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In the present work, the laminar burning velocities of the NH 3 + N 2 O + air flames were measured using 

the heat flux method at 1 atm and 298 K, with varied equivalence ratios and N 2 O mixing ratios. For 

the mixing ratio N 2 O/(N 2 O + air) = 0.5, a full range of equivalence ratios was covered. Moreover, at three 

equivalence ratios an extended range of mixing ratios was investigated. The laminar burning velocity 

has an approximately linear relationship against the fraction of nitrous oxide in the oxidizer mixture, 

regardless of the tested equivalence ratios. Several recently published NH3 mechanisms were compared 

with these new experimental data; among them the models of Nakamura et al. and Stagni et al. show 

the best performance for NH 3 + N 2 O + air flames over the entire range of the mixing ratios. The H/N/O 

kinetic mechanism of the authors was analyzed and updated focusing on the rate constants of reactions 

most sensitive in ammonia flame propagation and self-ignition of NH 3 + O 2 and H 2 + N 2 O mixtures. The 

choice of the new rate constants is outlined, however, no modification (adjustment or tuning) of the rate 

parameters to accommodate experimental results was attempted. The updated mechanism demonstrates 

significantly improved agreement with all measurements used for the model development and with other 

experimental data from the literature for ammonia flames and self-ignition. A comparative reaction path 

analysis for NH 3 + N 2 O + air and NH 3 + air flames revealed that an almost linear increase of the laminar 

burning velocity with an increased fraction of N 2 O in the oxidizer originates from the rate controlling 

reaction N 2 O + H = N 2 + OH, which produces OH radicals dominating ammonia oxidation. 

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

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Recently revitalized interest in ammonia (NH 3 ) as a potential 

enewable and carbon-free fuel has motivated numerous test stud- 

es in engines [1] and gas turbines [2] , as well as laboratory re-

earch on fundamental combustion properties such as ignition de- 

ays and flame propagation in pure ammonia and blended fuel 

ixtures. The major obstacle for the direct utilization of NH 3 in 

ombustion systems is largely different characteristics compared 

o common hydrocarbon fuels: the higher heat of vaporization, 

he lower heating value, higher minimum ignition energy, higher 

uto-ignition temperature, much slower burning velocity, narrow 

ammability range, lower adiabatic flame temperature, higher ig- 

ition delay time, low radiation intensity, and slow chemical con- 

ersion rate [3] . Therefore, a detailed understanding of the high- 

emperature chemistry of ammonia is required both to predict the 
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ehavior of NH 3 in industrial combustors and to propose new ap- 

roaches overcoming these limitations or modifying combustion 

egimes. 

Nowadays, various kinetic mechanisms are available in the lit- 

rature to describe the combustion and ignition properties of NH 3 , 

ll of them based on the fundamental review of Miller and Bow- 

an [4] , however, uncertainties are retained in the key reactions 

overning ammonia oxidation, and predictions using different 

echanisms could have significant deviations among each other. 

igure 1 shows examples of the laminar burning velocity ( S L ) 

alculations of NH 3 + air flames at 1 atm and 298 K using several

ontemporary models. The tested kinetic mechanisms are from 

larborg et al. [5] , Okafor et al. [6] , Shrestha et al. [7] , Nakamura

t al. [8] , Otomo et al. [9] , Mei et al. [10] , Mathieu and Petersen

11] , Han et al. [12] , Li et al. [13] , Stagni et al. [14] , and recently

pdated model of the authors [15 , 16] , which in the following, is 

alled Model 1 to avoid confusion with other models developed 

n Lund. Experimental data from the literature are shown for 

omparison, which are taken from Takizawa et al. [17] , Ronney 
Institute. This is an open access article under the CC BY license 
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Fig. 1. Laminar burning velocities of NH 3 + air flames at 1 atm and 298 K. Symbols: 

experiments, lines: numerical modeling. 
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18] , Pfahl et al. [19] , Jabbour et al. [20] , Han et al. [21] , Hayakawa

t al. [22] , Ichikawa et al. [23] , Mei et al. [10] , and Lhuillier et al.

24] . As seen in Fig. 1 , at equivalence ratio, φ, close to 1.1 the

ariation of the predicted burning velocities is from ˜5 to ˜12 cm/s, 

hile the experimental S L values scatter from 6 to 8 cm/s. An 

xperimental uncertainty, which at the best is close to ± 1 cm/s 

21] is, therefore, relatively high that, together with the spread of 

he burning velocities themselves hampers validation of detailed 

inetic models. It should be noted that radiation heat losses were 

aken into account in the modeling presented in Fig. 1 , because 

hey influence the calculated burning velocities of the slowly 

urning flames as will be detailed in the following. 

Since the experimental uncertainty does not change much 

hen the laminar burning velocity grows [25] , it would be more 

onvenient to target conditions with larger S L . The simplest way 

o achieve higher burning velocities of ammonia, which is also 

onsidered as a practical approach to implement it in industrial 

ombustors, is to mix it with methane (natural gas) [21 , 6 , 26 , 27]

r with syngas [28 , 12 , 29] . The use of these experimental data for

odel validation, however, requires complete H/C/N/O mechanisms 

here quality and performance of the hydrocarbon kinetics is cru- 

ial for the analysis of the possible deficiencies in the H/N/O sub- 

odel itself. More convenient is to investigate binary fuel mix- 

ures of NH 3 + H 2 [21 , 24 , 29] , or to increase the unburnt mixture

emperature [24 , 30 , 31] . Also possible is to substitute part or all of

 2 in air by O 2 [10 , 30 , 32] , or to use NO as an oxidizer instead of

ir [33 –35] . In all these cases the differences between calculated 

urning velocities enlarge with larger S L that facilitates model val- 

dation and analysis. 

Another option to increase the laminar burning velocities of 

mmonia, explored in the present study, is to use nitrous oxide, 

 2 O, as an oxidizer. Shock tube studies in the system NH 3 + N 2 O

ave a long history and originally focused on self-ignition phenom- 

na [36 –39] . Deflagration to detonation transition in NH 3 + N 2 O 

ixtures was also studied [40] and an increase from 0–0.6 m/s 

t the initial ignition stage up to detonation velocity of 2198 m/s 
14 
as reported. In the kinetic experiments with diluted mixtures 

41 , 42] , nitrous oxide was a source of O atoms that allowed to de-

ive rate constants of reactions between ammonia and O atoms 

r OH radicals. Flame structure of the low-pressure (0.079 atm) 

H 3 + N 2 O + Ar flame using laser-induced fluorescence and mass 

pectrometry was reported by Venizelos and Sausa [43] . They sug- 

ested several modifications to the Miller and Bowman mechanism 

4] and demonstrated good agreement between the modeling and 

heir experiments. 

The first measurements of the burning velocity of NH 3 + N 2 O 

ixtures were performed by Van Tiggelen and colleagues [44 –46] , 

ho used the flame cone method and different dilutions by N 2 to 

hange the flame temperature and obtain effective activation en- 

rgy of the flame propagation. They found a linear correlation be- 

ween the diluent content and S L , and noted that the maximum 

urning velocity is observed in slightly lean mixtures. Parker and 

olfhard [34] reported burning velocities in the range from 0.04 

o 1 atm where S L slightly increases with pressure and compared 

his trend with other flames supported by NO and NO 2 . Gray and 

olleagues [47 –49] investigated low-pressure (0.091 atm) spheri- 

al flames of NH 3 + N 2 O mixtures as well as ternary mixtures with

 2 and H 2 at an initial gas temperature of 333 K. The burning ve-

ocity was derived from the flame radius vs. time records recalcu- 

ated using density ratio of the products and reactants. The authors 

47 , 48] concluded that their results agree with the earlier stud- 

es [44 , 45 , 34] both in the absolute values of S L and the position

f the maximum, though significant experimental uncertainties ( ±
0%) were considered possible. The measurements of Andrews and 

ray [47] were further revisited by Brown and Smith [50] , who es- 

entially performed stretch correction comparing calculated flame 

peeds in spherical and planar 1D flames implementing the kinetic 

odel of Miller and Bowman [4] . They found that for NH 3 + N 2 O

ixtures minor correction is needed in lean flames, while in sto- 

chiometric and rich flames it exceeds 10%, and evaluated the un- 

ertainty of the modified S L be around 15%. Investigation of Pfahl 

t al. [19] was focused on flammability limits, and ignition energy 

f H 2 –CH 4 –NH 3 –N 2 O–O 2 –N 2 mixtures at standard conditions mo- 

ivated by safety concerns. They also obtained burning velocities 

f NH 3 + air flames shown in Fig. 1 as well as of NH 3 + N 2 O + air

ames with nitrous oxide content up to 8% and noted a significant 

ncrease of S L caused by N 2 O addition. Pfahl et al. [19] observed 

he dramatic effect of buoyancy on the development and shape 

f slowly burning initially spherical flames and suggested that the 

ifference of the burning velocity within ± 1 cm/s with the mea- 

urements of Ronney [18] performed in microgravity is reasonable. 

One may expect, therefore, that investigation of NH 3 + N 2 O + air 

ames could considerably reduce the relative uncertainty of the 

urning velocity measurements allowing for better screening and 

alidation of kinetic models, moreover, the presence of nitrous ox- 

de should modify the importance of the key reactions control- 

ing flame propagation. Figure 2 shows the most sensitive reactions 

rom the recently updated model of the authors [15 , 16] (Model 

) for the laminar burning velocities of stoichiometric NH 3 + air, 

H 3 + H 2 + air, NH 3 + O 2 + N 2 , NH 3 + NO, and NH 3 + N 2 O + air flames at

 atm and 298 K. Although different mixtures share almost the 

ame sensitivity spectra, some reactions appear most critical at 

pecific conditions which can help improving model behavior via 

nalysis and updates of their rate constants following the approach 

f Brown and Smith [50] . On the other hand, this also indicates 

he need for concerted validation of the kinetic mechanism per- 

ormance using different experiments to avoid modifications that 

an bring it in agreement with one dataset but deteriorate mod- 

ling capabilities at other conditions. To this end, in the present 

ork, the laminar burning velocities of NH 3 + N 2 O + air mixtures of 

ifferent com position were obtained using the heat flux method 

t 1 atm and initial gas temperature of 298 K. Several detailed 



X. Han, M. Lubrano Lavadera and A .A . Konnov Combustion and Flame 228 (2021) 13–28 

Fig. 2. Normalized A-factor reaction sensitivities of the laminar burning ve- 

locities for stoichiometric NH 3 + air, NH 3 + H 2 + air, NH 3 + O 2 + N 2 , NH 3 + NO, and 

NH 3 + N 2 O + air flames at 1 atm and 298 K (compositions in mole basis). 
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Table 1 

Experimental conditions covered in the present study for NH 3 + N 2 O + air mixtures. 

Mixing ratio x N 2 O Equivalence ratio φ

0.5 0.4–2.0 

0.3–1.0 0.6 

0.15–0.65 1.0 

0.2–0.8 1.4 
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inetic schemes were tested and the model of the authors was 

pdated considering S L measured in other ammonia flames men- 

ioned above, as well as selected ignition delay data from the lit- 

rature. Due to the availability of a large number of detailed mod- 

ls for ammonia combustion, they were first screened by analysis 

f their previous validation for combustion of mixtures containing 

H 3 and/or N 2 O relevant to the present study. Further examination 

f the most sensitive reactions is used to improve the prediction 

bilities of the model of the authors. However, the goal to achieve 

 perfect match with the measurements was not pursued. Finally, 

he reaction pathway analysis is used to prove that the burning 

elocities of NH 3 + N 2 O + air flames provide an important indepen- 

ent target for the validation and development of detailed kinetic 

odels. 

. Experimental details 

The heat flux method for measuring burning velocities imple- 

ented in the present study has many advantages and some lim- 

tations fully documented by Alekseev et al. [51] . Specific short- 

omings related to the stabilization of ammonia flames have been 

iscussed in our recent works [12 , 21 , 52] . First, NH 3 can be corro-

ive towards brass which typical heat flux burners are made from. 

herefore, the burner of the old design designated “E2” [51] has 

een used. With this burner, the temperature of the heating jacket 

s controlled by a hot water circuit that hampers stabilization 

f the flames having very low (below 10 cm/s) burning veloci- 

ies. Thus the measurements of the burning velocities of NH 3 + air 

ames (performed by Han et al. [12 , 21] using the heating circuit 

ith oil) or flames with a small amount of N 2 O added to the mix-

ure were not possible. Second, the upper limit of S L is dictated 

y the perforation pattern of the burner plate, which for 0.5 mm- 

iameter holes at a pitch of 0.7 mm is about 50–60 cm/s [51] . This

revents from covering a complete range of stoichiometric com- 
15 
ositions for NH 3 + N 2 O flames, for which at φ = 1 the burning

elocity is close to 80 cm/s [34] . 

Thus, in the present study NH 3 + N 2 O + air flames with varied

quivalence ratios and N 2 O mixing ratios were investigated. The 

 2 O was considered as part of the oxidizer and its content was 

enoted as x N2O = N 2 O/(N 2 O + air). The equivalence ratio was cal- 

ulated such that complete combustion products are N 2 and H 2 O. 

able 1 shows all experimental conditions visited, where the incre- 

ent of x N2O in each dataset is 0.05 while that of φ is 0.1. 

The descriptions of the heat flux burner, experimental setup 

nd experimental procedures can be found in the previous publi- 

ations [53 , 15] . The uncertainty of the measured S L was evaluated 

rom the radial temperature scattering in the burner plate mea- 

ured by eight thermocouples and the uncertainties of the mass 

ow controllers as described by Alekseev et al. [51] . An additional 

ncertainty has been introduced due to the uncertainty in the ef- 

ective perforation area of burner “E2” discussed in details in our 

ecent work [52] , which leads to a higher uncertainty of measured 

 L than commonly reported for measurements performed with the 

eat flux method (usually < 1 cm/s). All experimental data with 

ssociated uncertainties are tabulated in the Supplemental Mate- 

ial. 

. Modeling details 

Premixed flame modeling as well as sensitivity and reaction 

athway analyses were performed using ANSYS Chemkin 17.0 soft- 

are [54] . The laminar burning velocity was calculated considering 

ulticomponent transport and thermal diffusion options. A grid- 

ndependent solution was ensured by setting the parameters GRAD 

nd CURV to 0.02 and 0.05, respectively, resulting in a number 

f grid points around 50 0–70 0 over the domain of 3 cm. Radia- 

ion heat losses were taken into account because they influence 

he calculated burning velocities of the slowly burning flames as 

emonstrated by Nakamura and Shindo [55] . The modeling of the 

adiation heat losses in ANSYS Chemkin assumes that the radia- 

ion is from an optically thin layer, and the radiation from NO, 

H 3 , N 2 O, and H 2 O was considered in the present study. It should

e noted that among the five tested mechanisms described be- 

ow, only the present mechanism and that of Nakamura et al. 

8] include the absorption coefficients of the radiative species. On 

he other hand, the radiation heat losses have a very small im- 

act (less than 0.2 cm/s) on the calculated burning velocities of 

H 3 + N 2 O + air mixtures studied in the present work, and could be

oticeable only in very lean and very rich NH 3 + air mixtures [55] .

he experimental ignition delay times by Mathieu and Petersen 

11] and Mulvihill et al. [56] were defined using a slope of OH 

∗

mission profile; the same procedure was used in the modeling. 

The modeling has been initially performed using the recently 

pdated model of the authors [15 , 16] (Model 1), which will be de- 

cribed and eventually improved in the following. Besides, four ki- 

etic mechanisms from the literature were tested. This selection is 

ased on the recent comparative study of detailed reaction mech- 

nisms for ammonia combustion [57] and an additional analysis 

ummarized in Table 2 . It should be noted that even the lists of 

onsidered kinetic models covered by Kawka et al. [57] and in the 

resent work are not the same since several mechanisms were 
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Table 2 

Most recent kinetic models and experiments relevant to the present work. 

Mechanism Year Comparison with experiments 

Laminar burning velocity ST ignition delay time 

NH 3 + air NH 3 + H 2 + air NH 3 + O 2 + N 2 NH 3 + O 2 + He NH 3 + O 2 + Ar/N 2 H 2 + N 2 O + Ar 

Mathieu and Petersen [11] 2015 [11] [59 , 60 , 61 , 56 , 62 , 63 , 64] 

Nakamura et al. [8] 2017 [17 , 18 , 19 , 22] [11] [63] 

Okafor et al. [6] 2018 

Glarborg et al. [5] 2018 [17 , 18 , 19 , 20 , 21 , 22 , 23 , 24] [11] 

Shrestha et al. [58] 2018 [17 , 18 , 19 , 20 , 22] [11] 

Otomo et al. [9] 2018 [17 , 18 , 19 , 22] [23 , 65 , 66 , 67] [11] 

Li et al. [13] 2019 [17 , 18 , 19 , 20 , 21 , 22] [21 , 23 , 65 , 66 , 67] [11] 

Mei et al. [10] 2019 [17 , 18 , 19 , 20 , 21 , 22 , 23 , 10 , 24] [10] [11] 

Han et al. [12] 2020 [17 , 18 , 19 , 20 , 21 , 22 , 23 , 10 , 24] [21 , 23] [11] 

Shrestha et al. [7] 2020 [17 , 18 , 19 , 20 , 21 , 22 , 23 , 10 , 24] [24 , 21 , 23 , 65 , 66 , 67 , 7] [10 , 7] [7] [11] 

Stagni et al. [14] 2020 [18 , 10] [ 11 , 68] 

Present mechanism 2021 [17 , 18 , 18 , 20 , 21 , 22 , 23 , 10 , 24] [21 , 23 , 24 , 7] [10 , 7] [7] [11] [59 , 60 , 56] 

p

c

t

e  

n

fl

c

a

t

p

s

o

i  

r

c

I

u

t

b

o  

S

o  

b

p

i  

l  

t  

n

4

4

v  

d

c  

m  

b

1

e  

8

s

i  

t

b

fi

h

T

a

e  

c

i

l

[

w

t

v  

c

b  

o

t  

f

o

a

o

p

4

4

t

w

d

m

b

[

w

h

i

t

[

t  

c

i

[

f

w

M

fl

p  

t

m

t

ublished very recently. Moreover, only ignition delays and species 

oncentration in flow reactors were considered for comparison by 

he authors of [57] , who concluded that the models of Glarborg 

t al. [5] and Shrestha et al. [58] perform the best. It should be

oted that the potential impact of surface reactions on the walls of 

ow reactors introduces an ambiguity in data interpretation as dis- 

ussed by, e.g. Glarborg et al. [5] . Therefore, experiments on speci- 

tion in flow reactors were not considered for model validation in 

he present study. The experimental data previously used for com- 

arison with the literature mechanisms in the original studies pre- 

enting these models are shown in Table 2 . Only the mechanisms 

f Mathieu and Petersen [11] , and Nakamura et al. [8] were val- 

dated using ignition delays in H 2 + N 2 O + Ar mixtures, which are

elevant to the present study, while practically all models were 

ompared with ignition delays in NH 3 + O 2 + Ar/N 2 mixtures [11] . 

t should be noted that all mechanisms considered were validated 

sing other experiments, e.g., species concentration in flow reac- 

ors, or flame propagation in NH 3 + CH 4 fuel mixtures, which are 

eyond the scope of the present study. Summarizing, the models 

f Glarborg et al. [5] , Nakamura et al. [8] , Stagni et al. [14] , and

hrestha et al. [7] , which is the latest modification of the model 

f Shrestha et al. [58] will be tested. One may note that the Glar-

org mechanism was not aiming to model ammonia flames, and its 

erformance for the burning velocities of NH 3 + air mixtures, seen 

n Fig. 1 and of NH 3 + O 2 + N 2 mixtures is not satisfactory as ear-

ier demonstrated by Mei et al. [10] . However, as will be shown in

he following, for the NH 3 + N 2 O + air laminar burning velocities, it

icely reproduces all experimental trends. 

. Results and discussion 

.1. Experimental results 

Fig. 3 shows the present measurements of the laminar burning 

elocities of NH 3 + N 2 O + air mixtures at 1 atm and 298 K. Fig. 3 (a)

epicts the data for x N2O = 0.5, where the S L reaches its maximum 

lose to φ = 1.0, similar to the earlier observations in NH 3 + N 2 O

ixtures [44 , 45 , 47 , 48] . Figure 3 (b)(c)(d) presents the relationship

etween S L and x N2O at fixed equivalence ratios φ = 0.6, 1.0, and 

.4, respectively. Panel 3(b) includes the measurements of Pfahl 

t al. [19] in NH 3 + N 2 O + air flames with nitrous oxide content up to

%, while Panel 3(c) also shows the literature experimental data of 

toichiometric NH 3 + air flames, i.e., at x N2O = 0, which have been 

ntroduced in Fig. 1 . The experimental results for the NH 3 + air mix-

ure scatter within 1 cm/s, the difference is smaller than the sym- 

ol size in Fig. 3 . 

The present experimental dependences of S L vs. x N2O at the 

xed φ are remarkably linear in the whole range investigated, 
16 
owever, close to x N2O = 0 the trends deviate from linearity. 

his can also be found in the predictions of five kinetic mech- 

nisms shown in Fig. 3 . Among them, the models of Glarborg 

t al. [5] , Nakamura et al. [8] , and Stagni et al. [14] show very

lose performance for x N2O = 0.5 ( Fig. 3 (a)), the latter one is 

n particularly good agreement with the experimental data in 

ean mixtures. Predictions of the mechanism of Shrestha et al. 

7] are systematically higher at the stoichiometric and lean side 

ith the deviation increasing with increased x N2O . Recalling that 

he Glarborg mechanism significantly overpredicts the burning 

elocities of NH 3 + air flames, seen in Figs. 1 and 3 , one may

onclude that the Nakamura and the Stagni mechanisms show the 

est performance for NH 3 + N 2 O + air flames over the entire range

f x N2O . On the contrary, Model 1 behaves very closely to these 

wo models for NH 3 + air flames ( Fig. 1 ), but dramatically diverges

rom the experimental data shown in Fig. 3 for increased amounts 

f nitrous oxide in the oxidizer. Hence, the model development 

nd improvement should be based on consideration of a variety 

f relevant mixtures and types of experiments, such as flame 

ropagation and self-ignition as will be presented below. 

.2. Development of H/N/O kinetic mechanism 

.2.1. Overall approach 

The present H/N/O kinetic mechanism has been developed over 

he years and passed several iterations. Naturally it has started 

ith the construction of the sub-models of N/O reactions to model 

ecomposition of nitrogen oxides [69] and of N/H reactions to 

odel decomposition of ammonia [70] , which was later extended 

y the reactions of N 2 H x species to reproduce hydrazine chemistry 

71] . The primary goal of the H/N/O mechanism development 

as to incorporate it into the detailed kinetic scheme for small 

ydrocarbons combustion allowing for modeling of NO x chemistry 

n flames. Therefore, the focus of the subsequent studies was on 

he key reactions of NO formation via major and minor routes 

72 –74] , which permitted to refine the rate constant of, e.g., reac- 

ion NNH + O 

= NH + NO [75] . A complete H/N/O kinetic mechanism

onsisting of 238 reactions was presented and discussed [76] and 

ncluded in the releases 0.5 and 0.6 of the Konnov mechanism 

77] . Although the performance of the latter was much improved, 

urther updates were found necessary. Several N/O rate constants 

ere modified based on the literature survey of Volkov et al. [78] . 

oreover, the analysis of the flame structure of H 2 + O 2 + N 2 

ames doped with NO or NH 3 suggested the need for the re- 

lacement of the products of reaction NH + H 2 O 

= HNO + H 2 into

he formation of NH 2 OH [79] . Furthermore, a comparison of this 

odel [79] and the model of Mendiara and Glarborg [80] with 

he structure of ammonia + air flames [81] revealed the room for 



X. Han, M. Lubrano Lavadera and A .A . Konnov Combustion and Flame 228 (2021) 13–28 

Fig. 3. NH 3 + N 2 O + air laminar burning velocities at (a): x N2O = 0.5; (b): φ = 0.6; (c): φ = 1.0; and (d) φ = 1.4, at 1 atm and 298 K. 
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mprovement mostly related to the choice of the rate constants. 

everal updates have been implemented, e.g., the rate constant of 

eaction N 2 + O 

= NO + N derived by Abian et al. [82] , yet in most

ases these changes were not properly documented. 

The recent version of the detailed kinetic mechanism for 

mall hydrocarbons combustion includes updated H/O kinetic sub- 

echanism presented by Konnov [83] , and was found in good 

greement with the burning velocities and NO x profiles in flames 

f propanols [15] and ethylene [84] . In this version, the ther- 

odynamic data for NH, NH 2 , NNH, HNO, HONO, HNOH, H 2 NO, 

H 2 OH, NO 3 , HNO 3 , N 2 O 4 , N 2 H 2 , N 2 H 3 from the database of Bur-

at and Ruscic [85] have been implemented. Most recently the 

ate constant of reaction N 2 + O 

= NO + N was derived in the exper-

mental and kinetic modeling study of NO formation in premixed 

H 4 + O 2 + N 2 flames [16] . Thus, this model of the authors [15 , 16]

Model 1) was a starting point for the development of the de- 

ailed H/N/O kinetic mechanism in the present study. The choice 

f the rate constants important in the ignition and flame propa- 

ation of the mixtures containing NH 3 , N 2 O, and air is described 
17 
n the following, while many reactions updated after the publi- 

ation of the earlier model [76] are outlined in the Supplemen- 

al Material. The rate constant expressions in the present model 

re based on experimental, theoretical or review data and there 

as been no modification (adjustment or tuning) of the param- 

ters to accommodate experimental results. Rate constants have 

nits of cm 

3 mol s and the activation energies are in cal/mol. All 

eactions considered in the present study are listed in Table 3 , 

nd those modified are marked. The new H/N/O mechanism is in 

he following called Model 2 and is available in the Supplemental 

aterial. 

A straightforward approach to elucidate the model deficien- 

ies and improve it is the sensitivity analysis. When normal- 

zed reaction sensitivities are largely different for two models at 

he same conditions, this may indicate that some pathways are 

uppressed or not included and compensated by other routes, 

aking an agreement with experimental data simply fortuitous. 

ig. 4 presents the sensitivity spectra for the burning velocities of 

H 3 + N 2 O + air mixtures with x N2O = 0.5 at φ = 0.6, 1.0, and 1.4,
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Table 3 

Sensitive reactions analyzed in the present study; units are cm 

3 mol s cal K, k = AT n exp(-E a /RT), UF = uncertainty factor. ∗ indicates reactions in Model 2 different from 

Model 1. 

No. Reaction A n E a Temperatures UF Source Model 2 Source Model 1 

1 ∗ N 2 O( + M) = N 2 + O( + M) 9.90E + 10 0 57,900 1000–3000 3.2 [86] [86] 

Low pressure limit: 6.00E + 14 0 57,440 1000–3000 2.0 [86] [86] 

TROE / −0.2 7300.0 10.0 / 1000–3000 1.3 [86 , 78] [86 , 78] 

Enhanced third-body efficiencies (relative to Ar): 

O 2 = 1.4, N 2 = 1.7, H 2 O = 12, 1.4 [142] [142] 

N 2 O = 3.5, 2 [89] [89] 

NO = 3 2 [143] [143] 

2 N 2 O + O = N 2 + O 2 3.69E + 12 0 15,940 1075–3340 1.6 [91 , 86] [91 , 86] 

3 N 2 O + O = NO + NO 9.15E + 13 0 27,680 1370–4080 1.6 [91 , 86] [91 , 86] 

4 ∗ NH + H = N + H 2 1.88E + 08 1.55 205 300–2000 1.5 [94] [93] 

5 ∗ NH 2 + H = NH + H 2 1.09E + 5 2.59 1812.3 300–2000 1.5 [100] [95] 

6 ∗ NH 2 + NH = N 2 H 2 + H 4.26E + 14 −0.272 −77.5 200–2500 2 [104] [103] 

7 NH 3 + H = NH 2 + H 2 6.40E + 05 2.390 10,171 490–1780 1.5 [106] [106] 

8 ∗ NH 2 + H( + M) = NH 3 ( + M) 1.60E + 14 0.0 0 292–533 2 [107] [107] 

Low pressure limit: 3.60E + 22 −1.76 0 292–533 2 [107] [107] 

TROE /0.5 1E-30 1E30 1E30/ 

Enhanced third-body efficiencies (relative to N 2 ): 

Ar = 0.7, H 2 O = 7, N 2 O = 2, p.w. 

CH 4 = 2.6, C 2 H 6 = 4.8, CO 2 = 2.8 [108] [108] 

9 ∗ N 2 H 2 + H = N 2 + H 2 + H 4.82E + 08 1.76 739.2 300–2000 2 [100] [110] 

10 ∗ N 2 H 2 = NNH + H 1.80E + 40 −8.410 73,353.0 600–2500 5 [113] [5] 

+ 2.60E + 40 −8.530 72,886.2 

PLOG 

11 ∗ N 2 O + H = N 2 + OH 6.44E + 07 1.84 13,490.0 500–2500 2 [117] [115] 

12 ∗ N 2 O + H = NH + NO 7.34E + 20 −1.55 36,940.0 500–2500 2 [117] [115] 

13 ∗ N 2 O + H = NNH + O 2.25E + 19 −1.1 48,180.0 500–2500 2 [117] [115] 

14 N 2 O + H = HNNO 8.00E + 24 −4.39 10,530.0 300–1200 3 [115] [115] 

15 ∗ N 2 O + H = OH 

∗+ N 2 1.60E + 14 0.00 50,300.0 1400–2000 2 [118] –

16 ∗ N 2 O + H 2 = N 2 + H 2 O 7.00E + 12 0 32,500.0 1410–1810 3 [56] –

17 ∗ N 2 O + OH = N 2 + HO 2 1.30E-2 4.72 36,561.0 1000–5000 3 [121] [119] 

18 ∗ N 2 O + OH = HNO + NO 1.18E-4 4.33 25,082.0 1000–5000 3 [121] [120] 

19 NH + N 2 O = N 2 + HNO 2.00E + 12 0.0 6000.0 1000–3000 5 [122] [122] 

20 NH + OH = HNO + H 3.24E + 14 −0.376 −45.7 200–2500 2 [104] [104] 

21 NH + OH = N + H 2 O 1.58E + 07 1.737 −576 200–2500 2 [104] [104] 

22 NH + OH = NO + H 2 1.62E + 13 −0.376 −45.7 200–2500 2 [104] , p.w. [104] 

23 NH 2 + O = HNO + H 6.60E + 13 0.0 0 242- 473 1.3 [125] [125] 

24 ∗ NH 2 + O 2 = H 2 NO + O 2.62E + 11 0.487 29,050 500–2500 2 [117] [126] 

25 ∗ NH 2 + O 2 = HNO + OH 2.88E-02 3.76 18,180 500–2500 2 [117] [126] 

26 NH 2 + NO = N 2 + H 2 O 2.61E + 19 −2.369 866 400–1900 1.5 [128] [128] 

27 NH 2 + NO = NNH + OH 4.29E + 10 0.294 −870 400–1900 1.5 [128] [128] 

28 NH 3 + OH = NH 2 + H 2 O 5.00E + 07 1.6 950.0 225–2000 2.5 [123] [123] 

29 H + NO( + M) = HNO( + M) 1.52E + 15 −0.41 0.0 230–4200 5 [130] [130] 

Low pressure limit: 2.36E + 14 0.206 −1550 295–905 1.5 [133] [133] 

TROE / 0.82 1.0 1.0E + 10 / 

Enhanced third-body efficiencies (relative to Ar): 

N 2 = 1.6 

30 HNO + H = NO + H 2 6.69E + 10 0.94 495 200–2500 2 [137] [137] 

31 HNO + OH = NO + H 2 O 1.20E + 09 1.189 334 200–2500 2 [137] [137] 

32 ∗ HNO + NH 2 = NH 3 + NO 5.87E + 02 2.950 −3469 550–3000 2 [138] [4] 

33 NNH + O = NH + NO 2.00E + 14 0.0 4000 1200–2500 2 [73] [73] 

34 N 2 H 2 + NO = N 2 O + NH 2 4.00E + 12 0.0 11,922 600–2500 5 [113] [113] 

Fig. 4. Normalized A-factor reaction sensitivities of the laminar burning velocities of NH 3 + N 2 O + air flames with x N2O = 0.5, calculated using (a) Model 1; and (b) the Stagni 

mechanism. 
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Fig. 5. S L of NH 3 + H 2 + air flames with various vol% H 2 in the fuel at room temper- 

ature and 1 atm. Symbols: experiments [24 , 21] , lines: modeling. 

Fig. 6. Ignition delay times of NH 3 + O 2 + Ar mixtures at 11 atm with 99 vol% Ar 

dilution. Symbols: experiments [11] , lines: modeling. Ignition is defined as the in- 

tersection of the tangent to (dOH 

∗/dt) max with the zero emission line [11] . 
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btained using Model 1 and the Stagni mechanism [14] . The reac- 

ion of nitrous oxide decomposition, 

 2 O( + M) = N 2 + O( + M) (1) 

as the highest sensitivity in both mechanisms. The rate ex- 

ressions (high-pressure and low-pressure limiting rate constants) 

dopted in the Stagni mechanism and Model 1 are both from 

he review of Baulch et al. [86] , however, the auxiliary param- 

ters are not the same. Specifically, the so-called Troe centering 

 cent = 1.167–1.25E −04 T [86] was ignored in the Stagni model, 

hile in Model 1 it was approximated by Volkov et al. [78] as three

arameters suitable for the Chemkin interpreter and shown in 

able 3 . On the other hand, the collisional efficiencies implemented 

n Model 1 do not include that of H 2 O; this omission is explained

y the fact that recommendations of Volkov et al. [78] were given 

or N/O system only. Hence, in Model 2 the enhanced third-body 

fficiencies for O 2 , N 2 , N 2 O, NO, and H 2 O were taken the same

s in the original version of the N/O mechanism [69] . Most re- 

ently, the rate constants of nitrous oxide decomposition were de- 

ived theoretically [87 , 88] and investigated experimentally in the 

emperature range of 860–1023 K [88] . In both studies, the au- 

hors stated that their calculations are in good agreement with the 

arlier studies [89 , 90] which in turn were taken into account by 

aulch et al. [86] to derive the recommended expressions, and are, 

herefore, kept in Model 2. 

The addition of the collisional efficiency of H 2 O to reac- 

ion (1) in Model 2 notably increases the predicted S L values 

f NH 3 + N 2 O + air mixtures, e.g., by 8 cm/s at x N2O = 0.5 and

= 1.0, largely improving agreement with the present experi- 

ents. However, further modifications of the H/N/O mechanism 

ill be discussed via a concerted analysis of the kinetic mecha- 

ism performance using different experiments. To properly model 

gnition delay times measured in shock tubes, two reactions 

reviously absent in Model 1 were included: N 2 O + H 2 = N 2 + H 2 O

nd N 2 O + H 

= OH 

∗+ N 2 with the rate constants discussed in the

ollowing. The first reaction was suggested to be unimportant [56] , 

hile the second one is needed to properly model the forma- 

ion of excited OH radicals often used to register self-ignition in 

hock-tube experiments. 

Figures 5–7 present additional experimental data used for 

odel 1 validation and sensitivity analysis. Figure 5 shows the 

aminar burning velocities of NH 3 + H 2 + air mixtures from Lhuillier 

t al. [24] and Han et al. [21] and predictions of two models. 

igure 6 compares ignition delays in NH 3 + O 2 + Ar lean, stoichio- 

etric and rich mixtures from Mathieu and Petersen [11] with 

odeling, while Fig. 7 depicts ignition delay times of N 2 O + H 2 + Ar

ixtures from Mulvihill et al. [56] . Although the behavior of 

odel 1 can be considered as satisfactory as seen in Figs. 1 , 5 , and

 , further improvement could be achieved via analysis of the most 

ensitive reactions. 

Figure 8 shows the normalized A-factor reaction sensitivities 

alculated using Model 1 after modifying the rate constant of re- 

ction (1) and incorporation of reactions N 2 O + H 2 = N 2 + H 2 O and

 2 O + H 

= OH 

∗+ N 2 at the conditions of experimental data shown

n Figs. 1 , 5 , 6 , and 7 . Ten most sensitive reactions are presented

n each panel, together with the relative difference between 

he corresponding experimental and simulation results ((Exp.- 

um.)/Num.). The error bars shown for the relative difference were 

ropagated from the claimed experimental uncertainties. The lam- 

nar burning velocities of NH 3 + air and NH 3 + H 2 + air flames from

an et al. [21] are used in panels (a) and (b), while ignition de-

ay times of NH 3 + O 2 + Ar and N 2 O + H 2 + Ar flames, from Mathieu

nd Petersen [11] , and Mulvihill et al. [56] , respectively, are used 

n panels (c) and (d). These relative differences are helpful in the 

nalysis of possible effects of the modification of a specific rate 
19 
onstant for all experimental conditions used as a reference. All 

eactions seen in Fig. 4 for NH 3 + N 2 O + air flames and in Fig. 8 will

e discussed in the following, except the H/O reactions presented 

n the updated hydrogen mechanism [83] and therefore left un- 

hanged. 

.2.2. N/O reactions 

Together with reaction (1) discussed above, only reaction 

 2 O + O = N 2 + O 2 (2) 
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Fig. 7. Ignition delay times of N 2 O + H 2 + Ar mixtures at 0.69 atm with 80 vol% Ar 

dilution. Symbols: experiments [56] , lines: modeling. Ignition is defined as the in- 

tersection of the tangent to (dOH 

∗/dt) max with the zero emission line [56] . 
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ppears in the sensitivity spectra among N/O reactions. Investiga- 

ions of the rate constant of reaction of nitrous oxide with oxygen 

tom, which has the second channel 

 2 O + O = NO + NO (3) 

nd their branching ratio have a long history. In the earlier work 

evoted to the development of N/O mechanism [69] , it was, for ex- 

mple, shown that too-low or too-high values of the rate constants 

or reactions (2) and (3) are incompatible with experimental data 

n N 2 O decomposition. Later Meagher et al. [91] performed a com- 

rehensive evaluation of the literature pertaining to these reac- 

ions. As a result, recommendations for the rate constants of these 

wo reactions were given over wide temperature ranges. These rec- 

mmendations were supported by Baulch et al. [86] and adopted 

n various mechanisms including Model 1 and Model 2. 

.2.3. N/H reactions 

Reaction 

H + H = N + H 2 (4) 

as a minor impact on the calculated ignition delays in 

 2 O + H 2 + Ar mixtures. In many kinetic models the rate constant of

t is taken from the flame study of Morley [92] or from the shock-

ube investigation of the reverse reaction by Davidson and Hanson 

93] , the latter was adopted in Model 1. Since then many theoret- 

cal works claimed good agreement with these experiments. Only 

dam et al. [94] performed new measurements at room temper- 

ture and calculated the rate constant for the range 30 0–20 0 0 K. 

heir expression agrees well with all available data [92 –94] and 

as therefore adopted in Model 2. 

The rate constant of reaction 

H + H 2 = NH 2 + H ( −5) 

n Model 1 was taken from the shock-tube study of Rohrig and 

agner [95] because it was later supported by the experiments 

f Fontijn et al. [96] and theoretical calculations of Mackie and 
20 
acskay [97] . Samu et al. [98] attempted optimization of this rate 

onstant using the same experiments [95 , 96] together with con- 

entration profiles of NH 2 radicals obtained in flames [99] . Their 

xpression, however, disagrees with the most recent high-level 

heoretical calculations [100] of the reverse reaction. Hence in 

odel 2, reaction 

H 2 + H = NH + H 2 (5) 

eplaces the reverse one and the rate constant of Li and Sarathy 

100] is adopted. 

Kinetic studies of reaction 

H 2 + NH = N 2 H 2 + H (6) 

ere limited to room temperature, e.g., [101 , 102] . At high tempera- 

ures, the rate constant was derived from 2200 to 2800 K by fitting 

he concentration profiles of NH and NH 2 to a complex mechanism 

y Davidson et al. [103] and their expression was implemented in 

odel 1. The theoretical calculations of Klippenstein et al. [104] are 

omewhat higher than available experimental data, nevertheless, 

hey are adopted in Model 2 for consistency since many other cal- 

ulated rate constants from this work were implemented in both 

odels; these reactions are outlined in the Supplemental Material. 

The latest experimental investigations of the rate constant of 

eaction 

H 3 + H = NH 2 + H 2 (7) 

ave been performed more than 30 years ago by Ko et al. 

105] over the temperature range 490–960 K, and by Michael et al. 

106] who covered 750–1777 K range. Taking into account other 

ata from the literature, they proposed rate expressions almost 

dentical at high temperatures. Since then only theoretical studies 

f reaction (7) have been performed often reproducing the experi- 

ental results. Most recently Stagni et al. [14] also calculated this 

ate constant which in their work is about two times higher than 

he available measurements [105 , 106] . In both Model 1 and Model 

 the expression of Michael et al. [106] is adopted. 

Reaction of ammonia decomposition 

H 2 + H( + M) = NH 3 ( + M) (8) 

as been studied in the literature in both forward and reverse 

irections. It is mostly sensitive for prediction of ignition de- 

ays of ammonia-containing mixtures and then, in the falloff re- 

ion, depends on the bath gas. Therefore, recent theoretical cal- 

ulations of the rate constant presented in PLOG format (which 

oes not accommodate third-body efficiencies), e.g., in the mech- 

nism of Stagni et al. [14] , can be good for one diluent only. 

he rate expressions (high-pressure and low-pressure limit rate 

onstants) adopted in Model 1 and Model 2 are from the com- 

ined experimental and theoretical study of Altinay and Macdon- 

ld [107] , who provided them for N 2 as a bath gas. The same au-

hors [108] determined collisional efficiencies for reaction (8) as 

 2 : CH 4 : C 2 H 6 : CO 2 = 1: 2.6: 4.8: 2.8. In addition, collisional effi-

iencies were estimated in Model 2 as N 2 : Ar: H 2 O: N 2 O = 1: 0.7:

: 2. It should be noted that these estimated values could be in 

eality temperature-dependent [109] and certainly deserve further 

tudies. 

There are no experimental rate constants available for the reac- 

ion between diazene, N 2 H 2 , and H atoms. In Model 1 it is included

s 

 2 H 2 + H = NNH + H 2 
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Fig. 8. Normalized A-factor reaction sensitivities and the relative difference between experimental and simulation results, calculated using Model 1. (a): laminar burning 

velocities of NH 3 + air flames at 298 K and 1 atm; (b): laminar burning velocities of NH 3 + H 2 + air flames at 298 K and 1 atm with 40 vol% H 2 in the total fuel; (c): ignition 

delay times of NH 3 + O 2 + Ar mixtures at 11 atm with 99 vol% Ar in the reactants; (d): ignition delay times of stoichiometric N 2 O + H 2 + Ar mixtures at 0.69 atm with 80 vol% 

Ar in the reactants. 
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ith the rate constant calculated by Linder et al. [110] . Later Truh- 

ar and co-workers revisited this reaction in several studies and 

ompared results obtained at different levels of theory [111] . Most 

ecently Li and Sarathy [100] implemented larger basis sets com- 

ared to previous works and derived the rate constant adopted in 

odel 2. It should be noted that this rate constant is about an or- 

er of magnitude higher than that of Linder et al. [110] and 3–

 times higher than calculations of Zheng et al. [111] . Even more 

mportant, Döntgen and Leonhard [112] analyzed this reaction as 

n example of separation of chemical and relaxation kinetics and 

ound that for diazinyl, hot β-scission fully replaces the sequence 

f hydrogen abstraction and decomposition of NNH that means 

hat reaction should be written as 

 2 H 2 + H = N 2 + H 2 + H (9) 

hich is adopted in Model 2. 

The reaction of diazene decomposition was in Model 1 pre- 

ented as a bimolecular process 

 2 H 2 + M = NNH + H + M 
21 
ith the rate constant based on the model of Glarborg et al. [5] ,

ut divided by 10. In Model 2 the pressure-dependent rate con- 

tant calculated by Dean and Bozzelli [113] for N 2 as a bath gas is 

dopted. Note that this rate constant was presented as a sum of 

LOG functions for reaction 

 2 H 2 = NNH + H (10) 

hile in Table 3 only terms at 1 atm are listed. 

.2.4. H/N/O reactions 

One of the most sensitive reactions for the laminar burning ve- 

ocities of NH 3 + N 2 O + air flames ( Fig. 4 ) and ignition delay times of

 2 O + H 2 + Ar mixtures ( Fig. 8 ) is reaction 

 2 O + H = N 2 + OH (11) 

hich converts H atoms to OH radicals. It has other, less important 

hannels 

 2 O + H = NH + NO (12) 

 2 O + H = NNH + O (13) 
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 2 O + H = HNNO (14) 

 2 O + H = OH 

∗+ N 2 (15) 

The total rate constant of N 2 O + H = Products has a distinct be-

avior with different effective activation energies below and above 

50 K, which was attributed by Marshall et al. [114] to the effect 

f tunneling. In Model 1 the rate constants of reactions (11) – (14) 

ere taken from Bozzelli et al. [115] , who concluded that pressure- 

ependent reaction (14) is responsible for this behavior and calcu- 

ated its rate constant at 1 atm for N 2 as a bath gas. One may note

hat the calculated rate constant of reaction (14) at 1 atm for Ar as 

 bath gas by Diau and Lin [116] is close to that of Bozzelli et al.

115] around 10 0 0 K, but is about 5 times higher at room temper-

ture. In Model 2 the rate constants of reactions (11) – (13) are 

dopted from the study of Klippenstein et al. [117] who confirmed 

he analysis of Bozzelli et al. but did not provide the expression for 

eaction (14) which is thus not changed. Reaction (15) is one of the 

ominant routes forming OH 

∗ chemiluminescence in the H 2 + N 2 O 

hock tube experiments [118] , it was added here with the rate con- 

tant obtained by Hidaka et al. [118] since many shock tube inves- 

igations use the OH 

∗ trace to define ignition delay times. 

As is mentioned above, reaction 

 2 O + H 2 = N 2 + H 2 O (16) 

as included in Model 2 to verify that it is ‘unimportant’ as sug- 

ested by Mulvihill et al. [56] . Revisiting experimental conditions 

f the study of Kosarev et al. [62] on ignition delay times in 

 2 + N 2 O mixtures Mulvihill et al. [56] concluded that the reaction 

ate of reaction (16) should be at least 30 times lower than that 

uggested before [62] . Nevertheless, with this rate constant, which 

s adopted in Model 2, reaction (16) appears in the sensitivity spec- 

ra at the conditions of experiments of Mulvihill et al. [56] shown 

n Fig. 8 (d) indicating the need for further investigation of this re- 

ction. 

Reaction 

 2 O + OH = N 2 + HO 2 (17) 

as minor sensitivity in calculated ignition delay times for H 2 + N 2 O 

ixtures converting OH into less reactive HO 2 radicals. In Model 

 the rate constant of this reaction was taken from the study of 

utar et al. [119] , while the second channel was included in re- 

erse direction HNO + NO 

= N 2 O + OH with the rate constant derived

y Diau et al. [120] . In Model 2 the rate constants of both reaction

17) and 

 2 O + OH = HNO + NO (18) 

re adopted from the theoretical study of Mebel et al. [121] . 

Reaction 

H + N 2 O = N 2 + HNO (19) 

as never investigated and only suggested by Hanson and Salimian 

122] with estimated rate constant which is adopted in both Model 

 and Model 2. 

As seen in the sensitivity spectra for NH 3 + N 2 O + air flames

 Fig. 4 ), reaction 

H + OH = HNO + H (20) 

ppears only for the mechanism of Stagni et al. [14] , which imple- 

ented rate constants for this and the second channel 

H + OH = N + H 2 O (21) 
22 
uggested by Cohen and Westberg [123] , who considered only 

wo product channels of reaction between imidogen and hy- 

roxyl radicals. However, theoretical calculations of Sumathi et al. 

124] showed that competitive products are to be HNO + H and 

O + H 2 with roughly equal branching. In contrast, Klippenstein 

t al. [104] later obtained different rate constants for reactions (20) 

nd (21), which are adopted in both Model 1 and Model 2. It was 

lso noted [104] that contribution of reaction 

H + OH = NO + H 2 (22) 

s less than 5% compared to HNO + H channel. The rate constant of 

his reaction was thus taken as 1/20 of that of reaction (20). 

Inomata and Washida [125] investigated reaction 

H 2 + O = HNO + H (23) 

rom 242 to 473 K in 2–7.5 Torr of He and concluded that it has no

ressure or temperature dependence, which was later confirmed 

y the theoretical calculations of Sumathi et al. [124] . The rate 

onstant agrees well with the measurements of Dransfeld et al. 

101] and is kept the same in both Model 1 and Model 2. 

The rate constants of reaction 

H 2 + O 2 = H 2 NO + O (24) 

nd its minor channel 

H 2 + O 2 = HNO + OH (25) 

ere in Model 1 adopted from the experimental study of Hennig 

t al. [126] who suggested that the channel leading to NO + H 2 O

ould be the main reaction path. The QRRK analysis of Dean and 

ozzelli [113] did not reconcile these measurements and predicted 

uch lower rate constants for reactions (24) and (25). Klippen- 

tein et al. [117] repeated theoretical calculations for this system 

t a higher level of theory and found good agreement with the re- 

ults of Dean and Bozzelli [113] for reaction (24). Therefore, the 

ate constants for both channels [117] are adopted in Model 2. 

Reactions 

H 2 + NO 

= NNH + OH (26) 

H 2 + NO 

= N 2 + H 2 O (27) 

ppear in all sensitivity spectra for ammonia flame propagation 

r ignition. Not only absolute values of their rate constants but 

lso branching ratio affect behavior of the models as discussed by 

iller and Glarborg [127] and in many other relevant studies. Con- 

emporary kinetic models for ammonia often implement very close 

xpressions originating from experimental works or theoretical cal- 

ulations and they all agree within a factor of 2 as noted by Klip- 

enstein et al. [117] . In the mechanisms of Glarborg et al. [5] , and

tagni et al. [14] as well as in Model 1 and Model 2 the same rate

onstants suggested by Song et al. [128] are used. 

Similarly, reaction 

H 3 + OH 

= NH 2 + H 2 O (28) 

as been investigated in many experimental works mostly in 70s 

nd 80s and summarized by Cohen and Westberg [123] . Quan- 

um chemistry calculations performed since then were found with 

 different degree of agreement with the measurements. For in- 

tance, Stagni et al. [14] calculated this rate constant which is 

bout two times higher than the available data [123 , 42] , while the

ptimized rate constant of Samu et al. [98] is 2–3 times lower at 
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igh temperatures typical for combustion. In both Model 1 and 

odel 2 the recommendation of Cohen and Westberg [123] is kept, 

hich is strongly supported by the theoretical study of Nguyen and 

tanton [129] . 

Decomposition / recombination reaction 

 + NO ( + M) = HNO ( + M) (29) 

as been investigated in many works and analyzed by Tsang and 

erron [130] and by Baulch et al. [86] . In the latter review, only

ecommendation for H 2 as a bath gas was provided; moreover, it 

as noticed that flow reactor studies [131 , 132] indicate rate con- 

tants at high temperatures about a factor of 3–4 lower than be- 

ng expected from the evaluated expressions [130 , 86] . Riley et al. 

133] determined the rate constants up to 905 K and confirmed 

hat earlier recommendations were too high. Following suggestion 

f Rasmussen et al. [134] the high-pressure limit rate constant 

nd center broadening parameter from Tsang and Herron [130] are 

ombined with the low-pressure expression and collisional effi- 

iency for N 2 of Riley et al. [133] in Model 1 and Model 2. Stagni

t al. [14] calculated this rate constant and found that their expres- 

ion overestimates available measurements at room temperature. 

A comprehensive summary of scattered measurements and ear- 

ier theoretical studies [135 , 136] of reactions 

NO + H = NO + H 2 (30) 

NO + OH = NO + H 2 O (31) 

as provided by Nguyen et al. [137] . They performed canonical and 

icrocanonical variational transition state calculations suggesting 

hat μVT results should be more accurate, which are accepted in 

odel 1 and Model 2. On the other hand, Nguyen et al. [137] em-

hasized the need for experimental studies of these reactions since 

heir expressions significantly differ from the calculations of Soto 

t al. [135 , 136] , which are often adopted in combustion mecha- 

isms. 

In the absence of experimental data for reaction 

NO + NH 2 = NH 3 + NO (32) 

he estimation by Miller and Bowman [4] was used in Model 1. Ab 

nitio calculations of Xu and Lin [138] are somewhat lower than 

he earlier results of Mebel et al. [139] , which was explained by 

he more accurate determination of the potential energy surface. 

he rate constant of Xu and Lin [138] is adopted in Model 2 as

ell as in the mechanism of Glarborg et al. [5] . 

The rate constants of the remaining reactions that appeared in 

he sensitivity spectra have not been changed. Reaction 

NH + O 

= NH + NO (33) 

s a possible new route for NO formation in flames was first dis- 

ussed by Bozzelli and Dean [140] , who suggested negative acti- 

ation energy for its rate constant. Konnov and De Ruyck [73] at- 

empted to derive this rate constant from experimental data on NO 

ormation in low-pressure flames with positive activation energy of 

 kcal/mol. The theoretical calculations of Haworth et al. [141] ap- 

eared much lower than the rate of Bozzelli and Dean [140] with 

ery modest temperature dependence, while those of Klippenstein 

t al. [117] confirmed these observations. The rate constant of this 

eaction [73] is kept the same in Model 1 and Model 2 since its

pdate requires revisiting of NO predictions in hydrogen and syn- 

as flames, which is beyond the scope of the present work. 

The rate constant of reaction 

 2 H 2 + NO 

= N 2 O + NH 2 (34) 
23 
as estimated by Dean and Bozzelli [113] and apparently has not 

eceived further attention since then. Other reactions updated after 

he publication of the earlier H/N/O model [76] and kept the same 

n Model 1 and Model 2 are outlined in the Supplemental Material. 

.3. Model performance 

.3.1. Burning velocities 

Predictions of the updated Model 2 are compared with the 

resent experimental data in Fig. 9 . For NH 3 + N 2 O + air flames with

 N2O = 0.5 the mechanism closely reproduces burning velocities in 

ean mixtures, while in rich mixtures the underprediction is signif- 

cant. Model 2 performance at these conditions is similar to that of 

akamura et al. [8] and Stagni et al. [14] mechanisms, depicted in 

ig. 3 . At higher mixing ratios x N2O , the deviation increases, yet the 

greement of Model 2 with the present data is improved compared 

o Model 1. 

For NH 3 + O 2 + N 2 flames of different com positions and at differ-

nt conditions, Model 2 shows very close performance to Model 1 

n rich mixtures, while slightly overestimates burning velocities in 

ean mixtures. The comparison with the literature data presented 

n Fig. 1 for the laminar burning velocities of NH 3 + air flames at 

 atm and 298 K is shown in Fig. S1 in the Supplemental Mate- 

ial. Similar behavior of the two models is seen in comparison with 

he measurements performed by Hayakawa et al. [22] for the same 

ixtures but at 3 and 5 atm illustrated in Fig. S2. NH 3 + O 2 + N 2 

ames with an increased amount of oxygen in the oxidizer have 

een studied by Shrestha et al. [7] at room and elevated temper- 

ture and by Mei et al. [10] at atmospheric and higher pressures. 

hese experiments are compared with predictions of the two mod- 

ls in Fig. S3 and S4, respectively. 

Burning velocities of NH 3 + H 2 + air mixtures have been investi- 

ated in several studies mentioned above. Figure 5 compares pre- 

ictions of Model 1 and Model 2 with the measurements of Lhuil- 

ier et al. [24] and Han et al. [21] , while Fig. 10 presents exper-

mental data of Ichikawa et al. [144] obtained in stoichiometric 

H 3 + H 2 + air mixtures at 298 K at elevated pressures. An addi-

ional example of the behavior of two models at the conditions of 

xperiments of Lhuillier et al. [145] and Shrestha et al. [7] is shown 

n Fig. S5. In all cases, Model 1 and Model 2 predict burning veloc- 

ties close to each other. 

Although ammonia flames supported by nitric oxide were not 

onsidered as a target in the present work, the measurements in 

H 3 + NO mixtures at 1 atm and 298 K from Checkel et al. [33] and

arker and Wolfhard [34] were compared with Model 1 and Model 

 predictions as shown in Fig. 11 . The calculated burning veloci- 

ies of these flames are highly sensitive to reactions (26) and (27) 

etween NH 2 and NO as illustrated in Fig. 2 , and very good agree-

ent of the modeling with experimental data over the entire range 

f equivalence ratios does not indicate the need for revision of 

heir rate constants. However, recent measurements in rich flames 

f NH 3 + (50%NO + 50%N 2 ) mixtures at 1 atm and 298 K by Mei

t al. [35] are not so nicely reproduced by the two models, see 

ig. S6. Remarkably, from seven kinetic mechanisms tested in that 

tudy [35] , none was successful in predicting these experimental 

ata. 

.3.2. Ignition delays 

Ignition delay times of NH 3 + O 2 + Ar mixtures with 99 vol% Ar 

ilution measured by Mathieu and Petersen [11] were used for val- 

dation of many kinetic schemes listed in Table 2 . Their experimen- 

al data at 11 atm are shown in Fig. 6 , while at 1.4 atm and 29

tm are presented in the Supplemental Material, see Fig. S7. At all 

onditions Model 2 demonstrates highly improved agreement with 

hese measurements compared to Model 1, especially seen for rich 

ixtures. 



X. Han, M. Lubrano Lavadera and A .A . Konnov Combustion and Flame 228 (2021) 13–28 

Fig. 9. Predictions of laminar burning velocities at 1 atm using Model 1 and Model 2. Panel (a): S L as a function of φ for NH 3 + N 2 O + air flames with x N2O = 0.5; Panel (b): 

S L as a function of x N2O for NH 3 + N 2 O + air flames at φ = 0.6, 1.0, and 1.4. 

Fig. 10. Predictions of laminar burning velocities using Model 1 and Model 2 for 

stoichiometric NH 3 + H 2 + air mixtures at 298 K. Experimental data from Ichikawa 

et al. [144] . 
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Fig. 11. Predictions of laminar burning velocities using Model 1 and Model 2 for 

NH 3 + NO mixtures at 1 atm and 298 K. Experimental data from Checkel et al. 

[33] and Parker and Wolfhard [34] . 
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Ignition delay times of N 2 O + H 2 + Ar mixtures obtained by Mul-

ihill et al. [56] were also considered for model validation and 

nalysis. Figure 7 shows that Model 1 is actually in satisfactory 

greement with these experimental data, while the behavior of 

he updated Model 2 is very close to it. The situation is differ- 

nt when both models are compared with experimental data from 

evel et al. [59 , 60] as presented in Fig. 12 . In lean, stoichiomet-

ic and rich mixtures Model 2 predicts shorter ignition delays and 

losely matches the measurements particularly at higher pressures. 

Summarizing performance of Model 2 achieved after analysis of 

he sensitive reactions and revision of their rate constants where 

ecessary, one may note that perfect agreement with the new 
24 
xperimental data for NH 3 + N 2 O + air flames and with the litera- 

ure data for other ammonia flames and ignition of related mix- 

ures has not been accomplished. The first reason is that selection 

f the updated rate constants was not aimed at a perfect match 

ith experiment; rather it was guided by a new kinetic knowl- 

dge (when available) based on experimentally and theoretically 

erived rate constants. Following this approach, the rate constants 

btained via optimization of kinetic models for a better agreement 

ith the measurements were most often ignored and not incorpo- 

ated in the present mechanism. The second reason, which is also 

 common problem for many kinetic models developed for am- 

onia combustion, is the very limited choice of the available rate 
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Fig. 12. Predictions of ignition delay times using Model 1 and Model 2 for N 2 O + H 2 + Ar mixtures. (a) dilution by Ar = 0.98 at 300 kPa [59] , (b) dilution by Ar = 0.99 at 

910 kPa [60] . Ignition is defined where the OH 

∗ reaches 50% of its maximum height [59 , 60] . 

Fig. 13. Reaction pathways of stoichiometric NH 3 oxidation in (a) air; and (b) 50% N 2 O + 50% air, calculated using Model 2. 
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onstants for a major part of reactions involved. Frequently recent 

heoretical calculations are preferred and considered to be most re- 

iable simply because of lack of experimental kinetic studies. Con- 

equently, contemporary kinetic mechanisms often share the same 

ate constants and demonstrate close performance seldom in a si- 

ultaneously good agreement with a range of experimental data 

vailable. 

.4. Reaction pathway analysis 

The burning velocities of NH 3 + N 2 O + air flames provide an im-

ortant independent target for validation and development of de- 

ailed kinetic models. This may not be so obvious from the sensi- 

ivity spectra shown in Fig. 2 , but clearly seen from a comparative 

eaction pathway analysis for NH 3 + N 2 O + air and NH 3 + air flames.

igure 13 shows reaction pathway analyses for the stoichiometric 

xidation processes of NH in air and in N O + air with x = 0.5
3 2 N2O 

25 
nvironments, which were computed using the updated Model 2. 

ollowing the approach used for other ammonia flames [12 , 21] , the 

hickness of the arrows in Fig. 13 represents the integrated rate 

f species production after being normalized by that of reaction 

 + O 2 = OH + O at each condition, and the dashed lines de-

ote some reactions with a slightly lower rate of productions. In 

oth panels (a) and (b), the NH 3 consumption mainly occurs in 

ts reaction with OH radical (NH 3 + OH 

= NH 2 + H 2 O), forming NH 2 ;

nd the following oxidation processes share very similar reaction 

outes. However, most arrows in panel (b) are much thicker than 

he corresponding arrows in panel (a), which results from sub- 

tituting part of the air with N 2 O. This is also reflected in no- 

ably reduced normalized sensitivity of the chain branching reac- 

ion H + O 2 = OH + O seen in Fig. 2 . From panel (b), nitrous ox-

de in the x N2O = 0.5 flame reacts predominantly with H radicals 

hrough the reaction N 2 O + H = N 2 + OH (11), and the large amount

f OH radicals formed by reaction (11) accelerates the NH - > NH 
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onversion. When x N2O increases, more OH radicals are released by 

eaction (11), which can explain why the laminar burning velocity 

rows rapidly and linearly with the increasing x N2O in Fig. 3 . 

. Conclusions 

In the present work, the laminar burning velocities of the 

H 3 + N 2 O + air flames were measured using the heat flux method 

t 1 atm and 298 K, with varied compositions. These experimental 

ata provide an important independent target for the validation 

nd development of detailed kinetic models. Several recently pub- 

ished mechanisms for NH 3 combustion were compared with the 

ew measurements and demonstrated mixed performance. The 

odels of Nakamura et al. [8] , and Stagni et al. [14] are in the best

greement simultaneously with the burning velocities of NH 3 + air 

nd NH 3 + N 2 O + air flames over the entire range of the mixing

atios. To improve the H/N/O kinetic mechanism of the authors, 

he most sensitive reactions in ammonia flame propagation and 

elf-ignition of NH 3 + O 2 and H 2 + N 2 O mixtures were determined 

nd their rate constants were updated when improved kinetic 

nformation was available. The choice of the new rate constants 

s outlined, however, no modification (adjustment or tuning) of 

he rate parameters to accommodate experimental results was 

ttempted. The updated mechanism demonstrates significantly 

mproved agreement with all measurements used for the model 

evelopment and with other experimental data from the litera- 

ure for ammonia flames and self-ignition. The laminar burning 

elocity of the NH 3 + N 2 O + air flames has an approximately linear

elationship against the fraction of nitrous oxide in the oxidizer 

ixture, regardless of the tested equivalence ratios. A comparative 

eaction path analysis for NH 3 + N 2 O + air and NH 3 + air flames

evealed that this trend originates from the rate controlling reac- 

ion N 2 O + H = N 2 + OH, which produces OH radicals dominating

mmonia oxidation. 
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