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Abstract

An updated kinetic mechanism of H,/0O, system along with NO, prediction mechanism has been
presented on the basis of an extensive literature survey of new experimental data. The most recent
mechanisms have been used for analyzing the reactions and comparisons. The main focus of the
present work is to investigate the effect of high pressure (upto 20 atm) at lean (equivalence ratio,
$<0.8) premixed combustion mode. The proposed mechanism takes into consideration the
complexities of higher pressure. Simulations using mechanisms by Rasmussen et al. [1], Frassoldati
et al. [9], GRImech 3.0 [2] have been carried out and compared with the present updated
mechanism. The mechanism by Rasmussen et a.[1] has also been performing well under these
conditions. At conditions of high N, in the oxidizer mixture(O,/N,) when the flame temperatures are
low, present mechanism and that by Frassoldati et al.[9] perform better. GRImech 3.0 [2] on the
other hand, performed unsatisfactorily for pure Hydrogen/air lean mixtures even at atmospheric
pressure including prediction of NO,.



Introduction

The application of hydrogen as a fuel in technologies like IGCC systems has been of great interest to
researchers around the world. Usage of high hydrogen content fuel not only reduces production of
certain pollutants, it also increases the scope of utilizing its high energy content in the form of a fuel.
Hydrogen exhibits high reactivity and large flame speeds. High hydrogen content in combination
with other gases like CO, and CH, is the present trend of syngas that requires great deal of research.
The above mentioned technology aims at using such fuels in a lean combustion mode at high
pressure and temperature. The design and development of gas turbine combustors used for such
combustion systems is based more on detailed computer models and thus requires deep knowledge
of kinetics of these gases. A kinetic mechanism has an important role in the development of this kind
of advanced combustion technology that aims at the combustion of hydrogen rich syngas fuel.
Simulation of the reacting flows is the basis for designing the combustors. The kinetic mechanism is
one of the key tools in predicting characteristics like flame speed, ignition delay, autoignition and
flashback for implementation in commercial CFD codes. Hence, it is of utmost importance to analyze
the kinetics of each reaction, their behavior at different conditions of pressure, temperature and
fuel/oxidizer composition and implication on the formation of pollutants.

Hydrogen in itself possesses complex chemistry at gas turbine conditions and also pertinent
reactions find its place in hydrocarbon combustion chemistry. High adiabatic temperature involved
with above systems also favors thermal NO, formation. Very high flow rates of cost-intensive
dilution gases like N, and H,0 are needed to combust syngas in highly-diluted diffusion flames and to
control NO, emissions. Current technology is not yet designed for hydrogen-rich syngas in low NO,
premix systems. Hence, to modify existing burner technology to operate on hydrogen-rich syngas in
lean premixed combustion mode (undiluted) fuel chemistry is of high importance.

The present work gives a review of recent mechanisms and an updated list of rate constants for the
reactions relevant for H, reacting systems and prediction of NO, at conditions that are relevant to
gas turbine combustion. This report includes a section reviewing important H,/NO, mechanisms that
emerged in last few years. Comparisons of these mechanisms with various experimental results have
also been highlighted. The following section describes certain possible routes of NO formation with
such kind of mixtures. The next section includes a description of the rate constants that have been
used in the updated mechanism. The final section is dedicated in comparing these mechanisms with
experimental data which includes laminar burning velocity, ignition delay, NO concentration
comparisons.



Review of Recent Models

H/O0 mechanisms

One of the most important mechanisms for H,/O, systems in the past decade was Mueller’s
mechanism [3]. It was conceived as a part of modeling of their flow reactor experiments ranging
from 0.3 to 15.7 atm and 850-1040K. Many of the rate constants recommended by them were from
Tsang and Hampson[4]. Aung et al.[5,6] performed experiments on freely propagating spherical
laminar premixed flames to study the effects of pressure and nitrogen dilution on flame stretch.
They compared their measurements with detailed mechanisms by Kim et al. [7], Wang and Rogg[8]
and GRImech 2.1 [2], till date these data are being used for comparisons [9]. Tse et al. [10] designed
another experimental setup that measured burning rates of H,/O,/inert mixtures upto 60 atm.
Comparisons were done with the measured values by Aung et al.[6] and Taylor [11] in addition to
simulations of Mueller et al. [3]. Also, they observed cell formation over the flame surface due to
hydrodynamic and diffusive-thermal instabilities and that wrinkled flame is the dominant mode of
propagation of H,/air flames at high pressures. Using Helium as a diluent, these effects were
suppressed. Kwon and Faeth [12] investigated flame/stretch interactions of mixtures of H,, O,, N,, Ar
and He at equivalence ratio varying from 0.6 to 4.5 with pressures from 0.3 to 3.0 atm. Wang et al.
[13] studied ignition delay times from their heated shock tube experiments of H,-air steam mixtures
for various pressures, temperatures and fuel compositions. The experimental results were then
compared with simulations with the Grimech 2.1, 3.0[2], models by Baulch et al. [14], Allen et. Al.
[15], Konnov [16] and Miller and Bowman[17]. The mechanism by Li et al. [18,19] for H, combustion
has been good at atmospheric and high pressure conditions and has been under constant research
limelight. This mechanism at the time of its publication was compared with the then existing
mechanism by Mueller et al.[3].

H/N/O mechanisms

Skottene and Rian [20] and Strohle and Myhrvold [21,22] carried out comparison on NO, formation
in H,/air flames and H2 combustion at gas turbine conditions respectively and recommended Li et al.
mechanism[19]. Frassoldati et al. [9,44] presented another updated mechanism with comparison
with wide range of modeling and experimental studies which included premixed, counterflow
diffusion flames, ammonia chemistry and reactor studies. They performed numerical simulations of
combustion of hydrocarbons, hydrogen to predict NO, and compared with a variety of experimental
results from literature. Their updated mechanism in 2006 looked specifically into reactions like

NO,+H,=HONO+H (123)
N,H,+NO=N,0+NH, (209)

More recently for syngas and gas turbine technology studies mechanisms by Davis et al. [23],
Saxena and Williams [24] and Sun et al. [25] for H,/CO mixtures for high pressure conditions have
emerged. Comparisons of these mechanisms have been done with flow reactor concentration
profiles and shock tube ignition delay experiments. Rasmussen et al. [1] performed high pressure
flow reactor experiments on H,/0,/CO/NO, mixtures and presented updated chemistry set for
pressures of 20-100 bars and temperatures of 600-900 K. They also updated a few rate constants of
the H/N/O chemistry using ab initio calculations. Another updated kinetic mechanism by Konnov [26]



has been presented with analysis of certain species like OH and HO, and pressure dependence of
reactions. Predictions of ignition, oxidation, flame burning velocities and flame structure of H,-O,-
inert mixtures were shown. Burke et al. [27] have discussed the sources of uncertainties in a number
of reactions in H,-O, mechanism that are pressure dependent under lean and rich conditions as they
realized substantial difference between literature model predictions and experimental data.

Glarborg et al. [28,29] introduced a hydrocarbon/NO, mechanism which was compared to their
quartz flow reactor experimental results. Konnov et al. [30] through their numerical simulations and
comparisons for well stirred reactors for lean and rich H,/air mixtures in the temperature range
1500-2000K, presented an updated H/N/O mechanism. The rate constant of the reaction

NNH+O=NO+NH (189)

was derived keeping in view its temperature dependence by comparing experiments at low pressure
H,/air at 1200 K thereby updating the detailed H/N/O kinetic mechanism. A final tuning of the same
reaction was done by the same group [31] using the experimental results of Xie et al.[32] and
Harrington et al.[33]. Konnov and De Ruyck [34,35] developed the N/H subset of the kinetic
mechanism by studying the thermal decomposition of ammonia and hydrazine. This study
reproduced results for low and atmospheric pressure. NO formation in stirred reactors by the same
group [36] was done which was compared with the experimental results of Engleman et al. [37].
This work also threw light on a possible new route for NO formation via N,Hs. Konnov [38] through
his study over H,/0,/N, flames concluded that for lean combustion both thermal NO and NNH
routes could be equally important, the latter route being dominant below 2000 K. Numerical studies
by Skottene and Rian[20] suggested that for hydrogen combustion the Li et al. mechanism[18] for
the H, subset and NO, subset from Glarborg et al.[29] gives convincing results. They also concluded
that the San Diego mechanism [39] omits the important NO forming pathway NNH+O=NO+NH
proposed in [40]. Xu and Lin [41-43] suggested new rate constants by ab initio calculations for the
pressure dependent reactions:

NH,+HNO=NH3+NO (141)
NH,+HONO=NHs+NO, (153)
NH,+HONO,=NHs+NO; (160)

A detailed N/O kinetic mechanism was developed by Konnov and De Ruyck[45] which is further
updated by Volkov et al. [46] in comparison with experimental data for N,O ignition, NO and NO,
decomposition at high temperatures. This mechanism performed satisfactorily except in predicting
burning velocities of pure N,O. Studies of NO or NH; doped H,/0,/N, flames were done by Shmakov
et al.[47] at atmospheric pressure. They recommended replacement of reaction NH+H,0=HNO+H,
with NH+H,0=NH,0H as it brought improvement in their model for rich mixtures. This change has
been implemented in the present proposed updated model also. There have been extensive review
of rate constants of a number of reactions performed by Baulch et al. [14,48,49]. Many of the rate
constants suggested by the above mentioned mechanisms are a result of this review. The present
mechanism also uses many of these rate constants.



Routes of NO formation

Thermal NO, or extended Zeldovich mechanism is one of the key mechanisms through which NO,
formation chemistry is understood. But, there exists other routes too for NO, production that may
be resultant of other conditions like lean or rich nature of the mixture or high pressure. Thermal NO
is significant at temperatures above 1700K. The following three reactions depict the formation of
thermal NO:

O+N,=N+NO
N+0,=0+NO
N+OH=H+NO

At high temperatures (T>1700K) diatomic nitrogen and oxygen dissociate into their atomic states,
participating in a series of reactions thereby forming NO as given above.

Via NNH also a route has been suggested as depicted by the following reactions:

N2+H=NNH
NNH+O=NO+NH

Reaction of NNH with O has the following channels: NH+NO, N,O+H and N,+OH. The first channel is a
route of NO formation via NNH and was first reported by Bozzelli and Dean[41] in 1995. The rate
constant calculated by them was , k=3.3E14T%%exp(+510/T) cm®mol™s™. Evaluation of this route
shows that this pathway is important at low residence times for high temperature (2200 K), except
for lean mixtures. At temperatures upto 1900K NNH-pathway is important for all residence times
with most pronounced at stoichiometric, low temperature condition. The kinetic significance of NNH
was first suggested by Miller et al.[51] which was a basis to the emergence of the study of this route.

Via N,H; , Konnov and Ruyck [36] suggested formation of NO if a pathway is found to form N,Hs.
Molecular nitrogen reacts with H to form NNH, which in subsequent reactions with H forms N,H, and
then N,Hs. This species is reduced by H, to NH; and NH,. Further, these species can be oxidized in
the sequence NH; >NH,>NH-> N ->NO. This route was later adopted in all major mechanisms.

Prompt NO, mechanism results from N, being in contact with radicals like C, CH and CH, where they
react to species containing N and getting further oxidized to NO. Two such channels are shown
below.

CH+N,=HCN+N
N+0,=NO+0
HCN+OH=CN+H,0
CN+0,=NO+CO

The present study does not involve the chemistry of carbon containing reactants and hence prompt
mechanism is not discussed in this work.



Reaction Mechanism and Choice of Rate Constants

Selected reactions with updated rate constants from an extensive literature survey are presented in
Table 1. The mechanism deals with H/N/O containing species, with 32 species and 237 reactions. The
hydrogen sub-mechanism is an updated version of the mechanism published by Konnov [26]. In the
recent study of Burke et al. [27], many mechanisms [19, 23-26, 50] were observed to have
discrepancies when compared to experiments and among model predictions themselves. Since this
study was performed for a wide range of flame temperatures, pressures and equivalence ratios, the
above mechanisms could not perform well at all conditions. With an update in Konnov [26], the
present mechanism is believed to work better at lean high pressure (upto 20 bar) conditions.

H+0,=0H+0

This reaction (9) signifies chain branching and the production of OH radical which are of importance
to hydrogen combustion and NO, chemistry. Various experiments have been performed to
determine the rate constant of this reaction but only at temperatures greater than 500 K. Literature
data [52] suggests that still disagreement prevails in their determination. Low temperature
experiments have not been possible resulting in prohibition of consistent results over a sufficient
wide temperature range. Baulch et al. [49] reviewed data from a number of sources mostly shock
tube experiments for pressure up to 4 bar. In the review, experiments and simulation results of
Hwang et al. [52] the rate constant finds a non-Arrhenius expression defined for a temperature
range of 950-3100 K. Also, in this reaction, as per the calculations of Troe and Ushakov [53], a back
reaction has negative temperature dependence (at T>500 K) which is well supported by the constant
derived by Hwang et al.[52]. The present mechanism uses their expression of the rate constant.

H+HO,=0H+0OH
H+H02=H2+02

For lower temperatures a number of reasonable data is available and hence evaluations of rate
constants for these reactions (13,15) have been accepted. However, at higher temperatures the data
is scarce. Mueller and Yetter [3] performed flow reactor studies and determined the rate constants
of the above reactions for a range of temperatures and pressures. They inferred with a compilation
of data into a summarized figure depicting kinetic response of the H,/0,/N, mixture to changes of
pressure (upto 100 atm) and stoichiometry with new explosion limit data. As per their conclusions
the reaction HO,+H=H,+0, shows high sensitivity towards lean conditions and is more important
than the other competing reaction. The third possible route HO,+H=H,0+0 has not been included in
the present study as well as many previous studies due to its large uncertainty in the rate constant
due to its slow nature. The rate constants recommended by Mueller and Yetter [3] have been
included in the present mechanism.



O+H,=0OH+H

The rate constant of this reaction (8) has been reviewed a number of times and have been of great
experimental interest. Due to its variation at high and low temperature and also of high significance
in hydrogen chemistry, the rate constant finds good importance in the hydrogen mechanism. This
reaction is one of the pathways to the formation of OH that in turn gives a path to NO formation
through thermal NO, mechanism. In the work of Baulch et al. [49], a review has been performed
ever since 1972 including Cohen and Westberg [54] and Tsang and Hampson[55]. The mechanism of
Konnov[26] adopted rate constant derived by Sutherland et al. [56] which extrapolates even to high
temperatures [1700-3500K]. In the present mechanism a slightly improved value of Baulch et al. [49]
is adopted that also fits low temperature data.

NH+H,0=NH,0H

The basic structure of H/N/O sub-mechanism of the present model comes from Coppen et al. [57]
and Konnov 0.5 version[16]. The update of this set is described in the subsequent paragraphs.
Shmakov et al. [47] performed experiments on H,+0,+N, flames doped with NO or NH3 at
atmospheric pressure and reviewed the role of the reaction NH+H,0=HNO+H, in the post flame zone
of lean and stoichiometric flames. Glarborg and coworkers [1] ruled out including this reaction as it
was slow. But further experimental studies supported the rate constants of Rohrig and Wagner[58]
which is also included in the present model and also GRImech3.0, however with the proposal of
using NH,0OH as the possible product of the reaction. Hence, it was recommended to replace
NH+H,0=HNO+H, by NH+H,0=NH,0OH [47] represented by reaction 187. This change has a small
effect on lean and stoichiometric flames, but significant improvement in the prediction of rich flames
on spatial profiles of NO and NHa.

NNH+O=NH+NO

As reported above, this reaction (189) is considered another route to the formation of NO.
Harrington et al. [33] through their experiments recommended this route of NO formation as there
were no sources of thermal NO, or prompt NO, in their experiments. Previous studies [59] have
showed that this route of NO formation is of major importance in hydrogen combustion in a stirred
reactor, even for lean mixtures at 1400-1560 K. Konnov and De Ruyck [60] derived a rate constant
for this reaction by comparing experiments in low pressure(0.05 and 0.103 bar) hydrogen-air flames
at 1200 K. The derived rate constant was further tuned to k=1+0.5E14 exp(-16.75+4.2 KJ/mol/RT)
cm3mol-1s-1 by Konnov et al. [31] bringing modeling closer to experimental results for
stoichiometric and lean flames. The present mechanism incorporates the above tuned value of the
rate constant.



NO,+H,=HNO,+H

The above reaction (123) is insignificant at temperatures less than 1600K but has quite high product
yield at temperatures higher than that. Rate constant suggested by Rasmussen et al.[1] is an
outcome of their ab initio calculations and those by Park et al.[61]. This value is incorporated in the
present mechanism.

NH;+HNO=NH3+NO
NH;+HONO=NH3;+NO,

NH,+HONQO,=NH3+NO3

The above reactions (141,153,160) are highly important in the study of ammonia flames and deNO,
processes. Glarborg and coworkers [28,62] have experimentally studied the NH;-NO, system and
suggested a rate constant but without temperature dependence. The rate constants of the above
reactions have been studied and published most recently by Xu and Lin[41-43] by performing ab
initio calculations. These are major reactions in the production of NO, species especially active at
high pressure via N,H; route [36]. The recommended values of the rate constants are valid for a
temperature range of 200-3000 K. Reaction NH,+HNO=NH3+NO has pressure dependence at T < 600
K from pressure 1 Torr to 100 atm due to a rate constant which decreases with increasing
temperature from 300 to 3000 K. Reaction NH,+HONO=NH;+NO, shows no pressure dependence.
On the other hand, reaction NH,+HNO3;=NH3+NO; shows noticeable pressure dependenceat T < 900
K. This reaction has not been included in many NOx mechanism including latest version of Konnov
[16] and Rasmussen et al. [1]. The rate constants suggested by Xu and Lin have been adopted in the
present mechanism.

N/O chemistry

The kinetic modeling study performed by Konnov and De Ruyck [45] includes the basic mechanism
for N/O chemistry which is most recently updated by Volkov et al.[46] and has been included in the
present mechanism. Both these studies have been performed for NO, decompositions at flame
temperatures and included around 29 reactions. Without any adjustment of the rate constants the
proposed N/O kinetic mechanism allows at least satisfactory reproducing widely differing sets of
experimental data on NO, decomposition, obtained at initial concentrations of NO, ranging from 0.1
to 100%, pressures ranging from 0.5 to 14 atm and temperatures ranging from 630 to 3850 K.
Observed differences relate both to experimental uncertainty and uncertainty of our current
knowledge of the rate constants of N/O reactions.



Table 1 : Reaction mechanism and Rate constants, k=AT"exp(-Ea/RT), units : cm*-mole-s-cal-K

no  Reaction A n Ea Reference
la H+H+M=H,+M 7.00E+17 -1 0 [26]
Enhanced third-body effieciencies(relative to Ar)
H,=0, N,=0, H=0, H,0=14.3
1b  H+H+Hy=H,+H, 1.00E+17 0.6 0 [26]
1c  H+H+N,=Hy+N, 5.40E+18 -1.3 0 [26]
1d  H+H+H=H,+H 3.20E+15 0 0 [26]
2 0+0+M=0,+M 1.00E+17 -1 0 [26]
Enhanced third-body effieciencies(relative to Ar)
0=28.8, 0,=8, N,=2.0
3 O+H+M=0H+M 6.75E+18 -1 0 [26]
Enhanced third-body effieciency:
H,0=5.0
4 H+OH+M=H,0+M 2.20E+22 -2 0 [26]
Enhanced third-body effieciencies(relative to N,)
H,0=6.4, Ar=0.38
5a H,0+M=H+OH+M 6.06E+27 -3.312 120770 [26]
Enhanced third-body effieciencies(relative to Ar)
H,0=0,H,=3,N,=2,0,=1.5
Sb H,0+H,0=H+0OH+H,0 1.00E+26 -2.44 120160 [26]
6a H+0,(+M)=HO,(+M) 4.66E+12 0.44 0
Low pressure limit: 5.70E+19 -1.4 0
Fcent=0-5
Enhanced third-body effieciencies(relative to N,) [26]
Ar=0, H,0=0, 0,=0, H,=1.5, He=0.57
6b H+0,(+AR)=HO,(+AR) 4.66E+12 0.44 0
Low pressure limit: 7.43E+18 -1.2 0 [26]
Feent=0.5
6C  H+O,(+0,)=HO,(+0,) 4.66E+12 0.44 0
Low pressure limit: 5.69E+18 -1.094 0 [26]
Fcent=0-5
6d  H+O,(+H,0)=HO,(+H,0) 9.06E+12 0.2 0
Low pressure limit: 3.67E+19 -1.0 0 [26]
Ft:ent=0-8
7a OH+OH(+M)=H,0,(+M) 1.00E+14 -0.37 0 [26]
Low pressure limit: 2.38E+19 -0.8 0
Fcent=0-5
Enhanced third-body effieciency
H,0=0
7b OH+OH(+H,0)=H,0,(+H,0) 1.00E+14 -0.37 0
Low pressure limit: 1.45E+18 0 0 [26]
Ft:ent=0-5
8 O+H,=OH+H 3.82E+12 0 7948 [49]
O+H,=OH+H 8.79E+14 0 19170 (49]
9 H+0,0H+0 6.73E+15 -0.5 16670 [52]
10 H,+OH=H,0+H 2.14E+08 1.52 3450 [26]
1 OH+OH=H,0+0 3.34E+04 2.42 -1930 [26]
12 HO,+0=0H+0, 1.63E+13 0 -445 [26]
13 H+HO,=OH+OH 7.08E+13 0 295 3]
14 H+HO,=H,0+0 1.45E+12 0 0 [26]
15  H+HO,=H,+0, 1.66E+13 0 823 3]
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HO,+0OH=H,0+0,
HO,+OH=H,0+0,
HO,+HO,=H,0,+0,
HO,+HO,=H,0,+0,
HO,+HO,+M=H,0,+0,+M
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Enhanced third-body efficiencies (relative to Ar):

N =2,
0=288,0,=8,NO=2,N=2,N,0=4.38

No+M=N+N+M?

Enhanced third-body efficiencies (relative to Ar):

N, =2.96,0,=2.96, NO=2.96,N=6.6,0=6.6
N,+0=NO+N
N+0,=NO+0

NO+M=N+0+M*

Enhanced third-body efficiencies (relative to Ar):

NO=3,N,=1.5
NO+NO=N,+0,
N,O(+M)=N,+O(+M)*"
Low pressure limit:

Feent = 1.167-1.25e-04 T

Enhanced third-body efficiencies (relative to Ar):

0,=14,N,=1.7,N,0=3.5N0 =3
N,0+0=N,+0,

N,0+0=NO+NO

N,0+N=N,+NO

N,0+NO=N,+NO,
NO+O(+M)=NO,(+M)*"

Low pressure limit:

Ft:ent =0.8

Enhanced third-body efficiencies (relative to Ar):

N, = 1.46,
0,=1.3,NO = 2.8, NO, = 10, N,O = 7

NO,+0=N0+0,
NO,+N=NO+NO
NO,+N=N,0+0

NO,+NO=N,0+0,
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NO,+NO,=NO+NO+0,
NO,+NO,=NO3+NO
NO,+O(+M)=NO5(+M)*"
Low pressure limit:

Feent = 0.71*exp(-T/1700)

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

Ar=1.2

NO;=NO+0,
NO;+0=N0,+0,
NO3+NO,=NO+NO,+0,
NO3+NO;=N0,+NO,+0,
N,04(+M)=NO,+NO,(+M)*°
Low pressure limit:

Feent = 0.4

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

Ar=0.8, N,0, =2, NO, =2
N,0,+0=N,05+0,
NO,+NO(+M)=N,05(+M)*"
Low pressure limit:

Feent = 0.6

Enhanced third-body efficiencies (relative to Ar):

N, =1.36
N,03+0=N0O,+NO,
NO,+N=N,+0,

NO+NO+NO=N,0+NO,
NH+M=N+H+M
NH+H=N+H,
NH+N=N,+H
NH+NH=NNH+H
NH+NH=NH,+N
NH+NH=N,+H2
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NH,+NH=N,H,+H
NH,+NH=NH3+N
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NH,+NH,=N2H,+H,
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NH3+M=NH,+H+M
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N,H4+0=N,H,+H,0
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Enhanced third-body efficiency

H,0=10.0
H,NO+M=HNOH-+M
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235 HNOH+NO,=HONO+HNO 6.00E+11 0 2000 [16]

236 HNOH+0,=HNO+HO, 3.00E+12 0 25000 [16]
237 HNOH+HNO=NH,0H+NO 1.00E+12 0 3000 [16]
Modeling Details

The detailed reaction mechanism used in this study is listed in Table 1. All reactions are reversible;
in the modeling, the reverse rate constants are calculated from the forward rate constants and
thermodynamic data by the Chemkin chemical interpreter code [63] and the one dimensional
laminar code CHEM1D developed at Eindhoven University of Technology [64]. Experiments in static
reactors were modelled as a constant volume adiabatic process or isothermal process for
characteristic times longer than 10 seconds. Shock-tube measurements were modelled as constant
pressure or constant volume adiabatic processes using the SENKIN code and flames of nitrous oxide
were calculated using the Premix code from the Chemkin Collection. Thermodynamic data used are
all from the latest database of Burcat and Ruscic [65]. The sources of the rate constants are also
shortly outlined. Also temperature range over which the rate constants were determined are
presented. All rate coefficients in the present work are given in cm3 - mole - s units, while activation
energies are in cal/mole.

The in-house CHEM1D 1-D [64] laminar code was used for modeling the combustion process in
determining the flame speed. CHEM1D solves a set of equations describing the conservation of mass,
momentum, energy and chemical components for chemically reacting flows. It uses an exponential
finite volume discretization in space and the non linear differential equations are solved with a fully
implicit, modified Newton method. An adaptive gridding procedure is also implemented to increase
accuracy in the flame front by placing almost 80% of the gridpoints in the area with the largest
gradients. The input to this code are the conditions (pressure, temperature, mixture composition),
thermodynamic and transport data and the chemical reaction mechanism.

Simulations were performed for a number of conditions in examining their predictability by
comparison with recent experimental data and other kinetic mechanisms. Experimental data at
higher pressure with lean combustion was available for H, combustion with O,-He as oxidizer. He
suppresses the thermo-diffusive instabilities at higher pressure. Although replacing N, in air with He
does change the flame temperature and speed but not the fundamental chemistry.

Results and Discussion

The laminar burning velocity defines the rate with which the unburnt mixture is consumed in
the propagating laminar flame. This parameter is considered one of the most important entities in
assessing many phenomena like ignition, flame quenching, flashback stabilization etc. in burners and
combustors. Along with its importance in designing combustors, this parameter also holds its
importance in validating chemical kinetic mechanisms. For instance, H,/air mixture has burning
velocity much higher than CH,/air. If the chemistry of H,/air at temperatures and pressures related
to combustion conditions is understood and validated by comparing the simulation (using this
chemistry) with experimentally found burning velocity, it in turn helps in simulating larger processes
like turbulent flames etc.



Due to its attractiveness in power and automobile sector H,/air combustion studies have
been done extensively in the past two decades. Fig 1 describes a simple variation of the burning
velocity of H,/air mixture and various equivalence ratios (especially lean). One of the objectives of
the present study is to analyze various reaction mechanisms that work well at lean and high pressure
conditions. Grimech3.0 [2] is being used in various industrial applications for simulations as it covers
many hydrocarbon combustion reactions. In the same line, H, combustion mechanism must not be
utilized from GRImech3.0. The mechanism remains stable at atmospheric conditions with slight
deviation for ¢>0.8. Other available mechanisms[1,9] and present one roughly behave in the same
order at least for $<0.8. Measurement data from Tse et al.[10] have been utilized to validate the
mechanisms at P=1atm and T=298K. Other experimental data were also available from Aung et al. [6]
and Dowdy et al. [66].
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Fig 1: Variation of Laminar burning velocity of H,/air mixture at 1 atm and 298K with equivalence
ratio.

From the literature, researchers have recently recommended the mechanism by Li et al.[19].
Studies by Skottene and Rian [20] and Strohle and Myhrvold [22] suggests that the hydrogen subset
of Li mechanism and the NO, subset of Glarborg produces good results at high pressures. To
understand the reliability of the mechanism comparisons were done at high pressures. Fig 2-4 depict
burning velocity variation with respect to equivalence ratio at pressures 10, 15 and 20 atm (T=298K)
for H,/0,/He system. O, in the oxidizer was 8% in this study. Experimental results of Tse et al [10]
have been utilized for comparison. Similar comparison was made for 15 and 20 atm also.

These high pressure comparisons give certain indications. Firstly, the Li mechanism starts to drift
from the expected curve with a difference of almost 5-10cm/s as the pressure increases. Secondly,
the behaviour of GRImech3.0 results clearly show its unreliability in predicting burning velocities at
higher pressure(even at 10 atm). Thirdly, the difference between the present and other models[1,9]
is small. The mechanism by Frassoldati et al. [9] shows a small differnce at 0.65<$<0.85. At
equivalence ratio <0.65, curves almost merge showing very small velocities.



Pressure dependences of the H,/O,/He combustion chemistry at lean condition of $=0.85 and
T=298K are summarized in Fig 5. Grimech3.0 shows an offset behaviour even at 1latm. This depicts
that this mechanism not only fails to simulate high pressure combustion but also lean mixtures at
atmospheric pressure. Li mechanism performs satisfactorily when others perform reasonably well
especially Rasmussen et al.[1] and the present mechanism.
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Fig 2: Comparison of simulation results of various mechanisms with experimental data for H,/0,/He
mixtures at 10atm and 298K. (0,/0,+He=0.08)

100
* Expt_Tseetal.
15atmH,/0,/He
30 - present
-
- = Llietal g
60 | === =Grimech3.0 P

= . Frassoldatiet al.

sssaeee Rasmussen et al.

20 -

Laminar burning velocity cm/s

0 RYEPPREELLLL . .

0.5 0.6 0.7 0.8 0.9 1.0 1.1

Equivalence Ratio

Fig 3: Comparison of simulation results of various mechanisms with experimental data for H,/0,/He
mixtures at 15 atm and 298K. (0,/0,+He=0.08)
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Fig 4: Comparison of simulation results of various mechanisms with experimental data for H,/0,/He
mixtures at 20atm and 298K. (0,/0,+He=0.08)
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Fig 6: Comparison of simulation results of various mechanisms with experimental data for
stoichiometric H,/air mixtures at 2 atm.

Ignition delay is another parameter often used for validating reaction mechanism. Coupling of a
reliable kinetic mechanism with a numerical flow solver accurately models reacting flow problems.
Considerable amount of work has been done in analyzing differences in experimental data and
predictions using kinetic models. Experimental data are drawn from shock tube, flow reactor and
rapid compression experiments. These and many such studies have revealed disagreement between
experimental data and model predictions. These experimentations have implied that there exists a
lot of scope in improvement of rate constants when compared to flame speed and ignition delay
data obtained.

Fig. 6 shows a comparison of model predicted (lines) ignition delay times (shown on a logarithmic
scale) with experimental data available(points). The ignition delay time in the present study has
been defined as the time when there is a temperature rise of 50 K after the ignition. There are a
number of definitions out of which rise in OH concentration to a certain value defined for a
particular mixture condition or a rapid increase in the pressure are the most popular in recent
literature. The figure describes a H,/air stoichiometric mixture ignited at 2 atm. For a temperature
range from 1000K and higher the model predictions match more or less with the experiments [67].
The experimental data has been extracted from shock tube experiments of Slack [67] . In the case of
determining ignition delay time also GRImech3.0 shows unsatisfactory predictions for lower
temperatures. This is not the case with other mechanisms that more or less follow the trend.

Ignition delays in mixture of 20% of N,O with Ar were measured in reflected shock waves by
Borisov and Skachkov [68] for pressures 2.5-3.5 atm and 10-14 atm. Shock tube data were modelled
at mean pressures of 3 and 12 atm, since the authors of [68] did not specify the pressure of
individual experimental runs. Ignition delays were determined as times when rate of N,O
consumption reached its maximum value. Experimental data in comparison with the results of
modelling are shown in Fig 7. At the conditions of these experiments the ignition delays are
governed by the rate constant of decomposition reaction



N20(+M) = N2+O(+M) (29)

Two rate constants have been tested: recommended by Baulch et al.[49] and derived recently by
Javoy et al. [69]. As expected, modelling with k of Javoy et al. [69] (the highest rate constant of the
two) gives shorter ignition times than modelling with k of Baulch et al.[49] Fig 7 shows that
modelling with k of Javoy et al.[69] provides a good agreement with the experimental data for a
pressure of 12 atm. It cannot describe equally well the experimental data for 3 atm, but the
agreement is still satisfactory. The mechanism with k of Baulch et al. performs a little better at 3 atm,
but in general the use of k of Javoy et al. provides better agreement with this set of the experimental
data.

Sulzmann et al. [70] measured specific rate constants of nitrous oxide decomposition in mixtures
of 2% N,O with Ar using reflected shock-waves. The experiments were conducted over a
temperature range of 1720-2554 K at pressures of 1.7-4.55 atm. The specific rate constants were
determined using initial rates of N,O disappearance using the equation: d[N,0]/dt = -keff[M][N,O].
The experimental results are compared with results of calculations in Fig. 8. As expected, modelling
with k of Javoy et al. [69]gives higher specific rate constants, which are closer to the experimental
data [70] than those obtained using k of Baulch et al.[49]. The experimental data fall into two groups:
1) those obtained at T<2215 K and 2) at T>2215 K. At temperatures up to 2215 K the agreement
between the experimental data and the results of modelling with k of Javoy et al.[69] is very good.
However, at higher temperatures the agreement is worse — results of the modelling are lower than
the experimental data by ~60%.
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Fig 9 shows nitrous oxide concentration profile measured behind a reflected shock wave using IR
emission (4.5 um) [58]. The profile is normalized to a value of the signal at a time t*=5.4 ps. These
experimental data (measured at a pressure of 43.1 atm) are the highest-pressure data that were
used for validation of the mechanism. At this high pressure the use of k of Baulch et al.[49] also leads
to the noticeable underestimation of the rate of N,0 decay, as in the case of low-pressure data (Py=2
atm) of [71]. The modelling with k of Javoy et al.[69] provides much better agreement with the
experimental data, even though it slightly overestimates the rate of N,0O decay.

A comparison of NO formation in H,/O,/N, flames is depicted in Fig 10 and 11. Homer and
Sutton[72] performed experiments at atmospheric pressure to obtain nitric oxide [NO]
concentration in premixed hydrogen-oxygen-nitrogen flames (reactant composition by volume being:
2H,+1.40,+7.6N, , 2H,+1.40,+6.1N,, 2H,+1.40,+5.3N, and 2H,+1.40,+4.6N,). The change in N,
percentage siignificantly changed the flame temperature. These results have been used for
comparison with mechanisms from literature[1,2,9] and the present mechanism. GRImech 3.0[2]
shows unsatisfactory results in all the cases. Prediction by mechanism of Rasmussen et al.[1] seems
to be better than all others. Konnov[38] argued that the relative importance of NNH route also
varies with temperature(like thermal NO) and is dominant below 2000K. Hence, downstream (after
2cm) drops as only thermal NO, mechanism remains.
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Fig 10: Comparison of profiles of NO along flames of H,/0,/N, mixtures at 1 atm. Lines: simulation
results of various mechanisms, Symbols: experimental data[72]. Square: 2H,+1.40,+5.3N,, Diamond:
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Fig. 12 summarizes comparison of NO concentration at 2cm downstream of the flame front
of H2/02/N2 flames from Homer and Sutton [72] at atmospheric pressure. The abscissa represents
the adiabatic temperatures. Another interesting observation that can be drawn is that mechanism
by Rasmussen et al [1] performs well for cases represented in fig 10 (O, % is increased to 21% and
23% in the O,/N, mixture). As the O,/N, ratio decreases (fig 11-12) , the mechanism[1] begin to
deviate to a great extent. The present mechanism and that by Frassoldati et al.[9] seem to perform
better. Hence, even under atmospheric pressure and lean conditions, certain mechanisms deviate
for different mixture compositions.

Conclusion

e With thorough review of existing models that emergered in the last decade an updated
kinetic mechanism is presented for Hydrogen combustion with NO, prediction under
conditions of high pressure (upto 20atm) and lean mixtures.

e Simulations using mechanisms by Rasmussen et al. [1], Frassoldati et al. [9], GRImech 3.0 [2]
have been carried out and compared with the present updated mechanism.

e Mechanism by Rasmussen et al. [1] performs well under these conditions. At ceratin
conditions of high N, in the oxidizer mixture(O,/N,) when the flame temperatures are low,
present mechanism and that by Frassoldati et al.[9] perform better.

® GRImech 3.0 is not suitable for 100% H, high pressure and lean combustion.
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