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Department of Physical Chemistry, Eötvös University (ELTE), P.O. Box 32, H-1518 Budapest, Hungary and
Chemical Research Center, P.O. Box 17, H-1525 Budapest, Hungary

A. R. CLAGUE**, and M. J. PILLING

School of Chemistry, University of Leeds, Leeds, LS2 9JT, UK
Simulated results from a detailed elementary reaction mechanism for nitrogen-containing species in flames
consisting of hydrogen, C1 or C2 fuels are presented, and compared with bulk experimental measurements of
nitrogen-containing species in a variety of combustion systems including flow reactors, perfectly stirred reactors,
and low pressure laminar flames. Sensitivity analysis has been employed to highlight the important reactions of
nitrogenous species in each system. The rate coefficients for these reactions have been compared against the
expressions used in three other recent reaction mechanisms: version 3.0 of the GRI mechanism, the mechanism
of Glarborg, Miller and co-workers, and that of Dean and Bozzelli. Such comparisons indicate that there are
still large discrepancies in the reaction mechanisms used to describe nitrogen chemistry in combustion systems.
Reactions for which further measurements and evaluations are required are identified and the differences
between the major mechanisms available are clearly demonstrated.

INTRODUCTION
Modelling is an important tool in developing an
understanding of the processes generating and
removing NOx in combustion systems. The
chemical mechanism for the gas phase production and destruction of NOx is an important
part of the design of low NOx systems. Several
groups [1–3] have attempted to develop comprehensive schemes or components of schemes
describing NOx formation and to validate these
against experimental measurements. It is sometimes assumed that NOx chemistry is well understood; this might lead to the conclusion that
the available comprehensive mechanisms are
almost equivalent. It is certainly true that the
major pathways for NOx formation have been
identified and that a large number of the elementary reactions involved in NOx chemistry
have been extensively studied. Some of the rate
coefficients have been evaluated by the CEC
(Commission of European Communities) group
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evaluating kinetic data for combustion modeling, providing temperature and pressure-dependent rate coefficients with uncertainty estimates
[4] and henceforth referred to as the CEC
evaluation. However, as this paper demonstrates, there are large differences between
some of the rate coefficients used in the most
comprehensive mechanisms. There are also experimental measurements for which the predictions of even the optimized mechanisms do not
perform well. The comparisons indicate that gas
phase NOx chemistry is not as well understood
as is often assumed, and that developments in
NOx mechanisms will require more than just
fine tuning. One aim of this work is to provide
information for identifying areas where development is necessary.
The process of developing and evaluating a
mechanism is continuous and time-consuming.
Rate coefficients are often re-measured, recalculated, or re-evaluated and therefore a comprehensive mechanism must be updated to reflect these improvements. The time involved
means that it is not feasible to re-evaluate a
mechanism on the basis of changes in individual
parameters, so a mechanism is generally up0010-2180/01/$–see front matter
PII 0010-2180(00)00228-5
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dated when a substantial number of changes
have to be made to kinetic or thermodynamic
parameters. A good example is the GRI reaction set, where the mechanism is periodically
updated and re-evaluated, when parameters are
re-estimated and new measurements become
available.
The core of the GRI mechanism, originally
developed by Frenklach et al. [5– 8], is for the
oxidation of methane. This has been tested
against a large set of experimental observations
and many of the rate coefficients in the mechanism have been tuned to improve the agreement
between the simulated results and the experimental measurements. Version 2.11 of this
mechanism includes nitrogen chemistry relevant
to the burning and reburning of natural gas,
although the nitrogen chemistry was at a lower
level of optimization than the methane mechanism. The current version, GRI-mech 3.0 [2]
improves upon version 2.11 in several respects.
In the case of the nitrogen chemistry, additional
experiments on prompt NO formation and reburn in a shock tube, low pressure flame, and a
flow reactor have been added.
Glarborg et al. [1] have constructed a detailed
chemical mechanism for the oxidation of C1
and C2 hydrocarbons, hydrogen cyanide, ammonia, and the interactions between carbon and
nitrogenous species. The purpose of the mechanism was to investigate reburn chemistry under
flow reactor conditions. Recently, nitrogen
chemistry has been reviewed [3] to provide the
best rate coefficients, based on an evaluation of
the measured rate coefficients and also the
product channels of individual elementary reactions, with theoretical calculations of rate coefficients where necessary.
Hughes et al. [9, 10] have created a comprehensive chemical mechanism for the oxidation
of methane. This mechanism has been extended
by adding a section describing NOx chemistry.
The combined mechanism is henceforth referred to as the Leeds NOx mechanism, and is
available via the World Wide Web [10, 11]. The
aim in creating this mechanism was complementary to that of GRI, which tunes rate coefficients
within uncertainty limits to generate an optimized mechanism for combustion problems.
The Leeds mechanism aims to use, wherever
possible, evaluated rate coefficients with mini-
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mal tuning. Coupled with testing against experimental measurements, sensitivity analysis and
an examination of differences from other mechanisms, such a mechanism enables one to assess
the reliability of currently available rate coefficients for elementary reactions. The use of
evaluated rate coefficients, where available, has
the advantage that it is based on the best
assessment of rate coefficients and channel efficiencies. Its weakness is that substantial, comprehensive evaluations are infrequent, so that
the most recent measurements may be excluded. In addition, evaluations are rarely fully
comprehensive, so that some ad hoc assessment
of rate parameters is necessary in constructing a
mechanism.
The next section evaluates the mechanism by
comparing its predictions against a large experimental data set covering flame profiles, batch
and jet-stirred reactors. The measurements
were chosen from the GRI suite. The section on
‘Sensitivity Analysis’ includes a comprehensive
study of the sensitivities of nitrogenous species
over a wide range of experimental conditions
and lists those reactions influencing [NOx] profiles in a general sense. In ‘Discussion’, the rate
coefficients of these reactions are compared for
the four reaction mechanisms discussed above.
This comparison highlights the major differences between the mechanisms and so provides
useful information for tuning predictions using
the most poorly characterized reactions with a
high sensitivity under certain conditions. ‘Simulation of Bulk Experimental Measurements’ and
‘Sensitivity Analysis’ demonstrate where further
measurements and evaluations are required,
and reveal the differences between the major
mechanisms available.
SIMULATION OF BULK EXPERIMENTAL
MEASUREMENTS
In their optimization procedure, the GRI group
[2] use a large collection of measurements for
nitrogenous species in combustion systems
termed the “target data” set. The data set is
chosen to provide a wide range of experimental
conditions from available measurements. A selection of these from laminar flames [12–16],
flow tubes [17], and jet-stirred reactors [18, 19]
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were simulated to provide a wide variety of
conditions to fully test the chemical mechanism.
The CHEMKIN program [20] has been used to
simulate the bulk experimental data. Flow reactors, perfectly stirred reactors, and laminar
flames have been simulated using the SENKIN
[21], PSR [22], and PREMIX [23] modules,
respectively. Sensitivity information from the
CHEMKIN modules has been processed using
KINALC [24], a Fortran program, which provides ordered lists of sensitivities for selected
species.
Laminar Flame Species Profiles
A selection of experimentally measured concentrations in low pressure laminar flames has been
simulated. Different fuels were used, and concentration profiles for NO, CN, HCN, N2, N2O,
and NCO have been measured [12–16]. Figures
1-5 show both the experimental and predicted
results. In all cases, except where stated otherwise, symbols represent experimental data, solid
lines represent our simulation using the experimental temperature, pressure and mass flow
rates, and dashed lines show, for comparison,
the simulations from GRI-mech 3.0 [2]. Figures
1 and 2 demonstrate predictions of lean (⌽ ⫽
0.5) and rich (⌽ ⫽ 1.5) flames [12] of
hydrogen⫹oxygen⫹argon at 25 Torr doped
with HCN, and a rich (⌽ ⫽ 1.13) methane/air
flame [13] at 30 Torr. There is satisfactory
agreement for both the lean and rich flames.
Figure 3 shows the predictions of relative mole
fractions for the intermediates CN, NH and
NCO in a stoichiometric flame of
methane⫹oxygen⫹argon [14] at 10 Torr doped
with either NO or N2O. Again there is good
agreement for the relative changes in concentration caused by the dopant. The predictions of
[NH] and [NO] in Fig. 4 for a stoichiometric
hydrogen/nitrous oxide/argon flame at 20 Torr
[15], although not perfect, are in reasonable
agreement. Figure 5 represents an experiment
that was designed to highlight a specific route
forming NOx, via the NNH intermediate in a
rich (⌽ ⫽ 1.5) hydrogen/air flame at 38 and 78
Torr [16]. The over-prediction of [NO] in this
case is the worst of all the predictions by both
the Leeds and GRI-mech 3.0. We shall return to
these predictions in the discussion.

Fig. 1. Species profiles in an H2/O2/HCN/Ar flame at 25
Torr [12]: (a) HCN, CN, NO and N2 in a lean (⌽ ⫽ 0.5)
flame; (b) HCN, NO and N2 in a rich (⌽ ⫽ 1.5) flame; (c)
CN profile in a rich (⌽ ⫽ 1.5) flame.

Flow Tube Data
Glarborg and Miller [17] have studied the oxidation of HCN in a flow reactor at various
temperatures, residence times and compositions
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Fig. 2. [NO] in a rich (⌽ ⫽ 1.15) methane/air flame at 30
Torr [13].

at a total pressure of 1.05 atm. Figures 6a and 6b
show the experimental and simulated concentrations for the nitrogen-containing species. In
general, the agreement is good for those experiments that include CO, and less so for those
based only on HCN or HCN and NO.
Jet-Stirred Reactor Data
Bartok et al. [18] have measured mole fractions
of NO in the outlet of a jet-stirred reactor
oxidising methane either undoped or doped
with NO, at 1 atm, and ⌽ from 0.65 to 1.5.
Figures 7a and 7b show both the experimental
and predicted values plotted against ⌽. The
simulations show good agreement for lean conditions in Fig. 7a, and the destruction of NO for
the doped flames in Fig. 7b. The agreement is
less good in Figs. 7a and 7b under rich conditions, where a large percentage of NO is being
destroyed when compared to the experimental
profiles for the doped flames. Steele et al. [19]
have also investigated the formation of NO and
N2O in a jet-stirred reactor from a lean (⌽ ⫽
0.52– 0.62) mixture of methane and air at 1 atm.
The agreement between computed and measured values in Fig. 8 is good, with only a slight
over-prediction of [NO] across the temperature
range.
SENSITIVITY ANALYSIS
The KINALC program [24] was used to process
the sensitivity coefficients generated from the

Fig. 3. Concentration profiles in a 10 Torr stoichiometric
CH4/O2/Ar flame [14] doped with NO or N2O for: (a) CN;
(b) NH; (c) NCO.
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Fig. 4. [NO] and [NH] profiles in a 20 Torr stoichiometric
H2/N2O/Ar flame [15].

CHEMKIN modules. In each case, for all the
experimentally observed nitrogenous species, a
ranked list of concentration sensitivities was
generated. In the simulations of laminar flames,
sensitivities were compiled over the appropriate
range of height above the burner. For the
jet-stirred reactor and flow tube simulations, the
ranked lists of sensitivities were compiled at a
variety of conditions of stoichiometry and temperature, chosen to cover all of the variations in
predicted behavior. From each of these lists, the
ten reactions with the highest absolute sensitivities, were selected, and reactions involving nitrogen identified. It should be pointed out that
for certain conditions some forward/reverse reaction pairs can be identified that have high
sensitivities of opposite sign and almost equal

Fig. 5. [NO] profiles in a rich (⌽ ⫽ 1.5) H2/air flame at 38
and 78 Torr [16].

Fig. 6. [HCN], [NO] and [N2O] from HCN oxidation in a
flow reactor at 1.05 atm: (a) 298 ppm HCN, 1620 ppm CO,
434 ppm NO, 2.3%O2, 2.6%H2O, balance N2; (b) 303 ppm
HCN, 447 ppm NO, 2.3%O2, 2.7%H2O, balance N2.

magnitude. The high ranking of these reactions
is artificial, as any change caused by the modification in such rate parameters will be mirrored
by a compensating change in the reverse reaction, given a fixed equilibrium constant. These
reversible reactions have been eliminated in
pairs from the ordered tables, so that they do
not influence the ranking of other reactions.
Table 1 lists the reactions involving nitrogenous
species found to be important for each of the
experimentally observed nitrogenous species.
This information helps to indicate which groups
of reactions are important for different conditions in each data set. We have omitted detailed
sensitivity plots for the whole range of conditions because the amount of data obscures
useful information. Table 1 also gives an indication of the level of agreement between the
rate coefficient expressions between 500 to 2000
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included in Table 1. The full mechanism is
available on the World Wide Web [10, 11].

DISCUSSION

Fig. 7. [NO] in a jet-stirred reactor fed with methane and
air mixture at 1 atm at 1655 to 2020 K [18]: (a) NO
production; (b) NO retention when doped with 1300 ppm of
NO.

K for the different reaction mechanisms under
discussion. In certain cases, where the rate
coefficients are too small at low temperatures to
be meaningful, the temperature range of interest is restricted to between 1000 to 2000 K. A
cross in the table indicates where the rate
parameter we have used differs by more than a
factor of three from the other mechanisms. A
hash indicates rate parameters within a factor of
three, a plus indicates identical or negligibly
different rate parameters, whereas a dash indicates that the particular reaction or product
channel is absent from the mechanism. This
table provides a clear overview of the important
reactions for each set of conditions and facilitates comparison of the four mechanisms. Table
2 lists the rate coefficient expressions used in
the Leeds NOx mechanism for each reaction

In general, the agreement between the Leeds
NOx mechanism and the experimental measurements is satisfactory, although there are
some differences for particular conditions.
Some discrepancies may be due to experimental
error or to a lack of information on detailed
experimental conditions, e.g., heat loss or radical loss at the burner. Other differences are
clearly due to the mechanism and we will discuss these here. Each of the four mechanisms
gives good agreement with experiment for certain data sets and less good for others, perhaps
because of the way they have been constructed
or tuned. The areas of agreement are different
for each mechanism, however, and the data
given in Table 2 helps to highlight differences
between them. We now discuss these differences using reaction groups involving individual
species. In Figs. 9-15 the labeling is as follows;
L, GRI, GM, and DB denote the mechanisms of
Leeds [11], GRI-mech 3.0 [2], Glarborg and
Miller [1], and Dean and Bozzelli [3]. Numbers
in square brackets refer to the reference for the
source of the rate coefficient parameters.

Fig. 8. [NO] and [N2O] in a jet-stirred reactor fed with a
lean (⌽ ⫽ 0.52– 0.62) mixture of methane and air at 1 atm
[19].
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TABLE 2
Leeds NOx Reaction Mechanism, Rate Coefficients of Important Reactions of
Nitrogenous Species
Reaction
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

36
37

38

39
40
41
42

O2 ⫹ N 3 NO ⫹ O
N ⫹ OH 3 NO ⫹ H
NO ⫹ N 3 N2 ⫹ O
NO ⫹ NH 3 N2O ⫹ H
N2O ⫹ H 3 NO ⫹ NH
NO ⫹ NH 3 N2 ⫹ OH
NO ⫹ 1CH2 3 HCN ⫹ OH
O ⫹ NCO 3 NO ⫹ CO
HNO ⫹ M 3 H ⫹ NO ⫹ M
enhanced 3rd. body efficiencies:
O ⫹ NH 3 NO ⫹ H
H ⫹ NH 3 N ⫹ H2
NH2 ⫹ NH ⫹ M 3 N2H3 ⫹ M
enhanced 3rd. body efficiencies:
NH ⫹ H2 3 H ⫹ NH2
OH ⫹ NH 3 HNO ⫹ H
OH ⫹ NH 3 N ⫹ H2O
2NH 3 N2 ⫹ 2H
H ⫹ NCO 3 NH ⫹ CO
HCN ⫹ O 3 NCO ⫹ H
HCN ⫹ O3 NH ⫹ CO
HCN ⫹ O 3 CN ⫹ OH
CN ⫹ OH 3 HCN ⫹ O
HCN ⫹ OH 3 CN ⫹ H2O
CN ⫹ H2O 3 HCN ⫹ OH
HCN ⫹ H 3 H2 ⫹ CN
H2 ⫹ CN 3 HCN ⫹ H
HCN ⫹ H ⫹ M 3 H2CN ⫹ M
enhanced 3rd. body efficiencies:
H2CN ⫹ M 3 HCN ⫹ H ⫹ M
enhanced 3rd. body efficiencies:
N2 ⫹ CH 3 HCN ⫹ N
O2 ⫹ CN 3 NCO ⫹ O
OH ⫹ CN 3 NCO ⫹ H
CH4 ⫹ CN 3 HCN ⫹ CH3
N2O ⫹ H 3 N2 ⫹ OH
N2O ⫹ NH 3 HNO ⫹ N2
N2O ⫹ M 3 N2 ⫹ O ⫹ M
enhanced 3rd. body efficiencies:
NH2 ⫹ H ⫹ M 3 NH3 ⫹ M
low pressure limit:
Troe parameters: 0.42 4581 102
enhanced 3rd. body efficiencies:
O ⫹ NH2 3 HNO ⫹ H
N2 ⫹ H ⫹ M 3 NNH ⫹ M
enhanced 3rd. body efficiencies:
N2 ⫹ H 3 NNH
NNH ⫹ M 3 N2 ⫹ H ⫹ M
enhanced 3rd. body efficiencies:
NNH 3 N2 ⫹ H
NNH ⫹ H ⫹ M 3 N2H2 ⫹ M
enhanced 3rd. body efficiencies:
NNH ⫹ O 3 NH ⫹ NO
NNH ⫹ OH 3 NO ⫹ NH2
N2H2 ⫹ H 3 NNH ⫹ H2

A/cm3 mol⫺1 s⫺1
9

n

9.03 ⫻ 10
2.83 ⫻ 1013
4.28 ⫻ 1013
4.16 ⫻ 1014
9.92 ⫻ 1020
3.20 ⫻ 1013
9.64 ⫻ 1013
3.16 ⫻ 1013
5.09 ⫻ 1016
CH4/3.0/ H2O/6.5/ CO2/1.5/
5.50 ⫻ 1013
1.02 ⫻ 1013
5.82 ⫻ 106
CH4/3.0/ H2O/6.5/ CO2/1.5/
1.77 ⫻ 1011
1.00 ⫻ 1012
5.01 ⫻ 1011
5.13 ⫻ 1013
5.24 ⫻ 1013
8.45 ⫻ 105
3.19 ⫻ 105
2.22 ⫻ 105
2.33 ⫻ 101
9.03 ⫻ 1012
9.35 ⫻ 1010
1.27 ⫻ 108
1.93 ⫻ 104
4.89 ⫻ 1012
CH4/3.0/ H2O/6.5/ CO2/1.5/
7.50 ⫻ 1014
CH4/3.0/ H2O/6.5/ CO2/1.5/
1.57 ⫻ 1012
7.23 ⫻ 1012
6.02 ⫻ 1013
9.03 ⫻ 104
4.40 ⫻ 1014
2.00 ⫻ 1012
6.45 ⫻ 1015
CH4/3.0/ H2O/6.5/ CO2/1.5/
4.20 ⫻ 1011
2.26 ⫻ 1011

1.0
0
0
⫺0.45
⫺1.57
0
0
0
0
CO/0.75/
0
0
2.01
CO/0.75/
0.38
0.3
0.5
0
0
2.1
2.1
2.1
2.97
0.00
0.6
1.95
2.87
0.54
CO/0.75/
0
CO/0.75/
0
0
0
2.64
0
0
0
CO/0.75/
0.78
0.78

CH4/3.0/ H2O/6.5/ CO2/1.5/
8.93 ⫻ 1014
4.24 ⫻ 1011
CH4/3.0/ H2O/6.5/ CO2/1.5/
5.09 ⫻ 106
2.50 ⫻ 1013
CH4/3.0/ H2O/6.5/ CO2/1.5/
3.00 ⫻ 108
6.11 ⫻ 1011
CH4/3.0/ H2O/6.5/ CO2/1.5/
1.65 ⫻ 1014
2.24 ⫻ 1015
1.00 ⫻ 1013

CO/0.75/
⫺0.489
1.13
CO/0.75/
0.63
0.5
CO/0.75/
0
0.81
CO/0.75/
⫺0.23
⫺1.25
0

E/kJ mol⫺1

O2/0.4/

O2/0.4/

O2/0.4/
O2/0.4/

O2/0.4/

27.19
0
6.57
0
150.25
53.21
0
0
203.69
N2/0.4/ Ar/0.35/
0
0
⫺229.46
N2/0.4/ Ar/0.35/
47.98
8.314
8.314
0
0
25.57
25.57
25.57
⫺70.0
44.90
23.47
95.06
6.82
⫺17.06
N2/0.4/ Ar/0.35/
92.05
N2/0.4/ Ar/0.35/
75.08
⫺1.75
0
⫺1.25
78.99
24.94
253
N2/0.4/ Ar/0.35/
⫺3.02
⫺116.18

O2/0.4/ N2/0.4/ Ar/0.35/
1.36
35.99
O2/0.4/ N2/0.4/ Ar/0.35/
23.19
12.8
O2/0.4/ N2/0.4/ Ar/0.35/
0
⫺50.07
O2/0.4/ N2/0.4/ Ar/0.35/
⫺4.24
⫺4.73
4.16

Reference
[4]
[4]
[4]
[25]
a, [25]
[4], [26]
[4]
[27]
[28]
[29]
[4]
a, [26]
a, [4]
[29]
[29]
[26]
[4]
[4]
[4]
[4]
a, [4]
[4]
a, [4]
a, [4]
[4]
a, [30]
[30]
[4]
[4]
[4]
[4]
[31]
[26]
[32]
a, [4]

[33]
a, [34]
a, [34]
[34]
[34]
a, [26]
b, [34]
a, [35], [36]
[26]
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TABLE 2
Leeds NOx Reaction Mechanism, Rate Coefficients of Important Reactions of
Nitrogenous Species
Reaction

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

A/cm3 mol⫺1 s⫺1

n

E/kJ mol⫺1

N2H2 ⫹ H ⫹ M 3 N2H3 ⫹ M
2.87 ⫻ 1012
0.96
74.4
enhanced 3rd. body efficiencies: CH4/3.0/ H2O/6.5/ CO2/1.5/ CO/0.75/ O2/0.4/ N2/0.4/ Ar/0.35/
H ⫹ N2H3 3 2NH2
1.58 ⫻ 1012
0
0
H ⫹ N2H3 3 N2H2 ⫹ H2
1.00 ⫻ 1012
0
8.314
NO ⫹ CH2 3 HOCN ⫹ H
1.39 ⫻ 1012
0
⫺4.6
O ⫹ NH 3 N ⫹ OH
3.72 ⫻ 1013
0
0
NH ⫹ NO 3 NNH ⫹ O
3.60 ⫻ 1012
0.18
41.15
N2O ⫹ NH2 3 NO ⫹ N2H2
1.45 ⫻ 1013
⫺0.06
28.49
H ⫹ N2H3 3 2NH2
1.58 ⫻ 1012
0
0
N ⫹ H2CN 3 N2 ⫹ CH2
2.00 ⫻ 1013
0
0
N2 ⫹ O 3 NO ⫹ N
1.81 ⫻ 1014
0
318.43
NO ⫹ NCO 3 N2O ⫹ CO
1.39 ⫻ 1018
⫺1.73
3.16
NO ⫹ HO2 3 NO2 ⫹ OH
2.09 ⫻ 1012
0
⫺2.00
NO2 ⫹ H 3 NO ⫹ OH
3.47 ⫻ 1014
0
6.15
NO ⫹ HCCO 3 HOCN ⫹ CO
2.00 ⫻ 1013
0
0
OH ⫹ NCO 3 NO ⫹ CO ⫹ H
1.00 ⫻ 1013
0
0
NO ⫹ O2 3 NO2 ⫹ O
1.04 ⫻ 1011
0.41
193.57
NO2 ⫹ O 3 NO ⫹ O2
1.00 ⫻ 1013
0
2.51
NO ⫹ NH2 3 N2 ⫹ H2O
5.48 ⫻ 1015
⫺1.71
0
N2 ⫹ O ⫹ M 3 N2O ⫹ M
9.31 ⫻ 108
1.34
78.55
enhanced 3rd. body efficiencies: CH4/3.0/ H2O/6.5/ CO2/1.5/ CO/0.75/ O2/0.4/ N2 Ar/0.35/
N2 ⫹ HO2 3 N2O ⫹ OH
4.37 ⫻ 109
0.48
152.44
N2O ⫹ OH 3 N2 ⫹ HO2
6.31 ⫻ 1011
0
41.57
NCO ⫹ H2O 3 HNCO ⫹ OH
4.71 ⫻ 1012
0.04
55.25
HNCO ⫹ OH 3 NCO ⫹ H2O
1.99 ⫻ 1012
0
23.18
HNCO ⫹ OH 3 NH2 ⫹ CO2
1.99 ⫻ 1012
0
23.18
OH ⫹ NH2 3 NH ⫹ H2O
5.01 ⫻ 1011
0.5
8.314

Reference
a, [26]
[26]
[29]
c, [30]
[29]
a, [30]
a, [26]
[26]
[30]
[4]
[4]
[28]
[26]
c, [30]
[30]
a, [30]
[30]
[35], [36]
a, [32]
a, [37]
[37]
a, [38]
[38]
[38]
[28]

a — derived from the reverse reaction and thermodynamics; b — adjusted to half the value recommended by Bozzelli &
Dean [34] to improve the fit to the data of Harrington et al. [16]; c — for the HCNO product channel.

Reactions of NO
Reaction 7, (NO ⫹ 1CH2 3 HCN ⫹ OH) is the
most important reaction in this group, because

Fig. 9. Temperature dependence of the rate coefficient of
reaction 7: NO ⫹ 1CH2 3 HCN ⫹ OH.

it has a high sensitivity for a variety of nitrogencontaining species in all types of experiment.
The temperature dependence of the rate coefficient is shown in Fig. 9, and shows large
differences between the mechanisms. The rate
coefficient used in the Leeds NOx mechanism
for this reaction is from the CEC evaluation [4]
of the overall rate coefficient for all product
channels, and therefore represents an upper
limit. Dean and Bozzelli [3] only include reactions of 3CH2 in their mechanism. Reaction of
1
CH2 with N2 was considered [3], but deemed to
be unimportant. 1CH2 is produced in several
reactions in the oxidation of hydrocarbons. Its
reactivity is often significantly higher than that
of 3CH2, so its reactions should be included.
GRI-mech 3.0 [2] uses Dean and Bozzelli’s [3]
rate parameters for both 1CH2 and 3CH2, arguing that because a reaction is exothermic, its
rate parameters for 1CH2 and 3CH2 are identi-
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Fig. 10. Temperature dependence of the rate coefficient of
reaction 57: OH ⫹ NCO 3 NO ⫹ CO ⫹ H; a—Altered in
the optimization process performed to generate the GRI
mechanism.

Fig. 11. Temperature dependence of the rate coefficient of
reaction 63: N2O ⫹ OH 3 N2 ⫹ HO2.

cal. Glarborg and Miller [1] use an estimated
value of the rate parameters for this reaction.
Reaction 57, (OH ⫹ NCO 3 NO ⫹ CO ⫹ H)
is important in controlling NO and N2O in the
flow tube experiments of Glarborg and Miller
[17] and the temperature dependence of its rate
coefficient is shown in Fig. 10. No experimental
determinations have been made of this reaction’s rate coefficient. The rate coefficient used
in both the Leeds NOx mechanism and GRImech 3.0 was obtained from an estimate of
Miller et al. [12], although in GRI-mech 3.0 it
has been reduced by a factor of four by their
optimization process. Dean and Bozzelli [3]
consider several possible product channels for
this reaction. From QRRK calculations they
obtained a rate coefficient that is much lower
and has strong temperature dependence, to the
extent that this product channel accounts for
less than 1% of the reaction up to 2000 K.
Glarborg and Miller [1] do not include this
product channel, but assume that the products
are NO ⫹ HCO, for which they use a rate
coefficient, estimated as an upper limit by
Miller and Bowman [38], and similar to Dean
and Bozzelli’s [3] QRRK calculation.
Reactions 6 and 49, (NO ⫹ NH 3 N2 ⫹ OH
and N2O ⫹ NH2 3 NO ⫹ N2H2) are of minor
importance, only being significant in the low
pressure H2/N2O/Ar flame. The rate expression
used in the Leeds NOx mechanism for reaction
6 is based on the work of Mertens et al. [26]

using a shock tube. All the other rate parameters used for reactions 6 and 49 are estimates,
either derived from QRRK calculations [3] or
fitted to theoretical calculations [25]. In the case
of GRI-mech 3.0, N2H2 was not included in the
mechanism, so that reaction 49 was absent.
Reactions of N2O
Reaction 32, (N2O ⫹ H 3 N2 ⫹ OH) is
important in each type of experiment investigated. The rate parameters used in all mechanisms are derived from the experimental measurements of Fontijn et al. [31], except for Dean
and Bozzelli [3], who used the more recent
measurements of Fontijn et al. [39]. The major
difference is at low temperature, where the rate
expression used by Glarborg and Miller [1]
deviates from that used by the other mechanisms. This difference arises because they used
the original expression proposed by Fontijn et
al. [31] that is made up of both a high temperature and low temperature component. The
reaction is only important at higher temperatures and so the difference is not expected to
have any significant impact on the simulations.
Reaction 63, (N2O ⫹ OH 3 N2 ⫹ HO2) is
important for both the jet-stirred reactor and
flow tube experiments. The temperature dependence of its rate coefficient is shown in Fig. 11,
showing very large differences between the different mechanisms. The Leeds NOx mechanism
uses rate parameters applicable at high temperatures [37]. The mechanisms of Dean and Boz-
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zelli [3] and Glarborg and Miller [1] both use a
rate coefficient calculated by Mebel et al. [40]
from transition state theory; it is much lower
than either the Leeds NOx mechanism or GRImech 3.0. The rate coefficient in GRI-mech 3.0
[2] is intermediate between the values used in
the mechanisms of Leeds NOx mechanism and
those of Dean and Bozzelli [3] and Glarborg
and Miller [1]. The only high temperature experimental measurement at 1123 K [41] is consistent with the rate coefficient in GRI-mech 3.0
suggesting that the rate parameter expressions
used in the Leeds NOx mechanism, and those of
Dean and Bozzelli, and Glarborg and Miller
may need to be adjusted, although clearly the
reaction is poorly characterized.
Reactions 61 and 62, (N2 ⫹ O ⫹ M 3 N2O ⫹
M and N2 ⫹ HO2 3 N2O ⫹ OH) are less
important, only being significant for a jet-stirred
reactor. For reaction 62, the rate coefficient
expressions in all four mechanisms derive from
experimental measurements of the reverse reaction, combined with thermodynamics to calculate the forward reaction rate parameters.
The Leeds NOx mechanism uses an expression
based on earlier data [32] over a narrower
temperature range than the other three mechanisms and, given the excellent agreement between subsequent experimental measurements,
should be updated. The treatment of this reaction in the Leeds NOx mechanism exemplifies
the limitations of an adherence to evaluated
rate data. In all four mechanisms, the rate
coefficient for reaction 62 was obtained from
thermodynamics and the reverse reaction, 63,
discussed previously. The limitations in our
understanding of reaction 63 clearly also apply
to reaction 62.
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Fig. 12. Temperature dependence of the rate coefficient of
reaction 22: HCN ⫹ OH 3 CN ⫹ H2O; a—Calculated from
the reverse reaction and thermodynamics.

reaction. GRI-mech 3.0 [2] uses rate coefficients
for this reaction that have been obtained from
thermodynamics and Jacobs et al. [42], who
used flash photolysis combined with laser induced fluorescence to measure the rate coefficient of the reverse reaction between 518 to
1027 K.
Reaction 28, (N2 ⫹ CH 3 HCN ⫹ N). In the
Leeds NOx mechanism the rate coefficient for
this reaction was obtained from the latest CEC
evaluation [4] of the overall rate, in which this
channel was assumed to dominate at high temperatures. The other three mechanisms use
alternative rate parameters, based on experimental measurements in GRI-mech 3.0 [2] and
Dean and Bozzelli [3], and theoretical calculation in Glarborg and Miller [1].
Reactions 26 and 27, (HCN ⫹ H ⫹ M ⫽
H2CN ⫹ M). No measurements exist for this
reaction and all four mechanisms use estimated
rate parameters from various sources.

Reactions of HCN
Reaction 22, (HCN ⫹ OH 3 CN ⫹ H2O) is the
most important reaction involving HCN and is
significant in all types of experiment. Figure 12
shows the temperature dependence of it’s rate
coefficient. The Leeds NOx mechanism uses the
rate coefficient as recommended in the latest
CEC evaluation [4]. Glarborg and Miller [1] and
Dean and Bozzelli [3] use the rate coefficient
measured by Woolridge et al. [43] from monitoring OH and CN in a shock tube study of this

Reactions of NH
Reaction 14, (OH ⫹ NH 3 HNO ⫹ H) is the
most significant reaction for NH, and is important in three of the laminar flame simulations.
In the absence of experimental measurements,
all four mechanisms use estimated rate parameters for this reaction, the temperature dependence of which is shown in Fig. 13. The Leeds
NOx mechanism uses a rate coefficient estimated by Hanson and Salimian [28], who sug-
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Fig. 13. Temperature dependence of the rate coefficient of
reaction 14: OH ⫹ NH 3 HNO ⫹ H.

Fig. 14. Temperature dependence of the rate coefficient of
reaction 47: O ⫹ NH 3 N ⫹ OH.

gested it to be applicable for temperatures
above 1000 K. Figure 13 shows that at these
temperatures, the difference between the Leeds
NOx mechanism and the other three mechanisms, who all use the same temperature independent value estimated by analogy with similar
reactions, is minor.
Reactions 15 and 47 (OH ⫹ NH 3 N ⫹ H2O
and O ⫹ NH 3 N ⫹ OH) are important in two
of the laminar flame simulations. There are no
experimental measurements for reaction 15,
and all four mechanisms use estimated rate
parameters. The main difference arises in Dean
and Bozzelli’s mechanism [3], which uses an
estimation procedure for radical-radical hydrogen atom transfer to obtain the rate parameters.
For reaction 47 there are major differences
between the four mechanisms, as can be observed in Fig. 14, which shows the temperature
dependence of the rate coefficient. GRI-mech
3.0 [2], and Glarborg and Miller [1] do not
include this product channel. Dean and Bozzelli
[3] again use their radical-radical hydrogen
transfer estimation to obtain rate parameters,
and comment that they expect this product
channel to be a minor component of the overall
reaction. A much faster rate coefficient is used
in the Leeds NOx mechanism, based on the
shock tube experiments of Mertens et al. [26]
who measured the overall rate of reaction, and
proposed product branching ratios that make
this channel important.

Reactions of NNH
Reaction 38 (NNH ⫹ M 3 N2 ⫹ H ⫹ M). The
temperature dependence of the rate coefficient
is shown in Fig. 15. Both the Leeds NOx mechanism and Dean and Bozzelli’s [3] use the same
value published by Dean and Bozzelli [34], who
concluded that NNH dissociation is dominated
by tunneling, and derived a two term rate
coefficient consisting of pressure-dependent
and pressure-independent terms. The GRImech 3.0 [2] employs a similar expression. However, there is some confusion in their choice of
pressure-dependent parameters, which, if corrected, give an almost identical rate expression
to that used by Dean and Bozzelli [3] and the

Fig. 15. Temperature dependence of the rate coefficient of
reaction 38: NNH ⫹ M 3 N2 ⫹ H ⫹ M; a—Rate coefficient
values a composite of pressure dependent and independent
reactions; b—Rate coefficient is independent of pressure.
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Leeds NOx mechanism. The confusion is that
they reference Dean and Bozzelli [3], but instead of choosing the value they actually recommend, i.e., the one dominated by tunneling, they
choose the value mentioned in the discussion of
Dean and Bozzelli [3,34] who used a QRRK
calculation to estimate rate parameters. In this
calculation, Dean and Bozzelli [3,34] did some
adjustment of barrier heights to try to simulate
the effects of tunneling and obtained an expression about a factor of 20 lower than the tunneling expression. However, when combined with
the pressure independent term for reaction 38,
the overall difference is not so large. Glarborg
and Miller [1] only use a pressure-independent
rate coefficient obtained from their earlier work
[47], in which the value was chosen to match
their simulations of NO consumption to experimentally observed results in flow reactor experiments.
Reactions 39 and 42 (NNH ⫹ H ⫹ M 3 N2H2
⫹ M and N2H2 ⫹ H 3 NNH ⫹ H2) are absent
from GRI-mech 3.0, as it does not include
N2H2. The other three mechanisms all use
estimates from various sources; the Leeds NOx
mechanism uses data originating from Hanson
and Salimian [28]. The rate parameters for
reaction 39, NNH ⫹ H ⫹ M 3 N2H2 ⫹ M
obtained from thermodynamics and the reverse
reaction, illustrate the dangers inherent in using
estimated rates over a too wide range of conditions. If extrapolated to low temperatures, the
Leeds NOx and Glarborg and Miller [1] mechanisms predict unreasonably fast rate coefficients.
Quality of Simulations
In many cases, agreement between the simulations and experimental measurements is good.
The most notable exceptions are the predictions
of [NO] in Fig. 5 for a rich hydrogen/air flame.
This experiment was specifically designed to
investigate a route forming NO, involving the
intermediate species NNH. The simulations of
these experiments, while highlighting the importance of NNH under these conditions, show
poor agreement for the [NO] profiles. This
suggests that some optimization of the mechanism is required and that this route is not well
understood, particularly given the discrepancy
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Fig. 16. [NO] sensitivities in a rich (⌽ ⫽ 1.5) H2/air flame
[16] at 78 Torr as a function of height above the burner.

between the simulated and experimentally observed pressure dependence of [NO]. Figure 16
shows the sensitivities of [NO] with respect to
important reactions as a function of height
above the burner for the simulation at 78 Torr.
Figure 16 demonstrates that the reaction involving nitrogenous species with the largest sensitivity for NO formation is reaction 40: NNH ⫹ O
3 NO ⫹ NH, although Table 1 indicates that
the differences in rate parameters between the
mechanisms are not large for this reaction. The
rate coefficient of reaction 40 has been adjusted
to half the value proposed by Bozzelli and Dean
[34] to improve the fit with measurements,
although as can be seen in Fig. 5, the fit is still
not as good as that achieved by GRI-mech 3.0
[2]. There is no obvious solution to the problem
of simulating the observed pressure dependence
of [NO] without drastic changes to reaction rate
coefficients, or mechanistic alterations. Altering
the rate of reaction 40, while having the largest
effect on [NO], will not affect the pressure
dependence, because it has a similar sensitivity
with respect to [NO] in the simulation at 38
Torr. Figure 16 shows that, apart from reaction
40, the other important reactions have almost
equal and opposite contributions from their
reverse components. Therefore, changing their
rate parameters will have little effect on the
simulated [NO] profile, and the only possibility
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for effecting any change is to alter the thermodynamic data used for NNH. This conclusion
was confirmed by further analysis of the simulated results, which show that reactions 37 and
38 are in equilibrium, with rates of reaction over
four orders of magnitude greater than the rate
of conversion of NNH to NO via reaction 40.
In the simulations of the flow tube experiments of Glarborg and Miller [17], there is a
tendency to overpredict the destruction of HCN
at any given temperature, with subsequent distortions of the predictions of other nitrogencontaining species. This can be seen most
clearly in Fig. 8a. From the concentration sensitivities, at 1100 K reaction 22: HCN ⫹ OH 3
CN ⫹ H2O is the dominant reaction controlling
HCN, N2O and NO. As can be seen in Fig. 12,
and as discussed in ‘Reactions of HCN’, the
Leeds NOx mechanism uses a rate coefficient
for this reaction, which is much faster than
those employed in the other mechanisms, especially by Dean and Bozzelli [3] and Glarborg
and Miller [1]. Replacement of the rate coefficient used in the Leeds NOx mechanism with
the more recent measurement of Woolridge et
al. [43], as used in these mechanisms, will improve the quality of the Leeds NOx mechanism
simulations of the flow tube data.
When simulating the measurements of Bartok et al. [18], the fuel-rich simulations show an
underproduction of NO in the undoped experiment, but with NO added there is an excess
consumption of NO. Under these conditions,
there are only three reactions of nitrogenous
species found to be important in controlling
[NO]. These are reactions 28: N2 ⫹ CH 3 HCN
⫹ N, important in the undoped experiment,
reaction 56: NO ⫹ HCCO 3 HOCN ⫹ CO,
important for both the doped and undoped
experiments, and reaction 7: NO ⫹ 1CH2 3
HCN ⫹ OH, important in the doped experiment. Reaction 28, as discussed in ‘Reactions of
HCN’, has a positive sensitivity with respect to
NO, and the rate coefficient is already at its
upper limit, giving little scope for achieving an
improvement in the simulations by its adjustment. Reaction 7, discussed in ‘Reactions of
NO’, may be adjusted to improve the simulations. The rate coefficient used also represents
an upper limit, which is considerably faster than
that used in the other mechanisms. However,

this reaction is only found to be important for
simulating an experiment with NO as dopant.
Reaction 56 is important for both the doped
and undoped experiments, and here there is
some scope for adjustment. This reaction is
absent from the other three reaction mechanisms, which instead assume that the products
are HCNO ⫹ CO, or HCN ⫹ CO2. There is
little published data on this reaction. There are
two room temperature measurements of the
overall rate coefficient of 1.3 ⫻ 1013 [48] and
2.35 ⫻ 1013 [49] cm3 mol⫺1 s⫺1, respectively.
Boullart et al. [50] measured the rate coefficient
between 290 to 670 K, using the technique of
discharge flow with molecular beam mass spectrometry, and observed a slight temperature
dependence. At 700 K, they also measured the
product branching ratio, obtaining 77% via the
CO channel and 23% via the CO2 channel.
Therefore, there is scope to adjust the rate
coefficient and the product channel efficiencies
for reaction 56. The structure of the CHNO
isomer, formed as a co-product with CO, may
also have a significant bearing on the production of NO. It should be noted that recent
experimental [51] and theoretical investigations
[52, 53] demonstrate that HCNO ⫹ CO and
HCN ⫹ CO2 are the major products, not
HOCN ⫹ CO.
CONCLUSIONS
A mechanism describing the chemistry of nitrogenous species in combustion systems is reported, based where possible, on evaluated rate
data. The simulations compare favorably with
experimental measurements over a wide range
of conditions. Detailed comparisons have also
been made with simulations based on GRImech 3.0. Sensitivity analysis allows reactions
important under different experimental conditions to be identified and compared with three
other published reaction mechanisms, leading
to the following conclusions:
●

Significant differences exist between the rate
coefficients and product channels of elementary reactions of nitrogenous species in four
comprehensive reaction mechanisms for the
prediction of NOx emissions from combustion systems.
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●

●
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The reactions showing high sensitivities and
significant variations between mechanisms
have been highlighted, thereby indicating
where further experimental work is required
to determine rate coefficients and product
channels.
In many cases, the number of experimental
measurements for an individual reaction is
small or covers only a limited temperature
range. Often there are no evaluated rate
coefficients and sometimes theoretical calculations of rate parameters show poor agreement with the experimental measurements.
There are fewer fundamental studies for nitrogenous compounds in combustion systems
than is the case for C/H/O species. This is
especially true for intermediate species such
as CN, NH, NCO, NNH, etc., where in general only profiles of relative concentrations
are available. Further experimental studies of
this type would greatly facilitate the evaluation of complex mechanisms and would provide a more demanding set of target data for
optimization.
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