N2O into 
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N2, especially at low temperatures (< 1200 K). Figure 1 shows that at 20% H2 consumption with an 

initial temperature of 900 K, the contributions of these two reactions of N2O with Ḣ and H2 are 1% 

and 99%, respectively, while the contributions of the reaction of N2O with H2 decreases to 6% at 1200 

K. The rate constant for this reaction has a large uncertainty. Mulvihill et al.42 recently recommended 

a new rate constant for this reaction based on shock tube studies of IDTs and H2O time histories, 

which is three times lower than the rate constant used in Zhang’s mechanism. For H2/NO2/O2/Ar 

mixtures, the reaction NO2 + Ḣ = ṄO + ȮH is completely dominant. Other species including HONO, 

HNO2, and HNO also participate in the flux, but their relative percentages are minor. 

 Syngas from gasification or de-volatilization of solid fuels may also include ammonia (NH3), 

which is the key volatile-N species in combustion. Although a number of modeling and experimental 

studies on NH3 oxidation chemistry have been reported,19, 43 the development of reliable detailed 

mechanisms for NH3 oxidation remains challenging. Figure 2 shows the element flux analysis results 

for IDT simulations of NH3/air mixture at an initial temperature of 1500 K for an equivalence ratio 

of 1.0 at a pressure of 20 atm. No ignition is predicted at temperatures below 1500 K using GRI-

Mech 3.0. The Zhang mechanism and Glarborg mechanism exhibit very similar reaction pathways, 

while the Konnov and Mathieu mechanisms show very different analysis results. All of the 

mechanisms reveal that the initial reaction pathway for NH3 oxidation is the formation of NH2 through 

H-atom abstraction reactions by ȮH radicals, and Ḣ and Ö atoms, but the relative contributions from 

these reactions are different due to differing reaction rate constants. It is shown that the most important 

reaction path of NH2 is through the reactions with NH2 and NH forming N2H2, which are not 

considered in the Mathieu mechanism and in GRI-Mech 3.0. A major difference of the Konnov 

mechanism compared to the Zhang and Glarborg mechanisms is the direct formation of HNO through 
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NH2 via reactions with Ö and O2. Another difference is that the reactions contribute to the formation 

of NNH and finally to N2. At the conditions studied, the decomposition reaction totally controls the 

transformation from NNH to N2 in Konnov mechanism, and the reaction of NNH with O2 also plays 

an important role. Besides these differences, it can be concluded that although the relative 

transformations among major species and the contributions from dominant reactions are different for 

the considered reactive mixtures, the key reactions and species retained in different detailed 

mechanisms are mostly identical and the different performances of these detailed mechanisms are 

essentially affected by the use of different reaction rate constants for a small number of key reactions. 

Besides element flux analyses of the mixtures, we also employ sensitivity analyses to identify and 

compare key reactions in these detailed mechanisms. 

 

Figure 2. Element flux analysis of N during ignition delay time simulation of NH3/air mixture at initial temperature 

of 1500 K with equivalence ratio (φ) of 1.0 and pressure of 20 atm. 
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3.3. Sensitivity analysis and mechanism updates 

In an attempt to elucidate the selection of accurate rate constants for important reactions, a brute-

force sensitivity analysis is employed for IDT simulations to identify important reactions and their 

differences in the various detailed mechanisms and to provide further help in the selection of accurate 

reaction rate constants. The sensitivity coefficient of the rate constants of reaction i on IDT is defined 

by the following formulation: 

Sensitivity(i) =
)(

)()2(

iign

iigniign

k

kk


 −

          (1) 

where 
ik   is the rate constants of reaction i, )2( iign k   is the IDT when the rate of reaction i is 

doubled, and )( iign k  is the nominal value of the IDT. Therefore, a negative sensitivity coefficient 

value means that the IDT becomes shorter when the rate of reaction i is doubled and the overall 

reaction rate increases. Brute-force sensitivity analyses to IDT for H2/N2O/Ar and H2/NO2/Ar 

mixtures are conducted using the five detailed mechanisms at a pressure of 20 atm and at temperatures 

of 950 and 1500 K, Figure 3.  

 According to Figure 3, only four reactions, namely, N2O (+M) = N2 + Ö (+M), Ḣ + N2O = NH + 

ṄO, Ḣ + N2O = N2 + ȮH and H2 + N2O = N2 + H2O have a large effect on the IDT predictions of the 

H2/N2O/Ar mixture excluding the H2 chemistry. The sensitivity coefficients of the two reaction 

channels of Ḣ + N2O are smaller compared with the other two reactions. The sensitivity coefficient 

for the decomposition of N2O increases as temperature increases, while the sensitivity coefficient for 

the reaction H2 + N2O = N2 + H2O decreases as temperature increases. The rate constants of these 

two reactions both show a positive influence on the reactivity of the H2/N2O/Ar mixture. It is 

noticeable that the reaction H2 + N2O = N2 + H2O is only included in the Zhang mechanism which is 

the second most sensitive reaction, having a positive influence in increasing reactivity. 
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H + O2 = O + OH

H2 + N2O = H2O + N2

H + HO2 = 2 OH

H2O2 (+M) = 2 OH (+M)

H + H2O2 = H2 + HO2

HO2 + OH = H2O + O2

H + H2O2 = H2O + OH

HO2 + OH = H2O + O2

HO2 + O = O2 + OH

H + O2 (+M) = HO2 (+M)

H + HO2 = H2 + O2

-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
Sensitivity coefficient

Zhang mechanism

H + O2 = O + OH

H2 + O = H + OH

N2O (+M) = N2 + O (+M)

H + O + M = OH + M

H + OH + M = H2O + M

NH + NO = H + N2O

H + HO2 = H2 + O2

H + O2 (+M) = HO2 (+M)

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1

Zhang mechanism

Sensitivity coefficient
 

H + O2 = O + OH

H2O2 (+M) = 2 OH (+M)

H + H2O2 = H2 + HO2

H + HO2 = 2 OH

H2 + OH = H + H2O

H2 + O = H + OH

H2 + O = H + OH

N2O (+M) = N2 + O (+M)

H2O2 + OH = H2O + HO2

H2O2 + OH = H2O + HO2

HO2 + OH = H2O + O2

HO2 + OH = H2O + O2

HO2 + O = O2 + OH

H + H2O2 = H2O + OH

H + HO2 = H2 + O2

H + O2 (+M) = HO2 (+M)

-0.6 -0.4 -0.2 0.0 0.2 0.4

Glarborg mechanism

Sensitivity coefficient

H + O2 = O + OH

H2 + O = H + OH

N2O (+M) = N2 + O (+M)

H2 + OH = H + H2O

H + N2O = N2 + OH

H2 + O = H + OH

H + HO2 = 2 OH

H + O + M = OH + M

HO2 + OH = H2O + O2

HO2 + O = O2 + OH

H2O + M = H + OH + M

NH + NO = H + N2O

H + HO2 = H2 + O2

H + O2 (+M) = HO2 (+M)

-0.4 -0.3 -0.2 -0.1 0.0 0.1
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Figure 3. Sensitivity analysis of auto-ignition for H2/N2O/Ar mixture (0.01/0.0016/0.9784) by using the five 

detailed mechanisms at pressure of 20 atm and temperatures of 950 K (left) and 1500 K (right). 

As for the sensitivity analysis results shown in Figure 4 for the H2/NO2/Ar mixture, the five 

mechanisms exhibit very different characteristics. (1) At 950 K, the most sensitive reactions in the 

Zhang and Glarborg mechanisms are identical, although the sensitivity coefficients are slightly 

different. The recombination reaction of ȮH and ṄO leading to the formation of HONO decreases 

the reactivity, while the reactions of NO2 with H2 / H2O increase the reactivity on doubling their rate 

constants. (2) The sensitive reactions related to nitrogen species in the Konnov and Mathieu 

mechanisms are different. The recombination reactions of HONO show large sensitivity coefficients 

in the Konnov mechanism, which results from the significantly larger rate constants employed in the 

Konnov mechanism than those used in other mechanisms. However, this reaction exhibits very small 

contribution to reaction activity based on our flux analysis. (3) The reaction HONO + ȮH = NO2 + 

H2O demonstrates opposite effects on IDT predictions in the Mathieu mechanism compared with the 

Zhang and Glarborg mechanisms. The major reason for this may be due to the use of different reaction 

rate coefficients. (4) GRI-Mech 3.0 does not include the HONO species, thus, the sensitivity analysis 

results demonstrate different characteristics at low temperatures. However, at 1500 K, all mechanisms 

show very similar sensitivity analysis results. Increasing the reaction rate constants of the H2 + NO2 
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reaction and the decomposition reaction NO2 = ṄO + Ö significantly increases reactivity, while the 

three reactions of ṄO with O2, ȮH and HȮ2 leading to the formation of NO2 and Ö, Ḣ, and ȮH 

decrease the reactivity when the rate constants are doubled. To summarize, the HONO species and 

related reactions have a large effect at low temperatures (< 1200 K), while the transformation reaction 

between ṄO and NO2 become important at high temperatures. 
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Figure 4. Sensitivity analysis of auto-ignition for H2/NO2/Ar mixture (0.01/0.0016/0.9784) by using the five 

detailed mechanisms at pressure of 20 atm and temperatures of 950 K (left) and 1500 K (right). 

Based on systematic flux and sensitivity analyses, the high-temperature chemistry in these 

detailed mechanisms exhibits small differences, and major differences among these detailed 

mechanisms lie in the low temperature sub-mechanisms, especially in the HONO and HNO2 related 

reactions. Recent interest in advanced combustion engines promotes intense research in low-

temperature combustion chemistry involving the NOx sub-mechanism. To obtain better and more 

accurate prediction of NOx chemistry in combustion, high-level theoretical chemistry calculations 

together with uncertainty minimization methods are employed to obtain more accurate rate constants 

and uncover unknown reactions using detailed potential energy surface analyses. In an attempt to 

continuously update detailed mechanisms, key reactions with large uncertainties and new reaction 

pathways have been updated based on Zhang’s mechanism. Table 3 lists the updated reactions 
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together with their related rate coefficients. 

The decomposition reaction of HONO to form Ṅ O and ȮH is firstly updated with new rate 

constants, which plays an important role in the formation of ṄO together with the isomerization 

reaction between HONO and HNO2. Generally, all of the detailed mechanisms employ this reaction 

as ṄO + ȮH = HONO. Two sets of reaction rate coefficients from Tsang et al.44 and Fulle et al.45 

were employed in the Konnov/Mathieu mechanisms and in the Glarborg mechanism, respectively. 

The Zhang mechanism adopted the rate coefficients recommended by Atkinson et al.46 with a slight 

modification of the Troe broadening factor. However, a major drawback of these rate constants was 

that they were derived at temperatures below 500 K, which were not very relevant to typical 

combustion conditions. Recently, Chen et al.26 revisited the decomposition reaction kinetics of 

HONO and HNO2 using high-level electronic structure calculations coupled with micro-canonical 

rate theory and the master equation method (RRKM/ME). They computed temperature- and pressure-

dependent rate coefficients at temperatures in the range 200–2500 K and at pressures in the range 

0.01–100 bar. They compared their computed rate constants with those used in the detailed 

mechanisms. It was shown that the rate constants used in the Glarborg mechanism exhibited the best 

agreement within a factor of two compared with their computed results, while the others showed large 

deviations but were generally within an order of magnitude.  

For HNO2, the Dagaut, Konnov and GRI-Mech 3.0 mechanisms do not include it as a distinct 

species, while the other mechanisms mainly consider the isomerization reaction between HNO2 and 

HONO. Based on high-level theoretical calculations, Chen et al.26 indicated that the decomposition 

reaction of HNO2 to ṄO + ȮH was the dominant product channel, which was not considered in all 

previous detailed mechanisms. Thus, to show the impact of this new reaction and its rate constants 
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on model performance, the isomerization and decomposition reactions of HNO2 and HONO are 

updated and the rate constants are listed in Table 3. 

As demonstrated from flux analysis and sensitivity analysis, the reaction Ḣ + NO2 = ṄO + ȮH 

is critical. The rate expression k(T) = 1.3 × 1014 exp(–182 K/T) cm3 mol–1 s–1 derived by Ko and 

Fontijn47 based on high-temperature photochemistry technique at temperatures in the range 296–760 

K was employed in all of the detailed mechanisms but was multiplied by a factor of 1.2 in the Zhang 

mechanism. Su et al.48 extended the temperature range for this reaction to 1100–2000 K by using a 

shock tube facility and recommended a temperature-independent rate constant as 8.85 × 1013 cm3 

mol–1 s–1 for 195 ≤ T ≤ 2000 K. In 2015, Hass et al.49 replenished experimental results for this reaction 

for temperatures of 737–882 K in the pressure range 10–20 atm using laminar and turbulent flow 

reactors, and found a representative rate constant for this reaction of 1.05 × 1014 cm3 mol–1 s–1. To 

minimize the uncertainty in the rate of this reaction, Chen et al.26 proposed a novel strategy to 

incorporate uncertainty in the minimum energy pathway into an optimization process and obtained a 

final rate expression, which was in excellent agreement with all of the experimental data.  
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Figure 5. Reaction rate constants for reaction Ḣ + NO2 = ȮH + ṄO as a function of temperature. Symbols represents 
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the corresponding experimental measured rate constants. 

Figure 5 demonstrates the rate constants for this reaction as a function of temperature. Although 

the deviations among these suggested rate constants are not large, the final rate constants optimized 

by Chen et al. 26 exhibits a strong temperature dependence. 

Besides the reaction Ḣ + NO2 = ṄO + ȮH, the abstraction reaction of H2 and NO2 to form ṄO 

and H2O also shows large sensitivity coefficients. The recent high-level theoretical calculations by 

Chai et al.25 for this abstraction reaction were employed in the Zhang and Glarborg mechanisms and 

adopted in this work. The reaction HONO + ȮH = H2O + NO2 represents a major consumption 

pathway for HONO and also shows a large sensitivity coefficient at low temperature conditions, but 

this reaction exhibits an opposite sensitivity coefficient in the Mathieu mechanism compared with the 

other three mechanisms as shown in Figure 6. The rate constant employed in the Mathieu mechanism 

increases with increasing temperature, while the rate constants used in the other three mechanisms50 

exhibit a slight negative temperature dependence. Theoretical calculations for this reaction51 also 

indicated a negative temperature dependence at temperatures below 1000 K, which correlates with 

the experimental results.50 In this work the reactions between Ḣ and HONO are also updated using 

the theoretical calculations of Chai et al.25 
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Figure 6. Reaction rate constants used for reaction HONO + ȮH = H2O + NO2 as a function of temperature. 

Although the reaction reactivity of H2/NO2/Ar mixture is not sensitive to the reactions relevant 

to HNO according to our sensitivity analysis, nevertheless the HNO species plays a critical role in 

the formation of NOx and in the oxidation of ammonia. The reactions between HNO and ȮH have 

been updated with theoretical calculated rate coefficients.27 In addition, the reaction HNO + NO2 = 

Ṅ O + HONO involving the inter-conversion of Ṅ O and NO2 was found to be important in the 

oxidation of nitromethane CH3NO2, and was theoretically studied at the G4 level of theory by Shang 

et al.52 Their calculated rate expression has been used in our updated mechanism. 

The reactions H2NO + O2 = HNO + HȮ2 and HNO + O2 = ṄO + HȮ2 are major consumption 

steps for H2NO and HNO. The first reaction was studied theoretically by Song et al.,19, 53 and the 

activation energy was slightly decreased within the estimated uncertainty to facilitate modeling 

predictions of ammonia oxidation and thermal DeNOx at high oxygen concentrations.19 The rate 

expression calculated by Song has been adopted here. However, for the reaction HNO + O2 = ṄO + 

HȮ2, no experimental or theoretical results were found, and the estimated rate constants from QRRK 

theory37 were adopted in previous mechanisms. To minimize the uncertainty of this reaction, its rate 
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constants have been calculated here using high-level quantum chemistry calculations together with 

transition state theory. Specifically, geometry optimization and hindered rotor scan analyses are 

performed at the B2PLYP-D3/aug-cc-pVTZ level of theory.54 Geometry optimization at this level can 

approach the accuracy of CCSD(T)/cc-pVTZ level.55 Single-point energies are refined at the CCSD(T) 

level with aug-cc-pVTZ and aug-cc-pVQZ basis sets and then extrapolated to the complete basis set 

(CBS) limit.56, 57 For all the species calculated with open-shell CCSD(T) method, all T1 diagnostics 

values58 are within 0.035, indicating that single-reference CCSD(T) method is adequate for this 

reaction.55, 59 The energy barrier at the CCSD(T)/CBS level is 14.68 kcal mol–1 and Eckart tunneling 

corrections60 are included in the calculation. The rate constants are calculated in the temperature range 

500–2500 K with 100 K increments using MultiWell software61 and fitted to the modified Arrhenius 

expression. The rate constants for this reaction as a function of temperature are plotted in Figure 7. It 

can be seen that the rate constants used by Konnov and Mathieu are different from those used in the 

Zhang and Glarborg mechanisms. The computed rate constants in this work are lower than those used 

in the Zhang and Glarborg mechanisms at temperatures below 1000 K. Moreover, as the initial major 

consumption reactions of NH3, the abstraction reactions by Ḣ atoms and ȮH radicals were 

theoretically investigated by Nguyen and Stanton62, 63 by combining the high-accuracy extrapolated 

ab initio thermochemistry (HEAT) protocol with semi-classical transition state theory (SCTST). The 

computed results for NH3 + Ḣ were found to be in good correlation with the experimental results of 

Michael et al.,64 which were employed in detailed mechanisms. The calculated and fitted rate 

constants for NH3 + ȮH by Nguyen et al.62 slightly deviate from the previous results, but the overall 

deviations are within 30%. The computed and fitted rate coefficients by Nguyen et al.62, 63 extend the 

temperature ranges and are employed in the updated mechanism. 
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Figure 7. Reaction rate constants for reaction HNO + O2 = ṄO + HȮ2 as a function of temperature. 

Table 3. Updated reactions and the corresponding reaction rate coefficients. 

Reaction 
 Rate coefficient (cm, mol, s, cal) 

Source 
p / atm A n E 

1 HNO2 = HONO 0.01  3.26 × 1034 –7.97 45490. 26 

 0.10  2.77 × 1033 –7.58 45250.  

 0.316 1.93 × 1032 –7.18 44940.  

 1.00 1.56 × 1030 –6.47 44360.  

 3.16 2.17 × 1027 –5.49 43670.  

 10.0 4.68 × 1024 –4.52 43320.  

 31.6 1.14 × 1023 –3.81 43640.  

 100.0 2.03 × 1022 –3.35 44430.  

2 ȮH + ṄO = HONO 0.01  5.02 × 1021 –4.24  899. 26 

 0.10  5.31 × 1022 –4.24 1184.  

 0.316 1.38 × 1023 –4.22 1376.  

 1.00 3.09 × 1023 –4.17 1621.  

 3.16 5.45 × 1023 –4.09 1911.  

 10.0 6.35 × 1023 –3.97 2222.  

 31.6 3.68 × 1023 –3.75 2501.  

 100.0 7.29 × 1022 –3.41 2660.  

3 ȮH + ṄO = HNO2 0.01  3.16 × 1018 –3.74 1405. 26 

 0.10  3.03 × 1018 –3.43 2618.  

 0.316 2.23 × 1018 –3.24 3248.  

 1.00 1.43 × 1018 –3.03 3899.  

 3.16 6.91 × 1017 –2.79 4535.  

 10.0 2.04 × 1017 –2.49 5125.  
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 31.6 3.07 × 1016 –2.12 5648.  

 100.0 1.95 × 1015 –1.64 6099.  

4 Ḣ + NO2 = ȮH + ṄO  2.01 × 1011  0.84 –1058. 26 

5 Ḣ + HONO = ṄO + H2O 0.01  3.91 × 1009  0.99 4049. 27 

 0.10  3.93 × 1009  0.99 4049.  

 0.316 3.97 × 1009  0.99 4051.  

 1.00 4.30 × 1009  0.98 4070.  

 3.16 7.04 × 1009  0.92 4225.  

 10.0 2.60 × 1010  0.76 4736.  

 31.6 7.91 × 1010  0.64 5519.  

 100.0 2.79 × 1010  0.80 6146.  

6 Ḣ + HONO = H2 + NO2  1.89 × 1003  2.83 1423. 27 

7 Ḣ + HNO2 = H2 + NO2  2.33 × 1004  2.77 –2022. 27 

8 Ḣ + HNO2 = ṄO + H2O 0.01  3.39 × 1009  1.07  5568. 27 

 0.10  3.39 × 1009  1.07  5567.  

 0.316 3.39 × 1009  1.07  5567.  

 1.00 3.38 × 1009  1.07  5565.  

 3.16 3.38 × 1009  1.07  5560.  

 10.0 3.40 × 1009  1.07  5546.  

 31.6 4.32 × 1009  1.04  5591.  

 100.0 1.27 × 1010  0.91  5968.  

9 Ḣ + HNO2 = HNO + ȮH 0.01  3.61 × 1007  1.78  5565. 27 

 0.10  3.61 × 1007  1.78  5566.  

 0.316 3.62 × 1007  1.78  5567.  

 1.00 3.65 × 1007  1.78  5570.  

 3.16 3.74 × 1007  1.77  5580.  

 10.0 4.14 × 1007  1.76  5617.  

 31.6 6.23 × 1007  1.71  5770.  

 100.0 1.81 × 1008  1.59  6233.  

10 HNO + ȮH = Ḣ + HONO 0.01  1.06 × 1003  2.76  4439. 27 

 0.10  1.09 × 1003  2.75  4450.  

 0.316 1.18 × 1003  2.74  4476.  

 1.00 1.48 × 1003  2.72  4554.  

 3.16 2.71 × 1003  2.64  4768.  

 10.0 9.67 × 1003  2.49  5253.  

 31.6 5.31 × 1004  2.29  6063.  

 100.0 1.03 × 1005  2.24  6951.  

11 HNO + ȮH = ṄO + H2O 0.01  5.82 × 1010  0.40  3762. 27 

 0.10  5.85 × 1010  0.40  3763.  

 0.316 5.92 × 1010  0.40  3764.  

 1.00 6.30 × 1010  0.39  3782.  

 3.16 9.53 × 1010  0.34  3931.  
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 10.0 2.60 × 1011  0.23  4413.  

 31.6 3.83 × 1011  0.20  5099.  

 100.0 4.18 × 1010  0.51  5532.  

12 HNO + NO2 = ṄO + HONO  7.85 × 1002  3.06  3882. 52 

13 HNO + O2 = ṄO + HȮ2  3.99 × 1005  2.30 14605. this work 

14 N2O+H2 = N2+H2O  7.00 × 1012  0.00 32500. 42 

15 NH3 + ȮH = NH2 + H2O  4.30 × 1003  2.83  –431. 62 

16 NH3 + Ḣ = NH2 + H2  2.89 × 1006  2.23 10406. 63 

17 H2NO + O2 = HNO + HȮ2  2.30 × 1002  2.99 16500. 19, 53 

3.4. Skeletal reduction results 

During the skeletal reduction process, the size of the skeletal mechanism is controlled by a 

threshold value, and the resulting skeletal mechanisms at different threshold values can be validated 

by comparing their model performance with the detailed mechanism. Starting from the updated 

detailed mechanism consisting of 44 species and 252 reactions, a skeletal mechanism with 28 species 

and 163 reactions is obtained using the DRGEP method at a threshold value of 0.4 and the predicted 

relative errors of ignition under sampling conditions are within 10%. To further reduce the number of 

species, we also perform a second-stage skeletal reduction via the DRGEP method, but it is hard to 

remove any species within the same error range. The resulting 28 species mechanism is further 

reduced via the ISSA method, and a final skeletal mechanism with 27 species and 130 reactions is 

obtained. The species H2NN and its related reactions are deleted at this stage, also indicating that a 

single skeletal reduction is usually not enough to derive a minimal skeletal mechanism.35 Table 1 lists 

the retained species in the final skeletal mechanism relevant to the NOx sub-mechanism, and the 

HOĊO species has been removed compared with the syngas sub-mechanism in the detailed 

mechanism. It was shown by Nilsson and Konnov65 that this species and its related chemistry were 

in fact not important to any significant extent under a wide range of combustion conditions for syngas 

with different compositions of H2 and CO. 
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Based on reaction pathway and sensitivity analyses, it can be concluded that, although the species 

and reactions in different detailed mechanisms show large differences, most of the species and 

reactions have little effect on mechanism performance. When considering the retained species and 

reactions in the skeletal mechanism compared to the detailed one, it is found that the small set of 

reactions controlling the major reaction pathways and affecting the predictive capability of the 

detailed mechanism are the same, and the different performance relies in the selection of rate 

constants for this small set of reactions. The reduction in computational cost of the skeletal 

mechanism was measured for both the homogeneous ignition and diffusive flame systems. It is found 

that there is approximately a 60% CPU-time reduction for ignition and JSR species profile 

simulations and a 40% reduction for laminar simulations using the skeletal mechanism. 

3.5. Performance of the developed mechanism 

The updated detailed mechanism and the reduced skeletal mechanism for syngas/NOx have been 

validated against typical experimental data including IDTs and species profiles. A series of 

experimental investigations on nitrogen chemistry relevant to the syngas oxidation process have been 

reported in the last few decades as summarized by Glarborg et al.19 and Zhang et al.20 IDTs for 

H2/NO2/O2/Ar, H2/N2O/O2/Ar, and NH3/O2/Ar mixtures are selected as the primary major targets for 

validation since they can cover a wide range of pressures and temperatures.  
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Figure 8. Ignition delay times from shock tube experiments41 in comparison to model predictions for 

0.0133H2/0.0067O2/0.0001NO2/0.9799Ar mixtures (mole fraction) at different pressures. 

To improve the predictability of NOx mechanism, the effect of NOx addition on the combustion 

properties of fuel oxidation system have been widely studied. Mathieu et al.41 measured ignition 

delay times of H2/O2/NO2 mixtures in a shock tube behind reflected shock waves. Figure 8 illustrates 

the experimental data with simulations using the updated detailed and skeletal mechanisms as well 

as the other five detailed mechanisms. One can see that all of the mechanisms considered, except 

GRI-Mech 3.0, exhibit similar and good performance. The reduced skeletal mechanism reproduces 

the simulation results in good agreement with the detailed one. The major reason for the poor 

performance of GRI-Mech 3.0 is the omission of the HONO species because NO2 is mostly converted 

to ṄO by the reaction Ḣ + NO2 = ṄO + ȮH, which is included in all mechanisms and the adopted 

https://www.sciencedirect.com/topics/engineering/ignition-delay
https://www.sciencedirect.com/topics/engineering/ignition-delay
https://www.sciencedirect.com/topics/engineering/reflected-shock
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rate constants also show small differences. GRI-Mech 3.0 can still predict some reasonable ignition 

delay time since the HONO related reactions mainly affect IDTs at low temperature conditions as 

illustrated by Figure 4. 

The H2/N2O/O2 reaction system is considered as another target to explore the interaction of 

hydrogen and NOx and validate the performances of different mechanisms. Mathieu et al.40 conducted 

shock tube studies on the effect of N2O addition on the ignition of the H2/O2 system over a wide range 

of temperatures (940–1675 K) and pressures (1.6, 13 and 32 atm), and recently Mulvihill et al.42 

performed a shock tube study on the less-dilute H2/N2O reaction system. They recommended new 

rate constants for the reaction H2 + N2O = N2 + H2O, which is used in the updated mechanism. Figure 

9 shows IDTs from shock tube experiments for the H2/N2O reaction systems together with modeling 

results. It can be seen that the updated and skeletal mechanisms exhibit better performance compared 

to the other mechanisms. For the less-dilute H2/N2O system shown in Figure 9(d), the updated 

mechanism shows an improved performance using the rate constants recommended by Mulvihill et 

al.42 for the reaction H2 + N2O = N2 + H2O. 
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Figure 9. Ignition delay times from shock tube experiments in comparison to model predictions for 

0.01H2/0.01O2/0.0032N2O/0.9768Ar mixtures (mole fraction) at different pressures40 (a)–(c) and for 

0.10H2/0.10N2O/0.80Ar mixture at 0.68 atm42 ((d)). 
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Figure 10. Ignition delay times from shock tube experiments66 in comparison to model predictions for 0.01143NH3/ 

0.00857O2/0.98Ar mixtures (mole fraction) at different pressures. 

 Figure 10 shows IDTs for NH3/O2/Ar mixtures at different pressures obtained from shock tube 
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experiments66 together with modeling results. The updated detailed and reduced skeletal mechanisms 

show improved predictions, especially at high pressure conditions. Figure 11 shows sensitivity 

analysis results for NH3/O2/Ar mixture using the updated detailed mechanism at 20 atm pressure and 

1500 K. It can be seen that the reactions related to H2NO and HNO species are very important. The 

reactions of these two species with O2 exhibit large sensitivity coefficients. By employing high-level 

theoretical calculation results together with abstraction reactions of NH3 by Ḣ atoms and ȮH radicals 

as shown in Table 3, the updated detailed mechanism shows better performance in predicting IDTs 

for these NH3/O2/Ar mixtures. 

NH2 + O2 = H2NO + O
H2NO + O2 = HNO + HO2

NH2 + NO = NNH + OH
H + O2 = O + OH

HO2 + NH2 = H2NO + OH
HNO + O2 = HO2 + NO

NH + O2 = HNO + O
N2H2 = H + NNH

H + NH2 (+M) = NH3 (+M)
NH2 + NO2 = H2NO + NO

2 NH2 = NH + NH3
NH2 + O2 = HNO + OH

N2H3 = H + N2H2
HONO + NH2 = NH3 + NO2

H + NO2 = NO + OH
HO2 + NO = NO2 + OH

2 HO2 = H2O2 + O2
HNOH + NH2 = HNO + NH3
N2H4 + NH2 = N2H3 + NH3

NH + O2 = NO + OH
NH2 + NO2 = H2O + N2O

HNOH + NH2 = N2H3 + OH
2 NH2 = H2 + N2H2

H + NH3 = H2 + NH2
HNO + NH2 = NH3 + NO

H2NO + NH2 = HNO + NH3
NH2 + NO = H2O + N2

-0.3 -0.2 -0.1 0.0 0.1
Sensitivity coefficient  

Figure 11. Sensitivity analysis of auto-ignition for NH3/O2/Ar mixture by using the updated detailed mechanisms 

at pressure of 20 atm and temperature of 1500 K. 

Species concentration profiles from Jet-stirred reactors (JSR) and Flow reactor (FR) experiments 

are another important target to validate a detailed mechanism for nitrogen chemistry and NOx 

emission prediction. The FR experiment designed by Abian et al.67 provided a benchmark dataset for 

the prediction of thermal ṄO. This mechanism is controlled by the reaction N2 + Ö = ṄO + N, and 

the rate constants employed in all of the mechanisms show small differences. Thus, the predicted ṄO 
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concentrations using the considered detailed mechanisms are very similar to one another. Figure 12 

demonstrates a typical experimental JSR species profiles by Dayma and Dagaut68 and the predicted 

results. The updated and skeletal mechanism together with the Zhang and Glarborg mechanisms 

exhibit better performances compared with the other mechanisms. GRI-Mech 3.0 is outdated due to 

the lack of many key species relevant to low-temperature nitrogen chemistry. As shown in Table 3, 

major updates in the current mechanism and the differences among previous mechanisms lie in the 

low-temperature chemistry, especially for HONO and HNO2 related reactions. To demonstrate the 

difference and analyze the impact of the new reaction pathway on model performance, a rate-of-

production (ROP) analysis is performed for the H2/O2/N2 mixture perturbed by ṄO using the updated 

mechanism together with the Zhang and Glarborg mechanisms at 30 atm and 850 K, Figure 13. The 

major reactions controlling the transformation of ṄO and NO2 are the same but with different rate 

constants. However, by incorporating the latest identified decomposition reaction of HNO2,26 it can 

be seen that the unimolecular decomposition reaction of HNO2 to directly generate ȮH and ṄO is 

favored over the isomerization reaction. 
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Figure 12. ṄO and NO2 species profiles as a function of temperature from experiment and modeling results. Symbols 

represent experimental measurements.68 
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Figure 13. ROP analysis for NO species during JSR simulations for 0.01 H2/0.05 O2/0.93975 N2/0.00025 NO mixture 

with residence time of 0.24 sec at 30 atm and 850 K. 

Finally, to further validate the updated detailed and skeletal mechanisms, laminar flame speeds 

for H2/N2O mixture diluted by 60% Ar measured by Mével et al.69 are used to test the mechanism 

performance. Figure 14 shows the predicted laminar flame speeds as a function of equivalence ratio 

compared with experimental results at pressure of 1 atm and initial temperature of 300 K. It can be 

seen that the skeletal mechanism also exhibits high-fidelity in prediction of laminar flame speed 

compared with the detailed mechanism and experimental results. 
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Figure 14. Laminar flame speed comparisons between experimental data and mechanism predictions for H2/N2O 

mixture diluted by 60% Ar at 1.0 atm and 300 K. 
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4. Conclusions 

In spite of the apparent simplicity of the syngas/NOx reaction system, available detailed 

mechanisms describing it still exhibit different performances in predicting combustion properties and 

NOx emissions. To clarify the differences among various detailed mechanisms, we have performed a 

comparative chemical kinetic analysis by using flux and sensitivity analyses for five available detailed 

mechanisms describing the syngas/NOx system. An updated detailed mechanism has been developed 

by incorporating recent theoretical advancements of several important elementary reactions. The 

main conclusions of the present study are summarized as follows. 

(1) The species relevant to nitrogen chemistry included in different detailed mechanisms for syngas 

combustion are different, and none of the selected detailed mechanisms are comprehensive 

enough to contain all of the species. Naturally, the recently developed detailed mechanisms such 

as the Zhang and Glarborg mechanisms are more comprehensive than the earlier ones. 

(2) Although the species and reactions included in various detailed mechanisms show large 

differences, the major reaction pathways and overall mechanism performances are affected by a 

small number of species and reactions based on flux and sensitivity analyses. The thermal ṄO 

formation mechanism in contemporary detailed mechanisms is identical and only small 

deviations exist in rate constants. Major differences among the detailed mechanisms lie in the 

low-temperature sub-mechanism, especially for the reactions related to HONO and HNO2. 

(3) The rate constants for reaction HNO + O2 = ṄO + HȮ2 are calculated at the CCSD(T)/CBS 

level of theory together with TST and Eckart tunneling correction. With recent advancement in 

several important reactions, an updated detailed mechanism has been developed and validated. 

The updated mechanism incorporates new reaction pathways and exhibits a better performance 
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for a series of conditions, especially at high-pressure conditions. 

(4) A reduced skeletal mechanism is obtained using a combination of the DRGEP and ISSA methods, 

and the skeletal mechanism, which can be coupled with CFD simulations, exhibits a high-fidelity 

performance compared to the detailed one. 
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