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ABSTRACT

The primary objective of this thesis work is focused on the chemical Kkinetic
modeling of the formation of Oxides of Nitrogen (collectively termed as NOx), regarded as
a major pollutant emitted by combustion devices, and the application of that model to
simulate transport coupled multidimensional distribution of NOx in a reacting flow. The
underlying motivation of this kinetic modeling is the noted discrepancies among the
existing models, which become critical in selecting the correct model in advanced gas
turbine and engine research. The first part of this work is the performance evaluation and
comparison of the existing models. Based on their performances, an updated kinetic model
is proposed to predict NOx emission during syngas combustion. The proposed model
performs reasonably well against global as well as detailed validation targets over a wide
range of temperature, pressure and fuel loading. The second part is the extension of the
kinetic modeling to simulate NOyx formation during natural gas combustion. This extension
is focused to predict emission characteristics during natural gas combustion in gas turbines
and engines. In addition to the available literature data, the performance of the extended
chemical kinetic model is also tested against new experimental measurements on flow
reactors, provided by one of our collaborators.

The third part of this work evaluates the performance of the proposed chemical
kinetic model to predict multi-dimensional experiments. A pressure based finite volume
code under OpenFOAM nplatform is utilized to simulate the experiments involving
McKenna burner driven flow reactor configuration. The model is capable to capture the

Vi
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flat flame and post flame structure. The predictions identify an oscillatory pattern of the
reacting flow inside the flow tube, dictated by the constantly evolving recirculation zone,
originated from the back-flow dilutions.

A methodology is proposed to minimize NOx emission by the application of
external electric field. The final part of this work reports simulation results on the influence
of DC driven radial electric field on the emission characteristics of NOx and CO for
premixed CHa/air jet flame. The simulations are conducted over a range of equivalence
ratio and jet flow rate for a configuration representative of a test-scale experimental setup.
Over the entire range of flowrate conditions, both the stoichiometric and rich fuel-oxidizer
mixture showed a decrease in maximum NOXx in presence of electric field. For CO
emissions, the presence of electric field reduces the concentration under fuel rich
conditions and vice versa for stoichiometric flame. Another feature of this modeling work
is the utilization of both homogeneous and transport-dependent experimental validation
targets. The performance of the model shows reasonably well against various experimental

venues.
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1.1 PROBLEM STATEMENT

The fossil fuel combustion contributes to nearly 80% of the world energy
production and such contribution will dominate in the next few decades as well [32].
Despite rapid expansion of renewable energy capacity and output, fossil fuel combustion
continues to make up the overwhelming majority of global total final energy consumption
(TFEC), which is 79.5% [32]. In United States, crude oil and natural gas contributed to
57% of all energy production, as illustrated in Fig. 1.1. The current International Energy
Agency (IEA) report published hydrocarbon combustion as the predominant method of
global energy generation, projecting 40%, 10% and 6% increase in demands of natural gas,

oil and coal, respectively, from 2017 to 2040 [33].
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Figure 1.1 United States primary energy production by source (1950 — 2019).
Courtesy- United States energy information administration (http://www.eia.gov).

Unfortunately, one of the offshoots of hydrocarbon combustion is the presence of
trace amounts of pollutants in the post-combustion gases released in the atmosphere in the

form of nitrogen oxides, carbon monoxide, sulfur oxides and unburned hydrocarbons,
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having a profound influence on atmospheric chemistry [34, 35]. Among those, the
anthropogenic emissions of nitrogen oxides (NOx, NO + NOy) cause one of the most
detrimental effects, contributing to urban smog and acid rains that directly affect human
respiratory system [36]. Together, NO and NO2 can cause human respiratory illnesses, such
as asthma, emphysema, bronchitis, while reacting in the atmosphere to cause ground-level
ozone, which is another respiratory irritant [37]. Nitrous oxide (N20), which is generally
not included in the NOx pollutant class, can produce ozone, another secondary pollutant
and a greenhouse gas. Consequently, those noxious gases have been subjected to ever-
increasing governmental regulations. The United States Environmental Protection Agency
(U.S. EPA) limits NOx production by aircraft and reciprocating engines, that decrease each
time they are renewed in order to improve public health.

Over the last few decades, a good number of scientific efforts have been made to
interpret the formation and evolution chemistry of NO [29, 37-41] and to implement this
knowledge to develop techniques of reducing pollutant emissions [42-50]. In addition, a
wide range of research has been directed towards alternative combustion techniques,
resulting cleaner combustion than conventional methods, e.qg., radiative flame cooling [51],
lean premixed combustion [52, 53], air staging [54], flameless combustion [55, 56],
reburning [57, 58] and high temperature air combustion [59, 60]. The exhaust gas
recirculation (EGR) is another NOx reduction strategy, widely applied for gas turbines [61-
63] and internal combustion engines [64-66]. In EGR, a portion of the combustion products
is redirected internally or externally and mixed with the fresh reactant in order to decrease
its oxygen concentration and eventually minimize the thermal NOx formation. This

technique also reduces the peak flame temperature by increasing the heat capacity of the
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mixture, resulting in lower production of NOx. In internal redirection, the recirculation of
the combustion products occurs within the burner, whereas, external redirection involves
an external duct to recycle the products. Since the combustion properties of the reactant
mixture are significantly affected by the presence of even trace amount of NOy in the
mixture, interacting with the fresh incoming reactants, an accurate and detailed mechanism
for NO formation and interactions is necessary for cleaner and more efficient combustion
design.

Nitric oxide is formed in hydrocarbon flames through four major mechanisms. The
most important source of NO, almost exclusively in burnt gases of high-temperature gas
combustion is the extended Zel’dovich mechanism [37], (N2 + O = NO + N (R1), N + O3
=NO + O (R2), N+ OH =NO + H (R3)). The remaining three NO formation routes depend
upon high radical concentrations within the fuel combustion region itself. The Fenimore
mechanism [38] involves reactions of CH radicals with N, forming HCN + N/NCN + H
and the C + N2 reaction to form CN+N/NCN. The high energy barriers of reactions
involving species such as CH2 and C,O attacking molecular nitrogen prevents them to
contribute to this route [30]. In addition, the low concentration of C; in premixed flame
prevents it to react with N2 competing with CH radicals and participate in Fenimore
mechanism [67]. NCN reacts with O, OH and O to form NO. HCN reacts with O, H and
OH, culminating in formation of N, which in turn form NO by the reactions (R2) and (R3).
The third well established NO-formation route, important under lean condition and high
pressure is known as the N2O mechanism. This mechanism involves the high-pressure
formation of N2O by the reaction of N2 with atomic oxygen (N2 + O(+M) = N2O(+M) (R4))

and the eventual formation of NO by the reactions N2O + O = NO + NO (R5), NoO + H =
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NO + NH (R6). The NNH mechanism is initiated by the reaction of N2 with atomic
hydrogen at higher pressure and slightly reducing condition to form NNH (N2 + H(+M) =
NNH(+M) (R7)) and eventually oxidized to NO (NNH + O = NH + NO (R8)).

A substantial number of efforts have been made to accurately model NO formation
in combustion systems, for example, those of the Gas Research Institute (GRI) [68], A.A.
Konnov [1], Klippenstein et al. [69], Rasmussen et al. [2], Zhang et al. [70] and Glarborg
et al. [30]. These models attribute quantitatively different amounts of NOx formation due
to their different mechanistic frameworks, target data used for model refinement and the
reaction rate parameters. Santner et al. [71] demonstrated the differences in predicting NO
production associated with each of the recognized mechanistic pathways in freely
propagating laminar methane and ethylene flames by coupling different hydrocarbon
flames and NOx sub model commonly used in the industry. They found that the nitrogen
chemistry models differ in descriptions of Zel’dovich and Fenimore mechanism, causing
large differences in NO production at the combustor exit. Because the hydrocarbon portion
of any available kinetic mechanism affects NO production through the Fenimore routes,
NOx prediction performances of existing hydrocarbon-NOx models were found to differ
significantly. The question remains whether NOyx formation by alternative fuel sources
where no Fenimore routes are present can be predicted with sufficient fidelity. Hydrogen
and synthetic gaseous fuel (syngas) are two common alternative sources in this regard.
Hydrogen, as a fuel, has a broad flammability range and CO»-free emission, that have made
it the most suitable candidate for clean fuel. Application-wise, the ultra-high combustion
temperature and fast reaction kinetics of hydrogen fuel have posed limitations in combustor

material selection. Syngas, which is a combination of H, and CO with trace amounts of
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CO2, H20 and CHj4 [72] can overcome such high temperature limitations, proving itself a
clean and reliable fuel for power systems. Syngas, that can be obtained from various
sources, such as, natural gas, coal, petroleum, biomass or organic waste [73] is currently
used to a greater extent as a direct fuel in Integrated Gasification Combined Cycle (IGCC)
units utilized for electricity generation. It can also reduce the consumption of pulverized
coal and fuel oil, acting as a supplemental fuel [74]. Considering the renewed interest of
syngas as an alternative fuel and to investigate NOx formation in such a fuel having no
Fenimore route, the current study serves as an assessment of the performance of existing
H2/CO-NOx models in predicting NOx formation and evolution under gas-turbine-relevant
conditions. In addition, a kinetic model is presented, and its predictions are tested against
data from a large number of fundamental experiments and differing venues.

A concrete understanding of the mechanistic coupling among the NOx species and
fuel fragments, especially during the combustion of C:-C> hydrocarbons and their blends
(e.g. natural gas) is required to address the stricter NOx regulation- particularly for the
stationary gas turbine industry. As a primary fuel for industrial gas turbine and the source
of about one quarter of the world’s primary energy [75], the interaction between natural
gas and NOx species is of much interest to the researchers and scientists now-a-days. The
mutual interaction of HC and NOx have been investigated in the literature for a wide range
of fuels under diverse operating and experimental conditions. However, most of these
experimental studies were performed for the homogeneous systems and subsequent kinetic
model formulations have been evolved and validated against those targets. A rarity of
kinetic models was validated against both the homogeneous and transport dependent

experimental targets. This work, therefore extends the proposed NOx model for syngas
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combustion to accommodate C1-C>+NOx chemistry with comprehensive validation against
shock tubes, stirred reactors, plug flow reactors, laminar flame speed and opposed diffusion
flame speciation targets encompassing wide range of equivalence ratio (0.5-2.0) and
pressure (1-60 atm).

This work also focuses on developing a multidimensional laminar reacting flow
model to simulate a fully coupled flame and post-flame region. The model is used to
simulate the experiments of Asgari et al. [76], operated in the laminar region where
multidimensional transport effects play significant roles. In most of the flat-flame-burner-
driven flow reactor/tube modeling, one dimensional analysis is conducted, and the
simulation of the post-flame/reaction zone is performed by initializing it with a burner-
stabilized flame solution, or in separate flame and post-flame regimes of solution. Both
these modeling approaches assume a centerline species distribution profile that is
representative of a plug flow condition. However, such assumptions are valid for systems
where multi-dimensional transport is insignificant (e.g. plug flow velocity profile having
very small viscous boundary layer effect). For configurations operating in the laminar
region, the assumption that the variation in the system is one-dimensional, starts to fail
when radial and axial diffusive and convective coupling effects become prominent. All the
above findings accentuate the fact that a multidimensional simulation of a burner-coupled
flow tube configuration with an appropriate molecular transport model is necessary to
investigate the laminar reactive flow close to the flame and in the post-flame regions as
well. The present dissertation work describes the NOx speciation and temperature profiles

for flame, as well as the post-flame regimes in a multidimensional aspect.
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1.2 ORGANIZATION OF THE THESIS WORK

Assessments on the ability of the chemical kinetic models in the literature currently
available to predict the global and detailed validation targets suggests that a new NOx
kinetic model for syngas combustion is necessary that can have higher fidelity compared
to other recent models. Similarly, considering the importance of natural gas as a primary
fuel in current industrial power generation systems, extension of the syngas/NOx model to
achieve a natural gas/NOx formulation is of utmost importance. This dissertation work
focuses on the development of a high-fidelity NOx kinetic model for syngas as well as
natural gas oxidation. Besides, the applicability of the proposed syngas/NOx model in a
multidimensional reacting flow framework is analyzed along with possible system
inhomogeneities.

Chapter 1 presents a brief introduction of the general research direction of this
work, followed by its organization. This chapter also includes the significant archival
publications coming from the current Ph.D. research work.

Chapter 2 discusses the formulation and validation details of the proposed NOx
model for syngas combustion. This chapter introduces the general model formulation
approach followed by the performance of the proposed model against a wide range of
experimental venues as global and detailed validation targets. The chapter ends with the
performance comparisons of the present model with a few other recent and widely accepted
models.

Chapter 3 outlines the formulation approach of the NOx model for natural gas

oxidation along with the validation against both homogeneous and transport-dependent
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experiments. It also includes the superiority of the model performance over other recent
models of similar kind.

Chapter 4 contains a description on the multidimensional numerical model of
reacting flow, developed in this work in order to visualize the performance of the proposed
syngas/NOx model to predict any system inhomogeneities, that would not be visible
through 0-D or 1-D simulation approaches, outlined in the previous two chapters. This
chapter begins with the details on the numerical formulation of the computational model,
followed by the axial and radial distribution of temperature and NOx species along the tube.
Detailed NOx kinetics at the flame and post-flame regimes of solutions are also presented
at the end of the chapter.

Chapter 5 continues the effort with the multidimensional simulation of reacting
flow to investigate the influence of a DC driven radial electric field on the emission
characteristics; notably NOx and CO of a premixed methane/air laminar jet flame. With
most of the modeling details mentioned in Chapter 4, this chapter begins with the
computational framework emphasizing on resolving the electric field distribution and
charged species conservation equations. The effect of applied external electric field on
laminar flame structure, flame temperature, and NOx and CO emission are elucidated with
proper illustrations for stoichiometric and fuel rich condition, followed by a detail role of
kinetics with and without the application of electric field.

Chapter 6 provides an overall conclusion and some future recommendations.
1.3 PEER-REVIEWED PUBLICATIONS

i. S.F. Ahmed, A. Charchi Aghdam, F.L Dryer and T.l. Farouk. Multidimensional

Numerical Investigation of McKenna-driven Flow Tube Configuration: Non-ideality in

www.manaraa.com



NOyx Formation Flow Tube Experiments. Combustion and Flame (Under Review, 2020).
Thesis chapter # 4.

ii. S.F. Ahmed, A. Charchi Aghdam, J. Pleis, R. Geiger and T.l. Farouk. Electric-Field
Assisted Reduction of NOx Emission: A Numerical Study. ESSCI Spring Technical
Meeting, South Carolina (March, 2020). Thesis chapter # 5.

iii. N. Asgari, S.F. Ahmed, T.I. Farouk, B. Padak. NOx Formation in Post-flame Gases
from Syngas/Air Combustion at Atmospheric Pressure. International Journal of
Hydrogen Energy (Volume 42, 2017). Thesis chapter # 4.

iv. S.F. Ahmed, J. Santner, F.L. Dryer, B. Padak, T.l. Farouk. Computational Study of
NOx Formation at Conditions Relevant to Gas Turbine Operation, Part 2: NOy in High
Hydrogen Content Fuel Combustion at Elevated Pressure. Energy and Fuels (Volume
30, 2016). Thesis chapter # 2.

v. J. Santner, S.F. Ahmed, T.I. Farouk, F.L. Dryer. Computational Study of NOx
Formation at Conditions Relevant to Gas Turbine Operation: Part 1. Energy and Fuels
(Volume 30, 2016). Thesis chapter # 2.

vi. S.F. Ahmed, A. Charchi, F.L. Dryer, T.l. Farouk. Effects of Pulsating Flow Field on
NO and Radially-inhomogeneous NO> Distribution in a Multidimensional Numerical
Investigation of McKenna-driven Flow Tube Configuration. 11" U. S. National
Combustion Meeting, California (March, 2019). Thesis chapter # 4.

vii. S.F. Ahmed, F.E. Alam, F.L. Dryer, T.I. Farouk. Experimental Measurements and
Kinetic Modeling of NOx Formation for Synthetic Natural Gas Combustion under Gas
Turbine Relevant Conditions. 11" U. S. National Combustion Meeting, California

(March, 2019). Thesis chapter # 3.

10

www.manaraa.com



viii. F.E. Alam, S.F. Ahmed, F.L. Dryer, T.I. Farouk. Kinetic Study of NOx Formation for
Synthetic Natural Gas Combustion under Gas Turbine Relevant Conditions. ESSCI
Spring Technical Meeting, Pennsylvania (March, 2018). Thesis chapter # 3.

iXx. S.F. Ahmed, A. Dasgupta, F.L. Dryer, T.l. Farouk. Multidimensional Numerical
Investigation of NOx Formation in a Burner Coupled Flow Tube Configuration: NOx
Kinetics in Post, Pre- and Flame Locations. 10" U. S. National Combustion Meeting,
Maryland (April, 2017). Thesis chapter # 4.

X. S.F. Ahmed, F.E. Alam, T.l. Farouk. A Comprehensive Detailed Chemical Kinetic
Model to Predict NOx for the Combustion of High Hydrogen Content Fuels at Elevated
Pressures. 11" International Conference on Mechanical Engineering, Dhaka,
Bangladesh (December, 2015). Thesis chapter # 2.

xi. S.F. Ahmed, J. Santner, F.L. Dryer, T.1. Farouk. A Comprehensive Kinetic Model for
Predicting NOx during High Hydrogen Content Fuel Combustion at Elevated Pressure.
ot U. S. National Combustion Meeting, Cincinnati (May, 2015). Thesis chapter # 2.

xii. J. Santner, S.F. Ahmed, T.I. Farouk, F.L. Dryer. Computational Study of NOx
Formation at Conditions Relevant to Gas Turbine Operating Conditions. 9" U. S.
National Combustion Meeting, Cincinnati (May, 2015). Thesis chapter # 2.

xiii. S. Saha, S.F. Ahmed, T.l. Farouk. Numerical Investigation on Hydrothermal Flame
of Supercritical Methanol Combustion. 11" U. S. National Combustion Meeting,
California (March, 2019). This publication is not related to NOx modeling of this

research work, however, it was published during the Ph.D. tenure.

11

www.manaraa.com



CHAPTER 2

COMPUTATIONAL STUDY OF NOx FORMATION IN SYNGAS
COMBUSTION AT ELEVATED PRESSURE
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2.1 ABSTRACT

This chapter removes the fuel variability dependency of NOx and identify possible
inconsistencies in predicting NOx during high-hydrogen content fuel combustion, notably
syngas. A comprehensive detailed chemical kinetic model is proposed that consists of
CO/H2/02/NOy oxidation with full implementation of thermal, N2O and NNH paths of NOx
evolution. Predictions from the model are compared against multiple experimental data
sets over a wide range of venues and operating conditions. The experimental venues
include shock tube, plug flow reactor, and stirred reactor experiments that include pressures
from 1 to 100 bar and equivalence ratios from 0.5 to 1.5. In general, the overall model
predictions are in good agreement with global combustion targets, such as ignition delay
time, as well as with more detailed measurements from flow reactors and stirred reactors.
Simulations are conducted for a wide range of reacting mixtures (H2/O2/N2, CO/H2/O;, and
CO/IH20/02/N2) with varying levels of initial NO and NO: perturbations to consider
exhaust gas recirculation (EGR) conditions. Comparison of the proposed model with other
recent and widely accepted syngas/NOx models to predict global and detailed experimental
measurements, such as ignition delay time, speciation and reactivity shows better
performance of this model.

2.2 INTRODUCTION

This chapter is principally driven by the practical relevance of predicting NOx
emissions for high hydrogen content (HHC) fuel and syngas combustion to meet stricter
emission regulations forthcoming from the United States Environmental Protection
Agency (U.S. EPA) [77] for gas turbine power generation. Syngas and HHC fuels are

originated from the gasification of variety of feedstocks, such as coal, biomass and refuse.
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Those alternate fuels can be utilized to produce electric power at the highest possible
efficiency, with the purpose of reducing emissions of particulates and, in the longer term,
capturing carbon dioxide (carbon sequestration). In addition to natural gas, gas turbine
applications are also suited for operating on the gasification products from oxidative
pyrolysis of coal [78] and other fossil resources, renewable biomass [79], and municipal
refuse to produce syngas and even pure hydrogen [80]. Although hydrogen is considered
as a long-term replacement for carbon-containing fuels, the high flame temperature and
explosively fast chemical kinetics of pure hydrogen-air combustion requires special
arrangements, such as a significant exhaust gas recirculation system, and unexpected
aftereffects, such as unsteady combustion sensitivity, and combustor material degradation
[81]. On the other hand, the use of syngas rather than pure hydrogen continues to produce
some emissions of CO; but intrinsically obviates some of the economic issues associated
with producing pure hydrogen, particularly if it can be implemented for a wide range of
H>/CO ratios [72]. All of the above alternative fuel techniques can evolve other air
pollutants, notably NOx emissions. Therefore, continuing research is directed to achieve
higher thermal efficiency at reduced NOx and other air pollutant emissions.

This research work was prompted by the concern that, even when global
combustion targets are well-predicted, details, such as speciation and reactivity predictions,
vary significantly among the different fuel + NOx kinetic model constructs available in the
literature. While the quantitative accuracy of a model can be improved by optimization
against experimental data, the fidelity of the model for predicting the trends of the speciated
Kinetics interactions with engineering design is essential. Figure 2.1 shows a comparison

of ignition delay time and NOy speciation prediction using the Aramco model [82],
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integrated with the NOx subset of four prominent NOyx mechanism, showing significant
variation of speciation predictions, although some similarities exists among the model
global ignition delay predictions. The NOx sub mechanism of the CRECK model from
Ranzi et al. group predicts the mutual sensitization of NO and hydrocarbons by their
interactions during the low temperature hydrocarbon combustion [4], or during the high
temperature reburning process [83]. The Dagaut et al. model [84] takes into account the
mutual sensitization of methane and NO under jet-stirred reactor and flow reactor
conditions. A detailed mechanism for CO/H2/NOx oxidation proposed by Rasmussen et al.
[2] includes a low-temperature atmospheric chemistry as well as a high-temperature
combustion chemistry. The first version of the kinetic model, proposed by A.A. Konnov
[85] is capable of simulating the combustion of hydrogen, carbon monoxide,
formaldehyde, methanol, methane, C.-Cz hydrocarbon species, and their oxygenated
derivatives, and also includes C/H/N/O reactions for in-flame NOx formation and
reburning. His revised version of this mechanism [1], published in 2009 additionally
implements available kinetic pathways of prompt NO route via NCN.

The ignition delay simulations with controlled trace NO2 introduced in H2/O-
experiments, illustrated in Fig. 2.1(a) reveals that the different NOx models predict the
ignition delay time reasonably well, with the Dagaut et al. model [3] and CRECK model
[4] predicting the longest and the shortest ignition delay times, respectively. Even then, the
variations in predictions by different models is not too large, which are further minimized
by the inclusion of 350 ppb of initial H atom as impurities, resulting from initial H atom
uncertainty in the system. However, significant inconsistencies among the predictions of

different NOx models are observed for the detailed species reactivity simulations of NO
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Figure 2.1 Numerical simulation of (a) ignition delay time and (b) NOx evolution
profiles for the Aramco model, merged with four different NOx subsets [1-4].
Experimental measurements for (a) and (b) are taken from the literatures [2, 5]. The
color bands of the ignition delay plot represent the variation in ignition delay
associated with initial H atom impurities of 350 ppb.
and NO2 in Fig. 2.1(b), that accentuates the fact that the global combustion target of ignition
delay time is insufficient to provide the necessary constraining conditions for developing
new kinetic models to predict NOx kinetic effects. Watson et al. [86] also emphasizes the
importance of speciation data for the development of NOy kinetic models predicting both
global and speciated experimental behaviors with improved fidelity.

With this in mind, this part of the research work assembles and tests a
comprehensive chemical kinetic reaction mechanism to describe NOx kinetics in CO/H:
oxidation. The proposed mechanism is validated over a wide range of conditions and
multiple experimental data sets, including global and detailed targets that cover pressures
from 1 to 100 bar and equivalence ratios from 0.5 to 1.5. The following sections will
present a detailed scenario of the mechanism formulation approach, followed by the
performances against multiple experimental venues. The later sections will assemble

performance comparisons of the present model with a few other prominent syngas/NOx

models.
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2.3 DETAILED MECHANISM FORMULATION APPROACH

The proposed CO/H2/NOx model with a limited consideration of small hydrocarbon
species consists of a Co-C1 sub mechanism, a NOx sub mechanism, and a H/N/O sub
mechanism. The base hydrocarbon portion of the present model is adopted from Aramco
Mech [82] and the reaction mechanism reported by Konnov [87] served as the base set for
NOx kinetics with additional parameter revisions and the inclusion of elementary reactions.
The NOx subset of the proposed model contains updated NxHy reaction paths as well as
species, such as HNO2 and HONO, that have been found to contribute to NOx production
significantly. Thermochemical parameters in this model are adopted from the Burcat
database [88]. The outstanding performance of the thermochemistry of the present model,
compared to other recent models is further elucidated in the later kinetic study of Zhang et

al. [70]. The details of each sub mechanism are presented in the following sections.
2.3.1 Co-C; SUBMECHANISM

This section includes reactions involving the H2/O system, the CO/CO: system,
and the Cy species. The present Co-C1 sub mechanism is developed by the integration of
the Burke Co model [6] and the C1 species and associated reactions of the Aramco model
[82]. The Burke Co model is chosen as the base H2/O2 sub mechanism since it shows better
predictions at higher pressures compared to other recent Co model from Kéromnes et al.
[7] to predict the reactivity of NOx and other species, although similar performances were

observed for both the models at low-pressure conditions (20 bar), illustrated in Fig. 2.2.

17

www.manaraa.com



120

(a) (1/25)0,

. 500
E ] = 100 '
s COIJONO, 3 CO/H,/O,/INO, N
= 400 | P =20 bar, ® = 0.063
< P = 20 bar, ® = 0,083 = an
= I 2 80f Burke H, subset R
E 300 - P | S i ?
8 Burke H_ subset § - — -Kéromnés H, subset
1= £ 3
8 a0l |~ -Kéromnés Hz subset co . =S
2 : S
2 {1 x
2 g
%) 40
1 1 L 1 L 1 i 1 L 20 1 1 1 1 1 1
T T T T T T
e e A e A " N
600 - (b) / — 140
- (11250, .

£ 500 = J 120
§ [ COM/OMO, N 18 I COM,/0,/NO,
< 400 || P=50bar, @ =0063 & 10 r | p=50par, o =0.083 1
E 1 g Of ]
5 300} co = Burke H, subset
Q
s . & 6ol | - - -Kéromnés H, subset 4
o S |
g 200 | co, S
ks Burke H_ subset a°
@ 2 >
& 100

-| = — -Kéromnés H, subset

A—ah 140 4
H(c) / [
500 - (1/25)0, wol = = 9
E _ GO/H,/0,/NO,
o S r
= - & 100). | P =100bar, & =0.063 NO?
g 4001 comM oMo, e
= F = = - - 5
£ P =100bar, © =0.063 | - S sof Burke H, subset
S 300 | - 1B i 2
g Burke H, subset \ < - § © = = -Kéromnés H, subset
O 200 — — -Kéromnés H, subset s
@ o
,g o 40
2 z i
o 100 20
0 0 | 1 1 1 1 1
600 650 700 750 800 850 900 600 650 700 750 800 850 900
Temperature (K) Temperature (K)

Figure 2.2 Performance comparison of the Hz subsets of Burke et al. [6] and Kéromnés
et al. [7] models to predict the species reactivity experiments of Rasmussen et al. [2] at
(@) 20 bar, (b) 50 bar, and (c) 100 bar. The disagreements at high temperature NOx
reactivity at 100 bar are attributed to the numerical simulation with isothermal
assumption, and can be minimized by considering the experimental temperature
profiles [2].

The exothermic oxidation of carbon monoxide by hydroxyl radical plays a

significant role in combustion as the major pathway of CO-CO2 conversion and the source
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of heat release. In general, CO oxidation by OH radicals [89] can proceed through two
paths: one forming HOCO (CO + OH = HOCO (R9)) and the other forming CO; and
atomic hydrogen (CO + OH = CO2 + H (R10)). Recent literature [89, 90] concludes that
HOCO formation through (R9) is unimportant at pressures and temperatures relevant to
combustion energy conversion processes; Rasmussen et al. [2] also reported a rapid
decomposition of HOCO to CO». Therefore, the HOCO chemistry is not considered in this

modeling work.
2.3.2 Nx\HOy SUBMECHANISM

This section primarily includes the base NOy part and HNO; species Kinetics, e.g.,
HONO, HNO-, and HONO.. The NOx kinetic components are developed on the basis of a
critical review of existing NOx formation and NO-NO: interconversion sub models
available in the literature [1-3, 91] with the implementation of NOx evolution pathways,
including thermal NO [29], N2O and NNH paths. Even in the absence of Fenimore Prompt
NOy, an additional source of the prompt mechanism is due to the super-equilibrium
concentrations of O atoms and OH radicals in the flame zone, that accelerate the Zel’dovich
mechanism, which is inherently considered in this model. In lean and slightly rich flames,

the partial equilibrium assumption of O atoms and OH radicals in 1/20, - O and 1/20; +
1/2H, > OH ceases to exist. Near the flame zone, the ratio of the maximum concentration

to the equilibrium concentration of both species can be different by an order of magnitude
or more, resulting in higher NOx formation rates. The super-equilibrium O atom
concentration is nearly absent in higher hydrocarbon flames as a result of the presence of

the reacting hydrocarbon fragments.
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It is already observed by previous researchers that the NOx recycling mechanism
(interconversion reaction mechanism between NO2 and NO) play a significant role in the
NOx-related kinetics. Besides the primary interconversion reactions, NO + HO2 = NO; +
OH (R11) and NO2 + H = NO + OH (R12), such interconversion also proceeds through
intermediate formation of the HNO; species reaction pathways [2]. The existence of those
intermediate species in combustion systems has been experimentally verified previously
[92, 93]. It is also observed that the intermediate species, HNO2, which is a
thermodynamically less stable isomer of nitrous acid (HONO), appears to have a notable
influence on predictions [2]. In terms of predicted consumption and production of OH
radicals in HOx cycle of atmospheric chemistry, the formation of intermediate HONO and
HONO: in NOx recycle also plays a prominent role [2]. The most significant role in this
chemistry is played by the reactions- NO + OH(+M) = HONO(+M) (R13) and NO, +
OH(+M) = HONO2(+M) (R14). The current model therefore includes the HNO; reaction
pathways with updates in reaction rates [2]. It is important here to note that the Konnov
model [87], acting as the base of the present NOx sub mechanism does not include the

HNO: and HONO:; reaction pathways.
2.3.3 NxHyO SUBMECHANISM

The reaction pathways of NxHyO sub mechanism are typically achieved in ammonia
oxidation models, that can also participate in the NO-NO> interconversion process and the
N2 production in flames. Therefore, those reaction pathways are also incorporated from the
recent ammonia oxidation model of Skreiberg et al. [94]. The present modeling work also

takes into account updated rate constants of several reactions involving species, such as
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NH>, HNO, and NH2OH, on the basis of the detailed NH3 oxidation and thermal DeNOx

modeling work of Klippenstein et al [69].
2.4 MODEL PERFORMANCE

The present model is assessed considering a wide range prediction of experimental
data from shock tube, plug flow reactor, and stirred reactor configurations. The Chemkin-
Il package [8] is used for all of the simulations, that includes the SENKIN code [95] with
constant volume and zero-dimensional approximations to simulate the shock tube
experimental conditions as well as the adiabatic, zero-dimensional plug flow reactor
experiments, and the PSR code [96] to simulate the experiments of perfectly stirred
reactors. The Chemkin-1l interpreter package facilitates the formation, solution and
interpretation of elementary gas-phase chemical kinetic problems. The package consists of
two major software components (FORTRAN codes) and two files. The first component is
an interpreter, designed in a way to read the symbolic descriptions of elementary, user-
specified chemical reaction mechanisms and to extract the appropriate thermodynamic
information of each species involved in the reaction mechanism from the first file of the
package- the thermodynamic database file therm. The thermodynamic database comprises
14 fitting coefficients, 7 for each of the maximum and minimum temperatures specified to
calculate the thermodynamic parameters of each species involved, e.g., the constant
pressure molar heat capacity (Cp), molar enthalpy (H) and molar entropy (S). These

polynomial fits take the following forms:

Coo(T) = Rlay +a, T+, T +a, T +ag T T e, (2.1)
a a a
Ho(T) = RT,[ay, + 2T, +%T§+fﬁ+%n“+%] ..................... 2.2)
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S, (T) = R[a, InT, +a,,T, Jr%Tk2 +%Tk3 +%Tk4 +ay]

Here, R is the gas constant and T is the temperature in Kelvin. The output of the

interpretation is a linking file, containing all the necessary and relevant information on the

elements, species and reactions involved. The second component of the package is a gas-

phase subroutine library. The library contains over 100 FORTRAN subroutines, designed

to provide information on the equations of state, chemical production rates etc. The inputs

to those subroutines are pressure/density, temperatures and species concentrations. One of

the subroutines, known as the initialization subroutine, reads the linking file and generates

data arrays with specific species information, used by other subroutines of the package.
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Figure 2.3 The step-by-step working procedure of the Chemkin-I1 [8] software
package, implemented in the current research work.
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The second file of this package- tran, is the transport database, that incorporates
important molecular properties of each species involved, e.g., the Lennard-Jones potential
well depth &/ks in Kelvins, the Lennard-Jones collision diameter o in Angstroms, the dipole
moment ux in Debye, the polarizability a in cubic Angstroms, the rotational relaxation
collision number Zot, and the geometric configuration of the species (an index value of 0
for monoatomic, 1 for linear, and 2 for non-linear). The transport database, along with the
linking file, concentrated with the Arrhenius parameters and thermodynamic parameters of
each species are passed through a transport fitting code to provide a transport linking file,
suitable for any other transport-dependent application codes, especially for flame
simulations. The overall procedure is succinctly illustrated in Fig. 2.3.

2.4.1 IGNITION DELAY TIMES

As a global combustion target, the ignition delay time is used initially to compare
the performance of the proposed syngas/NOx model over a wide range of pressures and
NO- perturbation. The shock tube ignition delay measurements of Mathieu et al. [5] are
used in this case to check the performance of the model to predict the strong dependence
of ignition delay upon initial NO. addition (400, 400, and 1600 ppm) to a H2/OJ/Ar
mixture, observed in their experiments. Model predictions are compared against
experimental measurements for three different initial pressures of 1.66, 13.0 and 33.6 atm,
shown in Fig. 2.4. The effects of initial NO> loading show significantly different behavior
at different initial pressures. At the lowest pressure, no measurable change in ignition delay
time is observed with the addition of 100 ppm of NO3, while an increase in ignition delay

is observed for initial reaction temperatures below 1285 K at intermediate seeding level
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(400 ppm) of NO. At the highest addition (1600 ppm), a significant increase in ignition

delay time is apparent for reaction temperatures below approximately 1540 K.
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Figure 2.4 Effect of the initial NO2 concentration on tign for H2/O2> mixtures at (a) 1.66
atm, (b) 13.0 atm, and (c) 33.6 atm pressure. Lines represent numerical simulations and
symbols represent measurements behind reflected shock waves [5]; the color bands
represent the variation in ignition delay associated initial H atom impurities of 350 ppb.

At higher reaction pressures (13.0 and 33.6 atm), the non-monotonic dependence
of ignition delay upon initial NO inclusion is more emphasized. At 13.0 atm, the ignition
delay decreases with NO- addition for reaction temperatures below 1175 K but with a non-
monotonic dependence upon the amount of added NO..

Figure 2.4 shows that the sharp increase in ignition delay noted for the pure H2-O2
case with decreasing temperature below 1185 K is removed by the addition of 100 ppm of
NO., whereas the ignition delay time is slightly increased for reaction temperatures, higher
than 1185 K. At each reaction temperature below 1185 K, the magnitude of decrease in the
ignition delay in comparison to the pure H»-O> case increases with increasing NO2 addition
up to 1600 ppm. Above 1175 K with the addition of NO,, the ignition delay increases with
increasing NO2 addition for all cases, in comparison to the pure H2-O case. At the highest
investigated pressure of 33.6 atm, similar non-monotonic behavior is observed with a

slightly higher transition temperature (1275 versus 1175 K).
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In a later work by Urzay et al. [97], the effects of residual impurities in the shock
tube ignition delay experiments at Stanford were investigated on H. oxidation by
comparing model predictions with experiments by assuming the presence of small amount
of H atoms in the initial reactant mixture. In order to align the reaction times at which water
production profiles were predicted, the addition of small amounts of H atom levels was
used in those experiments [98]. However, those additions eventually affects comparisons
of predictions with experimental ignition delay data [99]. This study also investigates
similar effect of small amounts of H atom addition to pure and NO.-doped H2-O> reaction
predictions at the three different experimental pressures, that are presented as color bands
in Fig. 2.5. A substantially improved agreement between the experimental data and model
predictions by the addition of as little as 350 ppb of H atom to the initial mixtures, reducing
the predicted ignition delay time significantly. Our analysis finds an inflection in behavior
of the reduction of ignition delay time with the addition of H atom level at ~350 ppb, shown
in Fig. 2.6.

It is observed that initial H atom seeding levels to 200 ppb lead to significant
reduction in predicted ignition delay time, whereas, the relative influence is observed to be
reduced for amounts above ~350 ppb. Therefore, the 350-ppb level of H atom perturbation
is selected in this analysis to demonstrate the bandwidth of H impurity seeding. It is
observed in Fig. 2.5 that, despite the decrease in the ignition delay time as a result of initial
H atom seeding, the temporal evolution of active OH radical concentration does not change
by H atom inclusion, which is only “time-shifted”. It is also apparent for the NO2-doped
cases, Fig. 2.5 (b) - (d), and also in the color bandwidths in Fig. 2.4 that the effect of adding

H atom decreases with increasing the initial NO2 perturbation levels and the effect becomes
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Figure 2.5 Temporal evolution of the OH concentration as a function of H atom
impurities at a pressure of 13.0 atm and temperature of 1100 K, @ = 0.5, for (a) 0 ppm,
(b) 100 ppm, (c) 400 ppm, and (d) 1600 ppm of NO. doping with the initial reactant
mixture.

indiscernible at the maximum NO: loading, due to the rapid consumption of H atoms by
NO2 (NO2 + H = NO + OH (R12)), reducing the impact of other reactions, that limit
building the active radical pool. It is also observed in Fig. 2.1(a) that the most prominent
effect of H atom impurity is apparent on the CRECK model [4], whereas the least influence
occurs for predictions based on Dagaut NOx model [3]. A significant HONO-NO: path is
observed for CRECK model through flux analysis by the reaction HONO + H = NO; + H>
(R15), with HONO coming from the initial NO2 doping through the paths NO2 + H = NO

+ OH (R12) and NO + OH(+M) = HONO(+M) (R13). For the CRECK NOx model [4], the
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Figure 2.6 Ignition delay time variation as a function of initial H atom seeding with
0.01H2/0.0102/Ar mixture at P = 13.0 atm, T = 1100 K, ® = 0.5.

rate coefficient of (R15) is approximately 2 orders of magnitude larger than that in the
Dagaut NOx model [3], which is responsible for the highest and the lowest influence of H
atom inclusion with CRECK [4] and Dagaut NOx models [3] respectively. This
phenomenon is further confirmed by the recovery of the impurity effects demonstrated by
Dagaut model [3] using the CRECK model [4] with rate parameters of (R15) taken from

Dagaut NOx model [3].

2.4.1.1 SENSITIVITY ANALYSIS

To identify the dominant reactions that dictate the ignition delay observations, first-
order logarithmic sensitivity analyses at every pressure and NO: perturbation were
performed for conditions within the high- and low-temperature regions of Fig. 2.4. In this
analysis, each elementary reaction in the mechanism is increased and decreased by a factor
of 2 to calculate the ignition delay times. The sensitivity coefficient, o is then calculated

using the relation-
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where, the symbols 7,and 7, represent the simulated ignition delay times with the reaction

rates increased and decreased, respectively. The high-pressure sensitivity analysis (13.0
atm) for low (1100 K) and high (1220 K) temperature zones for different NO> perturbation
levels as per the experimental conditions of Fig 2.3 is shown in Figs. 2.7 and 2.8,
respectively.

At high temperature and pure H>-O2 mixture condition, Fig 2.8(a), the chain
branching reaction O + H>, = H + OH (R16) becomes more dominant, whereas the chain
propagation reaction H.O, + H = Ho+ HO2 (R17) becomes more sensitive in the case of
lower temperature in Fig. 2.7(a), resulting in an increase in ignition delay time at lower
temperatures. An addition of 100 ppm of NO- to the mixture causes a decrease in ignition
delay time for both the temperature zones due to the formation of highly reactive OH, H
and HONO radicals through the NO-NO- interconversion cycle NO2 + H = NO + OH
(R12), NO + HO2 = NO2 + OH (R11), and NO2 + H, = HONO + H (R18) observed in Figs.
2.7(a) and 2.8(a). Flux analysis of NO and NO> at 1100 K and 13.0 atm finds the majority
of NO2 consumption through (R12), forming NO and reactive OH radicals. Besides, NO is
mostly recycled to NO> through the path (R11). Since both of those reaction paths of the
NOx recycling in this condition forms highly reactive OH radicals, a significant decrease
in overall ignition delay time is observed by the addition of 100 ppm of NO: in the initial
mixture.

The decrease in ignition delay time in the low temperature zone, observed in Fig.
2.4(b) with the addition of 400 ppm of NOz occurs due to higher sensitivity of the chain
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Figure 2.7 First-order ignition sensitivity analysis at 13.0 atm and 1100 K for (a) pure
H>-O2 mixture, (b) with 100 ppm of NO> perturbation, (c) 400 ppm of NO>
perturbation, and (d) 1600 ppm of NO2 perturbation. The directions of all of the
reactions in the sensitivity charts are forward in nature.

branching reaction (R16). Besides, the higher sensitivity of the reaction (R18) with the
addition of 400 ppm of NO: leads to an increase in active H radical formation rate, which
results in a significant increase of OH concentration through the reaction HO> + H=0OH +
OH (R19), that eventually accentuates the reactivity when the level of NO2 perturbation in
the mixture is increased from 100 to 400 ppm.

When the initial NO2 concentration is further increased from 400 to 1600 ppm, a
significant change in the most sensitive reactions and a consequent higher ignition delay
time is observed for the overall temperature range in Fig. 2.4(b). As illustrated in Fig. 2.7(d)
the sensitivity of the propagation reaction OH + Hz = H + H2O (R20) increases for the
lower temperature 1600 ppm case in comparison to the 400 ppm case. Flux analysis in this

temperature range shows that the NO-NO- interconversion is dominated by reaction (R12),
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Figure 2.8 First-order ignition sensitivity analysis at 13.0 atm and 1220 K for (a) pure
H2-O2 mixture, (b) with 100 ppm of NO: perturbation, (c) 400 ppm of NO:
perturbation, and (d) 1600 ppm of NO- perturbation. The directions of all of the
reactions in the sensitivity charts are forward in nature.

resulting in a higher rate of H atom formation through the reaction (R20). Additionally, at
the highest NO> loading of 1600 ppm, the significance of a number of inhibiting reactions,
such as H+ NO(+M) = HNO(+M) (R21) and HO2 + OH = H20 + O2 (R22) becomes higher,
that are illustrated in Fig. 2.7 (d) and 2.8 (d). A similar sensitivity analysis was conducted
earlier by Mathieu et al. [5]. However, a number of additional sensitive reactions are found
in the current analysis, e.g., H + HO2 = Hz + Oz (R23) and HO2 + OH = H.0 + Oz (R22)
for 100 ppm of NO2, HO2 + OH = H20 + O, (R22) and H + HO, = Ha+ O2 (R23) for 400
ppm of NO2 and H + NO(+M) = HNO(+M) (R21) and NO + HO2 = NO> + OH (R11) for

1600 ppm of NO., that do not appear in the Mathieu et al. [5] analysis.
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24.2 PLUG FLOW REACTOR EXPERIMENTS UNDER DILUTE
CONDITIONS

As a detailed validation target, the model performance is further compared against
plug flow reactor species evolution with both time and temperature, known as speciation
and reactivity experiments respectively, for a wide range of reacting mixture. The details

of each of the reacting mixture conditions are mentioned in the following chapters.
2.4.2.1 SPECIATION FOR PURE H2/O2 MIXTURE

As a first target, the current model performance is tested based on the speciation
experiments [9] with pure Ho/O2 mixture, without any NOx doping at three different
pressures of 2.55, 3.44 and 6.0 atm, illustrated in Fig. 2.9. The transition of the H./O;
mixture Kkinetics at three different pressure levels are well-captured by the model, showing
faster to relatively slower fuel consumption levels after a short induction period with

increase in pressure.
2.4.2.2 SPECIATION FOR H2/O2/NO2/N> MIXTURE

Simulations are conducted for the Ho/O2/N2 mixture perturbed with initial NO2 and
compared to the adiabatic flow reactor experiments of Mueller et al. [10], as shown in Fig.
2.10(a). It is observed over the course of the residence time that Hz is consumed to produce
H>0 and NOz is converted to NO and eventually increase the NO concentration. With the
NxHyO reaction rate updates mentioned before, improvement in the NOy recycling relative
to the experimental data is observed.

Figure 2.10(b) shows a flux analysis for the NO-NO: interconversion process of
the mixture mentioned above. The NO to NO. conversion at the investigated condition

happens through the intermediate formation of HNO3 and a consequent effect on the
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Figure 2.9 (a) Time histories of the species concentrations for the H2/O2/N2 mixture at
(@) 2.55 atm, (b) 3.44 atm, and (c) 6.1 atm pressure. Lines represent model predictions
and symbols represent experimental data [9]. Model predictions are shifted relative to
the experimental data in time based on 50% fuel consumption point. The amounts of
time shifts for the three pressures are 0.30, 0.41, and 0.34 s respectively.

formation of OH radicals by the reaction channel NO + HO2(+M) = HNO3(+M) (R24) and

HNO3(+M) = NO, + OH(+M) (R25). NO> can be converted to NO through three different

reaction paths: (i) directly by reaction (R12), (ii) through intermediate formation of HONO

by the reaction of the HO- radicals (R16), followed by the formation of NO and OH by

reaction (R24), and (iii) through intermediate formation and isomerization of HNO: by the

reactions HONO(+M) = HNO.(+M) (R26) and NO2 + HO> = HNO> + O, (R27). HONO is

then converted to NO by the pressure-dependent reactions noted as path ii above.
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Figure 2.10 (a) Time evolution of the species concentrations for the H2/O2/N2 mixture,
perturbed with 85 ppm of NO- at 10.0 atm and Tin = 780 K. (a) pure H2-O2 mixture, (b)
major reaction pathways of NO-NO- conversion. Model predictions are time-shifted
relative to the experimental data. The “+” and “-”” symbols in the flux analysis
represent the formation and consumption of the species associated with the symbol,

respectively. The different colors are used to show the reaction paths of different
species.

2.4.2.3 SPECIATION FOR CO/H20/02/NO/N2 MIXTURE

The present study also investigates the performance of the present model in
simulating experiments with a wide range of pressures, temperatures, and NO
concentrations on CO/H20/02/NO/N2 oxidation, also known as moist CO oxidation,
conducted by Mueller et al. [10]. Fig. 2.11 shows the temporal evolution of species, such
as CO, NO, and NO; at 950 K and pressures ranging from 1.2 to 10.0 atm. Reasonable
prediction for fuel oxidation and NO-NO> conversion with experiments are observed here.
An inhibition of fuel oxidation and a promotion of NOy recycling is also observed with
increase in pressure. Kinetically, a set of recombination reactions-H + O2(+M) = HO2(+M)
(R28), NO + O(+M) = NO2(+M) (R29), CO + O(+M) = CO2(+M) (R30) become dominant
over the set of branching reactions- H + O2 = O + OH (R31), H.0 + O = OH + OH (R32)

etc. that lead to the inhibiting effect of pressure on fuel oxidation. The higher HO>
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formation at higher pressure leads to the faster NO-NO; interconversion process by the
consumption of HO2 by NO to form NO (R11). Figure 2.11 illustrates that, under these
conditions, a complete NO-NO: interconversion takes place without any formation of
molecular nitrogen.

For similar reaction mixture, model predictions are also tested against experimental
measurements [10] for a fixed pressure and different reaction temperatures, illustrated in
Fig. 2.12(a). The current model is found to predict the experimental trends with reasonable
accuracy. The predicted extent of CO consumption with different initial NO concentration
is compared in Fig. 2.12(b) for a series of experiments [10] at 3.0 atm, 950 K, and with an
initial NO mole fraction of 54 — 508 ppm. The present model well-captures the

experimental trend of the strongest CO consumption at intermediate NO levels.
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Figure 2.11 Effects of pressure on the reaction profiles for the CO/H,0/O2/NO/N>
mixture at Tin = 950 K. Symbols represent experimental data from Mueller et al. [10],
and solid lines represent model predictions. Model predictions are shifted relative to
the experimental data in time based on 50% fuel consumption point. The amounts of
time shift for the four pressures are 0.015, 0.03, 0.07 and 0.05 s respectively.

The speciation measurements here at various pressures show a strong dependence
of CO production upon the initial NO concentration. Figure 2.12(b) also shows the

simulated NO> profiles with variable initial NO concentration. It is observed that an
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increase in NO2 concentration occurs with an increase in initial NO in the mixture, which
is reasonable in accordance with the NO-NO2 conversion process. Additionally, with
increasing the NO concentration, the initial ramping to NO2 conversion is decreased

significantly.
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Figure 2.12 (a) Effects of initial temperature on the reaction profiles for the
CO/H20/02/NO/N2 mixture at P = 10 atm and Xno,in = 41.0 ppm with the amounts of
time shifts for the three temperatures are 0.04, 0.20, and 0.11 s respectively, (b) effects
of initial NO mole fractions on the reaction profiles for the same mixture at identical
pressure and Tin = 950 K with the amounts of time shift for the four NO perturbation
levels are 0.001, 0.025, 0.065 and 0.28 s respectively.

Similar experiments investigating the impact of NO perturbations on moist CO

oxidation (CO/H20/02/NO/N>) are available in the literature [11], and the proposed model
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is validated on the basis of those experiments as well, shown in Fig. 2.13. The first panel,
for example, shows the effect for near stoichiometric condition (® = 0.93). An addition of
170 ppm of NO in the mixture inhibits the rate of CO oxidation, which is reasonably
predicted by the present model. On the other hand, an opposite effect is observed for the

second panel for lean case, where the inclusion of 175 ppm of NO significantly promotes
the CO oxidation rate, due to the change in HO> radical consumption channel. The details

of the kinetics involved in this respect are available in reference [11].
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Figure 2.13 Effects of NO perturbation on the oxidation of CO/H20/02/NO/N2 mixture
at atmospheric pressure for (a) near stoichiometric, and (b) lean conditions. Solid lines
represent model predictions and symbols represent experimental measurements from
Roesler et al. [11]. Model predictions are shifted relative to the experimental data in
time based on 50% fuel consumption point. The amounts of time shift for near
stoichiometric conditions are 0.058 and 0.027s for 0 and 170 ppm of NO respectively
and for lean conditions are 0.033 and 0.013 s respectively.

2.4.2.4 REACTIVITY FOR CO/H2/O2/NOx/N2 MIXTURE

The model is also employed to simulate the experimental measurements of
Rasmussen et al. [2], where species concentration for a CO/H2/NOy system is measured in
a flow tube at various initial temperatures and pressures under a prescribed temperature

distribution with isothermal conditions being maintained in a designated test section. In
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this particular experimental configuration, unlike the experiments with flow tubes
mentioned above [10], where species temporal evolution is measured for a constant
residence time, in the aforementioned experiments, the overall residence time changes with
each specified reaction temperature and pressure at each measured point in this case. Figure
2.14 illustrates the experimental data and the model prediction for all of the different
pressures, up to 100 atm. In addition to the simulations using isothermal assumption, five
other simulations are performed using the reported experimental temperature profiles with
initial ramp up at the inlet, isothermal reaction zone, and ramp down at the outlet of the
reactor tube [2]. For all of the pressure conditions, the fuel, CO, is being oxidized to the
final exhaust gas CO>, the experimental trends of which are reasonably agreed with the
model predictions. The onset of CO consumption, i.e., the initiation temperature is
observed to decrease from 800 K to 700 K with increase in pressure from 20 to 100 bar. It
is also apparent from Fig. 2.14 that the pressure dependence of the CO initiation
temperature decreases with increasing pressure, the most significant decrease of 75 K is
observed to occur when the pressure increases from 20 to 50 bar, whereas, only 25 K
increase occurs for a pressure change from 50 to 100 bar. It is important to note that the
model performance to predict NOx reactivity with isothermal assumptions become
sensitive to the inclusion of HOCO chemistry from Rasmussen et al. [2] and the sensitivity
decreases with increasing pressure. At 100 atm pressure, almost similar NOx evolution
profiles are observed with and without the addition of HOCO chemistry. Since the current
NOx modeling work is focused on practical application purpose where high pressure is
concerned, e.g., gas turbines, HOCO chemistry is not considered in the model.

It is apparent from the figure that, significant deviations between the simulations
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Figure 2.14 Experimental data and model predictions of CO/H2/NOx oxidation at (a)
20 bar, (b) 50 bar, and (c) 100 bar. The close symbols represent experimental data from
Rasmussen et al. [2]. The solid and dashed lines represent model predictions with
isothermal assumptions without and with the addition of HOCO chemistry in the
model. The open symbols represent simulations with complete experimental
temperature profiles.

using the five reported experimental temperature profiles and isothermal simulations occur
at higher pressures (50 and 100 bars) and at reaction temperatures higher than 750 K. A

substantial conversion of NO to NO outside the isothermal zone at high pressure and
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temperature is observed, which is discussed below in flux analysis. Despite a temperature
distribution existing in the entire flow reactor length (i.e., initial ramp up, isothermal
reaction zone, and ramp down), the temperature in the species reactivity evolution

corresponds to the temperature in the isothermal zone only. Additionally, the NOx
evolution at high pressure and temperature cases can only be simulated accurately if the

complete experimental temperature profiles are considered in the simulations.
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Figure 2.15 Major reaction pathways for NO-NO> conversion at (a) 20 bar and, (b) 50
bar for CO/H2/NOx oxidation. The “+” and “-” symbols in the flux analysis represent
formation and consumption pathways of the species associated with the symbol,
respectively. “(+M)” represents the pressure-dependent reaction. The different colors
are used to show the paths of different species.

In order to explain the NO-NO- interconversion paths in the present model, flux
analysis at different pressures for the aforementioned experiments are performed. Figure
2.15 shows the NO-NO: recycling paths for 20 and 50 bars. The figure shows three possible
recycling paths for 20 bar pressure, (i) directly by the reaction NO + HO2 = NO, + OH
(R11), and NO2 + H = NO + OH (R12), (ii) by the intermediate formation of HONO, or
(iii) by the formation and isomerization of HNO.. However, two additional recycling paths
are apparent in the figure at 50 bar as a result of the dominance of a couple of pressure-
dependent reactions: (a) the addition reaction of OH with NO, to form HONO: and its
subsequent oxidation of NO3 and NO by the reactions NO2 + OH(+M) = HONO2(+M)

(R14), HONO, + OH = H,0 + NOs (R33), and NOs = NO + O (R34), and (b) the addition
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reaction of OH with NO- to form HNO3s and then the subsequent oxidation of NOz and NO
by the reactions NO2 + OH(+M) = HNO3(+M) (R35), HNO3z + OH = NO3 + H20 (R36),
and NO3z = NO + Oz (R34).

2.4.2.5 REACTIVITY FOR CO/H20/02/NO/N2 MIXTURE

The model is also employed to compare the experimental NO concentration with
model predictions for the oxidation of NO as function of temperature for different H,O
inlet concentrations, conducted by Glarborg et al. [12]. Figure 2.16, for example, shows
the NO oxidation profiles with initial H2O concentrations of 1% and 10% for a temperature
range of 800 to 1250 K. The experimental observation of the promotion of NO oxidation

rate with an increase in H20 concentration is well-captured by the present model.

T T T T T T T T T
110 | i
100 F \ _-3 :
£ I
£ w < CO/H,0/0 /NO
= .o P=1.0 atm ]
S Wof o = 227IKIT |
2 [ o oo = 241 [KVT
¢ 50l | ]
o I .
S wof —HO=1% |
2 s} ——H,0=10% -
20 ]
10| ]
O | M l i | i 1 L 1 n ]
800 900 1000 1100 1200 1300

Temperature (K)

Figure 2.16 Effects of initial H2O concentration on the oxidation of CO/H20/O2/NO/N>
mixture at atmospheric pressure. Solid lines represent model predictions and symbols
represent experimental measurements from Glarborg et al. [12].

2.4.3 ISOTHERMAL TUBULAR REACTOR EXPERIMENTS

Model validation is also performed on the basis of the isothermal tubular reactor
experiments of Arai et al. [13] to predict thermal NOx formation in a binary N2-O> system
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as a function of the temperature, which shows reasonable agreement with the data (Fig.
2.17). However, variation with the experimental measurements is observed at the highest
temperature and for an oxygen mole fraction more than 30%. Similar disagreements were
observed by Abian et al. [100], where the variance at a high temperature was attributed to

be an experimental artifact.
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Figure 2.17 Formation of thermal NO from N2/O- binary mixture in a isothermal
laminar flow reactor as function of temperature and O> mole fraction at atmospheric
pressure. Solid lines represent model predictions and symbols represent experimental

measurements of Arai et al. [13]. The O2 mole fractions (O2/(O2+N)) ranges from 0 to
1.0.

2.4.4 STIRRED REACTOR EXPERIMENTS

To test the ability of the proposed kinetic model to predict stirred reactor
experiments, model simulation results are compared to the experiments with a couple of
mixture conditions at atmospheric and higher pressures. The model predictabilities are

elaborated in the following sections.
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2.44.1 JET-STIRRED REACTOR REACTIVITY FOR H2/O2/NO/N2
MIXTURE

The model is first tested against the jet-stirred reactor (JSR) experiments on the rich
and lean oxidation of NO-perturbed hydrogen mixture over a temperature range of 700 —
1200 K and pressures of 1 and 10 atm in a fused silica JSR, conducted by Dayma et al.
[14]. Figure 2.18 shows exemplar comparison results at 1 atm. It is apparent from the figure
that the hydrogen reactivity and the NO-NO- conversion decreases from fuel-lean to fuel-
rich mixtures, which is captured by the present model with reasonable accuracy. Although
reasonable prediction accuracy is observed at atmospheric pressure fuel lean conditions,
noticeable discrepancies are observed for fuel rich condition, where no increase in NO2 is
visible despite the decrease in NO concentration at temperatures, higher than 950 K,
suggesting that the decrease in NO is not related NO-NO> interconversion only. Flux
analysis confirms for this particular fuel-rich atmospheric condition that the NO-NO:
interconversion paths are not dominant; rather, the N atom balance occurs through a NO-
N2 conversion path with intermediate formation of HNO, NH and N by the reaction set:
NO + H(+M) = HNO(+M), (R21), HNO + H = NH + OH (R37), NH + H =N + H2 (R38),
and N + NO = N2 + O (R39). Since such rich mixture discrepancies are apparent for other
recent models as well, further investigations of Zhang et al. [70] suggest that the absence
of “HON” chemistry in the models is responsible for the slower consumption of NO at
atmospheric pressure and high temperature. They also observed that the role played by the
“HON” chemistry in this respect is active only at atmospheric pressure and fuel-rich
conditions.

At higher pressure of 10.0 atm, reasonable model predictions are achieved against

similar high pressure JSR experiments of Dayma et al. [14] (Fig. 2.19). Flux analysis of
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NOx species for fuel-rich mixture and at this pressure condition confirms the significance
of the reaction of HoNO with nitric oxide to form HNO [H2NO + NO = HNO + HNO
(R40)]. Therefore, the rate constant of this HNO formation reaction is updated on the basis

of the detailed NH3 oxidation and thermal DeNOx model of Klippenstein et al. [69].
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Figure 2.18 Experimental and modeling results of the concentration profiles as a
function of the reactor temperature for the Ho/O2/NO/N2 system at 1.0 atm and (a) fuel-
lean and, (b) fuel-rich conditions. Symbols represent data from the experiments of
Dayma et al. [14].

2.4.4.2 JET-STIRRED REACTOR REACTIVITY FOR
CO/H2/02/NO/N2 MIXTURE

In addition to the NO-perturbed H oxidation experiments, the predictability of
the model is also compared against NO-perturbed Ho/CO oxidation experiments in a jet-
stirred reactor arrangement at an atmospheric pressure condition [15], illustrated in Fig.
2.20. The predictions in this case show reasonable agreement with the experimental data

for both lean and stoichiometric conditions.
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Figure 2.19 Experimental and modeling results of the concentration profiles as a
function of the reactor temperature for the Ho/O2/NO/N; system at 10.0 atm and (a)
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Dayma et al. [14].
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fuel-lean and, (b) stoichiometric conditions. Symbols represent data from the
experiments of Dagaut et al. [15]. The fuel rich experiments with ® = 2.0 are beyond

the scope of this model.

2.5 SUMMARY

In this study, NOx formation for hydrogen and CO/hydrogen mixture oxidation has

been investigated. A specific target of this research work was to assess and identify possible
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discrepancy in predicting the NOx concentration remining when Fenimore NOx reaction
kinetic pathways are absent. This study found that, even though global combustion targets,
e.g., ignition delay time, can be predicted well by different models available in the
literature, the nitrogen-containing species predictions varied by factors through
significantly different evolution pathways. Followed by this assessment, a comprehensive
detailed chemical kinetic model is developed through assembly of updated literature sub-
mechanisms to describe the oxidation of CO/H2/NOx mixtures with particular focus on the
detailed implementation of NOx evolution pathways. The construct consists of three
different sub-mechanisms- Co-C1 sub-mechanism, NOyx sub-mechanism, and H/N/O sub-
mechanisms. The current model emphasizes on the inclusion of the NxHy reaction paths as
well as species, such as, HNO2 and HONO, that play decisive roles in improving NOx
predictions. It is apparent from this study that species, such as, HONO, HNO; and HONO:
have a notable influence on the net NOx formation through modifying the net active radical
pool concentration behavior.

The model validation finds that the predictions are in good agreement with multiple
experimental data sets over a wide range of venues and operating conditions, including
shock tube, plug flow reactor, and stirred reactor experiments that cover pressures from 1
to 100 bar, equivalence ratios from 0.5 to 1.5, and temperatures ranging from 600 to 1000
K. A wide range of NOx-perturbed reacting mixtures, such as H2/O2/N2, CO/H2/O2, and
CO/H20/02/N; are considered here to replicate the EGR conditions. It is evident from the
simulation results that the performance of the current model describes the effects of EGR

over a wide range of conditions relevant to practical combustion.
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CHAPTER 3

KINETIC MODELING OF NOx FORMATION FOR SYNTHETIC
NATURAL GAS COMBUSTION UNDER GAS TURBINE
RELEVANT CONDITIONS
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3.1 ABSTRACT

The previous chapter of this thesis effectively identifies the possible inconsistencies
in predicting NOx during high-hydrogen content fuel combustion, removing essentially the
fuel variability dependency of NOx. While the major concern of chapter 2 is the NOx
formation modeling for preferably syngas combustion, this chapter emphasizes the NOx
evolution modeling for natural gas combustion. The enhanced ignition of hydrocarbon
fuels in presence of trace amounts of NOx (NO and NO>) and the faster conversion of NO
to NO2, known as HC-NOx mutual sensitization has been analyzed using varieties of
experimental as well as computational techniques. In order to meet the stricter NOx
emission regulations during the combustion of C1-C, hydrocarbon and their blends for
stationary gas turbine power generation, a definitive comprehension of the chemical
interplay among the NOx species and the hydrocarbon fuel fragments is important. The
mutual interaction of HC and NOx has been investigated for a wide range of fuels under
diverse operating and experimental conditions. However, the majority of these
experimental studies were performed for the homogeneous systems and subsequent Kinetic
model formulations have been evolved and validated against these targets. A rarity of
kinetic models validated against both the homogeneous and transport dependent
experimental targets has motivated this study to present a newly proposed and validated
natural gas/NOy kinetic model. To achieve this goal, the NOx model for synthetic gas
combustion, developed previously in this thesis work, has been extended further to
accommodate C1-C>+NOx chemistry with comprehensive validation against new plug flow
NOx speciation measurements as well as recent literature data on shock tubes, stirred

reactors, plug flow reactors, laminar premixed burner stabilized and opposed diffusion
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flames encompassing wide range of equivalence ratio (0.5-2.0) and pressure (1-60 atm).
Rate constants of several important reactions involving HONO and HNO: species are
updated based on the recent ab-initio calculations. Furthermore, the role of transport
dependent validation is critically assessed. It is found that even with the implementation of
updated reaction channels and rate coefficients, recent kinetic models underperform in
predicting NO evolution under rich premixed flame conditions. These authors believe that
a high-fidelity detailed chemical kinetic model to predict NO production and HC-NOx
mutual sensitization is necessary to culminate in a reduced model that is amenable to
multidimensional CFD simulation.

3.2 INTRODUCTION

The faster ignition of C1-Cs hydrocarbons in the presence of small amounts of NO
and the rapid NO-NO: interconversion in the presence of Hydrocarbons, known as mutual
sensitization, has been an active area of research since the last two decades. A concrete
idea of the mechanistic coupling among NOx species and fragments of fuel, especially
during the combustion of C1-C> hydrocarbons and their blends (e.g. natural gas) is required
to address the stricter regulation of NOx emissions in engine combustion. The mutual
interaction of HC and NOxy has been investigated for a wide range of fuels over the years.
The high temperature shock tube study by Slack and Grillo [101] was one of the earlier
works to investigate the sensitization effects of NOx on CHa. The jet stirred reactor (JSR)
experiments performed by Dagaut and co-workers [3, 84, 102, 103] account for a wide
range of fuels, including methane, ethane, ethylene and blends of natural gas. The detailed
chemical kinetic models assembled in those studies agreed reasonably well with the

corresponding measurements. Sivaramakrishnan et al. [18] in their high pressure shock
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tube and JSR experiments on CHs-C>Hs blends demonstrated the significant differences in
reactivity between methane and natural gas blends in the presence of NO. The pressure and
the reaction time scale for those experiments were selected close to the operating conditions
of the practical combustion devices, such as combustion engines and gas turbine
combustors burning natural gas blends and NO. Those findings were consistent as well
with their assembled chemical kinetic models describing the observed changes in
reactivity.

Considering the potential relevance of high-pressure oxidation of natural gas in
most practical combustion devices (engines, gas turbines etc.) the interaction of methane
and oxides of nitrogen (NOx) were investigated by Rasmussen et al. [104] under well-
defined conditions in a high-pressure laminar flow reactor at pressures from 20 to 100 bars.
The interpretation of the above-mentioned high-pressure measurements in terms of a
detailed chemical kinetic model agreed reasonably well. The interaction between C2H4 and
NO under high-pressure and intermediate temperature flow reactor conditions were
investigated both in terms of experimental measurements and a kinetic modeling study by
Giménez-Lopez et al. [21]. The high-pressure capability of ethylene to reduce NO and the
influence of temperature and oxygen content on C2He/NO interaction were experimentally
observed by those studies. In order to address the post-combustor exhaust chemistry for
NOx-affected natural gas combustion in practical devices, Alam et al. [22] experimentally
analyzed the quantitative species resolution of the fuels, major intermediate and final
products, e.g. CO, CO2 and NOx using two different OD treatments of initial conditions.
Based on the measurements, they observed markedly different kinetic coupling of NOx and

Co-C> species among the available kinetic models in the literature. Recently, Deng et al.
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[16] investigated the effects of NOx on the oxidation of methane/NO; [19] and ethane/NO>
mixtures based on high-pressure shock tube ignition delay measurements. The mechanistic
behaviors of those fuel mixtures were elucidated in terms of the proposed chemical Kinetic
models.

The ubiquitous nature of transport phenomena existing almost exclusively in all
practical combustors has motivated kinetic modelers to validate their models against
standard transport dependent experimental targets, importantly- laminar opposed diffusion
and premixed burner-stabilized flames. Many researchers measured the NOyx formation in
those high temperature flame conditions both at atmospheric and high-pressure conditions.
Ravikrishna et al. [105] measured nitric oxide formation in ethane-air and methane-air
counter flow diffusion flames by Laser-induced fluorescence technique at atmospheric
pressure. Naik et al. [26] performed laser-based measurements of NO in high-temperature,
oxygen-enriched counter flow methane-air and ethane-air diffusion flames at atmospheric
pressure and later in partially premixed methane-air flames at high pressure [27].
Experimental measurements of NO formation for premixed laminar ethylene flames were
performed by Reisel et al. [106] using LIF technique. Konnov et al. [23] experimentally
observed the effects of composition of reactant mixture on the laminar burning velocity
and NO formation in premixed C2Hs flames. Two distinct maxima of NO concentration
with the variation of equivalence ratio proved the dominance of thermal-NO and prompt-
NO formation mechanisms at different equivalence ratios.

Despite the significance of NO predictions in high-pressure counter-flow partially
premixed and non-premixed flames as well as premixed freely propagating flames based

on the minimization of pollutant emissions from practical devices, such as gas-turbine
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engines, those transport-dependent venues are yet to be used widely as model validation
targets alongside the homogeneous systems such as shock tubes, plug flow reactors, jet
stirred reactors etc. This chapter emphasizes on assembling a comprehensive detailed
chemical kinetic model to describe NOx kinetics in C1-C, fuel oxidation. Updated rate
constants of several reactions involving HONO, HNO: species are updated based on the
recent ab-initio calculations. In order to validate the proposed model, new high-pressure
experimental data [107] on the oxidation of methane perturbed with trace amounts of
ethane and NOx (NO + NOy) are utilized. The experiments were conducted in a variable
pressure flow reactor, the conditions of which were chosen close to engine ignition pressure
and temperature. The reactivity of NOx, with and without trace amounts of ethane in the
mixture was experimentally investigated and the results were compared with model
predictions. Model performances were also compared against multiple experimental data
sets available in the literature over a wide range of experimental venues including both
homogeneous and transport-controlled systems that cover pressures from 1 to 60 bar and
equivalence ratios from 0.5 to 2.0. The authors believe that a detailed synthetic natural
gas/NOx chemical kinetic model which can reasonably predict the NO production and the
HC-NOx mutual sensitization is useful to develop a reduced model that can eventually

contribute to the multidimensional CFD simulations of reacting flows.
3.3 DETAILED MODEL FORMULATION APPROACH

The proposed natural gas/NOx model consists of several sub-mechanisms: Co-Ca,
NOyx, HC-NOy interaction reactions and H/N/O sub-mechanism. The hydrocarbon part of
the proposed model is adopted from the small hydrocarbon and oxygenated fuel

combustion model of Aramco Mech [82]. The reaction mechanism reported by Ahmed et
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al. [108] serves as the base set for NOx and H/N/O kinetics. The detailed reaction
mechanism for small hydrocarbon combustion with NOy kinetics, proposed by Konnov
[87] serves as the base set for the HC-NOy interaction reactions with additional parameter
revisions and elementary reaction inclusions. Thermochemical parameters in this model
are adopted from the Burcat database [88]. The details of each sub-mechanism are

presented in the following sections.
3.3.1 Co-C2 Sub-mechanism

This sub-mechanism consists of reactions involving the H2/O; system, the CO/CO;
system, and the C1-C; species. The base of this sub-mechanism, consisting of the Co-Cy
chemistry are already developed and well-validated in the first part of this work, that is
also utilized in the section. The additional C1-C; species and reaction chemistry are adopted

from the detailed Aramco Mech [82] model.

3.3.2 NxHOy and NxHyO Sub-mechanism

The NOx kinetic components of the proposed model are derived from the previous
works on NOx kinetic modeling [71, 108], elaborated in the previous chapter based on
critical reviews of existing NOx formation and NO-NO; interconversion sub-models
available in the literature. The current modeling study includes an updated reaction rate
coefficient of one the significant NO-NO. recycling reactions, NO + HO> to form OH
radicals and NO», adopted from Rasmussen et al. [104] that improves the overall NOx
recycling predictions. The NO/NO; interconversion and the production of N2 in flames can
also take place through NxHyO reaction pathways, which is typically found in ammonia

oxidation models.
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3.3.3 HC-NOx Interaction Reactions

The proposed reaction mechanism is enriched with elementary reactions for
interactions between NOx and C:-C> hydrocarbons. The base set of these interaction
reactions are derived from the A.A. Konnov combustion modeling [87] of hydrogen,
carbon monoxide, formaldehyde, methanol, methane and their oxygenated derivatives with
modification of reactions based on species such as CH, NCN and HNCN in order to allow
accurate prediction of NO formation. The proposed kinetic model includes 6 updated
reaction pathways that are significant yet missing in the C1/C2/NOy oxidation chemistry of
Konnov model [87].

The dilution of in-cylinder fuel/air mixture with CO, CO., H20, NOx and unburned
hydrocarbons, known as exhaust gas recirculation (EGR) is a well-known technique to
control the in-cylinder temperature, that brings a large amount of NO2 in contact with the
fuel. Therefore, the reaction of RH+NO> could possess a significant rate with the possibility
of forming three different isomers of HNO2: cis-HONO, trans-HONO and HNOz. The
calculation of the NO2-induced H-abstraction reaction from CH4 performed by Yamaguchi
et al. [109] based on ab-initio molecular orbital theory suggests the rate coefficient for
CHas+cis-HONO as several orders of magnitude smaller than CH3z+HNO>, whereas the
density functional theory (DFT) calculation of Chan et al. [110] suggested the CHz+cis-
HONO rate coefficient roughly equal to that of CHs+HNO>. Recently, Chai et al. [111]
used high-accuracy electronic structure calculations and transition state theory to predict
the rate coefficient for the H-abstraction reaction CH4+NO2 and showed the formation
channel of CHs+cis-HONO as the highest, CHs+trans-HONO the lowest and CH3+HNO-

in between. Based upon those results, the dominant product channel for RH+NO- is R+cis-
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HONO, followed by R+HNO-. Since the base reaction mechanism of Konnov et al. [87]
does not include the important initiation reaction of CHs+NO2, the proposed model
incorporated this reaction channel forming CH3+HNO: according to the high-accuracy
calculations of Chai et al. [111].

The reaction between alkyl radical and NO- serves as an important channel for
NOx-sensitized oxidation of alkanes forming alkoxy radical that rapidly dissociates to
produce H atoms and enhance fuel oxidation process [112]. Rasmussen et al. [104] in their
NOx-sensitized high pressure CH4 oxidation model preferred the temperature-independent
rate coefficient of the disproportionation reaction of NO2+CHz3 suggested by Glarborg et
al. [112]. According to the assumption of Rasmussen et al. [104], a rate coefficient similar
to NO2+CHzs is incorporated for NO2+CzHs forming NO+C2HsO in this work. As a key
intermediate in methane combustion system, methoxyl radicals (CH30O) play a significant
role in atmospheric chemistry reacting with NO> to form HONO that has been found to
significantly contribute to HC-NOx mutual sensitization. This reaction channel is included
in the current model, the rate coefficient of which is adopted from the low-pressure
discharge-flow laser-induced fluorescence (LIF) measurements of McCaulley et al. [113].
The rate coefficient value was later confirmed by the flash-photolysis LIF experiments of
Frost et al. [114] and the atmospheric pressure discharge-flow LIF experiments of Biggs et
al. [115].

The reaction channel between alkylperoxy radicals and nitric oxide leading to the
formation of alkoxy radicals and NO. plays an important role in atmospheric chemistry
through balancing the tropospheric ozone concentration, especially under high-pressure

and intermediate-temperature conditions favorable for peroxide species. The present
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modeling study incorporates this crucial path with the temperature-dependent rate
expression of Atkinson et al. [116]. The reaction of NO> with formyl radical, HCO, which
is a major intermediate in any hydrocarbon combustion process is a key reaction channel,
that participates in NO2-NO conversions forming highly reactive OH and H radicals. The
current study includes the rapid conversion of HCO without any energy barrier to CO or
COz2 in the presence of NO», the rate constants of which are measured by Dammeier et al.
[117] behind reflected shock waves. The formation of collisionally stabilized nitromethane
(CH3NO:») through the disproportionation reaction of NO2+CH3 becomes significant under
high-pressure conditions [112]. Due to its importance as propellant fuels and a major
mechanistic component for complex nitrogenated hydrocarbons, the current modeling
study incorporates nitromethane formation and consumption chemistry from Rasmussen et
al. [104]. The other C1-C2-NOy interaction reactions are adopted from Giménez-Lopez et
al. [21].

3.4 EXPERIMENTAL SETUP AND PROCEDURES

The high-pressure (10.0 atm) flow reactor reactivity experiments on methane, and
methane-ethane blends, perturbed with trace amounts of NOy species were conducted in
Princeton University variable pressure flow reactor (VPFR) facility by Toshiji Amano
under the supervision of Professor Frederick Dryer. The design and operations of this
reactor have been discussed in detail elsewhere [9]. The carrier gas (N2 in this case), heated
by electric resistance method using a combined ferrous alloy/tungsten electric resistance
heater, is mixed with oxygen added upstream of the fuel injection point. The carrier
gas/oxygen mixture flows into the gap between an 8.9 cm baffle plate and quartz tube to

enter a 5° half-angle foamed-silica diffuser. The inert-gas-diluted fuel (methane or
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premixtures of methane with ethane) is injected radially outward into this gap where a rapid
mixing of fuel and carrier gas/oxygen occurs. The NO or NO2 from compressed gas sources
and diluted with nitrogen is injected separately into the same gap. From this mixing
location, the reacting mixture then flows through the conical diffuser and into a cylindrical
(10.16 cm i.d.) test section, the walls of which are maintained at the initial gas temperature
by electrical resistance heating.

The exit of the 1.7 m long test section is equipped with an internally cooled,
stainless steel sampling probe that continuously extracts a small percentage of the stream
for species quantification. This rapidly quenched sample flow passes through a heated (100
°C) Teflon line to a 10-m path-length Fourier transform infrared (FTIR) analyzer to
measure the amounts of CH4, CoHs, NO and NO». The test section temperatures of the
reacting gas are measured at the axial sampling location using a silica-coated type-R
thermocouple, accurate to approximately +3 K. In order to define the equivalence ratio of
the reactant mixtures, the initial carbon mole fraction is kept constant (~0.006) while the
oxygen mole fraction is varied. The total carbon balance at each sampling location of the
experiments varies less than 1%.

In order to conduct the constant pressure (10 atm) “reactivity” experiments of
methane/ethane/NOx mixtures, a constant reaction time of 1.25 s was first ensured
adjusting the distance between the point of fuel injection and sampling location by moving
the injector and mixer/diffuser assembly with respect to the fixed sampling point by means
of a computer-controlled stepper motor. For a fixed initial gas temperature at the mixing
location, the entire reactor system, without injecting any fuel, was allowed to thermally

equilibrate, followed by the addition of fuels in the mixtures. The mole fractions of the
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desired specie and gas mixture temperatures at the sampling point were recorded after
proper stabilization of the analytical measurement readings. Next, the initial gas
temperature at the mixing location was changed in an incremental fashion by re-positioning
the mixer-diffuser assembly in order to hold the residence time constant with the increase
of the initial gas temperature. At each new initial gas temperature, this procedure was
repeated to get the species mole fraction and reaction heat release profiles against initial
reaction temperature at a fixed reaction time. These measurements are known as

“reactivity” data in the literature.

3.5 MODEL PERFORMANCE BASED ON VPFR EXPERIMENTAL
MEASUREMENTS

Mixtures of CH4/C2Hs, Oz, and NOx highly diluted in N2 reacted at 10 atm pressure
and stoichiometric condition (® = 1.0) in the flow reactor with a constant reactor
temperature up to 960 K. The experimental conditions are summarized in Table 1. The
high dilution rate for each reaction mixture ensured that the maximum rise in temperature
due to reaction is only a small percentage (4-15%) of the initial gas temperature. The local
wall temperature of the quartz tube was maintained at the initial gas temperature by five
individually controlled electric resistance heaters for the adiabatic reaction zone
approximation. In the mixing region near the injection point, non-negligible mixing and
diffusive effects can influence the chemical induction time. In order to avoid any memory
effect of the chemical perturbation, the test section was maintained with high convective
velocities to subdue the spatial gradients. These arrangements permitted to model the
experimental test section as a zero-dimensional system using SENKIN [95] with adiabatic
and isobaric assumptions. It has already been showed in the previous studies [118, 119]

that the establishment of the radical pool cannot be modeled numerically due to the
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unpredictable formation of both short- and long-lived species during the chemical
induction period. In order to overcome the problem in determining the ‘absolute time’ in
the flow reactor to compare the model predictions to experimental observations, one of the
common practices is to shift the experimental measurements to match the model-predicted
data at a reference point during the consumption of fuels. This reference point is arbitrarily
selected as the time required for 50% consumption of associated fuel (CHa in this case)
with respect to its initial value. To describe and quantity the perturbing effects of NO and
NO: addition, ‘reactivity’ of the mixtures at a fixed residence time and varying NO/NO2
levels are used. In order to model the ‘reactivity’ data to compare with the experimental
measurements, the present investigation assumes ‘time-shifting’ as a strong function of
pressure, equivalence ratio and fuel mixtures, and a very weak function of (initial)
temperature. Therefore, the amount of time-shifting for ‘reactivity’ comparison is obtained
using the data where 50% of the fuel (methane) is consumed in the experimental residence
time of 1.25 s; and the same time-shifting is utilized for all the initial temperature
conditions for a particular reactant mixture, pressure and equivalence ratio.

Figure 3.1 compares the reactivity performance of CH4/O2/N2 mixture perturbed
with trace amounts of NO (left column) and NO:2 (right column). The NOx evolution
predictions with NO/NO- seedings of less than 10 ppm show reasonable agreement with
the experimental measurements. For higher levels of NO/NO; perturbations, the NO
profiles agree reasonably well with the experiments, whereas significant disagreement is
observed for NO- predictions, especially below 900 K. For example, at 850 K with NO
perturbation case, the amount of predicted NO2 drops to 5 ppm which is approximately 28

ppm lower than the measured value. In order to find the possible NO2 consumption
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Table 3.1 Reaction conditions during experiments of CH4/C2Hs/O2/NOx mixtures. For

each mixture, the reactant concentrations are balanced by the diluent gas No.

Reactant Concentrations

Exp. CHs CoHs O NO  NO Pressure Temperature Residence
ILD. (%) (%) (%) (ppm) (ppm)  (atm) (K) time (s)
a 0582 0018 12 4.2 0 1.0 820-960 1.0 1.25
b 0582 0018 12 7.7 0 1.0 820-960 1.0 1.25
c 0582 0018 12 184 0 1.0 820-960 1.0 1.25
d 0582 0018 12 364 0 1.0 820-960 1.0 1.25

0.582 0.018 1.2 0 3.5 1.0 800-940 1.0 1.25
f 0582 0018 1.2 0 5.6 1.0 800-940 1.0 1.25
g 0582 0018 1.2 0 18.9 1.0 800-940 1.0 1.25
h 0582 0.018 1.2 0 41.0 1.0 800-940 1.0 1.25
i 0.600 0 1.2 43 0 1.0 820-960 1.0 1.25

0600 O 1.2 83 0 1.0 820-960 1.0 1.25
k  0.600 0 1.2 20.2 0 1.0 820-960 1.0 1.25
I 0.600 0 1.2 415 0 1.0 820-960 1.0 1.25
m 0600 O 1.2 0 35 1.0 880-960 1.0 1.25
n 0600 O 1.2 0 6.2 1.0 880-960 1.0 1.25
o 0.600 0 1.2 0 19.3 1.0 880-960 1.0 1.25
p 0.600 0 1.2 0 42.1 1.0 880-960 1.0 1.25

pathways in this temperature range, flux analysis of several significant intermediate

species, such as HCN, CH3NO2, HONO etc. are performed. The flux analysis essentially

suggests a primary NO> sequestration into stable nitromethane (CH3NO>) by the reaction:

CHz + NO2 = CH3NO; (R41), the evolution of which is also depicted in Fig. 3.1.

The reaction (R41) effectively competes with the general NOx recycling reactions-

NOz + H=NO + OH (R12) and NO + HO2 = NO2 + OH (R11) by storing NO: as stable

CH3NO:.. For example, at 850 K, 35 ppm of CH3NO: is produced through NO:
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Figure 3.1 The evolution of NO, NO2 and CH3NO: as a function of initial reaction
temperature for CH4/O2/N2 mixture oxidation, perturbed with trace amounts of NO
(left column), and NO2 (right column) at ¢ = 1.0 and P = 1.0 atm. Symbols represent
experimental measurements. Solid and dashed lines represent numerical predictions
with and without the presence of nitromethane (CH3NOz) chemistry in the kinetic
reaction mechanism.

sequestration process in NO perturbation case (left column of Fig.3.1), that agrees with the

amount of deficit NO2 needed to satisfy the experimental measurements. Similar NOx
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Figure 3.2 The evolution of NO and NO: as a function of initial reaction temperature
for CH4/C2He/O2/N2 mixture oxidation perturbed with trace amounts of NO (left
column), and NOz (right column) at ¢ = 1.0 and P = 1.0 atm. Symbols represent
experimental measurements. Solid and dashed lines represent numerical predictions
with and without the presence of nitromethane (CH3NOz) chemistry in the kinetic
reaction mechanism.

sequestration into stable intermediate CH3NO- were observed in previous works [22, 104].

Further verification of this sequestration process is ensured by inspecting the NOx

evolution, turning off the nitroalkyl chemistry in the kinetic model, shown as dashed line
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Figure 3.3 The performance comparison of the evolution of NO, and CH3NO; as a
function of initial reaction temperature for CH4/C2He/O2/N2 mixture oxidation
perturbed with trace amounts of NO (left column), and NO> (right column) at ¢ = 1.0
and P = 1.0 atm for three different kinetic models of Zhang et al. [16], Mathieu et al.
[17], and Sivaramakrishnan et al. [18]. Symbols represent experimental measurements.

in the figure. Noted improvements in NO. prediction and NO-NO: interconversion is
observed in absence of nitroalkyl species (particularly CH3NO>) in the kinetic model. In
order to have an idea on the importance of CH3NO- chemistry in total NOx quantification,
the mole fractions of maximum total NOx are calculated for CH4 flame at atmospheric
pressure condition under premixed flame configuration with and without the presence of
CH3sNO2 chemistry in the kinetic model. A total NOy difference of ~32 ppm is observed
with the difference in the existence of CH3sNO; chemistry in the model, which clearly

highlights its significance in the overall NOx quantification for this system. It is important
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to note that the absence of specific experimental measurements of stable intermediates,
such as CH3NO: in the current investigation does not suggest their absence in the mixture,
rather they were below the detection limits for the experiments and diagnostic tools
mentioned here, that eventually results in an underprediction of NO2 by the kinetic models.
Similar NOx reactivity profiles and CH3sNO sequestration from NO- is observed with 3%
CoHe present in the fuel mixture (Figure 3.2). Besides the current model, the NO:
sequestration to CH3NO: is observed as well for other recent and widely accepted models
in the literature, as shown in Fig. 3.3 for example, for CH4/C2Hs/O2/N2 mixtures, perturbed

with NO and NO,.

3.6 MODEL PERFORMANCE BASED ON LITERATURE DATA

To assess the assembled model, a wide range of experimental data from
homogeneous systems such as shock tube, plug flow reactor, and stirred reactor
configurations as well as transport-dependent systems such as counter-flow partially
premixed and non-premixed flames and premixed freely propagating flames are
considered. Predictions from the proposed model cover a pressure range of 1 — 60 bars and
an equivalence ratio range of 0.1 — 1.5. The Chemkin-Il [8] and Chemkin-Pro [120]
packages are used for the homogeneous and transport-driven systems simulation
respectively of this study. The shock tube experiments are simulated using the SENKIN
[95] code with constant volume and zero-dimensional approximations. This code is also
used to simulate the adiabatic, zero-dimensional plug flow reactor experiments. To
simulate the experiments of the perfectly stirred reactor, the PSR code [96] is used in this

study.
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3.6.1 IGNITION DELAY TIMES

The performance of the model is first compared against one of the global

combustion targets, ignition delay times over a wide range of pressures. Shock tube ignition

delay experiments of Deng et al. [16, 19] are simulated. In these shock tube experiments

to promote/augment the effects of NO. on methane ignition, Deng et al. [19] added

increasing amounts of NO2 (NO2:CH4 of 30:70, 50:50 and 70:30) to a stoichiometric

CHa/O2/Ar mixture. They observed significant promotion of reactivity of methane upon

the addition of NO; at all pressures, with the most significant effects at the highest pressure.

The comparison between model predictions and measurements are presented for an

exemplar case of 30:70 blending of NO2:CHj for three different initial pressures (1.2, 4.0

and 10.0 atm), which appears in Fig. 3.4. It is evident from the slopes of the model

predictions that the ignition delay time decreases with the addition of NO> in the mixture,

mostly at 10 atm.
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Figure 3.4 Effects of pressure on tign for stoichiometric CH4/O2/NO2/Ar mixture. Solid
and dashed lines represent numerical simulations without and with trace amounts of
NO: in the mixture respectively. The closed and open symbols represent measurements

behind reflected shock waves [19] without and with NO2 respectively.

In a recent investigation of Deng et al. [16], the sensitization of NO2 on ignition of

ethane is measured based on shock tube ignition delay of NO2/C2He/O2/Ar mixtures over
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a wide range of pressures and equivalence ratios. A similar pressure-dependence and
ethane reactivity promotion is observed, as that of CH4/O2/Ar mixture, which is shown in
Fig. 3.5. The kinetic model predicts reasonably well the experimental measurements for
both the fuels. However, overprediction in the lower temperature side (T<1150K) and
underprediction in the higher temperature side (T>1350K) is observed for lean and
stoichiometric cases respectively.

To identify the dominant reactions that determine the ignition delay observations,
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Figure 3.5 Effects of pressure on tign for CoHs/O2/NO2/Ar mixture with (a) @ = 0.5 and,
(b) @ = 1.0. Solid and dashed lines represent numerical simulations without and with
trace amounts of NO> in the mixture respectively. The closed and open symbols
represent measurements behind reflected shock waves [16] without and with NO>
respectively.

first-order logarithmic sensitivity analysis was performed for relevant conditions. Figure
3.6 depicts the most sensitive reactions without and with (8100 ppm) NO. doping in
methane oxidation at 1650 K and three different pressures (1.2, 4.0 and 10.0 atm), relevant
to Fig. 3.4. For the pure methane case, Fig. 3.6(a), the most promoting reaction with the
highest negative sensitivity coefficient is the chain branching reaction: H + O, = O + OH
(R31) followed by the reaction: CHz + Oz = CH20 + OH (R42), CHz + O = CH30O + O

(R43) and CHs3 + CH3 = H + C2Hs (R44), that enrich the radical pool by the production of
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highly reactive OH, O and H radicals. The most inhibiting reaction with the highest positive
sensitivity coefficient is the reaction: CH4 + H = CHs + H2 (R45), where methyl radical is
produced in expense of highly reactive H radical, followed by CH4 + OH = CH3 + H;0
(R46).

For the NO-doped case, Fig. 3.6(b), the most promoting reaction remains the same
chain branching reaction (R31) followed by the oxidation of CH3z by NO; rather than Oz in
pure methane case: CHsz + NO2 = CH30 + NO (R47) and the subsequent formation of H
radicals by CHzO(+M) = CH20 + H(+M) (R48). This reaction path drastically increases
the overall reactivity of the system due to its higher reaction rate. In addition to the
termination reaction (R45), the reaction: NO2 + H = NO + OH (R12) acts as an inhibiting
reaction due to its competition with (R31) for H radicals. For both the cases, Figs. 3.6(a)
and (b), the sensitivities of the most promoting reactions increase with pressure, resulting

in an overall increase in reactivity of the mixture.

CH, +H=CH; +H,
2CH,(+M) = CyH (+M)
CH, + OH = CH, + H,0

NO, +H=NO + OH
CH,+H=CH; +H,
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W10.0atm
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CH; + HO, = CH, + 0, m12atm CH,0+ H = HCO + H,

CH,0+ 0, = HCO + HO, (b)
CH, + HO, = CH,0 + OH
CH; +0,=CH;0 + 0
2CH; = H+ CHg

CH, +0, = CH,0 + OH
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Figure 3.6 First order ignition sensitivity analysis at 1650 K and three different
pressures for (a) neat mixture of CH4/O2/Ar, and (b) 30% NO2/70% CHa/O2/Ar mixture
with @= 1.0. The directions of all the reactions in these sensitivity charts are forward in
nature.

Figure 3.7 depicts the most sensitive reactions without and with (300 ppm) NO-

doping in ethane oxidation at 1150 K and three different pressures (1.2, 5.0 and 20.0 atm),
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relevant to Fig. 3.5. The chain branching reaction (R31) acts as the most promoting
reaction, followed by the formation of reactive ethyl (CzHs) radical from stable ethylene
(C2Ha4): CoHa + H(+M) = C2Hs(+M) (R49) and the formation of methoxy (CHz0) and OH
radicals from relatively stable hydroperoxyl (HO.) radical and methyl (CHs): CHsz + HO:
= CH30 + OH (R50). The reaction C2Hs + H = C2Hs + H2 (R51) with the highest positive
sensitivity coefficient acts as the most inhibiting reaction due to the consumption of highly
reactive H atom to form relatively unreactive ethyl (C2Hs) radial, followed by CoHs + O3
= CzH4 + HO2 (R52) where stable ethylene (C2H4) and HO> radical are formed by the
oxidation of ethyl (C2Hs) radical. For the NO-doped case, Fig. 3.7(b), the interaction
chemistry between C2Hgs and NO- starts to dominate the most sensitive reaction pool. The
NO2-NO conversion reaction NO2 + C2Hs = NO + C2HsO (R53) promotes the formation
of highly reactive OH radicals in expense of relatively stable HO> radicals by the reaction
path: NO + HO2 = NO> + OH (R11) with high reaction rate. The reactive H atom production
channel by the reaction path (R47), (R48) starts to play role as well to increase the overall
reactivity of the NO,-doped system. Similar to CH4/NO; system shown in Fig. 3.6(b),
(R48) exhibits the highest positive sensitivity coefficient. For both the cases, Figs. 3.7(a)
and (b), the sensitivities of the most inhibiting reactions decrease with increase in pressure,
resulting in an overall increase in reactivity of the mixture.

In addition to the NOz-perturbed CH; and C:Hs oxidation experiments, the
predictability of the model is also compared against NO-perturbed diluted CHa/
C2He/O2/Ar mixtures for @ = 0.5 and 1.0 in a high-pressure shock tube arrangements [20]
at 16 bar (Fig. 3.8), showing reasonable agreement with the experimental data at different

levels of perturbation. The reference gas used here acts as a natural gas model fuel
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Figure 3.7 First order ignition sensitivity analysis at 1150 K and three different
pressures for (a) neat mixture of CoHes/O2/Ar, and (b) C2Hes/O2/300 ppm NO2/Ar
mixture with ®= 0.5. The directions of all the reactions in these sensitivity charts are
forward in nature.

containing 92% methane and 8% ethane. The addition of NO2 leading to a significant

reduction in the ignition delay time is well-captured by the proposed model shown.
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Figure 3.8 Effects of initial NO2 mole fractions on Tign for CHa/C2He/O2/NO2/Ar
mixture with (a) ® = 0.5, and (b) ® = 1.0. Lines represent numerical simulations and
symbols represent measurements behind reflected shock waves [20].

3.6.2 PLUG FLOW REACTOR EXPERIMENTS UNDER DILUTE
CONDITIONS

The performance of the model is further compared against detailed plug flow

reactor (PFR) species evolution with time and temperature for a variety of PFR
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configurations based on initial mixing methods. The comparisons are mentioned in detail

in the following sections.
3.6.2.1 REACTIVITY FOR C2H4/O2/NO/N2 MIXTURE

The model is employed to simulate the experimental measurements of Giménez-
Lopez et al. [21], where species concentration for a C2Ha/O2/NO system is measured in a
flow tube at high pressure (60 bar) and various initial temperatures under a prescribed
temperature distribution with isothermal conditions being maintained in the specified test
section. Instead of the species temporal evolution being measured for a constant residence
time, the overall residence time at each measured point of the aforementioned experiments
changes with each specified reaction temperature and pressure. Figure 3.9(a) — (c) presents
the experimental data and the model prediction, representing reducing, stoichiometric and
oxidizing conditions, respectively. The experimental temperature profile along the high
pressure (60 bar) section starting from the upstream of the reactor and ending at the outlet
is considered for the numerical simulations in order to incorporate the conversion of NO
to NO2 by the reaction, NO + NO + O2 = NO2 + NO. (R54) which is favored at high
pressure. Ten simulations were performed using the reported experimental temperature
profiles with a constant temperature (298 K) from the mixing point of reactants to the
entrance of the reactor, initial ramp up at the inlet, isothermal reaction zone, and ramp
down at the outlet of the reactor tube [21]. The Plug Flow Reactor module of the
CHEMKIN-PRO software [120] is used for the numerical predictions.

Under reducing condition with excess air ratio of 0.2, Fig. 3.9(a), the kinetic model
reasonably captures the consumption of C2Hs and the product formation of CO and CO..

The major deviation is evident for the prediction of NOy recycling at temperatures above

69

www.manaraa.com



700 K where NO production is overpredicted. The low temperature shifting of the onset of
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Figure 3.9 Experimental data [21] and model prediction of C2H4/O2/NO oxidation at 60
bar for (a) reducing (® = 5.0), (b) stoichiometric (® = 1.0), and (¢) oxidizing (O =
0.05) conditions.
fuel oxidation and NO-NO- conversion for stoichiometric and oxidizing conditions is well-
captured by the model, shown in Figs. 3.9(b) and (c) respectively. Under stoichiometric

condition, the NOx recycling is predicted reasonably well by the model whereas,

discrepancies with the experimental measurements is observed for oxidizing conditions at
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low temperature near the reactor inlet. The underprediction of the CO2 production at
temperatures above 725 K is attributed to the absence of hydrocarboxyl radical (HOCO)
chemistry in the proposed model. Details of the influence of HOCO chemistry on

combustion behavior are presented elsewhere [108].
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+OH(+M)

NO HONO —1 NO HONO NO HONO
O | -H H -CH,0
HOn +OH -CH,0 +OH “HCO
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NOZ -CH,CHO 1 NOZ NOZ ;%O. HNOZ
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Figure 3.10 Major reaction pathways of NOy recycling at 60 bar and 750 K for (a)
reducing (@ = 5.0), (b) stoichiometric (® = 1.0), and (c) oxidizing (® = 0.05)
conditions for C2H4/O2/NO oxidation. The “+” and “-”” symbols in the flux analysis
represent formation and consumption of the species associated with the symbol,
respectively. “(+M)” represents the pressure-dependent reactions. The different colors
are used to show the paths of different species.

In order to analyze the major high-pressure NOx recycling pathways for three
different fuel loadings, flux analyses were performed at 750 K. Under reducing condition,
Fig 3.10(a), the recycling can take place (i) directly by the reactions NO + NO + O, = NO>
+ NO2 (R54), NO + HO, = NO2 + OH (R11), HNO + NO2 = HONO + NO (R55), or (ii)
by the intermediate formation of HONO: HNO + NO> = HONO + NO (R55), NO2 + CH,0
= HONO + HCO (R56), NO2 + CH2CHO = HONO + CH,CO (R57), HONO(+M) = NO +
OH(+M) (R58). Under stoichiometric condition, Fig 3.10(b), the direct recycling reactions
changes to NO + HO2 = NO2 + OH (R11), NO2 + H = NO + OH (R12). The NO-HONO-
NO: recycling path is dictated by (R55), (R56) and (R58). The oxidizing condition, shown

in Fig 3.10(c) favors the intermediate formation and isomerization of HNO: by the
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reactions: NO2 + HO, = HNO: + Oz (R59), HNO2(+M) = HONO(+M) (-R26) which adds
another NO2-NO conversion path under excess oxygen.

3.6.2.2 SPECIATION FOR CH4/C2He/C2H4/O2/NO/Ar MIXTURE

The performance of the present model in simulating experimental study of the
reactivity-promoting effect of NOx on post-induction oxidation of synthetic natural gas is
also investigated in this study. The high-pressure laminar flow reactor experiments of Alam
etal. [22] at 10 atm pressure and several equivalence ratios (& =0.5, 1.0 2.0) are considered
in this case, that can reasonably address the post-combustor exhaust behavior of NO-
species in both qualitative and quantitative manner. Those are among very few
experimental observations that have considered the quantitative resolution of NOy species
exhausting from the combustor into the turbine power extraction stage. Figures 3.11 - 3.12
show the temporal evolution of fuel (CHs and CzHs), Oxygen (O2), one of the major
intermediates- ethylene (C2H4) and the final products (CO, CO2, NO, NOy), unperturbed
and perturbed by trace amount (~25 ppm) of NOx. The NOx-unperturbed measurements in
Fig 3.11 show no reactivity of the fuel which is also captured by the proposed model.

For the NOx-perturbed cases, Figs. 3.12, two distinct 0D treatments of initial
conditions are considered and coupled with the standard 0D isothermal plug flow reactor
model in order to accurately estimate the existing pool of reactive intermediates at plug
flow time, t = 0. The first treatment considers a PFR-PFR network with a simple “time
shift” approach, whereas the second treatment considers an adiabatic perfectly stirred
reactor (PSR) followed by a standard isothermal plug flow reactor (PSR-PFR), the PSR

residence time of which is varied to agree with the initial experimental measurements. The
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Figure 3.11 Experimental data [22] and model predictions of species mole fraction

profiles for NO-unperturbed stoichiometric synthetic natural gas oxidation at 10 atm

and 820 K.
inclusion of 25 ppm of NOx significantly affects the reactivity for all the fuel loading
conditions shown in Fig. 3.12 that are well-predicted by the model. The disagreements of
NOx evolution for the NO-perturbed cases are attributed to the production of significant
amount of nitromethane [22] shown in Fig. 3.13.

3.6.3 STIRRED REACTOR EXPERIMENTS

The ability of the proposed kinetic mechanism to predict stirred reactor experiments
is further tested for different fuels and their blends, perturbed with varying amounts of NO
initially present with the reactants. The model predictability and the detailed flux analysis

are presented in the following sections.
3.6.3.1 JSR REACTIVITY FOR C:;He¢/ O2/NO/N2 MIXTURE

The performance of the model is investigated, first by comparing simulation results
to the experiments performed by Dagaut et al. [3]. They conducted lean (® = 0.5) and very-
lean (® = 0.1) oxidation experiments of NO-perturbed ethane over a temperature range of
700-1150 K, relevant to Homogeneous Charge Compression ignition (HCCI) operations to
evaluate the kinetics of the NO-sensitized oxidation of hydrocarbons in an atmospheric
fused silica jet- stirred reactor. Figure 3.14 represents two exemplar cases of the mutual
sensitization behavior of ethane and nitric oxide. Irrespective of the presence of NO in the

reacting mixture, a fairly good agreement of the model prediction of the reactivity of
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Figure 3.12 Experimental data [22] and model predictions of species mole fraction
profiles for NO-perturbed (25 ppm) stoichiometric synthetic natural gas oxidation at 10
atm and 820 K. The solid and dashed lines represent simulations with PFR-PFR and
PSR-PFR initialization techniques respectively.
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Figure 3.13 Model predictions of nitromethane (CH3sNO2) mole fraction profiles for
NO-perturbed (25 ppm) synthetic natural gas oxidation for (a) ® =1, (b) ® = 0.5, and
(c) ® =0.5. The solid and dashed lines represent simulations with PFR-PFR and PSR-
PFR initialization techniques respectively.
reactants (C2He and NO), stable intermediates (C2H4 and CH-0) and final products (CO,
CO. and NO7) with the experimental measurements is observed. According to the
measurements, a decrease in ethane initiation temperature is observed in the presence of
NO, which is captured with reasonable accuracy by the present model. For example, the
initiation temperature decreases from about 950 to 875 K when 200 ppm of NO is present
in the mixture. The remarkable decrease in the extent of NO-NO: interconversion with the
increase in equivalence ratio from 0.1 to 0.5 is also captured by the model along with the
trend of the NOy reactivity profiles.

In order to probe into the kinetics of the NOx recycling process for the two oxidizing
conditions mentioned above, a flux analysis is performed at 925 K where the difference in
the extent of NO-NO; interconversion is prominent. The NO-NOz conversion primarily
takes place by HO- radicals, forming highly reactive hydroxyl (OH) radicals: NO + HO, =
NO2 + OH (R11). The HO: radicals are produced by the oxidation of C2Hs, HCO and H:
C2Hs + 02 = CaH4 + HO2 (R52), HCO + O, = CO + HO; (R60), H + O2(+M) = HO2(+M)

(R28). The H radicals are primarily produced by the decomposition of methoxy radicals:

CH30O(+M) = CH20 + H(+M) (R438). For very lean condition (® = 0.1), the oxidation rate

75

www.manaraa.com



of (R11) increases resulting in an increase in the production of OH, which is responsible
for the oxidation of CH4 and C2Hs forming alkyl radicals (CH3z and CzHs): CHs4 + OH =
CHs + H20 (R46), CoHe + OH = C2Hs + H20 (R61). An increased production rate of alkyl
radicals eventually increases NO2-NO conversion by the reactions: CHz + NO2 = CHz0 +
NO (R47), CoHs + NO2 = C2Hs0 + NO (R53). Therefore, the overall extent of NOy

recycling becomes higher for very lean (® = 0.1) compared to lean (® = 0.5) conditions.
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Figure 3.14 Experimental and modeling results of the concentration profiles as a
function of reactor temperature for the C2Hes/O2/N2 system at 1 atm with and without
NO seeding for (a) very lean (® = 0.1), and, (b) lean (® = 0.5) oxidations. Symbols
represent data for jet-stirred reactor experiments of Dagaut et al. [3] at fixed residence
time (t), and solid lines represent model predictions.

3.6.3.2JSR REACTIVITY FOR CH4/C2He/ O2/NO/N2 MIXTURE

The predictability of the model is also compared against NO-perturbed CHs-C2Hs
(10:1)/N2 oxidation experiments at higher pressure (10 atm) under fuel lean condition (®
=0.5) in a jet-stirred reactor [18] with 800 ms residence time in order to check the model
performance to predict HC-NOx mutual sensitization under practical combustion

conditions. For pure natural gas blend (NGB), shown in Fig. 3.15 with lean condition (® =
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0.5), the model predicts reasonably well the decaying trend of CH4 and the formation trends

of CO, CO2, CzH4 and CH20, with an overprediction of CoHe decay in the intermediate to

low temperature regions. The model, however, under predicts the H>O formation trend.

In the presence of 200 ppm of NO in the system with lean condition (® = 0.5), Fig.

3.16(a), the model captures the sensitizing effects of NO on the HC fuel which is evident

by the 175 K decrease in the initiation temperature (975 to 800 K) of the fuel. The model
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Figure 3.15 Experimental and modeling results of the concentration profiles as a
function of reactor temperature for the CH4/C2He/O2/N2 system at 10 atm for @ = 0.5.
Symbols represent data for jet-stirred reactor experiments of Sivaramakrishnan et al.
[18] at fixed residence time (t), and solid lines represent model predictions.

reasonably predicts the experimental trends of NO-NO: interconversion, fuel consumption

and intermediate species formation for both lean (Fig. 3.16(a)) and stoichiometric (Fig.

3.16(b)) conditions.

3.6.4 TRANSPORT DEPENDENT EXPERIMENTS

A common practice in validating new chemical kinetic models is to use standard

transport dependent experimental targets, importantly- laminar opposed diffusion and

premixed burner-stabilized flames. The main motivation behind those targets is originated

from the ubiquitous nature of the transport phenomena existing almost exclusively in all

practical combustors. The current model performances against those targets are
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investigated by one of our collaborators, which include the experimental NO concentration
measurements of the aforementioned flame arrangements. The following sections offer
discussions on premixed flame speed and NO speciation studies followed by opposed
diffusion flame analysis, that are judiciously chosen to cover a wide range and variety of
experimental conditions including equivalence ratio, operating pressure and fuel

variability. For comparison purpose, two additional recent hydrocarbon/NOx models,
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Figure 3.16 Experimental and modeling results of the concentration profiles as a
function of reactor temperature for the CH4/C2He/O2/N2 system with NO seeding at 10
atm for (a) ® = 0.5, and (b) ® = 1.0. Symbols represent data for jet-stirred reactor
experiments of Sivaramakrishnan et al. [18] at fixed residence time (t), and solid lines
represent model predictions.
namely Ranzi et al. [121] and Glarborg et al. [30] are also considered here. These two latter
kinetic models are employed in their intrinsic published format without any modifications
or optimizations. Table 3.2 itemized the list of experimental studies considered here for
model validation and NO prediction comparison.

3.6.4.1 MODELING APPROACH

To perform the one-dimensional flame calculations using each of the kinetic
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models, we employed CHEMKIN-PRO (V19.1) software package [120] that includes
specific routines for modeling laminar premixed flame (PREMIX code) [122] and opposed
diffusion flame (OPPDIF code) [123]. All the flame simulations were resolved by
assigning at least 1500 grid points with target threshold criteria for adaptive grid control
based on solution gradient (GRAD) and curvature (CURV) of 0.05 using mixture averaged
transport formulation. To achieve the converged solution, successive continuation scheme

Table 3.2 List of different transport dependent experimental studies for kinetic model
validation.

Study Category Experimental conditions Reference
Fuel: Ethylene (C2H4)
Konnov et Laminar premixed flame Pressure: 1 atm
al. (2008) (flame spee_d +NO InIet_ temperature: 298 K [23]
' speciation) Equivalence ratio: 0.60-
1.55
Fuel: Ethane (C2He)
Lowry etal. | Laminar premixed flame Pressure: 10 atm [24]
(2011) (flame speed) Inlet temperature: 298 K

Equivalence ratio: 0.6-1.3
Fuel: Methane (CHa)

Pressure: 1 atm [26]

Inlet temperature: 298 K
Fuel: Methane (CHa)

Pressure: 6, 12 atm [27]

Naik et al. Opposed diffusion flame
(2002) (NO speciation)

Naik et al. Opposed diffusion flame

(2004) (NO speciation) Inlet temperature: 298 K
Pillier et al. Opposed diffusion flame Fu;rl(;sz/:ﬁ?ag e7(g;4) [28]
(2015) (NO speciation) o

Inlet temperature: 298 K

was employed maintaining the above CURV and GRAD criteria and the results from the
final continuation were adopted for analysis. In addition, to account for the radiative heat
loss from the flame, a thin-gas radiation model [124], available for the CHEMKIN

package, is considered for all the simulations.
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3.6.4.2 LAMINAR PREMIXED FLAME SPEED VALIDATION

Figure 3.17 illustrates the experimental and corresponding modeling results for the
laminar premixed flame speed for two different fuels and pressure conditions over a range
of equivalence ratios. Figure 3.17(a) reports the comparison for flame speed data of
ethylene (C2Hs) flame at atmospheric pressure [23], while Fig. 3.17(b) outlines the
comparison for ethane (C2Hg) flame at elevated pressure (10 atm) [24]. The experiments
of Konnov et al. [23] was performed with a dilution ratio, D = 0.18 where D was defined
as Xoz2 / (Xo2+ Xn2). The comparison for the atmospheric pressure condition also includes
additional data from the study of Egolfopoulos et al. [25]. It is clear from the comparison
that within the experimental scattering limit, all three kinetic models satisfactorily
reproduced the experimental trend. Similar observations can be noticed for the high-
pressure ethane (C2Hs) flame data as well. It should be noted here that while the flame
speed validation serves as a global validation target for the kinetic model development, the
fidelity of the model predictiveness inevitably depends on the speciation data validation.
Therefore, the following section describes the predictive capability of the current model
against nitric oxides (NO) measurement data from diversified experimental studies as listed

in Table 3.2.

3.6.4.3 LAMINAR OPPOSED DIFFUSION FLAMES NO
SPECIATION VALIDATION

Figure 3.18 reports the nitric oxide (NO) mole fraction measurement data for
methane (CHs4) flames from Naik et al. [26] and relevant model predictions for all three
kinetic models at atmospheric pressure condition. Both the fuel and oxidizer streams (20
cm/s) were systematically varied to achieve global equivalence ratio change from lean to

rich regime under fixed strain rate condition. The measurement for the NO was conducted
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using laser-induced fluorescence (LIF) technique and the 95% confidence interval were
typically reported for these measured data. Figure 3.18 shows that all three kinetic models
emulate the experimental NO evolution trends reasonably well including the peak
concentration location. Along with other two models, the proposed model responded
accordingly in terms of NO prediction magnitude as the overall equivalence ratio shifts
from lean to rich (Figures 3.18(a)-(c)). However, relatively superior predictions are
observed for the present and Glarborg et al. [30] models while consistent higher predictions

(near the mid-plane) are evident for the Ranzi et al. [31] model.
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Figure 3.17 Comparison between experimental laminar flame speed data and
corresponding kinetic model predictions for different models- (a) ethylene (C2Ha)
flame at 1 atm [23], (b) ethane (C2Hs) flame at 10 atm [24]. Additional experimental
data for (a) is incorporated from Egolfopoulos et al. [25].

The NOx prediction and proposed model validation exercise are then extended
towards the higher-pressure regime. Figure 3.19 outlines the model predictions for NO
mole fraction from high-pressure rich methane flame (6 atm, ¢ = 1.45) study of Naik and
Laurendeau [27]. These authors conducted a series of experiments in counterflow flame
burner at higher pressure rich flame conditions for both the partially premixed and non-

premixed inlet conditions. It is evident from the analysis that at higher pressure, the model
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performances are significantly different in terms of both spatial NO evolution and its peak
location. Strictly speaking, in terms of predicting peak NO mole fraction magnitude, the
proposed model is serving a satisfactory job while Glarborg et al. [30] slightly underpredict
the peak value residing just outskirts of the experimental uncertainty limit. Both these
models predicted near identical evolution of NO profile at the fuel nozzle side whereas the
proposed model is in better agreement with the experimental data in the oxidizer side and
location of the peak NO mole fraction. In contrast, Ranzi et al. [31] significantly

underpredicted the peak NO mole fraction at a further downstream location from the fuel
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Figure 3.18 Comparison of nitric oxide (NO) mole fraction model predictions for
different kinetic models against the experimental measurement of Naik et al. [26] for
methane (CHa) flames at atmospheric pressure condition under laminar opposed
diffusion flame configuration. Both the fuel and oxidizer stream condition: 20 cm/s and
3.38 slpm.
nozzle. It can be concluded that the overall prediction reproducibility for the proposed
model is the manifestation of considering extended reaction pathways with updated rate
coefficients for the coupled hydrocarbon-NOy chemistry.
The primary focus of the current research endeavor is to contribute to the power
generating stationary gas turbine combustion field in terms of providing updated reaction
kinetics for better prediction of NOx emission. Within this context, as the stationary gas

turbines are typically operated in the globally lean mode [62], model validation is also

performed for lean cases at elevated pressure as illustrated in Fig. 3.20. Here we report the
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NO mole fraction comparison for different kinetic models against experimental data of

Pillier et al. [28] for methane (CH4) flames at lean condition (¢ = 0.7) at 5 and 7 atm. It is

discernible from the comparison that the current model alongside with its counterparts is

predicting the NO evolution with reasonable accuracy at these high-pressure lean

conditions.

3.6.44 LAMINAR PREMIXED FLAMES NO SPECIATION

VALIDATION

Figure 3.21 summarizes the model predictions of nitric oxide (NO) for three

NO mole fraction (ppm)

90 ~
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Figure 3.19 Comparison of Nitric oxide (NO) mole fraction model predictions for
different kinetic models against the experimental measurement of Naik et al. [27] for
rich methane (CH4) flame (¢ = 1.45) at high pressure (6 atm) condition under laminar
opposed diffusion flame configuration. Oxidizer and fuel stream volumetric flow rate
was fixed at 2.868 slpm.

different kinetic models against the experimental data of Konnov et al. [23] for ethylene

(C2oHg4) flames at atmospheric pressure with a dilution ratio, D = 0.18. These measurements

were conducted at three different spatial locations (10 mm, 15 mm, and 20 mm) at the post

flame locations for parametric variation of equivalence ratio (® = 0.70 -1.55). The

experimental evolution of NO mole fraction at a given spatial location demonstrates a
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Figure 3.20 Comparison of nitric oxide (NO) mole fraction model predictions for
different kinetic models against the experimental measurement of Pillier et al. [28] for
lean methane (CHs) flames (¢ = 0.70) at high pressure (5 and 7 bar) condition under
counterflow diffusion flame configuration.

double-peak profile in response to the continuous change in equivalence ratio. The first
peak appearing around @ = 1.0 is due to the strong contribution of the thermal-NO reaction
channels (Zel'dovich mechanism [29]) while the other pick arising around ® = 1.3-1.4 is
due to the eminence of prompt-NO reaction kinetics (Fennimore mechanism [38]) [125].
It is interesting to note that for the kinetic model predictions, an acceptable agreement
between the simulations and experiments are observed in the lean to mild-rich (up to ® =
1.1) equivalence ratio range although the present model slightly overpredicts the NO
evolution. However, beyond ® = 1.1 both the present and Glarborg et al. [30] models
consistently underpredicts the NO profile including their respective 2" peak while Ranzi
et al. [31] over predicts the NO mole fraction until the inception of the 2" peak point
following a drastic curtailment in NO predictions.

The apparent fuel-rich side disagreement of predictions of all the tested models with
the experiments, observed in Fig. 3.21 necessitates further investigation of the mechanistic
features of the kinetic models considered. Therefore, a rate of production (ROP) analysis

is performed for a fuel rich case with @ = 1.3. In this analysis, the relative contributions of
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Figure 3.21. Comparison of nitric oxide (NO) mole fraction model predictions for
different kinetic models against the experimental measurement of Konnov et al. [23]

for ethylene (C2H4) flames (D = 0.18) at atmospheric pressure condition under

premixed flame configuration. Measurements were taken at three different post flame
probe locations: (a) 10 mm, (b) 15 mm, and (c) 20 mm.
the thermal- and prompt-NO pathways have been investigated. The NO evolution
predictions and the mole fraction gradients for each of the kinetic models with and without
the thermal-NO pathways are reported in Fig. 3.22. It should be noted that turning off the
complete extended Zel’dovich eventually turns off the three reactions- N2 + O = NO + N
(R1), N+ O2=NO + O (R2) and N + OH = NO + H (R3). Since (R3) simultaneously
shares it’s contribution in prompt-NO part [30, 126], the current study decides to turn off
a single high energy barrier reaction (R2) to represent mechanism without thermal-NO
route. The Ranzi et al. [121] model, for example, does not show much sensitivity to the
overall NO evolution on the presence of Zel’dovich mechanism, which highlights the non-
Zel’dovich channels (Fenimore and others) as the major contributors to the net NO
production. On the other hand, for the present model and the Glarborg et al. [30] model,
approximately 20-25% of NO is coming through Zel’dovich route downstream of the
d(NO)/dx|max location. Since the contribution of the Fenimore route is expectedly higher

for fuel rich mixtures and a significant variation in the relative contribution of Zel’dovich

and Fenimore routes in overall NO production is observed between different mechanism,
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Figure 3.22 Assessment of influence for Zel'dovich reaction mechanism [29] (thermal-
NO) on nitric oxide (NO) evolution. (a) NO mole fraction, and (b) NO gradient profiles
for ethylene (C2H4) flames with identical experimental conditions of Konnov et al. [23]
at equivalence ratio, ® = 1.3 and dilution, D = 0.18. Solid lines- full NOx model, dash
lines- Zel'dovich reactions switched off.

the deviations on rich-side NO predictions are essentially related to the kinetic pathways
of prompt-NO sub-mechanism.

Careful observation of Fig. 3.22 finds almost similar extent of NO mole fraction
and its gradient for all three mechanisms, close to the flame zone. Therefore, a pathway
analysis on the production of consumption of NO through Prompt-NO route is performed
at d(NO)/dx|max location, depicted in Fig. 2.23. The respective spatial coordinates for this
net ROP value were approximately 0.094 cm, 0.095 cm, and 0.104 cm for the present
model, Glarborg et al. [30], and Ranzi et al. [31] respectively and were inside the
corresponding d(NO)/dx|max location (c.f. Figure 3.22(b)). It is observed that the maximum
NO production route varies with different kinetic models used. For example, the major NO
production route for the present model is shown as HNCN + O = HCN + NO (R62), which
varies for other two models- NCN + O = CN + NO (R63) for the Glarborg et al. [30] model
and NH + O = NO + H (R64) for the Ranzi et al. [31] model. Similar variation is observed

for the major NO consumption routes in three different models considered. For the present
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model and Ranzi et al. [31] model, the major NO consumption happens through the

reaction channel- HCCO + NO = HCNO + CO (R65) and for the Glarborg et al. [30] model,

it changes to CH + NO = HCN + O (R66). The disparity in the relative contribution of each

reactions in the Prompt-NO route in different chemical kinetic models highlights that the

rich-side disagreement with experimental measurements, observed in Fig. 3.21 are

attributed to the lack of a robust prompt-NO kinetics in recent models.
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Figure 3.23 Rate of production (ROP) analysis for significant reaction pathways for
different kinetic models with Zel'dovich reactions off. The simulated conditions are
identical to the ethylene (C2Ha) flame study of Konnov et al. [23] at ® = 1.3 and
dilution, D = 0.18. The target net ROP value is set ~1.27x10® mole/cm®/s for all three
kinetic models. The spatial locations for this ROP were 0.094 cm (present model),
0.095 cm (Glarborg et al. [30]), and 0.104 cm (Ranzi et al. [31]).

3.7 SUMMARY

As an extension of the NOx model for synthetic gas combustion, developed initially

in this research work and explained in Chapter 2, a comprehensive detailed natural gas/NOx

kinetic model has been proposed to accommodate C1-C>+NOy chemistry. The construct

consists of a Co-C2 sub-mechanism, NOx sub-mechanism and HC-NOy interaction
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reactions with updated rate coefficients from the literature for several key reactions
involving HONO and HNO: species that significantly contribute in NOx recycling. A
specific target of this investigation was to assess the possible discrepancies in predicting
the NOx concentration when Fenimore NOy reaction Kinetic pathways are present, which
can guide the scientific community to meet the stricter NOx emission regulations during
the combustion of C1-C, hydrocarbon and their blends for stationary gas turbine operation.
Besides, there is a rarity of C1-C2/NOx kinetic model in the literature, validated against
both the homogeneous and transport dependent experimental targets. The present
computational study elaborates the chemical interplay of hydrocarbon and NOx species
based on a wide range of fuels under various operating and experimental conditions.
Besides, high pressure (10 atm) flow reactor experiments are conducted on NOx reactivity
for methane and methane/ethane blend combustion, perturbed with varying amounts of NO
and NOa.

The overall model predictions are in good agreement with multiple experimental
data sets over a wide range of venues and operating conditions, e.g., shock tube, laminar
flame speed, opposed diffusion flame, stirred reactor and plug flow reactor experiments
that cover pressures from 1 to 60 atm and equivalence ratios from 0.5 to 2.0. In addition,
comparison with a few other recent and widely accepted NOx models shows much
improved performance of the present model against all the experimental targets. The results
show a significant decrease in the initiation temperature upon the inclusion of trace
amounts of NOyx seeding which follows closely to the measurements for several
experimental venues. Besides, the new experimental measurements conducted in this study

are utilized as a detailed validation target for the proposed model, that reveals a significant
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formation of nitromethane at intermediate temperature, demanding further detailed
experimental and theoretical analysis of the production and consumption channels of this
stable intermediate species. The NO speciation validation of the model on laminar

premixed flames concludes with an underperformance along with other recent models for

rich premixed flames.
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CHAPTER 4

MULTIDIMENSIONAL NUMERICAL INVESTIGATION OF NOx
FORMATION IN A MCKENNA-DRIVEN FLOW TUBE
CONFIGURATION
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4.1 ABSTRACT

Multidimensional simulations have been conducted to simulate atmospheric
pressure flat flame/McKenna-burner-driven-flow tube experiments targeted to obtain NOx
speciation data for syngas combustion applications. Here we develop and utilize a
multidimensional laminar reacting flow solver to simulate the fully coupled flame and post
flame regions to further elucidate the significance of earlier modeling assumptions in
interpreting the post flame NOx experimental data. The model is used to simulate a lean,
premixed syngas/air flame and its associated post flame region housed in a cylindrical
flow-tube-like arrangement. The combustion process takes place under atmospheric
condition with trace amount of NOy seeding fed into the inlet gas stream. The spatial
evolution of NOy species (NO and NO>) in the flame and in the post-combustion zone
suggests two distinct regions, the region encompassing the flame structure itself and the
post flame region in which the temperature decays due to both axial and radial transport
processes. The predictions show that for the conditions studied, a pulsatile flow field exists
due to the formation of a recirculation zone in the outer periphery of the flow tube. This
recirculation zone expands and contracts throughout the outer periphery of the tube and
results in pulsatile backflow in the outlet. It is observed that due to this pulsatile nature of
the flow-field, time-averaged temperature and species concentration show better agreement
with prior experimental measurements. The flow-field also dictates the presence of radial
inhomogeneities in the NO> profiles that vary downstream of the burner surface having a
maximum concentration offset from the centerline. The location of the peak NO: is dictated
by the radial gradient of the temperature resulting from the wall cooling effects. Besides, a

significant percentage of total NOx is observed to exist in the relatively colder regions
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outside the core, that does not necessarily take part in any NOx recycling reaction, resulted
in a notable accumulation in the regions close to the wall. A geometrical configuration
capable of suppressing this pulsatile nature is also investigated and the results are
compared. This multidimensional study highlights the capability of the chemical kinetic
model developed earlier to fit in a detailed CFD analysis of a coupled flame and post-flame
configurations.

4.2 INTRODUCTION

Flat flames stabilized on porous plug burners have gained attention to the scientific
community due to the simple burner geometry, accessible and stable flame structure for
measurements and diagnostics using various measurement techniques and the supposed
spatial uniformity of the exhaust gas region [127]. These unique characteristics of flat
flame burners aid in their widespread acceptance not only in fundamental laboratory
experiments on flames, post combustion analysis or Kinetic study but also in understanding
and modeling of complex flows, such as turbulent flames [128]. Gibson [129]
experimentally studied the effects of preheating lean and rich methane/air mixture on the
enhancement of laminar burning flux characteristics using a laboratory-scale flat flame
porous plug burner and also conducted simulations of the experiments employing the
ANSYS Fluent simulation package. Flat flame burners have also been utilized in flow
reactor based kinetic studies where the flat flame acts as the source of hot vitiated gas in
which the fuel of choice is then injected to undergo reactions under near adiabatic
conditions. The earlier works of Hunderup et al. [130] for example, injected methane as a

hydrocarbon promoter into the post flame gases of McKenna flat flame burner.
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Later, Walters et al. [131] in their high-pressure flow reactor (HPFR) experiments
performed a dual-stage radial cross-flow injection of N, (1% stage) and fuel + N (2" stage)
in the hot vitiated combustion products of H20 and O, originating from a flat flame
stabilized on a McKenna burner. To simulate these flat-flame-burner-driven flow
reactor/tube experiments, in general one employs a one-dimensional approximation (i.e.
variation only in one dimension) and the simulation of the post-flame/reaction zone is
performed by initializing it with a burner-stabilized flame solution or separating the
simulation domain into a flame and post-flame network. In an effort to numerically
simulate a high pressure flow reactor experiment, driven by the effluent of a McKenna
burner, Hunderup et al. [130] divided the flow regime into separate flame and a post-flame
zones. A reactant mixture of methane, air and nitric oxide undergoing combustion forms
the flat flame zone and simulated product species having concentration less than a

predetermined set value ( X, <0.1 ppm) at the end of the flame zone were fed as reactants

in the post flame zone to simulate the post-combustion NO-NO2 conversion.

A similar strategy is employed to simulate the Stanford variable pressure flow
reactor experiments [132]. In these modeling approaches, multi-dimensional transport is
assumed to be negligible due to a well-established plug-flow velocity profile (i.e. very
small viscous boundary layer effect) and centerline variation of the species distribution
occurs solely due to chemical kinetics effects. For configurations operating in the laminar
region, the assumption that the variation in the system is one-dimensional only, starts to
fail when both radial and axial diffusive-convective coupling effects become prominent. In
an independent study, Roesler [133] identified a limiting Damkohler number of 40 for

laminar flow reactor configuration beyond which a multi-dimensional analysis is essential
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for interpreting the experimental observations. In the work of Guo et al. [134], it was
shown that for a laminar flow tube experiment involving dimethyl ether, significant multi-
dimensional transport takes place and predictions from a multi-dimensional simulation
tend to have a better agreement with the experimental measurements. In a recent review
article by Dryer et al. [99], the modeling strategies/assumptions for interpreting and
modeling the different flow reactors was discussed in details and conditions under which
these assumptions will fail was also highlighted. For experimental setups that operate in
the laminar regime and also uses a flat flame to provide a vitiated flow as a reactive
environment, it is imperative that one needs to conduct multi-dimensional simulations of
the burner-coupled flow tube/reactor configuration in its entirety to not only obtain insight
into the laminar reactive flow close to the flame and in the post-flame regions but also in
analyzing the experiments itself. Unfortunately, no such study is reported so far in the
literature that includes a comprehensive investigation of the flame and post-flame regions
in any burner-coupled configuration, that elucidates the significance of multi-dimensional
transport in such systems.

In one of the prior work [76], a multidimensional model was utilized to resolve the
species and temperature distribution in the post combustion regime of NOy seeded syngas
in a McKenna burner driven flow tube experiment. Experimentally measured species
concentration near the flame was provided as an inlet conditions for the post-flame
simulations. The burner was reported solely as a source of post-flame gases and emission
e.g. NO-NOz2 conversion only as a post-flame event. Even though the modeling effort was
able to highlight the presence of significant radial and axial convective-diffusive transport

in the post-flame region, significant variations between the predictions and measurements
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were apparent. In the present work, we have conducted simulations of the same McKenna-
flow-tube setup but have resolved both the flame and the post-flame simultaneously. The
OpenFOAM [135] platform is used for conducting the simulations and a mixture average
transport model is implemented. The simulations are performed not only to conduct a
detailed analysis of NOx formation and recycling at different temperature regions (flame
and post-flame regimes) inside the burner-coupled flow tube but also to identify the non-
ideality of the experiments.

4.3 MODELING APPROACH

The discussion on the multidimensional modeling approach consists of the
geometry of the model considered and it’s meshing technique, the numerical framework to
solve the accompanying governing equations and the boundary conditions considered. The
following sections present the elaborations.

4.3.1 MODEL GEOMETRY

A schematic of the computational domain is presented in Fig. 4.1. The domain as
illustrated starts from the burner outlet and covers a 550 mm long post-combustion zone
having a constant diameter of 82.6 mm. A two-dimensional axisymmetric geometry
specified by a wedge having an angle of 5 degrees was generated and meshed using Gmsh
[136] grid generation software. A structured non-uniform mesh, having higher spatial
resolution near the flame region and also near the walls divides the domain into 10000

elements with only one cell in the azimuthal direction.
4.3.2 NUMERICAL FRAMEWORK

The solver employed in the present investigation for laminar flat flame simulation

is based on OpenFOAM [135]. This is a modified version of reactingFOAM - a turbulent
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Figure 4.1 Schematic representation of the computational domain and boundaries of
the burner-coupled model.

diffusion flame solver. The reacting laminar flow under investigation is mathematically
described by the conservation equations of total mass, species mass fraction, mixture

momentum, and mixture energy, with the governing equations expressed as the following:
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where, £ is the mixture density of gas phase, U is the velocity, ), is the rate of
productions (ROP) of species k by chemical reaction, W, ; is the thermophoretic diffusion
velocity which is neglected in the present investigation, V:“is the correction velocity to
ensure that the diffusion velocities of all the species add up to zero, D, is the mass
diffusion coefficient of species k into the rest of the mixture, P is the pressure, N, is the
specific enthalpy of species k, « is the mixture thermal diffusivity, Ah{  is the formation

enthalpy for species k and Q is the energy source term due to radiation. The K in the

energy equation denotes the kinetic energy of the flow, expressed as %uiu. .

The PIMPLE (Pressure-Implicit Method for Pressure-Linked Equation) algorithm
is used as pressure-velocity coupling loop which is a combination of PISO [137] (Pressure
Implicit with Splitting of Operator) and SIMPLE [138] (Semi-Implicit Method for
Pressure-Linked Equation) algorithms. This allows the solver to use larger time steps for
integration, compared to a pure PISO solver. The coupling procedure starts with a guessed
pressure, P”, and the calculation of an intermediate velocity field, u®, v* from momentum
equation. The first pressure and velocity correctors are utilized, finding the correct
pressure, P™* from the Poisson equation. The Pressure Poisson Equation is obtained by
taking the divergence of the momentum equation and making use of the Continuity
equation. The second corrector steps of pressure and velocity for the PISO solver is then
implemented to find the final pressure and the velocity components. The complete PIMPLE
algorithm with one predictor and two corrector steps is visualized for the following flow
chart.

One significant aspect of the present solver is the implementation of an operator

splitting method to solve the species conservation equations. The Strang splitting scheme
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Figure 4.2 PISO algorithm implemented in the pressure-velocity coupling process.

[139] is employed in this case. As described in references [128, 140], this approach of
operator splitting handles the chemical kinetic source terms by separating the transport
terms, that represent the rate of change of species mass fraction (Yk) and temperature (T)
by convection, diffusion etc. from the chemical reaction terms, representing the rate of
change of Yk and T by chemical reactions. The reaction terms are integrated with a stiff
ODE solver SEULEX [138] over At/2 time step. The SEULEX (Stiff Linearly Implicit
EULer EXtrapolation) is an extrapolation algorithm, based on the linearly implicit Euler
method. In the next step, the set of non-stiff equations, coupled by convection and diffusion
terms (the transport terms) are integrated over the interval of At with single-step first order
implicit Euler scheme using the final state of the previous At/ 2 step as initial conditions.
The solution of this integration is again used as the initial condition for the reaction terms
that are again integrated over At/ 2 time step with the same solver. In particular, different
iterative techniques are implemented in this work to solve the linear systems, e.g. the PCG
(Preconditioned Conjugate Gradient) method is used for solving Poisson pressure equation,
whereas, the PBICG (Preconditioned Bi-conjugate Gradient) method is used for solving

mass fractions, enthalpy and velocity field. The rate of improvement of the solutions of
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those iterative techniques towards the exact solutions is determined by the Condition
Number of the matrix, with a higher condition number indicating slower rate of
improvements. Therefore, preconditioning techniques are used for those iterative methods
in order to reduce their Condition Numbers. For example, the Poisson equation is
preconditioned through DIC (Diagonal Incomplete Cholesky) technique, whereas the rest
are preconditioned through DILU (Diagonal incomplete Lower-Upper) technique.

The thermodynamic and kinetic parameters are calculated by the OpenFOAM
library. The transport library developed by Dasgupta [141] is incorporated in the default
reactingFOAM solver to calculate the transport parameters. The transport library of
Dasgupta follows the approach of Kee et al. [142] which calculates all the transport
properties of pure species as polynomial functions of temperature. An optically thin
radiation model [124, 143] is included to resolve the radiative effects. The source term due

to radiation in the energy equation is expressed as [141]:

O =40 K (T =T, ) =CET i (4.5)

Here, o = 5.6705x108 Wm2K™ is the Stefan-Boltzmann constant, and Kp, is the Planck-
mean absorption coefficient for the gas mixture. The second term in the right-hand side of
Eqgn (4.5) represents the radiation from soot, which is absent in the current study. T is the
ambient temperature.

The Planck-mean absorption coefficient for the gas mixture is expressed as [124]:

Here, P is the partial pressure of the gas mixture (in atm) and a,; is the individual
gas species absorption coefficient (in m™ atm™). Since the present investigation considers
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only CO., H20, CH4 and CO as the gas species contributing to radiation, Eqn (4.6) takes

the following form:
Ky = P(XCOZap,COZ + XHZOap,HZO + XCHAap,CH4 + XCOap,CO) ............. 4.7)

where, P is the total pressure (1 atm in this case) and X denotes the mole fractions of the

species. The expression for the absorption coefficient of CO, and H20 are given by [144]:

1000 1000 1000 1000 1000
ap=C0+C1(_T -) +C, ( T )2+C3( T )3+C4( T )4+C5( T )5 """ (4.8)
and for CH4 and CO, the expression is [144]
8, =Co+CT +C,T 2 +CT +C,T s (4.9)

A lean (¢ = 0.5) premixed H2/CO/air mixture with varying amounts of NO (75, 100
and 125 ppm) introduced at the domain inlet with a flow rate of 4.21 L/m is simulated. The
simulations considering 100 ppm of NO at the inlet is considered as the base case in this
investigation. An initial high temperature region, 14.2 mm long and 12.7 mm wide having
a maximum temperature of 2450 K is prescribed as an initial condition to ensure ignition
of the fuel-air mixture. This limiting temperature is selected based on the curve fitting
temperature ranges of the Planck-mean absorption coefficient for gas species CO in the
radiation model [143]. The comprehensive and validated NOx mechanism for syngas
combustion proposed by Ahmed et al. [108], described in Chapter 2, is employed as the
kinetic reaction mechanism which includes 78 species and 442 reactions. This mechanism
culminates from the previous comprehensive analysis by the authors [71] on various NOx

formation pathways.
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4.3.3 BOUNDARY CONDITIONS

Premixed syngas/air mixture enters the domain at standard atmospheric conditions.
A Dirichlet boundary condition is employed for the velocity at the domain inlet with a
constant value of 13.84 cm/s representative of the experimental inflow velocity [76]. A
corresponding zero-gradient inlet boundary for pressure is employed. A Dirichlet condition
prescribing the inlet gas mixture composition (i.e. fuel/air/NOy) is also provided. The
outlet boundary is set in such a way that can resolve any backflow condition. When there
is no backflow at the outlet boundary (positive velocity flux), a zero-gradient condition for
velocity outlet and a fixed value for pressure outlet, specified as atmospheric pressure, is
prescribed. In backflow situation with a negative velocity flux in the domain outlet, the
normal inflow velocity is evaluated from the flux normal to the cells and a zero-gradient
condition is prescribed for pressure outlet. The temperature at the outlet boundary is
switched between zero gradient and a fixed value of 300 K when backflow takes place. In
order to model the enclosure of the flow tube as present in the experimental arrangement

[76], a wall boundary condition is applied at the outer radial boundary and at the burner.
4.4 RESULTS AND DISCUSSIONS

The analysis of results of this computational work includes the temporal variation
and the time-averaged axial distribution of species mole fractions and temperatures,
parametric study and the geometry-dependence of the extent of the observed oscillatory

flow patter. The following sections describe those in detail.
4.4.1 OSCILLATORY FLOW PATTERN

One of the major goals of the present computational study is to investigate the

multidimensional distribution of temperature and NOy and assess the existence of possible
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inhomogeneity in the system. In light of that, temporal variations of temperature, axial
velocity, flame structure and NOx mole fraction distributions in the domain have been
analyzed and the results are presented in Figs 4.3 — 4.5. The location of the burner inlet and
circumferential wall prompts the formation of a recirculation zone near the outer periphery
of the flow tube. The recirculation zone initiates near the burner inlet and then gets
stretched along the entire outer periphery until it reaches the outlet. The vortices originating
from the recirculation close to the exit creates a back-flow pattern to bring in fresh air
inside the domain and contributes to further dilution of the reacting stream.

The simulations were conducted over multiple residence time and a prolonged
observation of the transient variation shows an oscillatory pattern of the flow field as
depicted in Fig. 4.3. As shown, at t = 4 s, as the central flow/jet reaches the outlet,
atmospheric air at ambient temperature enters the domain as a result of backflow. The
dilution from the backflow air continues till t =21 s and reaches close to the flame location
but does not have any significant impact on the flame structure; as apparent in the OH
contours and the maximum flame temperature in Fig. 4.4. However, the post flame core
temperature gets affected and is significantly cooled to a temperature of approximately 300
K as a result of the backflow dilution process. The corresponding increase in the gas density
results in a decrease in the core velocity. At t = 22 s, the recirculation zone contracts and
positions itself near the inlet section of the tube and back flow ceases, but within ~ 1.5 s (t
= 23.5 5) a backflow is re-established and the cycle restarts. Similar oscillatory behavior is
observed for the other NO perturbation cases as well (75 and 125 ppm) and was found to

have the same oscillation frequency of around 0.051 Hz.
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In addition to the temperature and flow field, significant spatiotemporal variation
is observed for the major NOx (NO and NO3) species as well, illustrated in Fig. 4.5. It is
observed that, even though a high concentration of NO is established at the core of the
flow, the NO; distribution is offset and is formed in between the central core and the outer
periphery. The initial increase in temperature and the corresponding rise in NO, attributed
to the flame formation, are not affected by the flow field oscillation which further confirms
that the flame zone is unaffected by the oscillatory flow pattern. However, with the fresh-
air dilution, the post-flame NO distribution gets flatter until the back flow reaches close to
the flame at t = 21.0 s. The absence of back flow dilution at t = 22.0 s eventually raises the
post-flame temperature and NO concentration. The re-establishment of the back-flow
dilution at t = 23.5 s further affects the temperature and NO distribution. On the other hand,
the centerline NO- profiles in Fig. 4.5 shows very low accumulation near the flame (below
ppm level) without being significantly impacted by the flow-field oscillation. It is however,
apparent from the NO- distribution contours that nearly 35 ppm of NO; is formed offset
from the core. The NO; distribution is inhomogeneous and its transport to the core has a
strong temporal dependence. For example, the formation and stretching of the recirculation
zone along the outer periphery transports a portion of NO2 downstream of the domain at t
=4.0s. The back flow, initiated at t = 4.0 s pushes the high-concentration NO, zone towards
the inlet along the core, resulting in a sharp rise to around 5 ppm at t = 21.0 s, depicted in
the centerline distribution in Fig. 4.5. As the backflow ceases at t = 22.0 s, the NO>

concentration decreases again near the inlet causing the cycle to restart.
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Figure 4.3 Temporal evolution of OH mole fractions and streamline patterns in the domain for the base case (CO/H2/O2/N2 system
with 100 ppm NO perturbation, H2/CO = 1.0, ¢ = 0.5, P = 1.0 atm).
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Figure 4.4 Temporal evolution of temperature and axial velocity in the domain for the base case (CO/H2/O2/N. system with 100
ppm NO perturbation, H2/CO = 1.0, ¢ = 0.5, P = 1.0 atm).
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4.42 TIME AVERAGED CENTERLINE DISTRIBUTIONS

Due to the pulsatile flow even under the laminar regime, time averaging was
necessary to obtain quasi-steady profiles. The time averaged centerline distribution of
temperature and NOx is presented in Fig. 4.6. The time averaging is performed over two

residence times of 23.5 s. The inset illustrates a comparison between the base case

predictions and the experimental measurements from [76].
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Figure 4.6 Axial evolution of time-averaged temperature and NOx mole fractions for
the base case (CO/H2/O2/N2 system with 100 ppm NO perturbation, H,/CO = 1.0, ¢ =
0.5, P = 1.0 atm); inset shows the comparison with experimental measurements.

As shown in the Fig. 4.6, there is an initial rise in the predicted temperature close
to the inlet which is representative of the flat flame region. The flame is established with
in a distance of 2 mm from the burner surface resulting in an extremely sharp temperature
gradient of 220 K/mm. The measurements from [76] could not resolve this flame inception

zone due to the limitations in the measurement technique for resolving the flame structure
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in details. The initial temperature rise is followed by a decay downstream of the domain
with an axial gradient of ~13 K/mm. The experimentally measured axial temperature
gradient, downstream, is found to be close to the predicted gradient even though an
absolute variation of around 300 K is apparent between the measured and predicted
temperatures. The initial increase in NO reflects this temperature ramp up and denotes the
amount of NO formed in the flame zone. The experimentally measured NO concentration
is observed to decay downstream with a gradient of ~1 ppm/mm, close to the gradient of
the predicted decay of NO. The variation between the measured and predicted NO is ~30
ppm which is due to the variation in temperature values. A direct comparison with the
measurements could only be conducted for a distance of 32 mm up to which data were
extracted in [76]. The predicted time-averaged centerline NO2 concentration does not show
any change in its concentration near the inlet, attributed to its radial inhomogeneity that
peaks close to, but offset from the centerline (see Fig. 4.5). The predicted temperature
profile, further downstream of the maximum data extraction point of 32 mm, shows a
decaying trend with a non-linear decrease. Unlike the temperature, the NO is found to
decrease almost in a monotonic fashion.

The spatial evolution of the predicted NOx species in the domain indicates two
distinct regions in the domain, possessing different and unique kinetic characteristics: the
region closed to the flame itself (flame zone) and the post flame region with a strong axial
and radial temperature gradients. Being the highest temperature zone in the domain (~1850
K), the NO formation in the flame zone is dictated by the extended Zel’dovich mechanism
[29]. In the longer post flame zone, temperature decays by the inherent two-dimensionality

of the post-combustion gases. As the temperature cools down, a decrease in NO
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concentration is observed (see Fig. 4.6) without significant increase in NO2. According to
the earlier discussions on Fig. 4.5, the drop in NO and the extent of the rise in NO2 along
the core in the post-flame region are dictated essentially by the flow pulsation and the
peripheral recirculation. In addition, flux analysis suggests that the total nitrogen closure
in that region is further ensured by the NO-HNO interconversion mechanism: NO + H(+M)
= HNO(+M) (R21), HNO + H = NO + Hz (R67), HNO + OH = NO + H20 (R68), HNO +
O = NO + OH (R69).

The centerline profiles of the reaction rates of NO-HNO interconversion reactions
are illustrated in Fig. 4.7. For each of the reactions, a decrease in the formation and
consumption rate of HNO is observed with a sharper gradient in the flame zone, followed
by a gradual decay further downstream. Despite the decay, the reaction rates are found to
be of significant orders. The center-line distribution of the reaction rates highlights the

prevalence of NO-HNO interconversion routes in the post-flame region.
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Figure 4.7 Axial distribution of the reaction rates of NO-HNO interconversion
reactions for the base case (CO/H2/O2/N2 system with 100 ppm NO perturbation,
H.,/CO =1.0, ¢ =0.5, P = 1.0 atm).
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4.4.3 RADIAL INHOMOGENEITIES

It is observed from the spatiotemporal variation of NOx in Fig. 4.5 that the NO> is
distributed radially in an inhomogeneous fashion which further varies downstream of the
burner surface. The peak NO2 concentration is located offset from the centerline. In
addition, other intermediate species that actively take part in NOx recycling process, such
as HONO, HONO and HNOs show similar inhomogeneous distribution as well with
maximum mole fractions offset from the centerline (Fig. 4.8). The non-uniform distribution
of NO», dictated by the radial temperature gradient and the axial transport due to the
recirculation contribute to the observed inhomogeneity in those intermediate species as a
result of the reactions: NO; + HO2 = HONO + O; (R70), HONO(+M) = NO + OH(+M)
(R58), NO2 + OH(+M) = HONO2(+M) (R14), NO2 + OH(+M) = HNO3(+M) (R35).

Time-averaged NO2 concentration and temperature along the radial distance at
different axial locations are presented in Fig. 4.9. It is apparent that the locations of peak
NO: are dictated by the radial gradients of temperature resulting from the back flow that
brings in colder gases (300 K) as well as cooling effect induced by the surrounding wall.
The radial location of the maximum increase in NO2 and subsequent peak value coincides
with the location of the highest radial temperature gradient. For example, the radial NO>
profile at x = 10.1 mm shows the sharpest gradient at r = 12 mm and attains a peak value
at r ~ 14 mm, which corresponds to the locations of the maximum temperature gradient in
radial direction. As the temperature gradient diminishes, the inhomogeneity in the NO>
distribution is minimized. At an axial distance of x = 45.5 mm and beyond, no distinct
sharp peak in NO2 is observed since the radial temperature distribution becomes flatter;

decreasing the temperature gradient significantly.
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Figure 4.8 Temporal evolution of HONO, HONO: and HNO3z specie mole fraction
distributions in the domain for the base case (CO/H2/O2/N> system with 100 ppm NO
perturbation, H2/CO = 1.0, ¢ = 0.5, P = 1.0 atm).
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Figure 4.9 Time-averaged radial NO> and temperature profiles at different axial
locations for the base case (CO/H2/O2/N2 system with 100 ppm NO perturbation,
H./CO =1.0, ¢ = 0.5, P = 1.0 atm).

The radial distribution of several active radical species, such as O, H and HO> are
plotted for three exemplar axial locations, shown in Fig. 4.10. In the maximum temperature
gradient zones (Fig. 4.9), the presence of the active radicals to a significant extent also
prompts the following NOx recycling mechanism that eventually produces considerable
amounts of NO> (see Fig. 4.5, for example): NO2 + H = NO + OH (R12), NO + O(+M) =
NO2(+M) (R29), NO + HO2 = NO2 + OH (R11). The insets of Fig. 4.10 depict the radial
variations of the rates of the reactions, that manifests the presence of the NO-NO>
interconversion mechanism as mentioned.

Due to the non-uniform distribution of NOy in the flow tube, it is necessary to
ascertain the extent of the inhomogeneity. For that purpose, the percentages of total NOx
present in the core and outer periphery along the entire domain length was determined by
integrating the instantaneous mole fractions of NOx (NO + NO>) in the volume during one
complete cycle of oscillation. The transient variation of the percentage of total NOx is

illustrated in Fig. 4.11. It can be seen that over the course of the cycle, more than 50% of
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Figure 4.10 Radial distribution of temperature, NOx, O, H and OH mole fractions at (a)
x =10.1 mm, (b) x = 10.6 mm, and (c) x = 11.9 mm for the base case (CO/H2/02/N>
system with 100 ppm NO perturbation, H2/CO = 1.0, ¢ = 0.5, P = 1.0 atm). Insets in
each figure show the corresponding radial distributions of the reaction rates of key
Kinetic processes contributing to the NO-NO> interconversion.
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the total NOx is accumulated outside of the core where the temperature is significantly
lower than the core temperature. Flux analysis in that colder outer peripheral near the wall
does not reveal any NOx recycling reaction due to low gas temperature which suggests that
a notable portion of the total NOx gets accumulated in that region. The percentage of the
time-averaged values of total NOx for one complete cycle of oscillation, illustrated in Fig.
4.11(b) provides a more comprehensive picture of the variation of the NOy along the entire

tube length and also its accumulation at the outer periphery.
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Figure 4.11 (a) Volume integrated percentage of total NOx (NO + NO>) present in the
central core and the outer periphery of the domain as a function of time for one
complete cycle of the oscillation for the base case (CO/H2/O2/N2 system with 100 ppm
NO perturbation, Ho/CO = 1.0, ¢ = 0.5, P = 1.0 atm). The percentages of NOy are
calculated based on the total NOx present in the entire domain volume. (b) time
averaged volume integrated NOx (NO + NO>) percentage in the central core and the
outer periphery of the domain for the base case (CO/H2/O2/N2 system with 100 ppm
NO perturbation, H2/CO = 1.0, ¢ = 0.5, P = 1.0 atm).
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4.44 PARAMETRIC STUDY

A parametric study has been performed to investigate the effects of varying
amounts of initial NO seeding in the domain. Besides the base case of 100 ppm NO seeding,
the time-averaged axial and radial variation of temperature and NOy species for two other
cases with 75 and 125 ppm of NO were investigated. Figure 4.12 depicts the time-averaged
evolution of temperature and NOyx along the centerline for different levels of NO
perturbation. Identical peak temperatures and gradients in the downstream temperature
decay are observed for the different NO seedings. The results indicate that the level of NO
perturbation has no effect on the time-averaged axial temperature distribution. Under all

these NO loading, the flow field remains identical and similar pulsing behavior is observed.
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Figure 4.12 Variation of time-averaged axial temperature and NOx profiles with
different levels of NO perturbation in the reactant mixture.

For each case, in the flame zone an ~16 ppm increases from the initially fed NO is
observed which is attributed to the high flame temperature and the corresponding thermal
NO formation route. Nevertheless, the axial gradient of NO downstream is similar for all

three cases, governed predominantly by the pulsing flow field. Irrespective of the amount
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of the seeded NO, NOz does not appear along the core until 50 mm, since it peaks offset
from the centerline (Fig. 4.5). However, beyond 50 mm, a rise in NO2 with a sharper
gradient is observed, followed by a more gradual fall downstream for all the cases. With
higher amount of NO perturbation, the NO-NO: recycling mechanism initiates earlier that
results in an earlier initial ramp up of NO2. Once the axial NO> reaches the peak value, it
is then observed to decrease downstream till the end of the domain with identical gradients
for all the three perturbation cases.

The extent of the inhomogeneity in NO> distribution is found to increase with
increasing NO seeding. Figure 4.13 shows the variations at two separate axial locations,
close to flame (x = 10.1 mm) and far from the flame (x = 17.1 mm). For each case, the
radial temperature gradient and the corresponding location of peak NO: is not observed to
change significantly with the change in NO perturbation levels. Nevertheless, the peak NO:
level increases with an increase in NO seedings, dictated by the NO-NO: conversion
reactions (R9) - (R11), the extent of which decreases downstream of the tube as the radial

temperature gradient becomes flatter.
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Figure 4.13 Variations of time-averaged radial (a) NO2 and, (b) temperature profiles at
locations x = 10.1 mm and 17.1 mm for different NO perturbation levels
(CO/H2/02/N2, H2/CO = 1.0, ¢ = 0.5, P = 1.0 atm). The temperature profiles for cases
with 75 and 125 ppm of NO in (b) overlap on each other.
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In order to investigate the effects of variable burner surface temperature,
simulations are performed with cases having burner wall temperatures of 350 K and 400 K
keeping everything else unchanged. Figure 4.14 shows the axial and normalized radial (x
= 225 mm) profile comparison of NOx mole fractions. An increased NOx concentration is
observed with higher burner surface temperature. The amount of heat transfer from the
flame to the burner surface decreases, resulting in higher flame temperature followed by

higher NOx concentration when the burner surface temperature is increased.
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Figure 4.14 Effects of variable burner surface temperatures on the (a) axial and, (b)
normalized radial (x = 225 mm) profiles of NOx mole fractions.

An adiabatic peripheral wall of the flow tube increases the gas mixture temperature
inside, compared to an isothermal wall of 300 K due to lack of wall cooling. Such an
increase in gas temperature for adiabatic wall configuration eventually results in higher
NOx concentration, shown in Fig. 4.15. The existence of radial inhomogeneity in NO>
concentrations is not affected by the peripheral wall conditions.

4.4.5 SUPPRESSION OF THE PULSATILE FLOW

It is observed from the above analysis that the oscillatory flow behavior is

characterized by the backflow at the domain outlet that brings in fresh air causing dilution.
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Figure 4.15 Effects of variable tube outer wall temperature on the (a) axial and, (b)
normalized radial (x = 225 mm) profiles of NOx mole fractions.

The back-flow stems from the vortices formed at the recirculation zone in between
the burner inlet and the circumferential wall. It is, therefore, apparent that a geometrical
configuration capable of suppressing the pulsatile flow would minimize the strong
convective coupling. As such, to find geometric configurations that can suppress this
pulsating nature of the flow pattern, we investigate domains having different layouts.
Figure 4.16(a) shows the comparison of the NOy radial profiles of two such layouts with
the base geometry of the original McKenna burner configuration- one of them having half
of the slanted part, termed as ‘half slanted’ and the other having no slanted part at all,
termed as ‘straight tube’. The streamline patterns for the three layouts are shown in Fig.
16(b). Unlike the dynamically evolving recirculation zone, stretched all the way towards
the outlet for the base case, the recirculation for the ‘half slanted’ configuration is radially
squeezed having no space to stretch toward the outlet. Since the recirculation zone does
not reach the outlet, no backflow dilution happens resulting in a suppression of the
oscillatory behavior. In case of the ‘straight tube’, no recirculation zone is apparent due to

the absence of any slanted part in the geometry near the inlet.
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The lower cooling effect for the ‘half slanted’ configuration, compared to the base
case cause higher temperature, resulting in higher NOx concentration, illustrated in Fig.
4.16(a). The ‘straight tube’ shows even higher NOx concentration due to the absence of
any mixing due to recirculation and eventual rise in temperatures.

An additional investigation of the suppression of the pulsating effect is performed
considering a domain consisting of a converging nozzle of 6° angle followed by a straight
section of uniform diameter. The 6° nozzle angle has been identified to be an optimum
angle in [145]. Figure 4.17 shows the species, temperature and flow distribution in the
configuration consisting of the converging section. Predictions show that a recirculation
zone is initiated near the burner inlet at the outer periphery of the flow tube. However,
unlike the straight tube (Fig. 4.3), the recirculation zone does not get extended along the
entire outer periphery. Since the vortices formed in the recirculation zone cannot reach the
tube outlet, no backflow and any associated dilution is observed.

Figure 4.18(a) shows the comparison of the axial variations of temperature and NOx
mole fractions with and without the presence of a nozzle in the domain. A difference of
approximately 215 K in flame temperature is observed due to the anchored recirculation
zone with the converging nozzle. The temperature profiles farther downstream of the
domain coincide with each other for the two cases. The absence of back-flow dilution of
the reacting stream with a nozzle causes the temperature higher than the case without the
nozzle, resulting in higher initial NO levels with a maximum difference of ~50 ppm. The
axial gradients of the downstream decay in NO concentration are similar for both the cases.
On the other hand, a significantly different axial NO2 profile is observed. Although the

initial ramp up for NO2 begins at identical locations for the two cases, the converging
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Figure 4.16 (a) Comparisons of NOx radial profiles at an axial distance of 225 mm with

three different geometric configurations, (b) the flow streamlines for the geometric
configurations.
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Figure 4.18 Comparison of (a) axial temperature and NOx concentration profiles and
(b) normalized radial NOx concentration profiles at x = 225 mm with and without the
presence of a nozzle for the base case (CO/H2/O2/N2 system with 100 ppm NO
perturbation, H/CO=1.0,¢ =0.5,P=1.0atm)att=15s.

nozzle generates a significantly lower gradient which is then followed by a region

approaching a plateau indicative of lower species-inhomogeneities.
4.5 SUMMARY

A mathematical model has been developed to investigate inhomogeneities in flat
flame driven flow tube experiments. Simulations have been conducted for prior
experiments where the configuration is conducive to generate radially inhomogeneous
distribution of species concentration but did not have the scope for detailed experimental
characterization. The current work employs a laminar reactive flow solver in OpenFOAM
framework for a multidimensional numerical simulation of a laminar reacting flow
experiment where the low flow speeds are prevalent in inheriting a multi-dimensional
variation in species distribution through radial and axial diffusive-convective coupling of
transport with kinetics. The configuration couples a flat flame McKenna burner with the
flow tube section which essentially delineates the kinetics involved at different domain
locations. The simulations for a syngas/NOx/Air stream indicates two distinct zones- flame

and post flame locations where the temperature and the NOx kinetics involved are different.
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The high temperature zone near the flame is dominated by thermal NO formation
mechanism, the temperature decaying post combustion zone substantiates the N-atom
closure through NO-NO> as well as NO-HNO interconversion paths. The current study
finds that the NO profile closely follows the axial temperature distribution whereas the
NO. concentration in the domain shows radially inhomogeneous variation that also
changes along the axis. The peak NO. concentration is found to be dictated by the highest
temperature gradients in the domain. An oscillatory pattern of the multidimensional
distribution of temperature and species mole fractions inside the domain is observed over
the residence time, attributed to the cyclic formation of a recirculation region in the outer
periphery which also contributes to the dilution of the reacting stream through backflow of
fresh and cooler ambient air. Time-averaged quasi-steady axial profiles of temperature and
NOx concentration in the domain shows better prediction with the experimental
measurements. The inhomogeneities in the domain, originated from the constantly
evolving recirculation zone is confirmed by investigating the volume-integrated percentage
of total NOy at the core and outer periphery, which reveals more than 50% accumulation
of total NOx near the domain wall. Case studies with varying amounts of NO perturbation
in the reactant mixture concludes with similar oscillatory flow behavior irrespective of the
level of perturbation. A geometric configuration where part of the straight section of the
flow tube is replaced with a converging nozzle is also investigated. The predictions show
that the extension of the initially formed recirculation zone towards the tube outlet and the
consequent back flow dilution is attenuated by the converging nozzle. The suppression of
the flow oscillation by the nozzle is followed by a more uniform mixing of the flow stream

at the straight section of the tube.
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CHAPTER 5

NUMERICAL STUDY OF THE EFFECT OF ELECTRIC FIELD ON
NOx EMISSION IN ELECTRIC FIELD ASSISTED COMBUSTION
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5.1 ABSTRACT

An external electric field may reduce emission and improve combustion efficiency
by active control of combustion process. It is well known that flame chemi-ionization
produces ions in trace quantities. As a result, it is imperative that application of an electric
field has the potential to influence the flame front behavior and combustion characteristics.
In this work, the influence of a DC driven radial electric field on the emission
characteristics, especially NOx and CO of a premixed methane/air laminar jet flame has
been analyzed and reported. A multi-physics computational model is developed in the
OpenFOAM framework to simulate electric field coupled premixed combustion process.
The computational framework consists of coupled species, momentum and energy
conservation together with a Poisson’s equation solver to resolve the electric field
distribution. Electron and ion (charged species) conservation equations are considered to
resolve the ionic wind body force in the momentum conservation equation and the
associated electric field distortion due to the space charge distribution. A premixed
methane-air jet flame operating in the laminar regime and exposed to 50 kV DC electric
potential is simulated at atmospheric pressure condition for a configuration representing a
test-scale setup. A range of equivalence ratios and flow rates is studied. The model
predictions show that the flame is remarkably stretched by the electric field as a
consequence of the ionic wind. For the parametric space considered, the electric field was
found to reduce the NOx emission significantly for both stoichiometric and rich conditions.
A decrease in NOx by a factor of 1.6 for stoichiometric fuel-oxidizer mixture is observed
over the entire range of flow rate conditions, whereas, the NOx reduction factor decreases

from 12.0 to 1.6 as the flow rate is increased for the fuel rich case in presence of electric
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field. For an electric field imposed on a stoichiometric flame in a radial direction away
from the burner, an enhanced overall CO emission in the domain is observed, whereas, CO
emission decreases for rich flame. The role of kinetics under external electric field is
analyzed and discussed. A comparison between the predicted NOx and CO emissions
reductions due to electric field and the experimental measurements are performed, showing

reasonable agreements.
5.2 INTRODUCTION

A flame acts as a good source of ions and can generate ionic winds when placed in
an electric field. Chemi-ionization process in the reaction zone creates electrons and
positive ions in trace quantities, with typical mole fractions varying from 10-° to 107 [146],
based on the balance between ionization and ion-recombination reactions. When an electric
field directed away from the burner is imposed on the flame, the unipolar ion cloud in the
reaction zone travels towards the electrodes. Positive and negative ions are accelerated by
the electric field and are directed towards the grounded and powered electrode respectively,
as shown schematically in Fig. 5.1. In general, the collision and the subsequent momentum
transfer between the positive ions and the neutral species causes the flame to deflect
towards the cathode. Due to extremely low mass of electrons, the momentum transfer
between the electrons and the neutral species remains insignificant. The flame deflection
caused by the inclusion of electric field has applications in minimizing pollutant emissions
during combustion of fuels.

For several decades, interests have been grown among researchers and scientists in
the electrical properties of flames and to control them by electric field applications. It has

been reported in the literature that electric fields affect flames and combustion processes
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Figure 5.1 A schematic of the interaction of an electric field with the flame.

in three distinctive and major ways — thermal effect [147], ionic wind effect [148] and
electro-chemical effect [149, 150]. The thermal effect, due to the large current flow across
the electric field, contributes to the neutral gas heating through Joule heating, whereas, the
fluid dynamic changes in the flow field is caused by the ionic wind effects via electrical
body force resulting from space charge and electric field. The energetic electrons, ions,
radicals and excited molecules, produced by the electro-chemical effect in the gas stream,
directly contributes to the reaction kinetics.

Many studies involving experimental and modeling approaches have been
conducted so far in order to analyze the influence of both direct-current (DC) and
alternating-current (AC) electric fields on the combustion characteristics. It has been
demonstrated experimentally that DC electric fields have a strong influence on the flame
shape [151], flame propagation speed [148], emission and soot characteristics [152, 153].
Calcote et al. [154] demonstrated an extension of the stability of a n-butane/air Bunsen
flame by the application of a longitudinal electric field directed towards the burner. The

premixed methane/air experiments of Noorani et al. [155] revealed an extension of the
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blowoff limit as high as 83% with the application of electric field. The effects of applied
electric field on both laminar and turbulent flame stability were experimentally observed
and analyzed by Calcote and Berman [156]. Simulations employing multi-physics models
have shown the role of ionic wind under DC external fields [157-159]. Sepp et al. [160]
reported more than one order of magnitude reduction of CO emission index by the variation
of electric potential from zero to 1 kV, imposed on a methane flame. In an effort to control
soot emission by the application of an electric field, Saito et al. [161] investigated the
effects of applied voltage, polarity and electrode spacing on acetylene diffusion flame.
They observed more than 90% reduction of soot emission at over 200 kV/m of electric
field intensity due to the oxidation of soot particles. In recent years, there has been growing
interest in utilizing AC electric field to modify the combustion characteristics of flames
[162, 163]. Despite the large volume of work on electric field — flame interactions, studies
related to the impact of electric field on NOx emission is limited. Vatazhin et al. [164] in
their laminar propane diffusion flame experiments observed up to 30% reduction in NOx
emission with respect to the emission index with the implementation of electric field on a
negatively polarized burner. Zake et al. [165] applied a DC electric field in a flame channel
flow and observed a reduction in the NOx emission by ~ 80%. The decrease in the emission
characteristics was attributed to the reduction in the flame temperature in presence of the
electric field. Sakhrieh et al. [152] experimentally investigated the influence of electric
field on premixed methane/air flames at elevated pressures. They observed as much as 95%
reduction of CO emission, accompanied by 25% increase of NOy irrespective of pressure.
They attributed the decrease in CO to ionic winds that changed the flame geometry and

reduced the amount of incompletely burned fuel. However, explanation related to the
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increase in NOx was not provided. In their experimental work, Vega et al. [151] showed
that for a premixed CH4/O2/N2 flame, the NOx emission is unaffected under applied electric
field conditions for which the flame remains undeformed. In a recent paper, Zhang et al.
[163] examined the behavior of NO emission of laminar non-premixed CHa/air flame when
subjected to high frequency (10 kHz) AC electric fields. Over the voltage range of 0 — 4.0
kV, anon-linear response of NO emission was observed. In between 0 — 1 KV peak voltage,
the NO in flue gas showed a sharp decrease which then steadily increased to high values
for 1.0 — 3.0 kV, followed by a steady decrease by further increase of the applied peak
potential to 4 kV.

This work numerically investigates the effect of DC radial electric field, driven
externally, on the flame and combustion characteristics, especially the NOyx and CO
emissions in laminar premixed CHoa/air jet flame at 1.0 atm pressure condition. The
simulation was performed for a multi-dimensional configuration that represents a
laboratory scale mockup of an industrial arrangement at ClearSign Combustion
Corporation. The current investigation is done for a range of equivalence ratio (¢ = 0.5 —
3.0) and inlet flow rate conditions (~ 3.0 — 10.0 slpm). A thorough analysis of the flame
structure, along with the role of fundamental thermo-kinetic/transport properties on
emission characteristics is explained. It is concluded from the kinetic analysis that the NOx
recycling pathways undergo distinct changes in presence of external electric fields.
Besides, comparisons between the predicted NOx and CO concentrations and the

experimental measurements are performed, showing a favorable agreement.
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5.3 EXPERIMENTAL SETUP AND PROCEDURE

A custom test furnace was designed and built to study the effects of electric fields
on the combustion process. The furnace was designed to operate up to 5.86 kW at
temperatures up to 1366 K. As shown in Fig. 1, the furnace consists of a main vessel, a
transition, a stack, and a burner assembly (not shown in figure). The main vessel is 1.37 m
tall and has an outer diameter of 0.61 m. It contains a 0.152 m thick refractory resulting in
an inner opening diameter of 0.3048 m. The transition piece is 0.360 m tall and takes the
0.61 m outer diameter of the main vessel down to a 0.305 m to match the outer diameter
of the stack. The stack is 0.92 m and the refractory in the stack is 0.076 m thick leaving an
inner diameter opening of 0.1524 m. The refractory in the transition was casted to allow a
smooth transition between the vessel and stack refractory. The main vessel sits on four
standoff electrical insulators (Storm Power Components #6350S6S10), capable of
withstanding up to 5 kV, which are connected to the support table. The support stand is
kept at ground potential while the rest of the vessel is electrically floating.

To monitor the floating voltage of the cooling jackets and the main vessel, and to
protect from large over voltages, the voltage of each is monitored through a voltage divider
circuit connected to a spark gap. The spark gap can be adjusted to the desired allowable
max voltage. The output of the voltage divider is monitored through the data acquisition
system. The main vessel has two gated 0.15 m quartz windows and four 0.051 m viewing
ports all on the same plane; all of the windows have air fed cooling ports with valves so
that their temperature may be controlled. There is a total of 26 K-type thermocouples
situated throughout the furnace, one at each of the six windows, five going up the inner

wall between the refractory and the inside of the main vessel wall, three near the surface
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Figure 5.2 Customized test furnace for testing electric field effects on combustion
process.

of the refractory near the center. Fuel and air are monitored using FMA 2300 series omega

mass flow meters. NOx, CO and CO; emission analyzers allow assessment of emission in

the stacks.
5.4 NUMERICAL MODELING

The numerical modeling analysis is divided into several tasks, e.g., the
mathematical modeling, the chemical kinetic modeling, and the selection of the
computational domain and boundary conditions. Each of them is thoroughly explained in

the following sections.
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5.41 MATHEMATICAL MODEL

The numerical study is performed using a multi-dimensional, reacting flow
computational code that has been developed in the OpenFOAM framework. This is a
modified version of the default turbulent diffusion flame solver- reactingFOAM. The
reacting laminar flow in the present investigation is mathematically described by the
conservation equations of total mass, species mass fraction, mixture momentum, and
mixture energy, together with a Poisson’s equation to resolve the electric field distribution,

reported respectively as:

PLOPY) 0 e (5.1)
OX;
(oY, o . 8 oY,
('gt ) _( uY )+ (qkplukYkE|)+ (pV Y,) = 8_)(i(pka 8_):) ..(5.2)
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where, © is the mixture density of gas phase, | is the velocity, @, is the rate of
productions (ROP) of species k by chemical reaction, V. is the correction velocity to ensure

that the diffusion velocities of all the species add up to zero, D,, is the mass diffusion
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coefficient of species k into the rest of the mixture, P is the pressure, h; is the specific
enthalpy of species k, & is the mixture thermal diffusivity, Ah?  is the formation enthalpy
for species k. The K in the energy equation denotes the kinetic energy of the flow,

expressed as %uiui ® s the electric potential, ¢ is the electric permittivity, 0, is the

elementary charge, Z, is the electric charge of species k, and N, is the number density

of species K .

The PIMPLE (Pressure-Implicit Method for Pressure-Linked Equation) algorithm
is used as pressure-velocity coupling loop. More details on the solver and coupling
procedures are available in the previous article of the authors. The thermodynamic and
kinetic parameters are calculated by the OpenFOAM library. The transport parameters are
calculated based on the transport library incorporated by the authors in the default
reactingFOAM solver. The transport library here follows the approach of Kee et al. [142]
which calculates all the transport properties of pure species as polynomial functions of
temperature.

Premixed methane/air mixtures at different equivalence ratios and Reynold’s
number conditions are simulated. An initial high temperature region, 75 mm long and 7
mm wide having a maximum temperature of 2100 K is prescribed as in initial condition to
ensure ignition of the fuel/air mixture. The parametric space considered in this study is
summarized in Table 5.1. Simulations for the lean conditions with the ionic wind effects
resulted in flame blow off. Therefore, the lean cases 7 to 9 are not used in the following

results and discussions section for comparison.
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Cases | Inlet Flow Rate (slpm) Eq:;\;ia;eqr;ce T\'e:r:ﬂ:: Vo?’c‘:zl:((lj(V)
1 9.93 1081
2 6.69 1.0 729
3 3.45 376
4 10.28 1093
5 6.85 3.0 729 50.0
6 3.43 364
7 9.87 1083
8 6.58 0.5 722
9 3.29 361

Table 5.1 The flame conditions considered in the experiments and simulations

5.4.2 CHEMICAL KINETIC MODELING

The hydrocarbon/NOx model of Ahmed et al. [108] consisting of 301 species and
1945 reactions is used as the chemical kinetic model for neutral species. For hydrocarbon
flames, chemi-ionization is the dominant ion production mechanism, which is a chemical
reaction generating charged products along with neutral reactants. The CH radicals,
abundant in flames is considered responsible for the initial formation of ions [166] by the
chemi-ionization reaction:. CH + O = HCO* + e- (R1). In hydrocarbon flames, the
hydronium ion (H3O") acts as the dominant ion, which is mainly formed by the protonation
of H20: HCO* + H20 = H30" + CO (R2). H3O" ion can again interact with molecules to
form other flame ion: H3O" + C = HCO™ + H> (R3). The ion so produced could disappear
by dissociative recombination reactions: HsO" + e = H,O + H (R4), H3O" + e = OH + H
+ H (R5), H30* + & = Ha + OH (R6), H30* + & =0 + Hz + H (R7), HCO* + & = CO + H

(R8).
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An eleven-step ionic reaction mechanism and associated thermodynamics and
transport property from [157, 167] is appended to the hydrocarbon/NOx model. The ionic
mechanism consists of 6 species (electrons, HCO*, H30", C2H3z0", CH3s"and C3sHs"). CaHs*
ions are specifically considered to simulate the fuel rich flames. The electron mobility

values are obtained from Sakhrieh et al. [152] and the Einstein relationship, D, = x.k,T /q,

is used to determine the diffusivity from the mobility values. It is assumed that electron
reactions, i.e. electron impact ionization, vibrational and electronic excitation, electron
impact dissociation etc. do not significantly affect the flame momentum characteristics

studied here. Therefore, those reactions are not considered in this ion kinetics model.
5.4.3 COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS

Figure 5.3a shows a schematic of the experimental test scale setup at ClearSign
Combustion Corporation. The computational domain illustrated in Fig. 5.3b takes into
account only the burner and part of the post-combustion zone of the experimental setup.
The domain contains part of the burner height (i.e. 0.15 m) and covers a 1.0 m long post-
combustion zone having a constant diameter of 0.6 m. To reduce computational overhead,
the simulations are performed on a 2-D axisymmetric configuration with structured non-
uniform mesh. The mesh was finer near the central region (i.e. jet location) as well as near
the wall boundaries. All the simulations reported here are for a domain composed of 10850
mesh elements for which grid independent results were confirmed.

The burner acts as the powered electrode (50 kV for base case simulations) with
the side walls grounded (0 kV). Both are prescribed with an isothermal (i.e. 300 K)
boundary conditions. The side walls and the burner surfaces are considered to be reactively

non-participating for the neutral the neutrals species, but the ionic species reaching the
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surfaces are prescribed to undergo quenching/neutralization reactions [168]. A Dirichlet

boundary condition for velocity is employed at the inlet, representing the different flow

ttttt

b OutflquC
i
£
& o E 3§
= !“%g =l £
A E
i
0.00635 m!
]
£
e
oS
1l

1ﬁr Dielectric
=—03m
BC

V p—

Figure. 5.3 Schematic illustration of the (a) experimental setup and (b) computational
domain denoting the different boundaries.

rate conditions considered. Outflow boundary conditions are provided at the outlet of the
tubular section. Premixed methane/air mixtures at three different equivalence ratios (¢ =
0.5, 1.0 and 3.0) and flowrates (~ 3.45, 6.70 and 9.93, representative Reynold’s number of
~ 376, 728, 1081) conditions are simulated. An initial high temperature region, of 2100 K
is prescribed to ensure ignition of the fuel/air mixture. All simulations are conducted for
an operating pressure of one atmosphere.
5.5 RESULTS AND DISCUSSIONS

The simulation results based on the radial and axial distribution of temperature and

emission characteristics of, primarily NOx and CO emissions, are mentioned below-
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5.5.1 AXIAL VARIATIONS

For the present study, the equivalence ratios of ¢ = 1.0 and 3.0 for a flow rate of ~
3.45 slpm are considered as the two base case conditions. Figure 5.4 illustrates the center
line axial velocity, temperature and NO distribution for the base cases. It should be noted
here that a flame extinction is always predicted by the model for the lean case of ¢ = 0.5
with and without the presence of the external electric field, despite multiple simulation
attempts. A significant increase in jet velocity is apparent due to the presence of electric
field and ionic species. For example, a factor of ~ 6 and 17 increase in peak axial velocity
is observed for stoichiometric and rich cases respectively. Among the different ions, H;O*

predicted to have the maximum density followed by HCO™ for the both cases. The model
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Figure 5.4 Centerline distribution of (a) axial velocity, (b) temperature, and (c) NO

concentration with and without electric field for a premixed CHa/air mixture with a

flow rate of 3.45 slpm, 50 kV applied voltage.
predicted a H3O"max 0f 8.0 x 10 m= and 2.8 x 10" m and HCO"max of 3.2 x 10* m and
3.0 x 102 m3 for ¢ = 1.0 and 3.0 respectively. The resulting peak electrical body force is
found to be 3875 N/m?® and 1055 N/m? respectively. It is interesting to note that even though
CsHs" ions are considered, under the very rich conditions studied, Hz3O* are predicted to be
the predominant ions. This is due to the fact that at fuel rich condition, the ionic wind
promotes additional mixing of the fuel jet with the surrounding air through entrainment.

The centerline temperature distribution, shown in Fig. 5.4b clearly demonstrates a
decrease in the temperature due to the ionic wind effect. A minimal decrease of ~ 40 K in
peak temperature is observed for stoichiometric condition, whereas the peak temperature
is lowered by ~ 230 K for the fuel rich condition. Additionally, the peak temperature shifts
closer to the burner inlet with a sharper gradient downstream by the electric field effect.
The centerline NO evolution, shown in Fig. 5.4c resembles the centerline temperature
distribution, with a significant decrease in the peak NO concentration under applied electric
field, specially under fuel rich condition.
5.5.2 FLAME STRUCTURE
In order to assess the change in the flame structure due to the external electric field

and the associated ionic wind effect, the present study also compares the spatial distribution
of the OH concentration contours for the stoichiometric and rich conditions, shown in Fig.
5.5a and 5.5b respectively. An increase in velocity by the ionic wind effect, mentioned in
the previous section, results in stretching of the flame at ¢ = 1.0 and a complete change of

the flame structure at ¢ = 3.0. For both fuel loadings, the flame structure is radially
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constricted. An axial stretching is only observed for the stoichiometric fuel loading.

Interestingly, the OH distribution under fuel rich conditions in absence of electric field
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Figure 5.5 Spatial distribution of OH contours with and without electric field for a) ¢ =
1.0, and b) ¢ = 3.0 for premixed CHa/air flame with a flow rate of 3.45 slpm and
applied voltage of 50 kV.

show a distinctive flame structure. In spite of an extremely rich (¢ = 3.0) premixed CHa/air
mixture injection, a partially premixed fuel-oxidizer flame dynamics is observed, which is
illustrated in Fig. 5.5b.

Due to the entrainment of the chamber air to the fuel stream, the fuel-oxidizer
diffuses and mixes in radial direction and establishes a flame in the periphery. The core
still remains fuel rich until sufficient oxidizer reaches the core region. As fuel is depleted
downstream of the burner inlet along the periphery, additional oxidizer entrained from the

surroundings gets transported into the core, causing an extension of the reaction zone into
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the core of the jet. A second peripheral reaction zone is established as seen in the OH profile
which is strictly dictated by the amount of unburnt fuel available in the jet stream. The
double peaks in the axial temperature distribution (Fig. 5.4b) coincides with the OH peaks
along the axis. High concentration of CO overlaps with the regions of low OH in the jet
core. The distribution of CH4 concentration confirms that fuel in the jet stream is either
partially oxidized to CO or completely oxidized to CO.. In presence of electric field, the
OH distribution for ¢ = 3.0 confirms that a flame structure/reaction zone close to the burner
inlet is established. For the stoichiometric fuel loading condition, the OH profiles with the
electric field look similar, with larger axial extent

5.5.3 NOx DISTRIBUTIONS

The base case NO: distribution under the influence of electric field is shown in Fig.
5.6. It is observed under stoichiometric fuel loading and lower flow rate (3.45 slpm)
condition that the electric field has minimal effect on the NO2 emission characteristics,
with fairly unaltered spatial distribution and a slight increase (less than 4 ppm) in the
maximum value. However, a significantly different characteristics is visible for the fuel
rich condition, both in spatial distribution and the peak value of NO.. A radially
inhomogeneous NO> distribution is observed in absence of the electric field with the NO>
formation happening in the outer periphery of the flame due to the radial temperature
gradient and through NO-NO- recycling reactions. With the impact of the applied electric
field, a radially constricted and axially stretched NO: distribution is observed with a factor
of 20 decrease in the peak NO-. It is also apparent that the NO are formed in the post-
combustion zone downstream of the flame location unlike the case without the application

of the electric field.
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The influence of flow rate on the NO emission for the two different fuel loading

conditions is summarized in Fig. 5.7. The simulation results show a decrease in flame
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Figure 5.6 Spatial distribution of NO2 concentration contours with and without electric
field for a) ¢ = 1.0, and b) ¢ = 3.0 premixed CHa/air with a flow rate of 3.45 slpm and
applied voltage of 50 kV.

temperature from 2256 — 2200 K with an increase in flow rate under the range of the flow
rate studied and shown in Fig. 5.7a for stoichiometric condition. For ¢ = 1.0, minimal
variation in peak NO under the influence of electric field is observed when the flow rate is
initially increased from 3.45 to 6.69 slpm. Within this window of flow rate, the peak NO
decrease by ~ 60 ppm maintaining an almost identical spatial distribution. However, when
the flow rate is increased to ~10 slpm in Fig. 5.7a, the NO distribution gets constricted
Besides, a lifted flame is established maintained at the highest flow rate condition, which

is apparent in Fig. 5.7a.
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At higher fuel loading condition, the electric field allows significant decrease in the

flame temperature. Over the range of flow rate simulated, the AT varies by ~ 160 K and
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Figure 5.7 Comparisons of the NO distribution in the domain with and without electric
field for premixed CHa/air mixture under different flow rate conditions a) ¢ = 1.0, and
b) ¢ = 3.0.
225 K for the highest and lowest flow rate respectively. Consequentially, the peak NO is
found to decrease by a factor of ~ 1.8 in between 6.85 and 10.28 slpm and by ~ 12.0 at 3.43

slpm. In accordance with the drastic change of flame structure with the change in electric

field under fuel rich condition, observed in the previous section (Fig. 5.5b), the NO is
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formed very close to the burner inlet. Unlike the stoichiometric fuel loading condition, both
radial and axial constriction in NO distribution is observed under fuel rich condition over

the entire range of flow rate considered.
5.5.4 OVERALL EMISSION CHARACTERISTICS

The current study assesses the impact of externally applied electric field on the
overall emission characteristics by comparing the peak CO and the total NOx (NO+NO3)
prediction for different flow rates and fuel loading conditions. It is observed from Fig. 5.8a
that the peak CO concentration for stoichiometric condition without the application of
electric field increases linearly by ~ 5000 ppm as the flow rate is increased in the specified
range. However, a non-linear trend is apparent in presence of electric field, with a sharp
transition in maximum CO concentration occurring at the highest flow rate where a lifted
flame is established. Such increase in CO formation in the domain happens due to the
enhanced incomplete combustion region attributed to the lifted flame structure. In the lower
flow rate range, a minimal increase in CO concentration is visible, due to the fact that the
radial constriction of the flame increases the gap from the burner rim (i.e. nozzle diameter),
which allows some of the air-fuel mixture to bypass the reaction zone in the core. A similar
behavior was reported in [152]. For the rich condition, an opposite trend of CO reduction
is observed, where the highest reduction is observed at the lowest flow rate condition by
the application of the electric field. In this case, the electric field effectively reduce the CO
emission over the entire flow rate range.

The total NOx observed in Fig. 5.8b for ¢ = 1.0 decreased in linear fashion and a

factor of ~ 1.6 decrease is observed by the application of electric field over the entire flow
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rate range. Unlike the stoichiometric condition, an overall increase in total NOx emission

is observed for the rich fuel loading condition with the increase in flow rate with and
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Figure 5.8 Comparisons of maximum CO and NOy in the domain for different flow rate
condition with and without electric field for a premixed CHa/air mixture a) ¢ = 1.0, and
b) ¢ = 3.0. Applied voltage 50 kV.

without electric field, due to higher flame temperatures, contributing to increase the NOy
production. At ¢ = 3.0, the electric field effectively reduces the total NOx concentration,
with the highest reduction occurs at the lowest flow rate.

5.5.5 INFLUENCE ON NOX FORMATION KINETICS

The present study highlights the impact of applied electric field on the NOx
formation and NO-NO: interconversion kinetics by comparing the variation in the rate of
formation of NO and NO: through different reaction pathways. Based on the location of
the highest temperature gradients in the domain, two different regions, as shown in Fig. 5.9
(Zonel: 0.17 —0.27 m and Zone2: 0.55 — 0.65 m) are selected to analyze the NOyx formation
kinetics. For this purpose, the rates of production of NO and NO; by the individual
reactions are volume integrated in the two zones and normalized against the “without the

electric-field” case. Figure 5.10 shows an exemplar case of the comparisons of the rates of
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production of NO and NO: by different reactions with and without the application of
electric field for stoichiometric condition.

The lower flame temperature in Zonel at stoichiometric condition makes the

Figure 5.9 The zones of interest in the domain to investigate the effects of applied
electric field on the NOx Kkinetics.

extended Zel’dovich channel (N2 + O =NO + N, N+ O2=NO + O, N+ OH = NO + H)
insignificant. Instead, the direct NO formation channel through the recycling reaction NO>
+ H = NO + OH becomes significant. It should also be noted that a major portion of NO in
this low temperature region with the application of electric field reacts directly with fuel
fragments to form relatively stable intermediate species HCN and HCO. A direct NO-NO>
or NO-HNO interconversion reactions, however, becomes the dominant NO-participating
reaction without the application of electric field with ¢ = 1.0. A significantly different

gradients of temperature in Zone2 promotes a different set of NOyx formation and recycling
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reactions, observed in Fig. 5.10. The major NO formation path in this zone changes from
direct oxidation reaction (NO., + OH = NO + HOy) to reactions with atomic hydrogen
(NO2 + H = NO + OH) by the application of external electric field. In addition, the electric

field promotes in this region the N2O formation channel which is absent without ion

Kinetics.
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Figure 5.10 Comparison between the significant NOyx formation and recycling reactions
with and without the application of electric field for a stoichiometric premixed CHa/air
mixture, flow rate = 3.45 slpm.

5.6 SUMMARY

In this chapter, efforts have been made to simulate electric-field assisted
combustion process developing a multi-dimensional Multiphysics model. A test scale
burner setup having premixed CHa/air mixture is simulated by the model with detailed fuel-
NOx kinetics with an ionic reaction scheme appended to it. A range of flow rates and fuel
loading conditions are employed to conduct the simulations with an applied electric

potential of 50 kV that eventually generates the radial electric fields. This work highlights
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the emission characteristics of two major pollutant classes- CO and NOy. It is found from
the simulations that with the application of the external radial electric field, the ionic wind
increases the jet velocity and constricts the flame/reaction zone in the radial and axial
direction. A stoichiometric fuel loading at the highest flow rate condition shows a lifted
flame. It is also observed that the flame constriction has a strong dependence on the fuel
loading and flow rate conditions. Under fuel rich condition of ¢ = 3.0, the applied electric
field drastically changes the flame structure by allowing sufficient mixing of the fuel
stream with the surrounding oxidizing environment.

The present analysis concludes with the finding of a significant decrease in total
NOx over the entire parametric space considered, attributed to a decrease in the flame
temperature. Under fuel rich conditions, the electric field decreases the CO emission but
vice versa for stoichiometric condition. It is concluded that the radial constriction of the
flame under stoichiometric fuel loading allows unburnt fuel to bypass the core reaction
regime. Lastly, the kinetic analysis confirms shifting of the NO formation pathway from
Zel’dovich to direct NO formation route through NOx recycling reaction, which eventually

forms stable intermediates.
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CHAPTER 6

CONCLUSION AND FUTURE RECOMMENDATIONS
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A detailed investigation on the formation of the oxides of nitrogen (NOy) for
hydrogen and synthesis gas or syngas combustion has been performed with a view to
identify the existing discrepancies in NOx concentration prediction in absence of any
Fenimore NOx formation pathways. The primary assessments on the current NOy literature
reveals significantly different NOyx speciation prediction while the global ignition delay
time predictions do not show much variation. In light of that, this research work develops
a comprehensive detailed chemical kinetic model of NOyx formation for syngas combustion.
The unique characteristics of the model is the inclusion of species, such as HONO, HNO;
and HONO, that were found to notably influence the overall NOx formation pathways. In
order to validate the model, multiple experimental data sets over a wide range of venues
and operating conditions are utilized. Shock tube experiments are used as a global target,
whereas plug flow and stirred reactor experiments are used detailed validation targets. The
operating condition for model validation covers a pressure range of 1 to 100 bar, a
temperature range of 600 to 1000 K, and equivalence ratios from 0.5 to 1.5. In validating
the model, the replication of Exhaust Gas Recirculation (EGR) condition is emphasized
considering a wide range of NOx-perturbed reacting mixtures. The scientific contribution
of this work is the development of a comprehensive detailed NOx formation model for the
oxidation of an H2/CO system, well-validated against a wide range experimental venues
and operating conditions, the performance of which describes the EGR effects relevant to
practical combustion devices.

In stationary gas turbine industry, interactions between NOyx species and fuel
fragment occur inside the combustion chamber during the combustion of higher

hydrocarbon fuels, e.g. methane. A concrete understanding of such interactions is
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necessary to meet the single digit NOx emission standard enforced by the regulatory
organizations. In this context, this research work further extends the NOx chemical kinetic
modeling work by developing a well-validated kinetic model of NOx formation for natural
gas oxidation. Keeping the newly developed syngas-NOx model as the base, the
hydrocarbon-NOy interaction reactions with updated rate coefficients and significant
reaction paths are incorporated in order to formulate the detailed NOx model for natural
gas combustion. The model is validated against a wide range of experiments available in
the current literature that includes both homogeneous and transport dependent experiments,
such as opposed diffusion flame, premixed flames etc. Besides, new experimental data on
plug flow reactor reactivity experiments resulting from collaboration with Princeton
University are utilized for the model validation purpose. Reasonable agreements with the
literature experimental data sets over a wide range of operating conditions are observed for
this model. Comparison of the model predictions with the new reactivity experiments for
methane/ethane blend with trace NO- reveals a significant sequestration of NO to
nitromethane at intermediate temperature.

In order to assess the performance of the newly developed H2/CO/NOy chemical
kinetic model, a multidimensional CFD model of a McKenna burner driven flow tube
configuration has been developed, that describes the flame and post flame reacting flow
characteristics along with the possible inhomogeneities in flat flame driven flow tube
experiments. For this purpose, a pressure-based finite volume code has been developed in
OpenFOAM framework that simulates multidimensional laminar reacting flow
experiments at atmospheric pressure condition, accomplished by one of the collaborators.

A kinetically distinct flame and post flame zone is apparent from the modeling study, with
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a high temperature zone near the flame, dominate by thermal NO formation mechanism,
and a temperature decaying post combustion zone. The closure of the nitrogen atoms in the
post combustion zone is observed to be satisfied through NO-NO- as well as NO-HNO
interconversion paths. The radially inhomogeneous NO: distribution is uniquely
characterized by this multidimensional CFD model, which is basically attributed to the
radial temperature gradient dictated by the strong convection-diffusion coupling. Another
significant finding of this modeling work is the oscillatory flow pattern inside the domain,
dictated by the formation of the recirculation bubbles at the burner periphery. In an attempt
to suppress this pulsating flow, different domain layouts have been investigated, which
concludes that radial constriction suppresses the recirculation zone formation. A
constricted recirculation zone prevents the back-flow dilution effect and eventually
terminates the oscillatory flow pattern.

This research work also makes an effort to investigate in a multidimensional
approach, the reduction of NOx and CO emission from test scale burners by the application
of DC electric field. It incorporates the CH4/NOyx oxidation model, developed previously,
appending a detail ion kinetics with it. It concludes with a significant reduction of
emissions of CO and NOx by the application of the electric field due to the radial

constriction of the flame under ionic wind effects.
6.1 FUTURE RECOMMENDATIONS

The author recommends the following proposals as extensions of the current
research work, that any future researcher can pick and pursue for their own prospect.
a) N2O mechanism for NO formation is a significant NOy formation route. During

the chemical kinetic modeling work, significant discrepancies were also observed for N2O
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reaction subset among the available models. Experimental measurements of N.O
formation/decomposition is also scarce. More experimental and kinetic modeling works
are recommended in this context.

b) This research work observed a significant intermediate to low temperature
sequestration of nitrogen dioxide (NO2) into stable nitromethane (CH3NOz) during the
combustion of Co-C2/NOx system. Such NO: trapping plays a significant role in NO-NO2
recycling process in that temperature region. Irrespective of the importance of
nitromethane chemistry, few recent studies are available, which requires detail chemical
kinetic and quantum chemical analysis on nitromethane decomposition and related
competing chemistry, which will definitely be a very good topic for future research.

c) The multidimensional numerical investigation of laminar reacting flow of the
current research work are performed for atmospheric pressure. It is believed that the flame
structure and post flame temperature and NOx speciation will drastically vary at higher
pressures, that are more relevant to practical combustion. Radial inhomogeneities of
different specie might also change at elevated pressures. It is therefore highly
recommended to append the current multidimensional model with and added high pressure
simulation capabilities.

d) An advanced ion measurement experiment for the electric field assisted
combustion simulation could provide a strong validation for any future CFD model that

couples a multiphysics system of convection-diffusion and ionic wind effects.
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APPENDIX A

PERFORMANCE COMPARISON OF THE PRESENT CO/H2/NOX
MODEL WITH OTHER RECENT LITERATURE MODELS

Comparisons of the present model performance to that of four other recent and
commonly used NOx models for multiple experimental venues, datasets and operating
conditions are performed in order to better explain the improvements of the proposed
model. The other NOx models considered in this comparative study are- the Konnov model

[87], Rasmussen model [2], Dagaut model [169] and CRECK model [4].
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Figure A.1 Performance comparison of the present model with four other recent NOx
models to predict the ignition delay time of NOx-perturbed lean Ho/Ar oxidation
system. Lines represent numerical simulations and symbols represent measurements
behind reflected shock waves [5]. The performance of the present model to predict
global ignition delay target seems better than Dagaut and CRECK models and close to
Konnov and Rasmussen model.
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Figure A.2 Performance comparison of the present model with four other recent NOx
models to predict the time histories of species concentration of NOx-perturbed Hz/N2
oxidation system. Lines represent numerical simulations and symbols represent
experimental measurements [10]. Much improved predictions of both fuel oxidation
and NOx recycling of the present model is found compared to Konnov, Rasmussen and
CRECK models, whereas, closer performance is observed for Dagaut model.
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Figure A.3 Performance comparison of the present model with four other recent NOx
models to predict the reaction profile for CO/H>0/O2/NO/N2 mixture. Lines represent
numerical simulations and symbols represent experimental measurements [10]. The
present model shows the best moist CO oxidation prediction and much improved NO-
NO: conversion prediction than other models.
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Figure A.4 Performance comparison of the present model with four other recent NOx
models to predict the reaction profile for CO/H2/O2/NOx/N2 mixture. Lines represent
numerical simulations and symbols represent experimental measurements [2]. In terms
of fuel oxidation prediction, the present model shows better performance than Konnov
and Dagaut model and close to the other two models. Also, a much-improved NOx
prediction of the present model is observed.
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Figure A.5 Performance comparison of the present model with four other recent NOx
models to predict the concentration profiles as a function of stirred reactor temperature
for H2/O2/NO/N2 system at 10 atm. Lines represent numerical simulations and symbols
represent experimental measurements [14]. The present model predicts better fuel
oxidation and NO-NO- conversion than other models.
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Figure A.6 Performance comparison of the present model with four other recent NOx
models to predict the concentration profiles as a function of stirred reactor temperature
for H2/CO/O2/NO/N2 system at 1.0 atm. Lines represent numerical simulations and
symbols represent experimental measurements [15]. The present model shows better
prediction than Konnov, Rasmussen and Dagaut models and close to CRECK model.

176

www.manharaa.com



APPENDIX B

PERFORMANCE COMPARISON OF THE PRESENT Co-C2/NOx
MODEL WITH OTHER RECENT LITERATURE MODELS

Comparison of the present model performance to that of three other recent and
commonly used NOx models for multiple experimental venues, datasets and operating
conditions is performed in order to better explain the improvements of the proposed model.
The other NOx models considered in this comparative study are- the Sivaramakrishnan et

al. [18] model, Mathieu et al. [17] model and Deng et al. [16] model.
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Figure B.1 Performance comparison of the present model with three widely accepted
recent NOx models to predict ignition delay time of NO2-perturbed stoichiometric
CHo./Ar oxidation system at different pressures. Lines represent numerical simulations
and symbols represent measurements behind reflected shock waves [19]. The
performance of the present model to predict global ignition delay target looks better
than Sivaramakrishnan [18] and Mathieu [17] model and close to Deng model [19] in
the intermediate to low temperature regimes.
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Figure B.2 Performance comparison of the present model with three widely accepted
recent NOx models to predict ignition delay time of NO2-perturbed CoHe/Ar oxidation
system at different pressures for (a) ® = 0.5 and, (b) ® = 1.0. Lines represent numerical
simulations and symbols represent measurements behind reflected shock waves [16].
The performance of the present model to predict global ignition delay target looks
better than Sivaramakrishnan [18] and Mathieu [17] model.

0050 T T T T T T T T T T
a00ss [L| CHJCH IO MNO *] ' 0.00020
= 10atm < 4 0.00020 £ §
oooso [ B 710 atm W —— Current model 000018
@ =05, =800ms @ CH, = = = Sivaramakrishnan et al. o.00cin

Mteasd (a) ol ] N -+« Mathieu et al
§ 00040 | HO {+" 7 ——Curent model o4 000015 -y g =--=-Deng el al 4 o004 |
T oooas L = = -Sivaramakrishnan etal | ’
E 0 ! To Mathiew etal ooz Current model

0.0030 |- =+-= Deng et al 1 CHJC HJO MO . .
e ] T sommo L HICHJOM Jooo0f ST - - -Sivaramakrishnan et al
3 ook ] CHO P =103tm " - ==+ Mathieu et al
= @ =05, =800 ms 0.00008 . ’ .
£ o020 BN =--=-Deng ot al
z 1 0.00006 |- X :
R 7 o.0o0cs - 1

00010 1 0.00004 {p

0.0005 [ o E st * | oooooz -

0.0000 0000 PEFE =5 27T T il o oooon LL

0.0070 T T T T T T T T

o008 [ cHcHoMo | ] A 000020 -

00060 [ = Curent model P=10atm 1 00020 |- —— Current model 1 acoos L

0.0055 = = -Sivaramakrishnan et al ©=1.0, =800 ms = = -Sivaramakrishnan et al =

[ ----Mathieu et al « 1] ® % | vcrMathieuetal 0.00016 -

n 00050 | -..- Deng etal < p & | -r-Dengetal
£ =~ {00005 Y - 000014 |-

CH, CH,JCH,JO/NO

-. 000012 |- N
Ve P =10 atm S, A Curent model

Jomool LA CHO ©=10,1=800ms | | geooto | “..o” = = .Sivaramakrishnan et al

1 X + o+ Mathieu et al

. 0.00008 - NDP === Dng et al
I 9 .00006 |-
. 1 000005 | . —— CHJC.HJO,MNO
000004 |~ g P =10 atm

pp— ©=10,1=800ms| ]

= 0.00000

B0 850 S00 950 1000 1050 1100 1150
Temperature (K) Temperature (K) Temperatura (K)

Figure B.3 Performance comparison of the present model with three widely accepted
recent NOx models to predict the concentration profiles as a function of stirred reactor
temperature for NO-perturbed CH4/C2He/O2/N2 system with NO seeding at 10 atm
with (a) lean (® = 0.5) and, (b) stoichiometric (® = 1.0) conditions. Lines represent
numerical simulations and symbols represent experimental measurements [18]. In
terms of fuel oxidation and final product formation prediction, the present model
shows better performance than other three models. Also, a much-improved NOx
prediction of the present model is observed.
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Figure B.4 Performance comparison of the present model with two widely accepted
recent NOx models to predict the reaction profiles for NO-perturbed C2Ha4/N2 oxidation
system at 60 atm for (a) reducing (excess air ratio, A = 0.2), (b) stoichiometric (A = 1.0)
and, (¢) oxidizing (A = 20.0) conditions. Lines represent numerical simulations and
symbols represent experimental measurements [21]. In terms of fuel oxidation and
final product formation prediction, the present model shows better performance than
Sivaramakrishnan [18]and Mathieu model [17]. Also, a much-improved NOx
prediction of the present model is observed. Deng et al. [16] model predictions are not
included in this comparison since the experimental pressure is beyond the scope of that
model.
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EEEEEN

Figure B.5 Performance comparison of the present model with three widely accepted
recent NOx models to predict the time histories of species concentration for NO-
perturbed synthetic natural gas oxidation system at 10 atm with (a) ® = 1.0, (b) ® =0.5
and, (c) @ = 2.0. Lines represent numerical simulations and symbols represent
experimental measurements [22]. The solid and dashed lines represent simulations with
PFR-PFR and PSR-PFR initialization techniques respectively. In terms of fuel
oxidation and final product formation prediction, the present model shows better
performance than other three models. Also, a much-improved NOy prediction of the
present model is observed.
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Figure B.6 Performance comparison of the present model with three widely accepted
recent NOx models to predict the concentration profiles as a function of stirred reactor
temperature for NO-perturbed C2He/N2 oxidation system at 1.0 atm with (a) very lean
(®=0.1) and, (b) lean (¥ = 0.5) conditions. Lines represent numerical simulations and
symbols represent experimental measurements [3]. In terms of NOx distribution
prediction, the resent model shows much improved performance both qualitative
(trend-wise) and quantitatively compared to the other models.
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APPENDIX C

SYNGAS/NOX REACTION MECHANISM

The mechanism, as shown below applies at 1.0 atm pressure and N2 bath gas. For
other pressures, readers are suggested to contact the author of this thesis, or the
corresponding author of the related article [108]. Although the reaction mechanism of
Konnov [87], that includes the NO formation paths through Fenimore route, serves as the
base set for the NOx kinetics of this model, that route has not been validated in the format
mentioned below. Therefore, this model can only be applied for Ho2/NOy and/or H2/CO/NOx
systems in its current format. The thermochemical data of the model are validated by the

recent work of Zhang et al. [70].

C.1 SPECIES
ELEMENTS ATOMIC
CONSTDERED  WEIGHT
1. ¢ 12.0112
2. H 1.00797
3. N 14.0067
4. 0 15.9994
5. AR 39.9480
6. HE 4.00260
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c

P H

H A

A R

SPECIES S G MOLECULAR TEMPERATURE ELEMENT COUNT
CONSIDERED E E WEIGHT LOow HIGH C H N O AR HE

1. AR G 0 39.94800 200 6000 0 0 0 0 1 0
2. HE G O 4.00260 200 6000 0 0 0 0 0 1
3. H2 G O 2.01594 200 6000 0 2 0 0 0 O
4. H20 G 0 18.01534 200 6000 0 2 0 1 0 O
5. H G 0 1.00797 200 6000 0 1 0 0 0 0
6. O G 0 15.99940 200 6000 0 0 0 1 0 0
7. 02 G 0 31.99880 200 6000 0o 0 0 2 0 0
8. OH G 0 17.00737 200 6000 0 1 0 1 0 O
9. OH* G 0 17.00737 300 5000 0 1 0 1 0 0
10. HO2 G 0 33.00677 200 5000 0o 1 0 2 0 O
11. H202 G 0 34.01474 200 6000 o 2 0 2 0 O
12. CO G 0 28.01055 200 6000 1 0 0 1 0 0
13. co2 G 0 44.00995 200 6000 1 0 0 2 0 O
14. CH20 G 0 30.02649 200 6000 1 2 0 1 0 O
15. HCO G 0 29.01852 200 6000 1 1 0 1 0 O
16. C20 G 0 40.02170 300 4000 2 0 0 1 0 O
17. HO2CHO G 0 62.02529 300 5000 1 2 0 3 0 O
18. HCOH G 0 30.02649 300 5000 1 2 0 1 0 O
19. 02CHO G 0 61.01732 300 5000 1 1 0 3 0 0
20. HOCHO G 0 46.02589 200 6000 1 2 0 2 0 O
21. OCHO G 0 45.01792 200 6000 1 1 0 2 0 O
22. HOCH202H G 0 64.04123 300 5000 1 4 0 3 0 O
23. HOCH202 G 0 63.03326 300 5000 1 3 0 3 0 0
24. OCH202H G 0 63.03326 300 5000 1 3 0 3 0 0
25. HOCH20 G 0 47.03386 300 5000 1 3 0 2 0 O
26. CH30H G 0 32.04243 200 6000 1 4 0 1 0 O
27. CH20H G 0 31.0344¢ 200 6000 1 3 0 1 0 0
28. CH30 G 0 31.0344¢ 200 6000 1 3 0 1 0 O
29. CH302H G 0 48.04183 200 6000 1 4 0 2 0 O
30. CH302 G 0 47.03386 300 5000 1 3 0 2 0 O
31. CH4 G 0 16.04303 200 6000 1 4 0 0 0 O
32. CH3 G 0 15.03506 200 6000 1 3 0 0 0 0
33. CH2 G 0 14.02709 200 6000 1 2 0 0 0 O
34. CH2(S) G 0 14.02709 200 6000 1 2 0 0 0 O
35. CH G 0 13.01912 200 6000 1 1 0 0 0 O
36. CH* G 0 13.01912 300 5000 1 1 0 0 0 O
37. C G 0 12.01115 200 6000 1 0 0 0 0 O
38. C2H6 G 0 30.07012 200 6000 2 6 0 0 0 O
39. C2HS5 G 0 29.06215 300 5000 2 5 0 0 0 O
40. C2H4 G 0 28.05418 200 6000 2 4 0 0 0 O
41. C2H3 G 0 27.04621 200 6000 2 3 0 0 0 O
42. C2H2 G 0 26.03824 200 6000 2 2 0 0 0 O
43. C2H G 0 25.03027 200 6000 2 1 0 0 0 O
44 . CH3CHO G O 44.05358 200 6000 2 4 0 1 0 O
45. C2H30H G 0 44.05358 300 5000 2 4 0 1 0 O
46. C2H20H G 0 43.04561 300 5000 2 3 0 1 0 O
47. CH3CO G 0 43.04561 200 6000 2 3 0 1 0 O
48. CH2CHO G 0 43.045¢61 200 6000 2 3 0 1 0 O
49. O2CH2CHO G 0 75.04441 300 5000 2 3 0 3 0 O
50. HO2CH2CO G 0 75.04441 300 5000 2 3 0 3 0 0
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C

P H

H A

A R

SPECIES S G MOLECULAR TEMPERATURE ELEMENT COUNT
CONSIDERED E E WEIGHT LOW HIGH C H N O AR HE
51. CH2CO G 0 42.037064 300 5000 2 2 0 1 0 O
52. HCCO G 0 41.02967 200 6000 2 1 0 1 0 O
53. HCCOH G 0 42.037064 200 6000 2 2 0 1 0 O
54 . CH3CO3H G 0 76.05238 300 5000 2 4 0 3 0 O
55. CH3CO3 G 0 75.04441 300 5000 2 3 0 3 0 O
56. CH3CO2 G 0 59.04501 300 5000 2 3 0 2 0 O
57. C2H50H G 0 46.06952 200 6000 2 6 0 1 0 O
58. C2H50 G 0 45.06155 200 6000 2 5 0 1 0 O
59. 02C2H40H G 0 77.06035 300 5000 2 5 0 3 0 O
60. C2H502H G 0 62.006892 300 5000 2 6 0 2 0 O
6l. C2H502 G 0 ©61.06095 200 6000 2 5 0 2 0 O
62. C2H402H G 0 ©61.06095 300 5000 2 5 0 2 0 O
63. C2H3CHO G 0 56.06473 300 5000 3 4 0 1 0 O
64. C2H3CO G 0 55.05676 300 5000 3 3 0 1 0 O
65. C2H5CHO G 0 58.080067 200 6000 3 6 0 1 0 O
66. C2H5CO G 0 57.07270 200 6000 3 5 0 1 0 O
67. CH30CH3 G 0 46.006952 300 5000 2 6 0 1 0 O
68. CH30CH2 G 0 45.06155 300 5000 2 5 0 1 0 O
69. CH30CH202 G 0 77.06035 300 5000 2 5 0 3 0 O
70. CH20CH202H G 0 77.006035 300 5000 2 5 0 3 0 O
71. CH3OCH202H G 0 78.06832 300 5000 2 6 0 3 0 O
72 . CH3O0CH20 G 0 ©61.06095 300 5000 2 5 0 2 0 O
73. CH30CHO G 0 60.05298 200 6000 2 4 0 2 0 O
74 . CH30CO G 0 59.04501 200 6000 2 3 0 2 0 O
75. CH20CHO G 0 59.04501 300 5000 2 3 0 2 0 O
76. N G 0 14.00670 200 6000 0O 0 1 0 0 0
77. N2 G 0 28.01340 200 6000 O 0 2 0 0 0
78. NO G 0 30.00610 200 6000 O o0 1 1 0 0
79. NO2 G 0 46.00550 200 6000 o o0 1 2 0 0
80. HNO2 G 0 47.01347 300 4000 o 1 1 2 0 0
81. HONO2 G 0 ©3.01287 200 6000 o 1 1 3 0 0
82. CN G 0 26.01785 200 6000 1 0 1 0 0 0
83. H2CN G 0 28.03379 200 6000 1 2 1 0 0 0
84 . NH G 0 15.01467 200 6000 0 1 1 0 0 0
85. HCN G 0 27.02582 200 6000 1 1 1 0 0 0
86. HCNO G 0 43.02522 250 4000 11 1 1 0 0
87. HOCN G 0 43.02522 300 4000 11 1 1 0 0
88. HNCO G 0 43.02522 200 6000 11 1 1 0 0
89. NCO G 0 42.01725 200 6000 1 0 1 1 0 0
90. N20 G 0 44.01280 200 6000 O 0 2 1 0 0
91. NH2 G 0 16.02204 200 6000 o 2 1 0 0 0
92. N203 G 0 76.01160 200 6000 O 0 2 3 0 0
93. HNO G 0 31.01407 200 6000 o 1 1 1 0 0
94. C2N2 G 0 52.03570 200 6000 2 0 2 0 0 O
95. NNH G 0 29.02137 200 6000 o 1 2 0 0 0
96. NH3 G 0 17.03061 200 6000 0O 3 1 0 0 0
97. N2H2 G 0 30.02934 200 6000 o 2 2 0 0 O
98. HONO G 0 47.01347 200 6000 o 1 1 2 0 0
99. NO3 G 0 62.00490 200 6000 O o0 1 3 0 0
G 0 ©63.01287 200 6000 o 1 1 3 0 0
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c

P H

H A

A R
SPECIES S G MOLECULAR TEMPERATURE ELEMENT COUNT
CONSIDERED E E WEIGHT LOow HIGH C H N O AR HE
101. N2H3 G 0 31.03731 200 6000 0 3 2 0 0 O
102. N2H4 G 0 32.04528 200 6000 0 4 2 0 0 O
103. CNN G 0 40.02455 200 6000 1 0 2 0 0 O
104. HCNN G 0 41.03252 300 5000 1 1 2 0 0 0
105. N204 G 0 92.01100 200 6000 0 0 2 4 0 O
106. C2 G 0 24.02230 200 6000 2 0 0 0 0 O
107. NH20H G 0 33.03001 200 6000 0 3 1 1 0 0
108. HNOH G 0 32.02204 300 4000 0 2 1 1 0 O
109. H2NO G 0 32.02204 300 4000 0 2 1 1 0 O
110. HNNO G 0 45.02077 300 4000 0o 1 2 1 0 0
111. HCNH G 0 28.03379 200 6000 1 2 1 0 0 0
112. NCN G 0 40.02455 200 6000 1 0 2 0 0 O
113. HNCN G 0 41.03252 300 4000 1 1 2 0 0 O
114. H2CNO G 0 44.03319 200 6000 1 2 1 1 0 0
115. CH3NO G 0 45.04116 200 6000 1 3 1 1 0 O
116. CHZ2HCO G 0 43.045¢61 300 5000 2 3 0 1 0 O
117. CH2s G 0 14.02709 300 4000 1 2 0 0 0 O
118. H2NN G 0 30.02934 300 5000 0o 2 2 0 0 O
119. CH2NH2 G 0 30.04973 300 5000 1 4 1 0 0 O
120. CH3NH2 G 0 31.05770 300 5000 1 5 1 0 0 O
121. CH2NH G 0 29.0417¢ 300 5000 1 3 1 0 0 O
122. CH3NH G 0 30.04973 300 5000 1 4 1 0 0 O
123. HNC G 0 27.02582 300 5000 1 1 1 0 0 O

(k = A T**b exp (-E/RT))
REACTIONS CONSIDERED A b E
1. H+02=0+0H 1.04E+14 0.0 15286.0
2. O+H2=H+OH 3.82E+12 0.0 7948.0
Declared duplicate reaction...
3. O+H2=H+OH 8.79E+14 0.0 19170.0
Declared duplicate reaction...
4. H2+OH=H20+H 2.16E+08 1.5 3430.0
5. OH+OH=0+H20 3.34E+04 2.4 -1930.0
6. H2+M=H+H+M 4.58E+19 -1.4 104380.0
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
CO Enhanced by 1.900E+00
co2 Enhanced by 3.800E+00
AR Enhanced by 0.000E+00
HE Enhanced by 0.000E+00
7. H2+AR=H+H+AR 5.84E+18 -1.1 104380.0
8. H2+HE=H+H+HE 5.84E+18 -1.1 104380.0
9. 0+0+M=02+M 6.16E+15 -0.5 0.0
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
AR Enhanced by 0.000E+00
HE Enhanced by 0.000E+00
CO Enhanced by 1.900E+00
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Cco2 Enhanced by 3.800E+00
10. O+O+AR=02+AR 1.89E+13 0.0 -1788.0
11. O+O+HE=02+HE 1.89E+13 0.0 -1788.0
12. O+H+M=0OH+M 4.71E+18 -1.0 0.0
H2 Enhanced by 2.500E+00
H20 Enhanced by 1.200E+01
AR Enhanced by 7.500E-01
HE Enhanced by 7.500E-01
CcO Enhanced by 1.900E+00
CO2 Enhanced by 3.800E+00
13. H20+M=H+OH+M 6.06E+27 -3.3 120790.0
H2 Enhanced by 3.000E+00
H20 Enhanced by 0.000E+00
HE Enhanced by 1.100E+00
N2 Enhanced by 2.000E+00
02 Enhanced by 1.500E+00
CcO Enhanced by 1.900E+00
co2 Enhanced by 3.800E+00
14. H20+H20=H+OH+H20 1.01E+26 -2.4 120180.0
15. H+02 (+M)=HO2 (+M) 4.65E+12 0.4 0.0
Low pressure limit: 0.63660E+21 -0.17200E+01 0.52480E+03
TROE centering: 0.50000E+00 0.10000E-29 0.10000E+31
H2 Enhanced by 2.000E+00
H20 Enhanced by 1.400E+01
02 Enhanced by 7.800E-01
CcO Enhanced by 1.900E+00
COo2 Enhanced by 3.800E+00
AR Enhanced by 6.700E-01
HE Enhanced by 8.000E-01
16. HO2+H=H2+02 2.75E+06 2.1 -1451.0
17. HO2+H=OH+OH 7.08E+13 0.0 295.0
18. HO2+0=02+0H 2.85E+10 1.0 -723.9
19. HO2+0OH=H20+02 2.89E+13 0.0 -497.0
20. HO2+H02=H202+02 4.20E+14 0.0 11982.0
Declared duplicate reaction...
21. HO2+H02=H202+02 1.30E+11 0.0 -1629.3
Declared duplicate reaction...
22. H202 (+M)=0H+OH (+M) 2.00E+12 0.9 48749.0
Low pressure limit: 0.24900E+25 -0.23000E+01 0.48749E+05
TROE centering: 0.43000E+00 0.10000E-29 0.10000E+31
H20 Enhanced by 7.500E+00
Cco2 Enhanced by 1.600E+00
N2 Enhanced by 1.500E+00
02 Enhanced by 1.200E+00
HE Enhanced by 6.500E-01
H202 Enhanced by 7.700E+00
H2 Enhanced by 3.700E+00
CO Enhanced by 2.800E+00
23. H202+H=H20+0H 2.41E+13 0.0 3970.0
24 . H202+H=HO2+H2 4.82E+13 0.0 7950.0
25. H202+0=0H+HO2 9.55E+06 2.0 3970.0
26. H202+0OH=HO2+H20 1.74E+12 0.0 318.0
Declared duplicate reaction...
27. H202+0OH=HO2+H20 7.59E+13 0.0 7270.0
Declared duplicate reaction...
28. CH2+C=CH+CH 1.62E+12 0.7 46800.0
29. CH2+M=C+H2+M 1.60E+14 0.0 64000.0
30. CH+0O=C+OH 1.52E+13 0.0 4730.0
31. H20+C=CH+OH 7.80E+11 0.7 39300.0
32. C+CH3=C2H2+H 5.00E+13 0.0 0.0
33. C+CH2=C2H+H 5.00E+13 0.0 0.0
34. C20+H=CH+CO 1.32E+13 0.0 0.0
35. C20+0=C0+CO 5.20E+13 0.0 0.0
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36. C20+0OH=CO+CO+H 2.00E+13 0.0 0.0
37. C20+02=CO+CO+0 2.00E+13 0.0 0.0
38. C20+02=C0O+C02 2.00E+13 0.0 0.0
39. CH3+H<=>CH2s+H2 6.00E+13 0.0 15100.0
40. CH3+0H<=>CH2s+H20 7.20E+13 0.0 2780.0
41. CH30+H<=>CH2s+H20 1.00E+12 0.0 0.0
42 . H+CH20H<=>CH2s+H20 1.00E+12 0.0 0.0
43. CO+0 (+M) <=>CO02 (+M) 1.36E+10 0.0 2384.0
Low pressure limit: 0.11730E+25 -0.27900E+01 0.41910E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 1.200E+01
CO Enhanced by 1.750E+00
co2 Enhanced by 3.600E+00
AR Enhanced by 7.000E-01
HE Enhanced by 7.000E-01
44, CO+02<=>C02+0 1.12E+12 0.0 47700.0
45. CO+OH<=>CO2+H 7.02E+04 2.1 -355.7
Declared duplicate reaction...
46. CO+OH<=>CO2+H 5.76E+12 -0.7 331.8
Declared duplicate reaction...
47. CO+HO2<=>C0O2+0H 1.57E+05 2.2 17940.0
48. HCO+M<=>H+CO+M 5.70E+11 0.7 14870.0
H2 Enhanced by 2.000E+00
H20 Enhanced by 1.200E+01
CO Enhanced by 1.500E+00
co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
49. HCO+02<=>CO+HO2 7.58E+12 0.0 410.0
50. HCO+H<=>CO+H2 7.34E+13 0.0 0.0
51. HCO+0<=>CO+OH 3.02E+13 0.0 0.0
52. HCO+0<=>CO2+H 3.00E+13 0.0 0.0
53. HCO+OH<=>CO+H20 1.02E+14 0.0 0.0
54 . HCO+HO2=>CO2+H+0OH 3.00E+13 0.0 0.0
55. HCO+HCO=>H2+CO+CO 3.00E+12 0.0 0.0
56. HCO+CH3<=>CH4+CO 2.65E+13 0.0 0.0
57. CH20+02<=>HCO+HO2 8.07E+15 0.0 53420.0
58. HCO+02<=>02CHO 1.20E+11 0.0 -1100.0
59. CH20+02CHO<=>HCO+HO2CHO 1.99E+12 0.0 11660.0
60. OCHO+OH<=>HO2CHO 2.00E+13 0.0 0.0
61. H+CO2<=>0CHO 7.50E+13 0.0 29000.0
62. HCO+HCO<=>CH20+CO 1.80E+13 0.0 0.0
63. OH*+H2<=>O0H+H2 2.95E+12 0.5 -444.0
64. OH*+N2<=>O0H+N2 1.08E+11 0.5 -1242.0
65. OH*+OH<=>OH+OH 6.01E+12 0.5 -764.0
66. OH*+H<=>OH+H 1.31E+12 0.5 -167.0
67. OH*+AR<=>O0H+AR 1.69E+12 0.0 4135.0
68. OH*<=>OH 1.45E+06 0.0 0.0
69. OH*+02<=>0H+02 2.10E+12 0.5 -478.0
70. OH*+CO2<=>0H+CO02 2.75E+12 0.5 -968.0
71. OH*+CO<=>OH+CO 3.23E+12 0.5 -787.0
72. OH*+CH4<=>OH+CH4 3.36E+12 0.5 -635.0
73. CH+02<=>CO+O0OH* 4.04E+13 0.0 0.0
74. C2H+0<=>CO+CH* 6.20E+12 0.0 0.0
75. C+H+M<=>CH*+M 6.00E+14 0.0 6940.0
76. C2H+02<=>CO2+CH* 2.17E+10 0.0 0.0
77. CH*+AR<=>CH+AR 4.00E+11 0.5 0.0
78. CH*+H20<=>CH+H20 5.30E+13 0.0 0.0
79. CH*+CO<=>CH+CO 2.44E+12 0.5 0.0
80. CH*+C0O2<=>CH+CO02 2.41E-01 4.3 -1694.0
81. CH*+02<=>CH+02 2.48E+06 2.1 -1720.0
82. CH*+H2<=>CH+H2 1.47E+14 0.0 1361.0
83. CH*+CH4<=>CH+CH4 1.73E+13 0.0 167.0
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84.
85.
86.

87.

88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.

108.
109.
110.
111.
112.
113.
114.

CH*<=>CH
CH*+N2<=>CH+N2
HCO+H (+M) <=>CH20 (+M)
Low pressure limit:
TROE centering:

H2

H20

AR

CO

Cco2

CH4

C2H6

HE
CO+H2 (+M) <=>CH20 (+M)
Low pressure limit:
TROE centering:

H2

H20

AR

CcO

Cco2

CH4

C2H6

HE
CH20+0H<=>HCO+H20
CH20+H<=>HCO+H2
CH20+0<=>HCO+0OH
CH20+CH3<=>HCO+CH4
CH20+H0O2<=>HCO+H202
CH20+0H<=>HOCH20
HOCH20<=>HOCHO+H
HOCHO<=>CO+H20
HOCHO<=>CO2+H2
OCHO+HO2<=>HOCHO+02
HOCHO+OH=>H20+CO2+H
HOCHO+OH=>H20+CO+0OH
HOCHO+H=>H2+CO2+H
HOCHO+H=>H2+CO+OH
HOCHO+CH3=>CH4+CO+0H
OCHO+H202<=>HOCHO+HO
HOCHO+HO2=>H202+C0O+0
HOCHO+0=>CO+0OH+OH
CH20+0CHO<=>HOCHO+HC
CH30 (+M) <=>CH20+H (+M
Low pressure limit:
TROE centering:

H2

H20

CcO

CO2

CH4

C2H6
CH30+02<=>CH20+HO2
CH20+CH30<=>CH30H+HC
CH3+CH30H<=>CH4+CH30
CH30+CH3<=>CH20+CH4
CH30+H<=>CH20+H2
CH30+HO2<=>CH20+4+H202
CH20+H (+M) <=>CH20H (+
Low pressure limit:
TROE centering:

H2

H20

1.86E+06 0.0
3.03E+02 3.4
1.09E+12 0.5

0.13500E+25 -0.25700E+01 0.14250E+04
0.78240E+00 0.27100E+03 0.27550E+04

Enhanced by 2.000E+00
Enhanced by 6.000E+00
Enhanced by 7.000E-01
Enhanced by 1.500E+00
Enhanced by 2.000E+00
Enhanced by 2.000E+00
Enhanced by 3.000E+00
Enhanced by 7.000E-01
4.30E+07 1.5

0.50700E+28 -0.34200E+01 0.84348E+05
0.93200E+00 0.19700E+03 0.15400E+04

Enhanced by 2.000E+00

Enhanced by 6.000E+00

Enhanced by 7.000E-01

Enhanced by 1.500E+00

Enhanced by 2.000E+00

Enhanced by 2.000E+00

Enhanced by 3.000E+00

Enhanced by 7.000E-01
7.82E+07 1.6
5.74E+07 1.9
6.26E+09 1.1
3.83E+01 3.4
1.88E+04 2.7
4.50E+15 -1.1
1.00E+14 0.0
2.45E+12 0.0
2.95E+09 0.0
3.50E+10 0.0
2.62E+06 2.1
1.85E+07 1.5
4.24E+06 2.1
6.03E+13 -0.3
3.90E-07 5.8

2 2.40E+12 0.0

H 1.00E+12 0.0
1.77E+18 -1.9

0 5.60E+12 0.0

) 6.80E+13 0.0
0.18670E+26 -0.30000E+01 0.24307E+05
0.90000E+00 0.25000E+04 0.13000E+04

Enhanced by 2.000E+00

Enhanced by 6.000E+00

Enhanced by 1.500E+00

Enhanced by 2.000E+00

Enhanced by 2.000E+00

Enhanced by 3.000E+00
4.38E-19 9.5

0 6.62E+11 0.0
1.44E+01 3.1
1.20E+13 0.0
2.00E+13 0.0
3.01E+11 0.0

M) 5.40E+11 0.5

0.12700E+33 -0.48200E+01 0.65300E+04
0.71870E+00 0.10300E+03 0.12910E+04
Enhanced by 2.000E+00
Enhanced by 6.000E+00

0.0
-381.0
-260.0

0.65700E+04

79600.0

0.10300E+05

-1055.
2740.
2260.
4312.

11520.

0.

14900.

60470.

48520.

-3275.

916.
-962.
4868.
2988.
2200.

10000.

11920.
2975.

13600.

26170.

loNeoNeoNoNoNoNoNeoNoNeoNoNoNeolNoNeNoNoNoNoNo]

0.10000+100

-5501.
2294.
6935.

0.
0.
0.
3600.

[eNoNeoloNeNoNe]

0.41600E+04
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CO Enhanced by 1.500E+00
Co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
115. CH20H+02<=>CH20+HO2 1.51E+15 -1.0 0.0
Declared duplicate reaction...
116. CH20H+02<=>CH20+HO2 2.41E+14 0.0 5017.0
Declared duplicate reaction...
117. CH20H+H<=>CH20+H2 6.00E+12 0.0 0.0
118. CH20H+HO2<=>CH20+H202 1.20E+13 0.0 0.0
119. CH20H+HCO<=>CH20+CH20 1.80E+14 0.0 0.0
120. CH20H+CH30<=>CH20+CH30H 2.40E+13 0.0 0.0
121. CH3OH+HCO<=>CH20H+CH20 9.63E+03 2.9 13110.0
122. OH+CH20H<=>H20+CH20 2.40E+13 0.0 0.0
123. O+CH20H<=>0OH+CH20 4.20E+13 0.0 0.0
124. CH20H+CH20H<=>CH20+CH30H 3.00E+12 0.0 0.0
125. CH20H+HO2<=>HOCH20+OH 1.00E+13 0.0 0.0
126. CH20+HO2<=>0OCH202H 1.50E+11 0.0 11900.0
127. OCH202H<=>HOCH202 3.00E+11 0.0 8600.0
128. HOCH202+HO2<=>HOCH202H+02 3.50E+10 0.0 -3275.0
129. HOCH20+OH<=>HOCH202H 1.00E+13 0.0 0.0
130. CH3OH (+M) <=>CH3+0H (+M) 2.08E+18 -0.6 92540.6
Low pressure limit: 0.15000E+44 -0.69950E+01 0.97992E+05
TROE centering: -0.47480E+00 0.35580E+05 0.11160E+04 0.90230E+04
131. CH3OH (+M)<=>CH2 (S) +H20 (+M) 3.12E+18 -1.0 91712.0
Low pressure limit: 0.14300E+48 -0.82270E+01 0.99417E+05
TROE centering: 0.25450E+01 0.32900E+04 0.47320E+05 0.47110E+05
132. CH3OH (+M) <=>CH20H+H (+M) 7.90E-03 5.0 84467.4
Low pressure limit: 0.33900E+43 -0.72440E+01 0.10523E+06
TROE centering: -0.73910E+02 0.37050E+05 0.41500E+05 0.52200E+04
133. CH3OH+H<=>CH20H+H2 3.07E+05 2.5 5440.0
134. CH3OH+H<=>CH30+H2 1.99E+05 2.6 10300.0
135. CH30H+0<=>CH20H+0OH 3.88E+05 2.5 3080.0
136. CH3OH+OH<=>CH20H+H20 3.08E+04 2.6 -806.7
137. CH30H+OH<=>CH30+H20 1.50E+02 3.0 -763.0
138. CH30H+02<=>CH20H+HO2 2.05E+13 0.0 44900.0
139. CH3OH+HO2<=>CH20H+H202 1.08E+04 2.5 10530.0
140. CH3OH+CH3<=>CH20H+CH4 3.19E+01 3.2 7172.0
141. CH30+CH30H<=>CH20H+CH30H 3.00E+11 0.0 4074.0
142. CH30+CH30<=>CH30H+CH20 6.03E+13 0.0 0.0
143. CH3+H (+M)<=>CH4 (+M) 1.27E+16 -0.6 383.0
Low pressure limit: 0.24770E+34 -0.47600E+01 0.24400E+04
TROE centering: 0.78300E+00 0.74000E+02 0.29410E+04 0.69640E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
AR Enhanced by 7.000E-01
CO Enhanced by 1.500E+00
Cco2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
HE Enhanced by 7.000E-01
144. CH4+H<=>CH3+H2 6.14E+05 2.5 9587.0
145. CH4+O0H<=>CH3+H20 5.83E+04 2.6 2190.0
146. CH4+0<=>CH3+0OH 1.02E+09 1.5 8600.0
147. CH4+HO2<=>CH3+H202 1.69E+01 3.7 21010.0
148. CH4+CH2<=>CH3+CH3 2.46E+06 2.0 8270.0
149. CH3+O0H<=>CH2 (S)+H20 5.28E+17 -1.5 1772.0
150. CH3+OH<=>CH20+H2 1.65E+07 1.0 -2010.0
151. CH3+OH<=>CH20H+H 4.69E+10 0.8 3566.0
152. CH3+OH<=>H+CH30 1.23E+09 1.0 11950.0
153. CH3+OH<=>HCOH+H2 1.56E+11 0.2 -1368.0
154. HCOH+OH<=>HCO+H20 2.00E+13 0.0 0.0
155. HCOH+H<=>CH20+H 2.00E+14 0.0 0.0
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156. HCOH+0O=>CO2+H+H 5.00E+13 0.0 0.0
157. HCOH+0=>CO+OH+H 3.00E+13 0.0 0.0
158. HCOH+02=>CO2+H+0OH 5.00E+12 0.0 0.0
159. HCOH+02<=>C02+H20 3.00E+13 0.0 0.0
160. CH3+HO2<=>CH30+0OH 1.00E+12 0.3 -687.5
161. CH3+HO2<=>CH4+02 1.16E+05 2.2 -3022.0
162. CH3+0<=>CH20+H 5.54E+13 0.1 -136.0
163. CH3+02<=>CH30+0 7.55E+12 0.0 28320.0
164. CH3+02<=>CH20+0H 2.64E+00 3.3 8105.0
165. CH3+02 (+M) <=>CH302 (+M) 7.81E+09 0.9 0.0
Low pressure limit: 0.68500E+25 -0.30000E+01 0.00000E+00
TROE centering: 0.60000E+00 0.10000E+04 0.70000E+02 0.17000E+04
166. CH302+CH20<=>CH302H+HCO 1.99E+12 0.0 11660.0
167. CH4+CH302<=>CH3+CH302H 9.60E-01 3.8 17810.0
168. CH3OH+CH302<=>CH20H+CH302H 1.81E+12 0.0 13710.0
169. CH302+CH3<=>CH30+CH30 5.08E+12 0.0 -1411.0
170. CH302+HO2<=>CH302H+02 2.47E+11 0.0 -1570.0
171. CH302+CH302=>CH20+CH30H+02 3.11E+14 -1.6 -1051.0
172. CH302+CH302=>02+CH30+CH30 1.40E+16 -1.6 1860.0
173. CH302+H<=>CH30+0H 9.60E+13 0.0 0.0
174. CH302+0<=>CH30+02 3.60E+13 0.0 0.0
175. CH302+0OH<=>CH30H+02 6.00E+13 0.0 0.0
176. CH302H<=>CH30+0H 6.31E+14 0.0 42300.0
177. CH2(S)+N2<=>CH2+N2 1.50E+13 0.0 600.0
178. CH2(S)+AR<=>CH2+AR 9.00E+12 0.0 600.0
179. CH2(S)+H<=>CH+H2 3.00E+13 0.0 0.0
180. CH2(S)+0<=>CO+H2 1.50E+13 0.0 0.0
181. CH2(S)+0<=>HCO+H 1.50E+13 0.0 0.0
182. CH2(S)+OH<=>CH20+H 3.00E+13 0.0 0.0
183. CH2(S)+H2<=>CH3+H 7.00E+13 0.0 0.0
184. CH2(S)+02=>H+0H+CO 2.80E+13 0.0 0.0
185. CH2 (S)+02<=>CO+H20 1.20E+13 0.0 0.0
186. CH2(S)+H20<=>CH2+H20 3.00E+13 0.0 0.0
187. CH2(S)+CO<=>CH2+CO 9.00E+12 0.0 0.0
188. CH2(S)+C02<=>CH2+CO02 7.00E+12 0.0 0.0
189. CH2(S)+C02<=>CH20+CO 1.40E+13 0.0 0.0
190. CH2+H (+M)<=>CH3 (+M) 2.50E+16 -0.8 0.0
Low pressure limit: 0.32000E+28 -0.31400E+01 0.12300E+04
TROE centering: 0.68000E+00 0.78000E+02 0.19950E+04 0.55900E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
AR Enhanced by 7.000E-01
CO Enhanced by 1.500E+00
Cco2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
HE Enhanced by 7.000E-01
191. CH2+02<=>HCO+O0OH 1.06E+13 0.0 1500.0
192. CH2+02=>CO2+H+H 2.64E+12 0.0 1500.0
193. CH2+0=>CO+H+H 5.00E+13 0.0 0.0
194. CH2+H<=>CH+H?2 1.00E+18 -1.6 0.0
Declared duplicate reaction...
195. CH2+OH<=>CH+H20 1.13E+07 2.0 3000.0
196. CH+02<=>HCO+0 3.30E+13 0.0 0.0
197. C+OH<=>CO+H 5.00E+13 0.0 0.0
198. C+02<=>C0O+0 5.00E+13 0.0 0.0
199. CH+H<=>C+H2 1.10E+14 0.0 0.0
200. CH+0<=>CO+H 5.70E+13 0.0 0.0
201. CH+OH<=>HCO+H 3.00E+13 0.0 0.0
202. CH2+H<=>CH+H2 2.70E+11 0.7 25700.0
Declared duplicate reaction...
203. CH+H20<=>H+CH20 1.71E+13 0.0 -755.0
204. CH+CO2<=>HCO+CO 1.70E+12 0.0 685.0
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205.

206.

207.
208.
209.
210.
211.
212.
213.
214.
215.
216.
217.

218.
219.
220.
221.
222.
223.
224.
225.
226.
227.
228.
229.
230.
231.
232.
233.
234.
235.
236.
237.
238.

239.

240.
241.

CH3+CH3 (+M) <=>C2H6 (+M) 2.28E+15 -0.7
Low pressure limit: 0.80540E+32 -0.37500E+01 0.98160E+03
TROE centering: 0.00000E+00 0.57000E+03 0.10000E+31

H20 Enhanced by 5.000E+00

CcO Enhanced by 2.000E+00

COo2 Enhanced by 3.000E+00
C2H5+H (+M) <=>C2H6 (+M) 5.21E+17 -1.0
Low pressure limit: 0.19900E+42 -0.70800E+01 0.66850E+04
TROE centering: 0.84200E+00 0.12500E+03 0.22190E+04

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

AR Enhanced by 7.000E-01

CcO Enhanced by 1.500E+00

Cco2 Enhanced by 2.000E+00

CH4 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

HE Enhanced by 7.000E-01
C2H6+H<=>C2H5+H2 1.15E+08 1.9
C2H6+0<=>C2H5+0H 3.55E+06 2.4
C2H6+0H<=>C2H5+H20 1.48E+07 1.9
C2H6+02<=>C2H5+H02 6.03E+13 0.0
C2H6+CH3<=>C2H5+CH4 5.48E-01 4.0
C2H6+HO2<=>C2H5+H202 3.46E+01 3.6
C2H6+CH302<=>C2H5+CH302H 1.94E+01 3.6
C2H6+CH30<=>C2H5+CH30H 2.41E+11 0.0
C2H6+CH<=>C2H5+CH?2 1.10E+14 0.0
CH2 (S) +C2H6<=>CH3+C2H5 1.20E+14 0.0
C2H4+H (+M) <=>C2H5 (+M) 9.57E+08 1.5
Low pressure limit: 0.14190E+40 -0.66420E+01 0.57690E+04
TROE centering: -0.56900E+00 0.29900E+03 -0.91470E+04

H2 Enhanced by 2.000E+00

H20 Enhanced by 6.000E+00

CH4 Enhanced by 2.000E+00

CO Enhanced by 1.500E+00

Cco2 Enhanced by 2.000E+00

C2H6 Enhanced by 3.000E+00

AR Enhanced by 7.000E-01
H2+CH302<=>H+CH302H 1.50E+14 0.0
H2+C2H502<=>H+C2H502H 1.50E+14 0.0
C2H4+C2H4<=>C2H5+C2H3 4.82E+14 0.0
CH3+C2H5<=>CH4+C2H4 1.18E+04 2.5
CH3+CH3<=>H+C2H5 3.10E+14 -0.4
C2H5+H<=>C2H4+H?2 2.00E+12 0.0
C2H5+0<=>CH3CHO+H 1.10E+14 0.0
C2H5+H02<=>C2H50+0H 1.10E+13 0.0
CH302+C2H5<=>CH30+C2H50 8.00E+12 0.0
C2H50+02<=>CH3CHO+HO2 4.28E+10 0.0
CH3+CH20<=>C2H50 3.00E+11 0.0
CH3CHO+H<=>C2H50 4.61E+07 1.7
C2H502+CH20<=>C2H502H+HCO 1.99E+12 0.0
CH4+C2H502<=>CH3+C2H502H 1.81E+11 0.0
CH30H+C2H502<=>CH20H+C2H502H 1.81E+12 0.0
C2H502+H02<=>C2H502H+02 1.75E+10 0.0
C2H6+C2H502<=>C2H5+C2H502H 8.60E+00 3.8
C2H502H<=>C2H50+0H 6.31E+14 0.0
C2H5+02<=>C2H502 9.36E+59 -15.3
C2H5+02<=>C2H402H 4.88E+33 -8.3
C2H5+02<=>C2H4+HO0?2 1.84E+07 1.1
Declared duplicate reaction...
C2H5+02<=>C2H4+HO2 6.61E+00 3.5
Declared duplicate reaction...
C2H5+02<=>C2H401-2+0H 2.44E+02 2.2
C2H5+02<=>CH3CHO+0H 6.80E-02 3.6

174.9

0.10000E+31

1580.0

0.68820E+04

7530.
5830.
950.
51870.
8280.
16920.
17100.
7090.
-260.
0.
1355.

oNeoNeoNoNoNeoNoNeoloNeNo)

0.15240E+03

26030.
26030.
71530.
-2921.
13372.

-1000.
1097.
6336.
7090.

11660.

18480.

13710.

-3275.

17200.

42300.

14240.
7710.
-720.

oNeoNeoNeoNoNeoNolNoNolNololoNoNoNoNeNt NolleNelNo)

14160.

o

-62.5
2643.0
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242 . C2H402H<=>C2H502 1.06E+41 -10.1 26030.0
243. C2H502<=>CH3CHO+0OH 1.69E+36 -9.2 38700.0
244, C2H502<=>C2H4+HO2 2.70E+37 -8.5 35840.0
245. C2H502<=>C2H401-2+0OH 1.92E+43 -10.8 42400.0
246. C2H402H<=>C2H401-2+0H 1.22E+37 -8.3 21460.0
247. C2H402H<=>C2H4+HO2 6.82E+40 -9.6 23840.0
248. C2H402H<=>CH3CHO+OH 5.52E+34 -9.9 26230.0
249. C2H401-2<=>CH3+HCO 3.63E+13 0.0 57200.0
250. C2H401-2<=>CH3CHO 7.41E+12 0.0 53800.0
251. C2H401-2+0H<=>C2H301-2+H20 1.78E+13 0.0 3610.0
252. C2H401-2+H<=>C2H301-2+H2 8.00E+13 0.0 9680.0
253. C2H401-2+H02<=>C2H301-2+H202 1.13E+13 0.0 30430.0
254. C2H401-2+CH302<=>C2H301-2+CH302H 1.13E+13 0.0 30430.0
255. C2H401-2+C2H502<=>C2H301-2+C2H502H 1.13E+13 0.0 30430.0
256. C2H401-2+CH3<=>C2H301-2+CH4 1.07E+12 0.0 11830.0
257. C2H401-2+CH30<=>C2H301-2+CH30H 1.20E+11 0.0 6750.0
258. C2H301-2<=>CH3CO 8.50E+14 0.0 14000.0
259. C2H301-2<=>CH2CHO 1.00E+14 0.0 14000.0
260. CH3CHO (+M) <=>CH3+HCO (+M) 2.45E+22 -1.7 86355.0

Low pressure limit: 0.10300E+60 -0.11300E+02 0.95912E+05

TROE centering: 0.24900E-02 0.71810E+03 0.60890E+01 0.37800E+04
261. CH3CHO (+M) <=>CH4+CO (+M) 2.72E+21 -1.7 86355.0

Low pressure limit: 0.11440E+59 -0.11300E+02 0.95912E+05

TROE centering: 0.24900E-02 0.71810E+03 0.60890E+01 0.37800E+04
262. CH3CHO+H<=>CH3CO+H2 1.31E+05 2.6 1220.0
263. CH3CHO+H<=>CH2CHO+H?2 2.72E+03 3.1 5210.0
264. CH3CHO+0<=>CH3CO+0OH 5.94E+12 0.0 1868.0
265. CH3CHO+OH<=>CH3CO+H 3.37E+12 0.0 -619.0
266. CH3CHO+02<=>CH3CO+HO2 3.01E+13 0.0 39150.0
267. CH3CHO+CH3<=>CH3CO+CH4 7.08E-04 4.6 1966.0
268. CH3CHO+HO2<=>CH3CO+H202 3.01E+12 0.0 11920.0
269. CH302+CH3CHO<=>CH302H+CH3CO 3.01E+12 0.0 11920.0
270. CH3CHO+CH3CO3<=>CH3CO+CH3CO3H 3.01E+12 0.0 11920.0
271. CH3CHO+OH<=>CH3+HOCHO 3.00E+15 -1.1 0.0
272 . CH3CHO+OH<=>CH2CHO+H20 1.72E+05 2.4 815.0
273. CH3CO (+M)<=>CH3+CO (+M) 1.07E+12 0.6 16900.0

Low pressure limit: 0.56500E+19 -0.97000E+00 0.14600E+05

TROE centering: 0.62900E+00 0.87300E+10 0.55200E+01 0.76000E+08
274 . CH3CO+H<=>CH2CO+H2 2.00E+13 0.0 0.0
275. CH3CO+0<=>CH2CO+OH 2.00E+13 0.0 0.0
276. CH3CO+CH3<=>CH2CO+CH4 5.00E+13 0.0 0.0
277. CH3CO+02<=>CH3CO03 1.20E+11 0.0 -1100.0
278. CH3CO3+HO2<=>CH3CO3H+02 1.75E+10 0.0 -3275.0
279. H202+CH3CO3<=>HO2+CH3CO3H 2.41E+12 0.0 9936.0
280. CH4+CH3CO3<=>CH3+CH3CO3H 1.81E+11 0.0 18480.0
281. CH20+CH3CO3<=>HCO+CH3CO3H 1.99E+12 0.0 11660.0
282. C2H6+CH3CO3<=>C2H5+CH3CO3H 1.70E+13 0.0 20460.0
283. CH3CO3H<=>CH3CO02+0OH 5.01E+14 0.0 40150.0
284. CH3CO2+M<=>CH3+C0O2+M 4.40E+15 0.0 10500.0
285. CH2CHO (+M) <=>CH2CO+H (+M) 1.43E+15 -0.1 45600.0

Low pressure limit: 0.60000E+30 -0.38000E+01 0.43424E+05

TROE centering: 0.98500E+00 0.39300E+03 0.98000E+10 0.50000E+10
286. CH2CHO (+M) <=>CH3+CO (+M) 2.93E+12 0.3 40300.0

Low pressure limit: 0.95200E+34 -0.50700E+01 0.41300E+05

TROE centering: 0.71300E-16 0.11500E+04 0.49900E+10 0.17900E+10
287. CH2CHO+02<=>02CH2CHO 7.80E+59 -15.4 17650.0
288. CH2CHO+02<=>CH2CO+HO2 2.51E+05 2.3 23800.0
289. CH2CHO+02=>CH20+CO+0OH 1.65E+19 -2.2 10340.0
290. CH2CHO+02<=>HO2CH2CO 6.65E+48 -15.6 17460.0
291. O2CH2CHO<=>HO2CH2CO 9.03E+19 -2.9 22170.0
292. 02CH2CHO<=>CH2CO+HO02 4.16E+55 -15.8 55080.0
293. HO2CH2CO=>CO+CH20+0H 2.51E+19 -3.0 8110.0
294. HO2CH2CO<=>CH2CO+HO2 9.20E+08 -3.7 21630.0
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295. CH2+CO (+M) <=>CH2CO (+M) 8.10E+11 0.0 0.0
Low pressure limit: 0.26900E+34 -0.51100E+01 0.70950E+04
TROE centering: 0.59070E+00 0.27500E+03 0.12260E+04 0.51850E+04
H2 Enhanced by 2.000E+00
H20 Enhanced by 6.000E+00
AR Enhanced by 7.000E-01
CcO Enhanced by 1.500E+00
Co2 Enhanced by 2.000E+00
CH4 Enhanced by 2.000E+00
C2H6 Enhanced by 3.000E+00
HE Enhanced by 7.000E-01
296. CH3CO (+M) <=>CH2CO+H (+M) 9.41E+07 1.9 44987.2
Low pressure limit: 0.15160E+52 -0.10270E+02 0.55390E+05
TROE centering: 0.60090E+00 0.81030E+10 0.66770E+03 0.50000E+10
297. CH2CO+H<=>HCCO+H2 1.40E+15 -0.2 8783.2
298. CH2CO+H<=>CH3+CO 7.70E+13 -0.2 4183.2
299. CH2CO+0<=>CH2+CO02 1.75E+12 0.0 1350.0
300. CH2CO+0<=>HCCO+OH 1.00E+13 0.0 8000.0
301. CH2CO+OH<=>HCCO+H20 1.00E+13 0.0 2000.0
302. CH2CO+OH<=>CH20H+CO 2.00E+12 0.0 -1010.0
303. CH2CO+CH3<=>C2H5+CO 4.77E+04 2.3 9468.0
304. CH2(S)+CH2CO<=>C2H4+CO 1.60E+14 0.0 0.0
305. HCCO+OH=>H2+CO+CO 1.00E+14 0.0 0.0
306. HCCO+0O=>H+CO+CO 8.00E+13 0.0 0.0
307. HCCO+H<=>CH2 (S) +CO 1.00E+14 0.0 0.0
308. HCCO+02=>0H+CO+CO 1.91E+11 0.0 1020.0
309. HCCO+02=>C02+CO+H 4.78E+12 -0.1 1150.0
310. CH+CO+M<=>HCCO+M 7.57E+22 -1.9 0.0
311. CH+CH20<=>H+CH2CO 9.46E+13 0.0 -515.0
312. CH+HCCO<=>CO+C2H2 5.00E+13 0.0 0.0
313. CH+N2=NCN+H 3.00E+12 0.0 22155.0
314. C+N2<=>NCN 3.00E+12 0.0 22155.0
Declared duplicate reaction...
315. NCN<=>C+N2 2.66E+28 -5.3 83110.0
Declared duplicate reaction...
316. CN+N20<=>NCN+NO 6.00E+13 0.0 15360.0
Declared duplicate reaction...
317. CN+N20<=>NCN+NO 1.80E+10 0.0 1450.0
Declared duplicate reaction...
318. CN+NCO<=>NCN+CO 1.80E+13 0.0 0.0
319. C20+N2<=>NCN+CO 7.00E+11 0.0 17000.0
320. CH+N2<=>HNCN 1.65E+21 -3.6 14196.0
321. HNCN+M<=>H+NCN+M 1.79E+28 -3.4 64502.0
322 . HNCN+O<=>NO+HCN 1.22E+14 0.1 73.5
323. HNCN+0<=>CN+HNO 9.36E+12 0.1 73.5
324 . HNCN+OH<=>NCN+H20 8.28E+03 2.8 3135.0
325. HNCN+02<=>HO2+NC 1.26E+08 1.3 24240.0
326. NCN<=>N+CN 2.95E+30 -5.3 117090.0
327. NCN<=>CNN 3.69E+29 -5.8 78410.0
328. NCN+H<=>HCN+N 1.89E+14 0.0 8425.0
329. NCN+0<=>CN+NO 2.54E+13 0.1 -34.0
330. NCN+O<=>CO+N2 2.42E+02 2.3 -1135.0
331. NCN+O<=>N+NCO 2.20E+09 0.4 -157.0
332. NCN+N<=>N2+CN 1.00E+13 0.0 0.0
333. NCN+C<=>CN+CN 1.00E+13 0.0 0.0
334. NCN+OH<=>HCN+NO 3.32E+10 -1.0 7290.0
Declared duplicate reaction...
335. NCN+OH<=>HCN+NO 4.69E+10 0.4 4000.0
Declared duplicate reaction...
336. NCN+02<=>NO+NCO 3.80E+09 0.5 24590.0
337. NCN+CH<=>HCN+CN 3.21E+13 0.0 -860.0
338. NCN+CN<=>C2N2+N 1.25E+14 0.0 8020.0
339. NCN+CH2<=>H2CN+CN 7.99E+13 0.0 4630.0
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340.
341.
342.
343.

344.
345.

346.
347.
348.
349.
350.

351.

352.
353.
354.
355.
356.
357.
358.

359.

360.
361.
362.
363.
364.

365.
366.

367.
368.

H+H+N2<=>H2+N2
N2+0<=>NO+N
N+02<=>NO+0
NO+M<=>N+0+M

N2 Enhanced by
NO Enhanced by
co2 Enhanced by

NO+NO<=>N2+02
N20 (+M) <=>N2+0 (+M)
Low pressure limit: 0.40000E+15

02 Enhanced by
N2 Enhanced by
H20 Enhanced by
NO Enhanced by
N20 Enhanced by

N20+0<=>N2+02

N20+0<=>NO+NO

N20+N<=>N2+NO

N20+NO<=>N2+NO2

NO+0 (+M) <=>NO2 (+M)

Low pressure limit: 0.47200E+25

TROE centering: 0.96200E+00
AR Enhanced by
NO2 Enhanced by
NO Enhanced by
02 Enhanced by
N20 Enhanced by
COo2 Enhanced by
H20 Enhanced by

NO+0 (+C02) <=>NO02 (+C02)

Low pressure limit: 0.40000E+23
TROE centering: 0.96200E+00
NO2+0<=>N0O+02

NO2+N<=>N20+0

NO2+N<=>NO+NO

NO2+NO<=>N20+02
NO2+NO2<=>NO+NO+02
NO2+NO2<=>N0O3+NO
NO2+0 (+M) <=>NO3 (+M)

Low pressure limit: 0.14900E+29

TROE centering: 0.86000E+00
H20 Enhanced by
02 Enhanced by
H2 Enhanced by
Cco2 Enhanced by

NO2+0 (+C02) <=>NO3 (+C02)

Low pressure limit: 0.13400E+29
TROE centering: 0.86000E+00
NO3<=>N0+02

NO3+NO2<=>NO+NO2+02
NO3+0<=>N02+02
NO3+NO3<=>NO2+NO2+02

N204 (+M) <=>NO2+NO2 (+M)

Low pressure limit: 0.19600E+29

AR Enhanced by
N204 Enhanced by
NO2 Enhanced by

N204+0<=>N203+02

NO2+NO (+M) <=>N203 (+M)

Low pressure limit: 0.10000E+34
N2 Enhanced by

N203+0<=>NO2+NO02

N2+M<=>N+N+M

5.40E+18
1.80E+14
9.00E+09
9.64E+14
1.500E+00
3.000E+00
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369.
370.
371.
372.
373.
374.
375.
376.
377.
378.
379.
380.
381.
382.
383.
384.
385.

386.
387.
388.
389.
390.
391.
392.
393.
394.

395.

396.
397.
398.
399.
400.
60300.

401.
64915.

402.
43980.

403.
404.
405.
406.
407.
408.

N

0]
N+OH<=>NO+H
N20+H<=>N2+0H
N20+H<=>HNNO
N20+0OH<=>N2+HO2
HNO+NO+NO<=>HNNO+NO2
HNNO+H<=>N20+H2
HNNO+0<=>N20+0H
HNNO+OH<=>H20+N20
HNNO+OH<=>HNOH+NO
HNNO+NO<=>N20+HNO
NO2+H<=>NO+0OH
NO2+0OH<=>HO0O2+NO
NO3+H<=>NO2+0H
NO3+0OH<=>NO2+HO2
NO3+HO2<=>HNO3+02
NO3+HO2<=>N0O2+0H+02
H+NO (+M) <=>HNO (+M)
Low pressure limit:

Enhanced by
Enhanced by

H20 Enhanced by
02 Enhanced by
AR Enhanced by
H2 Enhanced by
Cco2 Enhanced by

HNO+H<=>NO+H2
HNO+OH<=>NO+H20
HNO+0<=>0H+NO
HNO+0O<=>NO2+H
HNO+02<=>NO+HO2
HNO+N<=>H+N20
HNO+HNO<=>N20+H20
HNO+HNO<=>HNOH+NO
NO2+0H (+M) <=>HNO3 (+M)
Low pressure limit:
TROE centering:

H20 Enhanced by
02 Enhanced by
AR Enhanced by
H2 Enhanced by
Cco2 Enhanced by

NO2+0H (+C02) <=>HNO3 (+C02)
Low pressure limit:
TROE centering:
NO+HO2+M<=>HNO3+M
HNO3+H<=>H2+NO3
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409. HNOH+M<=>HNO+H+M 2.00E+24 -2.8 58935.0
H20 Enhanced by 1.000E+01
410. HNOH+H<=>HNO+H2 4.80E+08 1.5 380.0
411. HNOH+O<=>HNO+OH 7.00E+13 0.0 0.0
Declared duplicate reaction...
412 . HNOH+O<=>HNO+OH 3.30E+08 1.5 -360.0
Declared duplicate reaction
413. HNOH+OH<=>HNO+H20 2.40E+06 2.0 -1190.0
414 . HNOH+HO2<=>HNO+H202 2.90E+04 2.7 -1600.0
415. HNOH+02<=>HNO+HO2 3.00E+12 0.0 25000.0
416. HNOH+HNO<=>NH20H+NO 1.00E+12 0.0 3000.0
417. C+N2+M<=>CNN+M 1.12E+15 0.0 0.0
418. C2H+NO<=>HCN+CO 6.00E+13 0.0 570.0
419. C2H+HCN<=>CN+C2H2 3.20E+12 0.0 1530.0
420. CH2+NO<=>HCN+OH 5.00E+11 0.0 2870.0
421 . HCN+M<=>H+CN+M 3.57E+26 -2.6 124900.0
422 . C2N2+M<=>CN+CN+M 3.20E+16 0.0 94400.0
423 . CH+N2 (+M) <=>HCNN (+M) 3.10E+12 0.1 0.0
Low pressure limit: 0.13000E+26 -0.31600E+01 0.74000E+03
TROE centering: 0.66700E+00 0.23500E+03 0.21170E+04 0.45360E+04
H20 Enhanced by 1.000E+01
02 Enhanced by 2.000E+00
AR Enhanced by 7.500E-01
H2 Enhanced by 2.000E+00
424 . HCNN+H<=>H2+CNN 5.00E+13 0.0 0.0
425. HCNN+H=>CH2+N2 2.00E+13 0.0 3000.0
426. HCNN+O<=>OH+CNN 2.00E+13 0.0 20000.0
427 . HCNN+O<=>CO+H+N2 5.00E+13 0.0 15000.0
428. HCNN+O<=>HCN+NO 5.00E+13 0.0 15000.0
429. HCNN+OH<=>H20+CNN 1.00E+13 0.0 8000.0
430. HCNN+OH<=>H+HCO+N2 1.00E+13 0.0 16000.0
431. HCNN+02<=>HO2+CNN 1.00E+12 0.0 4000.0
432. HCNN+O2=>H+CO2+N2 4.00E+12 0.0 0.0
433. HCNN+02<=>HCO+N20 4.00E+12 0.0 0.0
434. CNN+O<=>CO+N2 1.00E+13 0.0 0.0
435. CNN+O<=>CN+NO 1.00E+14 0.0 20000.0
436. CNN+OH<=>H+CO+N 1.00E+13 0.0 1000.0
437. CNN+OH<=>HCN+NO 1.00E+12 0.0 1000.0
438. CNN+H<=>HCN+N 5.00E+13 0.0 25000.0
439. CNN+02<=>NO+NCO 1.00E+13 0.0 5000.0
440. HNO+CH3<=>NO+CH4 8.20E+05 1.9 954.0
441. H2NO+CH3<=>HNO+CH4 1.60E+06 1.9 2960.0
442 . HNOH+CH3<=>HNO+CH4 1.60E+06 1.9 2096.0
443. NH20H+CH3<=>HNOH+CH4 1.60E+06 1.9 6350.0
444 . NH20H+CH3<=>H2NO+CH4 8.20E+05 1.9 5500.0
445, CH3+NO (+M) <=>CH3NO (+M) 1.00E+13 0.0 0.0
Low pressure limit: 0.1900019 0.00000E+00 0.00000E+00
SRI centering: 0.30000E-01 -0.79000E+03 0.10000E+01
446. CH3NO+H<=>H2CNO+H2 4.40E+08 1.5 377.0
447 . CH3NO+H<=>CH3+HNO 1.80E+13 0.0 2800.0
448. CH3NO+0<=>H2CNO+OH 3.30E+08 1.5 3615.0
449. CH3NO+0<=>CH3+NO2 1.70E+06 2.1 0.0
450. CH3NO+OH<=>H2CNO+H2 3.60E+06 2.0 -1192.0
451. CH3NO+CH3<=>H2CNO+CH4 7.90E+05 1.9 5415.0
452 . H2CNO<=>HNCO+H 2.30E+42 -9.1 53840.0
453. H2CNO+02<=>CH20+NO2 2.90E+12 -0.3 17700.0
454, H2CNO+H<=>CH3+NO 4.00E+13 0.0 0.0
455, H2CNO+H<=>HCNO+H2 4.80E+08 1.5 -894.0
456. H2CNO+0<=>HCNO+OH 3.30E+08 1.5 -894.0
457. H2CNO+0<=>CH20+NO 7.00E+13 0.0 0.0
458. H2CNO+OH<=>CH20H+NO 4.00E+13 0.0 0.0
459. H2CNO+OH<=>HCNO+H20 2.40E+06 2.0 -1192.0
460. H2CNO+CH3<=>C2H5+NO 3.00E+13 0.0 0.0

196

www.manharaa.com




461.
462.
463.
464.
465.
466.
467.
468.
469.
470.
471.
472.
473.
474.
475.
476.
477.
478.
479.
480.
481.
482.
483.
484.
485.
486.
487.
488.
489.
490.
491.
492.
493.
494.
495.
496.
497.
498.
499.
500.
501.
502.
503.
504.
505.
506.
507.
508.
509.
510.
511.
512.
513.
514.
515.
516.
517.
518.
519.
520.
521.
522.
523.

H2CNO+CH3<=>HCNO+CH4
CH3+NO2<=>CH30+NO
CH+NO2<=>HCO+NO
CH2+NO2<=>CH20+NO
CN+NO<=>N2+CO
HNCO+M<=>H+NCO+M
CH30+HNO<=>CH30H+NO
NCO+HO2<=>HNCO+02
N20+C0O<=>C0O2+N2
N20+CH2<=>CH20+N2
N20+CH3<=>CH30+N2
N20+HCO<=>CO2+H+N2
N20+HCCO<=>CO+HCO+N2
N20+C2H2<=>HCCO+H+N2
N20+C2H3<=>CH2HCO+N2
HOCN+0<=>NCO+OH
HOCN+H<=>NCO+H2
HOCN+OH<=>NCO+H20
HOCN+CH3<=>NCO+CH4
CN+NO02<=>C0O+N20
CN+NO2<=>C0O2+N2
CN+C02<=>NCO+CO
HNCO+CN<=>HCN+NCO
NCO+CH20<=>HNCO+HCO
C+N2<=>CN+N
H2CN+N<=>N2+CH2
H2CN+H<=>HCN+H2
H2CN+0<=>HCN+OH
H2CN+0O<=>HNCO+H
H2CN+0<=>HCNO+H
H2CN+M<=>HCN+H+M
H2CN+HO2<=>HCN+H202
H2CN+02<=>CH20+NO
H2CN+CH3<=>HCN+CH4
H2CN+OH<=>HCN+H20
C+NO<=>CN+0
CH+NO<=>HCN+O
CH+NO<=>CN+OH
CH+NO<=>NCO+H
CH2+NO<=>HNCO+H
CH2+NO<=>HCNO+H
CH2+NO<=>H2CN+0
CH3+NO<=>HCN+H20
CH3+NO<=>H2CN+OH
HCCO+NO<=>HCNO+CO
HCCO+NO<=>HCN+CO2
CH2s+NO<=>HCN+OH
HCNO<=>HCN+O
HCNO+H<=>HCN+OH
HCNO+H<=>HNCO+H
HCNO+H<=>HOCN+H
HCNO+0<=>HCO+NO
CH2+N<=>HCN+H
CH+N<=>CN+H
N+C02<=>N0O+CO
N+HCCO<=>HCN+CO
CH3+N<=>H2CN+H
CH3+N<=>HCNH+H
HCNH<=>HCN+H
HCNH+H<=>H2CN+H
HCNH+H<=>HCN+H2
HCNH+O<=>HNCO+H
HCNH+0<=>HCN+OH

P INMNNMNMOR JORPRFROIEFENESEPERESMOONOWNRERONREFOWRWNMNORNMNMOUOORFR WWDdOOODNRERFREFORRE ORFRNMNDWORDSRRR

.60E+06
.40E+13
.20E+14
.20E+13
.00E+11
.00E+15
.16E+13
.00E+13
.51E+14
.00E+12
.00E+09
.70E+14
.70E+14
.59E+16
.00E+11
.50E+04
.00E+07
.38E+05
.20E+05
.93E+14
.70E+14
.67E+06
.50E+13
.00E+12
.20E+13
.00E+13
.40E+08
.70E+08
.00E+13
.00E+13
.00E+14
.40E+04
.00E+12
.10E+05
.20E+06
.00E+13
.69E+13
.68E+12
.67E+13
.50E+12
.80E+13
.10E+07
.40E+12
.20E+12
.64E+13
.39E+13
.00E+14
.20E+31
.00E+14
.10E+15
L40E+11
.00E+13
.00E+13
.67E+14
.90E+11
.00E+13
.10E+13
.20E+11
.10E+28
.00E+13
.40E+08
.00E+13
.70E+08

HFORPRPROUOOODOOOOODOONNODODOOOHOOOOOONHFEFONOOORPFEFOOOONOORNDNNOOOOOOOOOOOOOOoOHr

QO U O JUOOORFFOON-JORFRPROOOOOR PMOOOODOODWOJTOOOUITUTODOOONOMWMMDOMWOWOOONHNODODODODODODODODOOOOOO OO

|

—

o

=

o
[eNeNoNecNeloNeNelcNolcNelcNoNecNocNolcNc NocNe oo N e No oo oo Nolc No o Ne Neolc N e No oo R lc o e Ne R lc N e No oo N e No o N i ol

197

www.manharaa.com



524. HCNH+OH<=>HCN+H20 1.20E+06 2.0 -1192.0
525. HCNH+CH3<=>HCN+CH4 8.20E+05 1.9 -1113.0
526. C2H3+N<=>HCN+CH2 2.00E+13 0.0 0.0
527. CN+H20<=>HCN+OH 4.00E+12 0.0 7400.0
528. CN+H20<=>HOCN+H 4.00E+12 0.0 7400.0
529. OH+HCN<=>HOCN+H 3.20E+04 2.5 12120.0
530. OH+HCN<=>HNCO+H 5.60E-06 4.7 -490.0
531. HOCN+H<=>HNCO+H 1.00E+13 0.0 0.0
532. HCN+O<=>NCO+H 1.38E+04 2.6 4980.0
533. HCN+0<=>CN+OH 2.70E+09 1.6 26600.0
534. CN+H2<=>HCN+H 2.00E+04 2.9 1600.0
535. CN+0<=>CO+N 1.90E+12 0.5 720.0
536. CN+02<=>NCO+O 7.20E+12 0.0 -400.0
537. CN+OH<=>NCO+H 4.00E+13 0.0 0.0
538. CN+HCN<=>C2N2+H 1.51E+07 1.7 1530.0
539. CN+NO2<=>NCO+NO 5.32E+15 -0.8 344.0
540. CN+N20<=>NCO+N2 6.00E+12 0.0 15360.0
541. C2N2+0<=>NCO+CN 4.57E+12 0.0 8880.0
542. C2N2+0OH<=>HNCO+CN 1.86E+11 0.0 2900.0
543. C2N2+0OH<=>HOCN+CN 2.00E+12 0.0 19000.0
544 . HNCO+H<=>H2+NCO 1.76E+05 2.4 12300.0
545. HNCO+0<=>NCO+O0OH 2.20E+06 2.1 11430.0
546. HNCO+0<=>HNO+CO 1.50E+08 1.6 44012.0
547. C+NO<=>CO+N 2.80E+13 0.0 0.0
548. NCO+CH4<=>HNCO+CH3 1.00E+13 0.0 8130.0
549. C+N20<=>CN+NO 4.80E+12 0.0 0.0
550. CH3+N<=>HCN+H+H 2.00E+11 0.0 0.0
551. CH3+N<=>HCN+H2 7.10E+12 0.0 0.0
552. C3H3+N<=>HCN+C2H2 1.00E+13 0.0 0.0
553. CH+N20<=>HCN+NO 1.34E+13 0.0 -510.0
554. CH+N20<=>CO+H+N2 5.20E+12 0.0 -510.0
555. C20+N2=>NCO+CN 7.00E+11 0.0 17000.0
556. NO+OH (+M) =HONO (+M) 1.10E+14 -0.3 0.0

Low pressure limit: 0.33920E+24 -0.25000E+01 0.00000E+00

TROE centering: 0.75000E+00 0.10000E-29 0.10000E+31 0.10000E+31
557. NO2+H2=HONO+H 1.30E+04 2.8 29770.0
558. NO2+HO2=HONO+02 1.91E+00 3.3 3044.0
559. NO2+HCO=HONO+CO 4.95E+12 0.0 0.0
560. NO2+CH20=HONO+HCO 1.42E-07 5.6 9220.0
561. HNO+NO2=HONO+NO 4.42E+04 2.6 4040.0
562. HONO+0=NO2+OH 1.20E+13 0.0 5960.0
563. HONO+OH=NO2+H20 1.70E+12 0.0 -520.0
564. HONO+NO2=HONO2+NO 2.00E+11 0.0 32700.0
565. HONO+HONO=NO+NO2+H20 3.49E-01 3.6 12140.0
566. HNO2 (+M)=HONO (+M) 2.50E+14 0.0 32300.0

Low pressure limit: 0.31000E+19 0.00000E+00 0.31500E+05

TROE centering: 0.11490E+01 0.10000E-29 0.31250E+04 0.10000E+31
567. HONO2+H=0H+HONO 3.82E+05 2.3 6976.0
568. NO2+H2=HNO2+H 2.43E+00 3.7 32400.0
569. NO2+HO2=HNO2+02 1.85E+01 3.3 4983.0
570. NO2+CH20=HNO2+HCO 1.07E-01 4.2 19850.0
571. HNO2+0=NO2+0OH 1.70E+08 1.5 2000.0
572. HNO2+OH=NO2+H20 4.00E+13 0.0 0.0
573. NO2+OH (+M) =HONO2 (+M) 3.00E+13 0.0 0.0

Low pressure limit: 0.29380E+26 -0.30000E+01 0.00000E+00

TROE centering: 0.40000E+00 0.10000E-29 0.10000E+31 0.10000E+31
574. HONO2+H=H2+NO3 5.56E+08 1.5 16400.0
575. HONO2+H=H20+NO2 6.08E+01 3.3 6285.0
576. HONO2+OH=H20+NO3 1.03E+10 0.0 -1240.0
577. NH2+N=N2+H+H 7.00E+13 0.0 0.0
578. NH2+HONO=NH3+NO2 7.10E+01 3.0 -4940.0
579. NH+H=N+H2 3.00E+13 0.0 0.0
580. NH+0=NO+H 9.20E+13 0.0 0.0
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582. NH+OH=HNO+H 2.00E+13 0.0 0.0
583. NH+OH=N+H20 5.00E+11 0.5 2000.0
584. NH+02=HNO+O 4.60E+05 2.0 6500.0
585. NH+02=NO+OH 1.30E+06 1.5 100.0
586. NH+NH=N2+H+H 2.50E+13 0.0 0.0
587. NH+N=N2+H 3.00E+13 0.0 0.0
588. NH+NO=N20+H 2.90E+14 -0.4 0.0
Declared duplicate reaction...
589. NH+NO=N20+H -2.2E+13 -0.23 0.0
Declared duplicate reaction...
590. NH+NO=N2+O0H 2.20E+13 -0.2 0.0
591. NH+HONO=NH2+NO2 1.00E+13 0.0 0.0
592. NH+NO2=N20+0H 1.00E+13 0.0 0.0
593. NNH=N2+H 6.50E+07 0.0 0.0
594 . NNH+H=N2+H2 1.00E+14 0.0 0.0
595. NNH+0=N20+H 1.00E+14 0.0 0.0
596. NNH+O=N2+O0OH 8.00E+13 0.0 0.0
597. NNH+O=NH+NO 5.00E+13 0.0 0.0
598. NNH+OH=N2+H20 5.00E+13 0.0 0.0
599. NNH+02=N2+HO2 2.00E+14 0.0 0.0
600. NNH+02=N2+H+02 5.00E+13 0.0 0.0
601. NNH+NH=N2+NH2 5.00E+13 0.0 0.0
602 . NNH+NH2=N2+NH3 5.00E+13 0.0 0.0
603. NNH+NO=N2+HNO 5.00E+13 0.0 0.0
604. N2H4+H=N2H3+H2 7.00E+12 0.0 2500.0
605. N2H4+O=NH20H+NH 2.90E+11 0.0 -1270.0
606. N2H4+0=N2H3+O0OH 1.50E+11 0.0 -1270.0
607. N2H4+OH=N2H3+H20 1.30E+13 0.0 -318.0
608. N2H3=N2H2+H 3.60E+47 -10.4 69009.0
609. N2H3+H=N2H2+H2 2.40E+08 1.5 -10.0
610. N2H3+0=N2H2+0OH 1.70E+08 1.5 -646.0
611. N2H3+OH=N2H2+H20 1.20E+06 2.0 -1192.0
612. N2H3+OH=H2NN+H20 3.00E+13 0.0 0.0
613. N2H3+OH=NH3+HNO 1.00E+12 0.0 15000.0
614. N2H3+HO2=N2H2+H202 1.40E+04 2.7 -1600.0
615. N2H3+HO2=N2H4+02 9.20E+05 1.9 2126.0
616. N2H3+NH2=H2NN+NH3 3.00E+13 0.0 0.0
617. N2H2+M=NNH+H+M 1.90E+27 -3.0 66107.0
H20 Enhanced by 7.000E+00
618. N2H2+H=NNH+H2 8.50E+04 2.6 230.0
619. N2H2+0O=NNH+OH 3.30E+08 1.5 497.0
620. N2H2+OH=NNH+H20 5.90E+01 3.4 1360.0
621. N2H2+NH=NNH+NH2 2.40E+06 2.0 -1192.0
622 . N2H2+NO=N20+NH2 4.00E+12 0.0 11922.0
623. NH2+NH2=H2NN+H2 1.20E+21 -3.1 3368.0
624 . H2NN=NNH+H 3.40E+26 -4.8 46228.0
625. H2NN+H=NNH+H2 4.80E+08 1.5 -894.0
626. H2NN+H=N2H2+H 7.00E+13 0.0 0.0
628. H2NN+O=NNH+OH 3.30E+08 1.5 -894.0
629. H2NN+O=NH2+NO 7.00E+13 0.0 0.0
630. H2NN+OH=NNH+H20 2.40E+06 2.0 -1192.0
631. H2NN+OH=>NH2+NO+H 2.00E+12 0.0 0.0
632. H2NN+HO2=>NH2+NO+OH 9.00E+12 0.0 0.0
633. H2NN+HO2=NNH+H202 2.90E+04 2.7 -1600.0
634. H2NN+O2=NH2+NO2 1.50E+12 0.0 5961.0
635. H2NN+NH2=NNH+NH3 1.80E+06 1.9 -1152.0
636. H2NO+NH2=HNO+NH3 3.00E+12 0.0 1000.0
637. HNOH+H=NH2+OH 4.00E+13 0.0 0.0
638 . HNOH+NH2=N2H3+OH 1.00E+01 3.5 -467.0
639. HNOH+NH2=H2NN+H20 8.80E+16 -1.1 1113.0
640. HNOH+NH2=NH3+HNO 1.80E+06 1.9 -1152.0
641. HCN+O=NH+CO 3.50E+03 2.6 4980.0
642. HCN+OH=NH2+CO 7.80E-04 4.0 4000.0
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643. HNC+O=NH+CO 4.60E+12 0.0 2200.0
644 . HNCO+M=CO+NH+M 1.10E+16 0.0 86000.0
N2 Enhanced by 1.500E+00
645. HNCO+H=NH2+CO 3.60E+04 2.5 2345.0
646. HNCO+O=NH+CO2 9.60E+07 1.4 8520.0
647. HNCO+NH=NH2+NCO 3.00E+13 0.0 23700.0
648 . HOCN+H=NH2+CO 1.20E+08 0.6 2076.0
649. HOCN+NH2=NCO+NH3 9.20E+05 1.9 3646.0
650. NCO+H=CO+NH 7.20E+13 0.0 1000.0
651. NCO+NH3=HNCO+NH2 2.80E+04 2.5 980.0
652. CH4+NH2=CH3+NH3 1.50E+03 3.0 9940.0
653. CH3+NH2=CH3NH2 5.10E+52 -12.0 16790.0
654 . CH3+NH2=CH2NH2+H 1.40E+14 -0.4 11107.0
655. CH3+NH2=CH3NH+H 4.40E+13 -0.3 16641.0
656. CH3+NH2=CH2NH+H2 4.80E+11 -0.2 19403.0
657. CH3+NH2=CH4+NH 2.80E+06 1.9 9210.0
658. CH3+NH2=CH2+NH3 1.60E+06 1.9 7570.0
659. CH3+NH=CH2NH+H 4.00E+13 0.0 0.0
660. CH3+NH=N+CH4 8.20E+05 1.9 5852.0
661. CH3+N2H2=NNH+CH4 1.60E+06 1.9 2971.0
662 . CH3+H2NN=CH4+NNH 1.60E+06 1.9 129.0
663. CH3+N2H4=N2H3+CH4 3.30E+06 1.9 5325.0
664 . CH3+N2H3=N2H2+CH4 8.20E+05 1.9 1818.0
665. CH3+N2H3=H2NN+CH4 3.00E+13 0.0 0.0
666. CH3+H2NO=CH30+NH2 2.00E+13 0.0 0.0
667. CH2+N2=HCN+NH 1.00E+13 0.0 74000.0
668. CH+NH3=H2CN+H+H 4.40E+13 0.0 -630.0
669. CH+NO=CO+NH 9.10E+12 0.0 0.0
670. C2H6+NH2=C2H5+NH3 4.50E+01 3.5 5600.0
671. C2H5+N=C2H4+NH 4.30E+13 0.0 0.0
672. C2H4+NH2=C2H3+NH3 5.30E+12 0.0 10274.0
673. C2H+NH3=C2H2+NH2 7.20E+12 0.0 -735.0
674. CH3NH2+NH2=CH2NH2+NH3 2.80E+06 1.9 5494.0
675. CH3NH2+NH2=CH3NH+NH3 1.80E+06 1.9 7143.0
676. CH2NH2+0=CH20+NH2 7.00E+13 0.0 0.0
677. CH2NH2+OH=CH20H+NH2 4.00E+13 0.0 0.0
678. CH2NH2+CH3=C2H5+NH2 2.00E+13 0.0 2702.0
679. CH2NH+O=CH20+NH 1.70E+06 2.1 0.0
680. CH2NH+NH2=H2CN+NH3 9.20E+05 1.9 4441.0
681. CH2NH+NH2=HCNH+NH3 1.80E+06 1.9 6090.0
682 . H2CN+NH2=HCN+NH3 9.20E+05 1.9 -1152.0
683. NH+NO2=HNO+NO 5.90E+12 0.0 0.0
684 . NH20H+H=HNOH+H2 4.80E+08 1.5 6249.0
685. NH20H+H=H2NO+H2 2.40E+08 1.5 5067.0
686. NH20H+O=HNOH+OH 3.30E+08 1.5 3865.0
687. NH20H+0O=H2NO+OH 1.70E+08 1.5 3010.0
688 . NH20H+OH=H2NO+H20 1.50E+05 2.3 -1296.0
689. NH20H+HO2=HNOH+H202 2.90E+04 2.7 9557.0
690. NH20H+HO2=H2NO+H202 1.40E+04 2.7 6418.0
691. NH2+NO=N2+H20 1.30E+16 -1.2 0.0
Declared duplicate reaction...
692 . NH2+NO=N2+H20 -3.10E+13 -0.5 1180.0
Declared duplicate reaction...

693. NH2+NO=NNH+OH 3.10E+13 -0.5 1180.0
694 . NH2+NO2=N20+H20 3.00E+14 -0.8 242.0
695. NH2+NO2=H2NO+NO 1.30E+15 -0.8 242.0
696. HNO+NO=N20+0H 1.20E-04 4.3 25080.0
697. NH20H+OH=HNOH+H20 1.50E+04 2.6 -3537.0
698 . H2NO+NO2=HONO+HNO 6.00E+11 0.0 2000.0
699. HNOH+NO2=HONO+HNO 6.00E+11 0.0 2000.0
700. HONO+H<=>HNO+OH 5.64E+10 0.9 5000.0
701. HONO+H<=>NO+H20 8.12E+06 1.9 3850.0
UNITS for the preceding sections A: mole-cm-sec-K, E: cal/mole
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C.3 THERMOCHEMICAL DATA

THERMO
300.00 1000.00 5000.00

AR
2

.50000000E+00 O.
=7.
0.

45375000E+02 4.
00000000E+00 O.

.50000000E+00 O.
.45375000E+02 9.
.00000000E+00 O.

.25000000E+01 O.
.25473660E+05-0.
.00000000E+00 O.

.93286575E+00 8.
.13065581E+02-1.
.01572094E-08-7.

.54363697E+00-2.
.92260120E+04 4.
.12806624E-09 2.

.66096065E+00 6.
.21597718E+03 3.
.68129509E-09 3.

.83853033E+00 1.
.69780808E+03 5.
-3.
OH*
0.
5.
0.
H20
0.
-0.
-0.
HO2
4.
3.
-2.

87916306E-09 1.

02882730E+02 0.
02650000E+04 0.
02387202E-07-0.

26770389E+01 O.
29885894E+05 0.
54879269E-08 0.

17228741E+00 1.
10206839E+01 2.
42763914E-08 9.

H202

4.
-1.
-2.

57977305E+00 4.
80071775E+04 6.
26762944E-08 9.

CH20

3.
-1.
-3.

Co

0.
-0.
0.
coz2
0.
-0.
0.
HCO
3.
3.
-1.
HO2CHO

16952665E+00 6.
45486831E+04 6.
79285237E-08 1.

30484859E+01 O.
14266117E+05 0.
90700586E-09-0.

46365111E+01 O.
49024904E+05-0.
24573008E-08-0.

92001542E+00 2.
65342928E+03 3.
34239995E-08 4.

6/26/95 THERMC

G 5/97AR 1 0
00000000E+00 O.
37967491E+00 2.
00000000E+00-7.

G 5/97HE 1 0

00000000E+00 0.
28723974E-01 2.
00000000E+00-7.
L 6/94H 1
00000000E+00 0.
44668285E+00 0.
00000000E+00 0.
TPIS78H 2
26608026E-04-1.
02432865E+00 2.
37611761E-12-9.
L 1/900 1
73162486E-05-4.
92229457E+00 3.
11265971E-12 2.
RUS 890 2
56365811E-04-1.
41536279E+00 3.
24372837E-12-1.
I1U3/030 1 H
10741289E-03-2.
84494652E+00 3.
36319502E-12 3.
1212860 1H
10139743E-02-0.
05595712E+02 0.
08431442E-11 5.
L 5/89H 2 0
29731816E-02-0.
68825500E+01 O.
17719680E-11-0.
T 1/09H 10
88117627E-03-3.
95767672E+00 4.
29225225E-12 2.
T 8/03H 20
05326003E-03-1.
64970694E-01 4.
08950158E-12-1.
T 5/11H 2C
19320560E-03-2.
04207898E+00 4.
31772641E-11-1.
RUS 79C 10
13517281E-02-0.
60170977E+01 0.
90442449E-12-0.
L 7/88C 10
27414569E-02-0.
19348955E+01 0.
14288548E-12-0.
T 5/03C 1 H
52279324E-03-6.
58077056E+00 4.
37416208E-12 3.
1H

10 1

0 0G
00000000E+00 O.
50000000E+00 O.
45375000E+02 4.

0 0 G
00000000E+00 O.
50000000E+00 O.
45375000E+02 9.
0 0 0G
00000000E+00 O.
25000000E+01 O.
25473660E+05-0.
0 0 0G
46402364E-07 1.
34433112E+00 7.
17935173E+02 6.
0 0 0G
19029520E-09 4.
16826710E+00-3.
91222592E+04 2.
0 0 0G
41149627E-07 2.
78245636E+00-2.
06394356E+03 3.
1 0 0G
94000209E-07 4.
99198424E+00-2.
36889836E+03-1.
1 G
02276877E-05 0.
03637266E+02 0.
00213000E+04 0.
1 0 0G
77376889E-06 0.
41986352E+01-0.
30293726E+05-0.
2 0 0G
46277286E-07 1.
30179807E+00-4.
64018485E+02 3.
2 0 0G
29844730E-06 1.
31515149E+00-8.
77067437E+04 3.
10 1 0G
25056366E-06 3.
79372312E+00-9.
43791953E+04 6.
1 0 0G
48579405E-06 O.
35795335E+01-0.
14344086E+05 0.
2 0 0G
99589759E-06 0.
23568130E+01 O.
48371971E+05 0.
0 G
71004164E-07 1.
23754610E+00-3.
87241185E+03 3.
20 3 0G

0300.00

200.000 6000.00 1000.00
00000000E+00 0.00000000E+00
00000000E+00 0.00000000E+00
37967491E+00

200.000 6000.00 1000.00
00000000E+00 0.00000000E+00
00000000E+00 0.00000000E+00
28723974E-01

200.000 6000.00 1000.00
00000000E+00 0.00000000E+00
00000000E+00 0.00000000E+00
44668285E+00

200.000 6000.00 1000.00
54100414E-11-6.88804800E-16
98052075E-03-1.94781510E-05
83010238E-01

200.000 6000.00 1000.00
95481845E-12-4.79553694E-16
27931884E-03 6.64306396E-06
05193346E+00

200.000 6000.00 1000.00
05797935E-11-1.29913436E-15
99673416E-03 9.84730201E-06
65767573E+00

200.000 6000.00 1000.00
20698729E-11-2.42289890E-15
40106655E-03 4.61664033E-06
03998477E-01

5000.00 1000.00
02174683E-09-0.05126305E-14
01850910E-02-0.16761646E-05
13588605E+01

200.000 6000.00 1000.00
94433514E-10-0.42689991E-14
20364017E-02 0.65203416E-05
84900901E+00

200.000 5000.00 1000.00
94657549E-11 1.76256905E-16
74912097E-03 2.11582905E-05
71666220E+00

200.000 6000.00 1000.00
98211400E-10-1.13968792E-14
47390622E-04 1.76404323E-05
27373319E+00

200.000 6000.00 1000.00
65975660E-10-2.20149458E-14
90833322E-03 3.73219990E-05
02798058E-01

200.000 6000.00 1000.00
78853644E-10-0.46980746E-14
61035369E-03 0.10168143E-05
35084093E+01

200.000 6000.00 1000.00
16038666E-09-0.91619857E-14
89841299E-02-0.71220632E-05
99009035E+01

200.000 6000.00 1000.00
05615948E-10-7.43798261E-15
32075257E-03 1.40030264E-05
30834869E+00

300.000 5000.000 1378.00
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9.87503878E+00 4.64663708E-03-1.
-3.80502496E+04-2.24939155E+01 2.
6.25612194E-09-9.11645843E-13-3.

02CHO

6/26/95 THERMC
7.24075139E+00 4.

1H
63312951E-03-1.

67230522E-06 2.
42464726E+00 2.
54828006E+04 1.
10 3 0G

63693995E-06 2.

68624413E-10-1.59595232E-14
19706380E-02-1.68705546E-05
75027796E+01

300.000 5000.000 1368.00
59706693E-10-1.52964699E-14

-1.87027618E+04-6.49547212E+00 3.96059309E+00 1.06002279E-02-5.25713351E-06
1.01716726E-09-2.87487602E-14-1.73599383E+04 1.17807483E+01

HOCHO L 8/88H 2C 10 2 0G 200.000 6000.00 1000.00
0.46138316E+01 0.64496364E-02-0.22908251E-05 0.36716047E-09-0.21873675E-13

-0.47514850E+05 0.84788383E+00 0.38983616E+01-0.35587795E-02 0.35520538E-04

-0.43849959E-07 0.17107769E-10-0.46770609E+05 0.73495397E+01

OCHO ATCT/AC 1 0O 2 H 1 0 G 200.000 6000.000 1000.00

4.14394211E+00
-1.72459887E+04
-2.84473900E-08
HOCH202H

5.
5.
1.
4/ 9/98 THERMC

59738818E-03-1.
07778617E+00 4.
04422559E-11-1.
1H

1.16303827E+01 7.15133688E-03-2.
-4.31079242E+04-3.24276725E+01 1.
1.11694484E-08-1.81284103E-12-4.

HOCH202

4/ 9/98 THERMC

1H

9.04545938E+00 7.15223373E-03-2.
-2.49414886E+04-1.74210530E+01 2.
7.96709515E-09-1.36346618E-12-2.

OCH202H

4/ 9/98 THERMC

1H

1.15398246E+01 5.34291432E-03-1.
-1.68237489E+04-3.20700633E+01 1.
1.09463562E-08-1.78312692E-12-1.

HOCH20

CH30H

2/16/99 THERMC

6.39521515E+00 7.
-2.41108840E+04-6.
-5.38746005E-09 1.

1H
43673043E-03-2.
63865583E+00 4.
45615887E-12-2.
T06/02C 1H

40 1

99794019E-06 3.
68825921E+00-4.
69867041E+04 4.
40 3 0G

39035030E-06 3.
85716693E+00 3.
00314471E+04 1.
30 3 0G

37005676E-06 3.
85441621E+00 2.
29866196E+04 1.
30 3 0G

81878917E-06 2.
93823075E+00 3.
38166625E+04 1.
30 2 0G

50422354E-06 3.
11183145E+00 7.
28023001E+04 7.
0 G

16179193E-10-1.85614483E-14
14871834E-03 2.55066010E-05
28426480E+00

300.000 5000.000 1422.000
65772791E-10-2.10199524E-14
23153132E-02-2.69928902E-05
90917729E+01

300.000 5000.000 1412.000
60083481E-10-2.05750228E-14
33663535E-02-1.88115990E-05
51730565E+01

300.000 5000.000 1420.000
81968625E-10-1.63584348E-14
01465730E-02-2.61053152E-05
85042002E+01

300.000 5000.000 1452.000
84879712E-10-2.21778689E-14
53850697E-03 3.77337370E-06
46807254E+00

200.000 6000.00 1000.00

3.52726795E+00 1.03178783E-02-3.62892944E-06 5.
-2.60028834E+04 5.16758693E+00 5.65851051E+00-1.
-7.58372926E-08 2.80427550E-11-2.56119736E+04-8.
CH20H IU2/03C 1 H 30 1 0 G

5.09314370E+00 5.94761260E-03-2.06497460E-06 3.
-4.03409640E+03-1.84691493E+00 4.47834367E+00-1.
-3.64869060E-08 1.47907450E-11-3.50072890E+03 3.
CH30 IUl/03C 1 H 30 1 0G

4.75779238E+00 7.44142474E-03-2.69705176E-06 4.

3.78111940E+02-1.96680028E+00 3.71180502E+00-2.
-4.73072089E-08 1.86588420E-11 1.29569760E+03 6.

77448016E-10-3.42182632E-14
62983419E-02 6.91938156E-05
97330508E-01

200.000 6000.00 1000.00
23008173E-10-1.88125902E-14
35070310E-03 2.78484980E-05
30913500E+00

200.000 6000.00 1000.00
38090504E-10-2.63537098E-14
80463306E-03 3.76550971E-05
57240864E+00

CH302H

7.76538058E+00 8.
-1.82979984E+04-1.
-2.52827275E-08 1.

CH302

4.80390863E+00 9.
-7.47135460E+02 1.
-2.95391947E-08 1.
1/14/ 5 THERMC
9.10784249E+00 5.
3.77440183E+03-

CH202H

4.44481025E-10
CH4
1.65326226E+00
-1.00095936E+04
-4.84246767E-08
CH3
0.29781206E+01
0.16509513E+405
-0.66181003E-08
CH2
3.14631886E+00
4.60412605E+04
-3.48858500E-09

2.
2.

1.
9.
1.

A 7/05C 1 H
61499712E-03-2.
43992663E+01 2.
34368212E-11-1.
H 3C
95844638E-03-3.
45281400E+00 3.
11977570E-11 7.
1H
27260434E-03-1.
11741044E+01 4.
12699899E-13 5.
G 8/99C
00263099E-02-3.
90506283E+00 5.
66603441E-11-1.
I1U0702C

IU3/03C

4 0 2

1 H 4

1 H 3
.57978520E-02-0.
.47224799E+01 0.
.24657074E-11 0.
1 H 2
.03671259E-03-9.
.72341711E+00 3.
.65208866E-12 4.

0 G
98006935E-06 4.
90540897E+00 1.
68894632E+04 1.
10 2 0G
85301026E-06 6.
62497097E+00 3.
93040410E+01 9.
30 2 0G
88170543E-06 3.
47228333E+00 1.
67413711E+03 4.
0 0 G
31661238E-06 5.
14911468E+00-1.
02465983E+04-4.
0 0 G
19755800E-05 0.
36571797E+01 O.
16422716E+05 0.
0 0G
96474439E-07 1.
71757846E+00 1.
58723866E+04 1.

200.000 6000.00 1000.00
68638071E-10-2.75339255E-14
74994735E-02 5.28243630E-06
13741987E+01

300.00 5000.00 1000.00
84740497E-10-4.58402955E-14
59397933E-03 2.26538097E-05
96382194E+00

300.000 5000.000 1357.000
00561364E-10-1.77865959E-14
33401095E-02-5.92919725E-06
72608208E+00
200.000 6000.00 1000.00
36483138E-10-3.14696758E-14
36622009E-02 4.91453921E-05
63848842E+00
200.000 6000.00 1000.00
30729790E-09-0.17917416E-13
21265979E-02 0.54583883E-05
16735354E+01

200.000 6000.00 1000.00
50483580E-10-8.57335515E-15
27391260E-03 2.17347251E-06
75297945E+00
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CH2 (S)
3.13501686E+00 2.
5.05040504E+04 4.

-6.62985981E-09 1.

CH
0.25209369E+01 O.
0.70946769E+05 0.
0.31628420E-08-0.

0.02196223E+02 0.
0.10419559E+06 O.
0.05733890E-07-0.

0.26055830E+01-0.
0.85411742E+05 0.
-0.73223487E-09 0.
C2H6
4.04666411E+00 1.
-1.24473499E+04-9.
-7.08466469E-08 2.
C2H5
5.88784390E+00 1.
1.15065499E+04-8.
-3.01143466E-10 4.
C2H4
3.99182724E+00 1.
4.26865851E+03-2.
-6.91588352E-08 2.
C2H3
4.15026763E+00 7.
3.38566380E+04 1.
-3.72986942E-08 1.
C2H2
4.65878489E+00 4.
2.57594042E+04-3.
2.80152958E-08-8.
C2H
3.66270248E+00 3.
6.71683790E+04 3.
2.89484755E-08-1.
CH3CHO
0.54041108E+01 O.
-0.22593122E+05-0.
-0.57458611E-07 0.
CH3CO
0.53137165E+01 O.
-0.36450414E+04-0.
-0.39247565E-07 0.
CH2CHO
6.53928338E+00 7.
-1.18858659E+03-8.
-3.10303145E-08 1.
CH2CO
5.35869367E+00 6.
-7.90294013E+03-3.
1.45028521E-08-3.
HCCO
5.91479333E+00 3.
1.93596301E+04-5.
3.05402541E-08-1.
HCCOH
6.37509678E+00 5.
8.93277676E+03-8.
3.09890632E-08-9.
CH3CO3H
1.25060485E+01 9.
-4.59856703E+04-3.

8/ 4/ 4 THERMC

6/26/95 THERMC

IU6/03C 1 H
89593926E-03-8
06030621E+00 4
93233199E-12 5
IU3/03C 1 H
17653639E-02-0
74051829E+01 O
14061803E-11 O
073003C 1H
02340381E-01-0
09178373E+02 0.
01955533E-10 O.
L 7/88C 1
19593434E-03
41923868E+01
26652144E-12
G 8/88C 2H
53538802E-02-5.
68698313E-01 4.
68685836E-11-1.
2H
03076793E-02-3.
49651771E+00 1.
38617775E-13 1.
G 1/00C
04833908E-02-3.
69081762E-01 3.
69884190E-11 5.
ATCT/AC
54021341E-03-2.
72812235E+00 3.
51590176E-11 3.
G 1/91cC
88396667E-03-1.
99838194E+00 8.
50075165E-12 2.
T 5/10C
82492252E-03-1.
92205792E+00 2.
07502351E-11 6.
L 8/88C 2 H
11723059E-01-0.
34807917E+01 O.
21931112E-10-0.
IU2/03C 2 H
91737793E-02-0.
16757558E+01 O.
15296869E-10-0.
T03/10C 2 H
80238629E-03-2.
72091393E+00 2.
39436139E-11 1.
H 2C
95641586E-03-2.
98525731E+00 1.
98877068E-12-7.
T 4/09H 1 C
71408730E-03-1.
50567269E+00 1.
01281069E-11 2.
T12/09C 2 H
49429011E-03-1.
24498007E+00 2.
89799902E-12 9.
2H
47789695E-03-3.
79195947E+01 2.

0
0.
0
6

2 0

1 0

2 H 4

2 H 3

2 H 2

2 H 1

4 0 1

30 1

30 1

20 1

20 1

0 G
.16668090E-07 1.
.19331325E+00-2.
.03662246E+04-7.
0 G
.46147660E-06 0.
.34897583E+01 0.
.70612646E+05 0.
1 G
.07058201E-05 0.
03200202E+02 O.
10393714E+06 O.
0 0 0G

.10673722E-06-0.

25542395E401-0.

.85442681E+05 0.

0 0G
47039485E-06 8.
29142572E+00-5.
15222056E+04 2.
5 0 0G
46844396E-06 5.
32730217E+00 1.
34284028E+04 1.

0 0 G
71721342E-06 5.
95920063E+00-7.
08977598E+03 4.

0 0 G
62997847E-06 4.
36377642E+00 2.
44749589E+04 7.

0 0 G
60828888E-06 2.
08679682E-01 2.
64289808E+04 1.

0 0 G
36632500E-06 2.
89867676E+00 1.
70616050E+04 6.
0G
42263137E-05 0.
47294595E+01-0.
21572878E+05 0.
0 G
33220386E-05 0.
40358705E+01 O.
26820738E+04 O.
0 G
76413612E-06 4.
79502600E+00 1.
62944975E+02 1.
20 1 0G
64802637E-06 4.
81422511E+00 1.
05394926E+03 1.
0 G
30137010E-06 2.
87607969E+00 2.
01633840E+04 1.
0 G
88136576E-06 2.
05541154E+00 2.
76872113E+03 1.
40 3 0G
30402246E-06 5.
24135876E+00 3.

0300.00

200.000 6000.00 1000.00
13572697E-10-6.36262835E-15
33105184E-03 8.15676451E-06
46734310E-01
200.000 6000.00 1000.00
59289675E-10-0.33474501E-14
32432160E-03-0.16899751E-05
20842841E+01
5000.00 1000.00
09007582E-09-0.03855040E-13
02072875E-01-0.05134431E-04
03331587E+02

200.000 6000.00 1000.00
16423940E-10 0.81870580E-15
32153772E-03 0.73379223E-06
45313085E+01
200.000 6000.00 1000.00
77826544E-10-5.23167531E-14
50154901E-03 5.99438458E-05
66678994E+00

300.000 5000.000 1387.000
32499257E-10-3.06512651E-14
76656753E-02-6.14926558E-06
71789216E+01

200.000 6000.00 1000.00
94628366E-10-3.53630386E-14
57051373E-03 5.70989993E-05
09730213E+00
200.000 6000.00 1000.00
15974048E-10-2.45407509E-14
65765722E-04 2.79620704E-05
91510092E+00
200.000 6000.00 1000.00
46974544E-10-1.38605959E-14
33615762E-02-3.55172234E-05
39396761E+01
200.000 6000.00 1000.00
13455040E-10-1.23216848E-14
32988489E-02-2.80733327E-05
18547632E+00

200.000 6000.00 1000.00
68372451E-09-0.40984863E-13
31932858E-02 0.47534921E-04
41030159E+01
200.000 6000.00 1000.00
53947456E-09-0.32452368E-13
87729487E-03 0.30710010E-04
78617682E+01
200.000 6000.00 1000.00
42098906E-10-2.62954290E-14
01099472E-02 1.61750645E-05
23646657E+01

300.00 5000.00 1000.00
65067592E-10-3.08641820E-14
99008590E-02-2.21416008E-05
36079359E+01
200.000 6000.00 1000.00
06473345E-10-1.21476759E-14
21205418E-02-3.58869325E-05
36968290E+01
200.000 6000.00 1000.00
93803536E-10-1.71771901E-14
52003372E-02-3.80821654E-05
22271534E+401

300.000 5000.000 1391.000
19630793E-10-3.04233568E-14
37963514E-02-2.53887482E-05
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9.67583587E-09-1.49266157E-12-4.

CH3CO3

4/ 3/ 0 THERMC

2H

1.12522498E+01 8.33652672E-03-2.
-2.60238584E+04-2.96370457E+01 3.
8.50541104E-09-1.43846110E-12-2.

CH3CO2

C2H50H

2/14/95 THERMC
8.54059736E+00 8.
-2.97290678E+04-2.
6.24799508E-09-9.

2H
32951214E-03-2.
03883545E+01 1.
09516835E-13-2.
L 8/88C 2 H

6 0 1

24677831E+04 1.
30 3 0G

89014530E-06 4.
60373432E+00 2.
34205171E+04 1.
30 2 0G

84722010E-06 4.
37440768E+00 2.
72330150E+04 1.
0 G

70668133E+01

300.000 5000.000 1391.000
52781734E-10-2.64354456E-14
70080341E-02-2.08293438E-05
12014914E+01

300.000 5000.000 1395.000
41927196E-10-2.56373394E-14
49115604E-02-1.74308894E-05
81405454E+01

200.000 6000.00 1000.00

0.65624365E+01 0.15204222E-01-0.53896795E-05 0.86225011E-09-0.51289787E-13
-0.31525621E+05-0.94730202E+01 0.48586957E+01-0.37401726E-02 0.69555378E-04
-0.88654796E-07 0.35168835E-10-0.29996132E+05 0.48018545E+01

C2H50

0.66889982E+01 O.
-0.47457832E+04-0.
-0.43314083E-07 0.
02C2H40H

2/14/95 THERMC

IU2/03C 2 H
13125676E-01-0.
96983755E+01 0.
17276184E-10-0.
2H

1.07432659E+01 1.30957787E-02-4.
-2.55911274E+04-2.33254953E+01 4.
5.17033408E-09-7.31610168E-13-2.

C2H502H

C2H502

8.88872432E+00 1.
-7.44107388E+03-1.
-6.92287127E-08 2.
C2H402H

1/14/ 5 THERMC
1.12305737E+401 1.
-2.47977531E+04-3.
9.56802476E-09-1.

1/14/ 5 THERMC

2H

20482120E-02-3.
25607232E+01 1.
48167375E-12-2.
T10/10C 2 H
35833179E-02-4.
90789836E+01 4.
87395324E-11-5.
2H

1.05228954E+01 9.48091381E-03-3.
1.55718322E+03-2.31413632E+01 3.
8.44284845E-09-1.40756215E-12 3.

CH3CHOZ2H

1.06284708E+01 1.
15391230E+03-2.
45591592E-09-7.

-2.
5.

C2H401-2

0.
-0.
-0.

54887641E+01 O.
91804251E+04-0.
10080788E-06 O.

C2H301-2

5.
1.
-8.

60158035E+00 9.
71446252E+04-5.
18540707E-08 3.

HCOH

9.
7.
1.

18749272E+00 1.
81364593E+03-2.
86205951E-08-3.

02CH2CHO

1.
-1.
2.

11807543E+01 9.
55790331E+04-2.
07391950E-08-3.

HO2CH2CO

1.
-1.
1.

04146322E+01 1.
40955672E+04-2.
47651988E-08-2.

C20 TRIPLET

0.
0.
0.
Cc2
0.
0.

0.

50266479E+01 O.
44888900E+05-0.
99333965E-08-0.

37913706E+01 O.
99023059E+05 0.
13908103E-06-0.

SCH2 SINGLET

0.03552888E+02 0.

1/14/ 5 THERMC

2H
01662327E-02-3.
60363030E+01 3.
57965290E-13 2.
L 8/88C 2 H
12046190E-01-0.
70799605E+01 0.
40039921E-10-0.
A 1/05C 2 H
17613962E-03-3.
47228512E+00 3.
30444505E-11 1.
MAR94 C  1H
52011152E-03-6.
73434214E+01-2.
45957838E-12 1.
BOZ 03C  2H
14479256E-03-3.
87892740E+01-1.
96828771E-12-1.
BOZ_03C  2H
12680116E-02-5.
27894400E+01 2.
64794380E-12-1.
110203C 20
28918227E-02-0.
17853398E+01 0.
30881376E-11 0.
RUS 79C 2
51650473E-03-0.
28151802E+01 0.
55205503E-10 0.
cl2/87C  1H
02066788E-01-0.

50 1

50 2

40 1

30 1

0G

47038840E-05 0.
43074268E+01 0.
34027524E+04 0.
50 3 0G

45370088E-06 6.
11839445E+00 2.
30857785E+04 1.
60 2 0G

96730201E-06 6.
57329011E+00 3.
15278368E+04 1.
0 G

91116949E-06 7.
50099327E+00 6.
39547911E+03 7.
50 2 0G

55727763E-06 6.
46916874E+00 2.
89688270E+03 1.
50 2 0G

34915963E-06 5.
91433011E+00 2.
38044573E+02 1.
0 G

43336931E-05 0.
37590532E+01-0.
75608143E+04 0.
0G

28028902E-06 5.
58349017E+00-6.
85681353E+04 9.
20 1 0G

27603516E-07 1.
82157421E+00 3.
12956672E+04 3.
30 3 0G

15089833E-06 4.
29465843E+00 4.
18275628E+04 3.
30 3 0G

17494839E-06 1.
22681686E+00 3.
18735095E+04 1.
1 0 0G

13913841E-05 O.
29665556E+01 O.
45385915E+05 0.
0 0 0G

25486960E-07-0.
86470550E+00 0.
98731303E+05 0.
2 0 0G

01914116E-05-0.

200.000 6000.00 1000.00
75858552E-09-0.45413306E-13
64147205E-02 0.31139714E-04
59025837E+01

300.000 5000.000 1392.000
88548738E-10-3.98230113E-14
72240632E-02-1.60824430E-05
28482112E+01

300.000 5000.000 1391.000
00754632E-10-3.42657803E-14
52379996E-02-2.53203993E-05
90472032E+01

200.000 6000.00 1000.00
92343362E-10-4.73525704E-14
87965342E-03 4.74143971E-05
91490068E+00

300.000 5000.000 1397.000
41445994E-10-4.21232247E-14
71188626E-02-2.08022550E-05
43400726E+01

300.000 5000.000 1385.000
07257146E-10-2.89352540E-14
52722102E-02-1.62112291E-05
02327238E+01

200.000 6000.00 1000.00
70028311E-09-0.41949088E-13
94412180E-02 0.80309721E-04
78497475E+01

200.000 6000.00 1000.00
27903888E-10-3.15362241E-14
02275805E-03 6.32426867E-05
59725926E+00

300. 5000. 1398.
09727989E-10-6.89655128E-15
57331702E-02-3.80861580E-05
48487757E+01

300.000 5000.000 1393.000
91944238E-10-2.86639180E-14
44936393E-02-4.26577074E-05
60778797E+01

300.000 5000.000 1386.000
00333285E-09-6.68165911E-14
56781380E-02-3.26401909E-05
91581197E+01

300.000 4000.000 1000.00
30703546E-09-0.25567905E-13
10513229E-01-0.13516489E-04
84432753E+01

200.000 6000.00 1000.0
82263554E-11 0.10086168E-14
39353120E-01-0.11981818E-03
11530141E+02 0.99928438E+05
300.00 5000.00 1000.0
11046733E-09 0.02021349E-12
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0.
0.

04984975E+06 O.
02492550E-07-0.

CH2s

0.
0.
0.
CH2HCO
0.
0.
-0.

N2

2.

-9

CN

0.
0.
-0.

03552889E+02 0.
04984975E+06 O.
02492551E-07-0.

59756699E+01 O.
49032178E+03-0.
71585831E-08 0.

95257637E+00 1.

.23948688E+02 5.
2.

43530612E-09-1.

37459804E+01 O.
52353188E+05 0.
31516324E-09-0.

H2CN RADICAL

|
w N w

=z

jast =
Qooomooo

=z

0.
0.
0.

NO

3.
9.
-9.

.80315523E+00 5.
.73218196E+04 3.
.04692133E-08 1.

.24159429E+01 0.
.56133775E+05 0.
.00000000E+00 O.

.27836929E+01 0.
.42134514E+05 0.
.24816442E-08-0.

38022392E+01 O.
14910512E+05 O.
10092349E-07-0.

26071234E+00 1.
92143132E+03 6.
34055507E-09 2.

HCNO

0.
0.
-0.

06692412E+02 0.
01694737E+06-0.
06163104E-07 O.

HOCN

0.
-0.
-0.

06022112E+02 O.
04040321E+05-0.
01420164E-07 O.

HNCO

0.
-0.
0.
NCO
0.
0.
0.
N20
0.
0.
0.
NH2
0.
0.
-0.
HNO
3.
1.
-1.
NO2

52936894E+01 O.
15973489E+05-0.
83345851E-08-0.

51075979E+01 O.
14024945E+05-0.
68805052E-08-0.

48230729E+01 O.
80734047E+04-0.
96819803E-08-0.

28476611E+01 O.
21823916E+05 0.
59302799E-08 0.
WRA032498
16554762E+00 3.
18052184E+04 7.
71883674E-08 5.

T04/83 C

01686570E+02 O.
01981266E-10 O.
31287C 1H
02066788E-01-0.
01686570E+02 0.
01981266E-10 O.
2H
81305914E-02-0.
50452509E+01 O.
28673851E-11 0.
G 8/02N 2
39690040E-03-4.
87188762E+00 3.
40881235E-12-1.
T 6/94C 1IN
43450773E-04 0.
27867600E+01 O.
46430356E-12 0.
T05/97H 2C
47197456E-03-1.
31721893E+00 3.
16272702E-11 2.
L 6/88N 1
17489065E-03-0.
46496095E+01 O.
00000000E+00 O.
L11/89N 1H
13298429E-02-0.
57407798E+01 0.
10356967E-11 0.
L 7/88H 1c
31464227E-02-0.
15754601E+01 0.
30089029E-11 O.
RUS 89N 10
19101135E-03-4.
36900518E+00 4.
80554874E-12 9.
120186H 1c
02368360E-01-0.
01245434E+03 0.
03226275E-10 O.
110193H 1C
01929530E-01-0.
05866433E+02 0.
05367969E-11-0.
T 6/94H 1IN
40307770E-02-0.
30864710E+01 O.
17104033E-11-0.
T 6/94C 1N
23371500E-02-0.
22908127E+01 0.
20963552E-11 0.
L 7/88N 20
26270251E-02-0.
22017208E+01 0.
29307182E-11 0.
L12/89N 1H
31428453E-02-0.
64718133E+01 0.
18067218E-11 0.

H 1N
00005132E-03-3.
64764695E+00 4.
55833090E-12 1.
L 7/88N 10

03971265E+02-0.
04989367E+06 0.
2 G
01914116E-05-0.
03971265E+02-0.
04989368E+06 0.
30 10 0G

27436245E-05 0.
34090624E+01 0.
15214766E+04 0.
0 0 0G

92631603E-07 7.
53100528E+00-1.
04697628E+03 2.
1 0 0G

29705984E-06-0.
36129350E+401-0.
52525340E+05 0.
IN 1 0G

95314927E-06 3.
97799541E+00-3.
76769528E+04 4.
0 0 0G

11902369E-06 O.
25000000E+01 O.
56104638E+05 0.
1 0 0G

42478047E-06 0.
34929084E+01 O.
41894294E+05 0.
IN 1 0G

10632185E-05 0.
22589885E+01 O.
15215853E+05 0.
1 0 0G

29122646E-07 6.
21859896E+00-4.
84509964E+03 2.
1IN 10 1G
02371510E-05-0.
03184859E+02 0.
01797907E+06 0.
IN 10 1G

01455029E-05-0.
03789424E+02 0.
03135335E+05 0.
1C 10 1G

14130589E-05 0.
22432188E+01 O.
15233708E+05 0.
10 1 0G

88984637E-06 0.
27405490E+01 O.
14690320E+05 O.
1 0 0G

95850872E-06 O.
22571502E+01 O.
87417746E+04 O.
2 0 0G

89866557E-06 O.
42055601E+01-0.
21535223E+05-0.
10 1 0G

94350282E-07-3.
53525882E+00-5.
16506820E+04 1.
2 0 0G

0300.00

0250.00

01699088E-02 0.10253689E-05
05753207E+00

4000.00 1000.00
01104673E-08 0.02021350E-12
01699089E-02 0.01025369E-04
05753207E+00

300.00 5000.00 1000.00
40703041E-09-0.21760171E-13
10738574E-01 0.18914925E-05
95582905E+01

200.000 6000.00 1000.00
86010195E-11-4.60755204E-15
23660988E-04-5.02999433E-07
96747038E+00

200.000 6000.00 1000.0
68651804E-10 0.44134174E-14
95551327E-03 0.21442976E-05
39804995E+01

200.000 6000.00 1000.0
13362513E-10-1.86249463E-14
43275678E-03 2.59134226E-05
43029598E+00

200.000 6000.00 1000.0
30226244E-10-0.20360983E-14
00000000E+00 0.00000000E+00
41939088E+01

200.000 6000.00 1000.0
78348504E-10-0.55044470E-14
31179197E-03-0.14890484E-05
18483277E+01

200.000 6000.00 1000.0
16619757E-09-0.97997567E-14
10051170E-01-0.13351763E-04
89164418E+01

200.000 6000.00 1000.0
94481463E-11-4.03295681E-15
63988124E-03 1.10443049E-05
28061001E+00

4000.00 1000.00
01275503E-08 0.02407137E-12
09752316E-01-0.01280203E-04
06123844E+02

300.00 4000.00 1400.00
01045811E-08 0.01794814E-12
05387981E-01-0.06518270E-05
06667052E+02

200.000 6000.00 1000.0
22445562E-09-0.13287683E-13
14491349E-01-0.15236174E-04
12157321E+02

200.000 6000.00 1000.0
14920037E-09-0.91663122E-14
95089992E-02-0.10338762E-04
98908197E+01

200.000 6000.00 1000.0
16000712E-09-0.97752302E-14
11304728E-01-0.13671319E-04
10757992E+02

200.000 6000.00 1000.0
13032357E-09-0.74885356E-14
21355282E-02 0.72682021E-05
14663231E+00

200.000 6000.00 1000.0
85787491E-11 7.08091931E-15
68546910E-03 1.85199976E-05
74314734E+00

200.000 6000.00 1000.0
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0.48847540E+01 O.
0.23164982E+04-

-0.20475426E-07
C2N2
0.67055078E+01

0.34860766E+05-
0.46191748E-07-

NNH
0.37667545E+401
0.28650697E+405

-0.21726464E-07

NH3 AMONIA
2.71709692E+00

-6.58451989E+03

-2.29856489E-08

N2H2
0.13111509E+401
0.24786417E+405

-0.38650163E-07

N203
9.08583845E+00

7.27160146E+03-
1.73060735E-08-
HNO2

0.
0.
0.

HONO
0.57919018E+01

-0.11565589E+05-

-0.95285182E-08
NO3
7.48347734E+00

5.70919428E+03-

-2.81561854E-08
HNO3
0.80037397E+01

-0.19256280E+05-

-0.57859036E-08
N2H3
0.43414654E+401
0.25176779E+05
-0.29813376E-07
N2H4 HYDRAZINE
4.93957357E+400

9.28265548E+03-

-5.00709182E-08

CNN
0.41398983E+01
0.46790796E+05

0.21393697E-07-

HCNN
0.58946362E+01

0.53452941E+05-
0.12125540E-07~-

N204
1.15752899E+01

-2.92191226E+03-
1.42360407E-08-
NH20H WRA032798

3.98241375E+00
-6.44279418E+03
-9.18041765E-11
HNOH

0.06396134E+02

0.07859615E+05-
0.03081641E-07-

H2NO
0.05673346E+02

0.05569325E+05-
0.02276249E-07-

0.
0.

0.
0.
0.

0.
0.
0.

(o)}

3.
1.
6.

2

0.
0.
0.

0.
0.
0.

8.
2.
2.

0.
0.
0.

0.
0.
0.

4.
3.
2.

7.
3.
6.

0.
0.
0.

0.
0.
0.

21723955E-02-0.
11741695E+00 O.
78350564E-11 0.
RUS 79C 2N

36425829E-02-0.
10493904E+02 0.
16432385E-10 0.
TO7/93N 2H

28915081E-02-0.
44705068E+01 0.
79469538E-11 0.
RUS 89N 1H

.56856338E-03-1.
.09289837E+00 4.
.28992268E-12-6.

L 5/90N 2H

.90018727E-02-0.
.16409109E+02 0.
0.

13485210E-10 O.
L 4/90N 20

37756330E-03-1.
55361904E+01 5.
46553954E-12 8.
RUS 89H 1N

36515212E-02-0.
40558233E+01 0.
48715058E-11-0.
J12/64N 10

.57772041E-03-1.
1.
1.

41618155E+01 2.
36583958E-11 7.
L 4/90H 1N
44984461E-02-0.
16098258E+02 0.
44377077E-11-0.
T 7/93H 3N
75280979E-02-0.
98835045E+00 O.
12038856E-10 O.
L 5/90N 2H
75017187E-03-2.
69439772E+00 3.
03362064E-11 1.
RUS 79C 1N
38071002E-02-0.
32444306E+01 0.
75499090E-11 O.
SRI/%4C 1N
39895959E-02-0.
51030502E+01 O.
32357378E-11 O.
RUS 89N 20
01616086E-03-1.
19488439E+01 3.
44100049E-12-6.
N 1H
99825642E-03-2.
22666600E+00 2.
06669407E-13-6.
102290H 2N
01821067E-01-0.
10404785E+02 0.
05726498E-11 O.
102290H 2N
02298836E-01-0.
06153540E+02 0.
04648073E-11 0.

82806909E-06 0.
39440312E+01-0.
28966180E+04 O.
2 0 0G

13094063E-05 0.
23292532E+01 O.
35668442E+05 0.
1 0 0G

10416620E-05 0.
43446927E+01-0.
28791973E+05 0.
3 0 0G

76886396E-06 2.
30177808E+00-4.
74806394E+03-6.
2 0 0G

31491187E-05 0.
49106602E+01-0.
24224273E+05 0.
3 0 0G

31583890E-06 2.
81083964E+00 1.
19184453E+03 1.
10 2 0G

12928936E-05 0.
32141709E401 O.
10753237E+05 0.
3 0 0G

00945831E-06 1.
17359310E+00 1.
39219877E+03 1.
10 3 0G

17365219E-05 0.
17449337E+01 0.
17380530E+05 0.
2 0 0G

27478351E-05 0.
33151120E+01 O.
25844190E+05 O.
4 0 0G

99399058E-06 4.
83472149E+00-6.
00893925E+04 5.
2 0 0G

14753456E-05 0.
27584988E+01 O.
46953824E+05 0.
2H 10 0G

15982380E-05 0.
25243194E+01 O.
54261984E+05 0.
4 0 0G

57178323E-06 2.
02002308E+00 2.
40040162E+02 1.
30 1 0G

74883544E-06 4.
67285464E+00 1.
08956846E+03 1.
10 1 G
01870891E-05-0.
02125274E+02 0.
09553544E+05 0.
10 1 G
01774445E-05-0.
02530589E+02 0.
06868030E+05 0.

0300.00

0300.00

15747510E-09-0.10510895E-13
15854290E-02 0.16657812E-04
63119919E+01

200.000 6000.00 1000.0
21643797E-09-0.13121437E-13
26153785E-01-0.49000399E-04
98501993E+01

200.000 6000.00 1000.0
16842594E-09-0.10091896E-13
48497072E-02 0.20059459E-04
29779411E+01

200.000 6000.00 1000.0
67417260E-10-1.52731419E-14
77127330E-03 2.19341619E-05
90644393E-01

200.000 6000.00 1000.0
48144969E-09-0.27189798E-13
10779187E-01 0.38651644E-04
91027970E-01

200.000 6000.000 1000.0
30762329E-10-1.47151267E-14
43330962E-02-1.96208597E-05
20461321E+00

200.000 6000.000 1000.0
20688716E-09-0.12315254E-13
81276869E-02 0.16602559E-05
98219504E+01

200.000 6000.00 1000.0
72314072E-10-1.07154015E-14
04902697E-02 1.10472650E-05
46022098E+01

200.000 6000.00 1000.0
29369198E-09-0.18148285E-13
18804057E-01-0.81595875E-05
16954532E+02

200.000 6000.00 1000.0
44688178E-09-0.26846990E-13
21514763E-02 0.21849694E-04
82263324E+01

200.000 6000.00 1000.0
67278418E-10-2.73068599E-14
49129555E-04 3.76848463E-05
75272030E+00

200.000 6000.00 1000.0
24441991E-09-0.14746300E-13
12901042E-01-0.22802003E-04
91902188E+01

300.000 5000.000 1000.000
29249395E-09-0.20094686E-13
15960619E-01-0.18816354E-04
11675870E+02

200.000 6000.000 1000.0
68274309E-10-1.66922019E-14
95904321E-02-3.01342458E-05
18059606E+01

200.000 6000.000 1000.0
22874218E-10-2.42498273E-14
13645347E-02-4.92179546E-06
00068112E+01

4000.00 1500.00
07844471E-09 0.14448555E-13
10662818E-01-0.07602588E-04
13096718E+02

4000.00 1500.00
11034818E-09 0.01859762E-12
08596035E-01-0.05471030E-04
11266506E+02
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HNNO

0.06991217E+402 0.
0.02497566E+06—
0.05392970E-07-

HCNH cis
4.21964804E+00
3.67706419E+04

-3.11573905E-08

HNCN
0.52750960E+01

0.36546125E+05-
0.95251352E-08-

NCN
5.68743460E+00

5.40184049E+04-
4.75565678E-09-

H2CNO H2C*N=0
0.54028152E+401

0.24528690E+05-

-0.68176813E-07
CH3NO
0.50677397E+401

0.71852464E+04-

-0.53482743E-07
HNO2
6.47963000e+00

-7.80950291e+03-
8.70112000e-10-

HONO2
8.03098942e+00

-1.92821685e+04-
-6.06113827e-09 4.
H2NN DBOZOOM93/JBPM3 96 N
3.13531032E+00 5.
3.33678346E+04 7.
-1.53359038E-09 3.

CH3NH2 SWS

5.23365618E+00 1.
-5.52829576E+03-5.
-3.83481304E-10 3.
THERM92 H

CH2NH2

0.
0.

5.
1.
1.

0.
0.
0.

1.
6.
1.

0.
0.
0.

0.
0.
0.

1.
1.
2.

4.
1.

103190H N
01875970E-01-0.
11235229E+02 0.
10108589E-11 O.
T05/97H 2C
00385006E-03-1.
67138658E+00 3.
25791818E-11 3.
101104H 1Cc
48693948E-02-0.
18901038E+01 O.
26526239E-11 0.
ATCT/AN 2C
82663439E-03-7.
31950475E+00 2.
04348512E-12 5.
T 9/96H 2C
69057001E-02-0.
44574262E+01 0.
27181746E-10 0.
T12/92C 1H
93871079E-02-0.
10709779E+01 0.
19916692E-10 O.
103190H 1IN
99527400e-03-1.
06771518e+01 1.
32413500e-15-5.
T 8/03H 1N
46958589e-03-1.
62616720e+01 1.
65236978e-12-1.
2H
68632569E-03-1.
04815840E+00 2.
79345858E-13 3.

H 5C
08525479E-02-3.
21507359E+00 1.
57345746E-13-3.
4C

6.11432288E+00 7.69126269E-03-2.
1.55835138E+04-8.93053780E+00 2.
4.07638829E-09-6.95570548E-13 1.

CH2NH

MELIUS 88 H

3C

4.54737795E+00 7.17720948E-03-2.
8.64056516E+03-1.16687427E+00 2.
-6.61374671E-09 1.65531940E-12 9.

CH3NH

HNC 46.8

0.05283464E+402 0.
2.16142302E+04-0.
0.03782329E-07-0.

C3H7

0.77026987E+01 O.
0.82984336E+04-0.
-0.19609569E-07 0.

END

THERM92 H
4.90528413E+00 8.
1.94541503E+04-1.
3.49954504E-09-5.

4c
50385569E-03-2.
35290137E+00 1.
53823621E-13 2.
H 1C
01092476E-01-0.
06388218E+02 0.
09365092E-11 2.
L 9/84C 3H
16044203E-01-0.
15480180E+02 0.
93732470E-11 0.

20 1 G
02124584E-05-0.
02238298E+02 0.
02660258E+06 0.
1N 1 0G

76392053E-06 2.
68324269E+00-1.
72527355E+04 6.
1IN 2 0G

21552530E-05 O.
27948119E+01 O.
37139905E+05 O.
1. 0. 0G

07551130E-07 1.
79807986E+00 1.
48304555E+04 8.
1N 10 1G

25162977E-05 0.
38781858E+01-0.
25716857E+05 0.
3N 10 1G

33958317E-05 0.
52463494E+01-0.
79241319E+04 0.
10 2 G
74038700e-07-9.
93483800e+00 1.
91571591e+03 1.
10 3 0G

72459491e-06 2.
69329154e+00 1.
73882411e+04 1.
2 0 0G

93983467E-06 3.
88544262E+00 4.
36030690E+04 8.
1N 1 0G

65205276E-06 5.
69170293E+00 1.
94057426E+03 1.
1N 1 0G

59025729E-06 3.
56157769E+00 1.
68563722E+04 1.
1N 1 0G

47935299E-06 3.
81849510E+00 5.
88442597E+03 1.
1N 1 0G

82356461E-06 4.
53882571E+00 1.
06715086E+04 1.
1IN 1 G
01170865E-05-0.
03592377E+02 0.
22826802E+04 O.
7 G

52833220E-05 0.
10515518E+01 0.
10631863E+05 0.

0300.00

0300.00

0300.00

4000.00 1500.00
06710472E-09 0.12305080E-13
13591997E-01-0.11798728E-04
14136789E+02

200.000 6000.000 1500.
80725924E-10-1.65851919E-14
38553482E-03 2.40042191E-05
21248890E+00

300.000 4000.000 1000.00
44936888E-09-0.35961378E-13
13672404E-01-0.14937082E-04
10459907E+02

200.000 6000.000 1000.00
19517763E-10-7.31862017E-15
00008861E-02-9.59242059E-06
62129570E+00

200.000 6000.000 1500.
41014066E-09-0.24718300E-13
66530886E-02 0.53947610E-04
74618774E+01

200.000 6000.000 1500.
55076729E-09-0.33095301E-13
68175691E-02 0.46713959E-04
18687355E+01

4000.00 1500.00
69587200e-11 1.70148000e-14
01003600e-02-4.96461600e-06
47282082e+01

200.000 6000.000 1000.
91556153e-10-1.80102702e-14
90167702e-02-8.25176697e-06
71839655e+01

300.000 5000.000 1695.000
01290501E-10-1.74978144E-14
69495999E-03 7.01983230E-07
95096779E+00

300.000 5000.000 1387.000
60552543E-10-3.22553444E-14
60389160E-02-4.99028441E-06
49835076E+01

300.000 5000.000 1397.000
97713575E-10-2.28883272E-14
60730713E-02-1.05960335E-05
01987687E+01

300.000 5000.000 1577.000
87692351E-10-2.26113075E-14
11983235E-03 6.38887146E-06
03390629E+01

300.000 5000.000 1404.000
29267836E-10-2.45297886E-14
62436539E-02-9.89573425E-06
68295527E+01

5000.00 1500.00
02308672E-09 0.03950673E-13
05561340E-01-0.05936823E-04
02732160E+02

300.000 5000.000 1000.000
76298590E-09-0.39392284E-13
25991980E-01 0.23800540E-05
21122559E+02
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APPENDIX D

NATURAL GAS/NOX REACTION MECHANISM

The current natural gas/NOx kinetic model is an extension of the previous
syngas/NOx modeling work of the author, mentioned in Appendix C. Therefore, this
section will only include the specie and reaction rate coefficients of the Hydrocarbon-NOx
interaction part (also known as the Prompt NO formation pathways) of the natural gas/NOx
model. The later part of this section will also include the transport database of the natural
gas/NOx model.

The mechanism applies at 1.0 atm pressure. For other pressures, readers are

suggested to contact the author of this thesis.

D.1 SPECIES
ELEMENTS ATOMIC
CONSIDERED WEIGHT
1. ¢ 12.0112
2. H 1.00797
3. N 14.0067
4. 0 15.9994
5. AR 39.9480
6. HE 4.00260
c
P H
H A
A R
SPECIES S G MOLECULAR TEMPERATURE ELEMENT COUNT
CONSIDERED E E WEIGHT LOW HIGH C H N O AR HE
1. CH2NO2 G 0 60.03259 200 6000 1 2 1 2 0 O
2. C2HSNO2 G 0 75.06765 200 6000 2 5 1 2 0 0
3. OCH2CHO G 0 59.04501 300 5000 2 3 0 2 0 0
4. CHOCH2NO2 G 0 89.05111 350 3000 2 3 1 3 0 0
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SPECIES

CONSIDERED

5. OOCH2CHO G 0
6. CH2CHOO G O
7. CH3CH20NO G 0
8. CH3CH20NO2 G 0
9. CH2CH2NO2 G 0
10. CH3CHNOZ G O
11. C2H5NO G 0
12. C2H50NO G 0
13. C2H3NO2 G O
14. CHCHNO2 G 0
15. CH3CHNO G 0
16. C2H3NO G 0
17. CHCHNO G 0
18. ONCH2CHO G 0
19. CH3CONO G 0
20. ONCH2CH20H G 0
21. CH2NO G 0

M wnp oo
HomwE DO

MOLECULAR
WEIGHT

TEMPERATURE

LOow HIGH C
300 5000 2
300 2000 2
200 6000 2
200 6000 2
350 3000 2
350 3000 2
350 3000 2
200 6000 2
200 6000 2
350 3000 2
350 3000 2
350 3000 2
350 3000 2
350 3000 2
350 3000 2
350 3000 2
300 5000 1

jas

N OTWWNWSDNWOU U D 00T WwWw

e e e = e e e e S e e o N )

ELEMENT COUNT

FNNNNEREREREPRPNDMNNDNDENDNDWNDDNDW

AR HE

oNoBoBolNoNoNoNoNoNoNoloNolNolNolNolNo)
oNoBoBolNoNoNoNoNoNoNoloNolNolNolNolNo)

D.2 REACTION RATE COEFFICIENTS

O o Joy Ul W

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

REACTIONS CONSIDERED

NO+CH302=N0O2+CH30
NO2+CH4=HNO2+CH3

. NO2+HCO=NO+CO2+H

. NO2+HCO=NO+CO+0OH

. NO2+CH30=HONO+CH20
. NO2+C2H5=NO+C2H50

NH3+0<=>NH2+0H
NH3+OH<=>NH2+H20

. CH3NO2 (+M) =CH3+NO2 (+M)

LOW /1.259E+17 0 42000/
TROE /0.183 1E-30 1E+30/
CH3NO2+H=HONO+CH3
CH3NO2+H=CH3NO+0H
CH3NO2+H=CH2NO2+H?2
CH3NO2+0=CH2NO2+0H
CH3NO2+02=CH2NO2+HO02
CH3NO2+0OH=CH30H+NO2
CH3NO2+0OH=CH2NO2+H20
CH3NO2+HO2=CH2NO2+H202
CH3NO2+CH3=CH2NO2+CH4
CH3NO2+CH30=CH2NO2+CH30H
CH3NO2+NO2=CH2NO2+HONO
CH2NO2=CH20+NO
CH2NO2+H=CH3+NO2
CH2NO2+0=CH20+NO2
CH2NO2+0OH=CH20H+NO2
CH2NO2+0OH=CH20+HONO
C2HS5NO2 (+M) =C2H5+NO2 (+M)

PN OO

N EFPFRPRPOORFR WWOowoaNdNDEOoFE W

= A T**b exp (-E/RT))
A b E

.400E+12 0.0 =715
.870E+02 3.16 32000
.300E+13 0.0 0
.950E+12 0.0 0
.000E+12 0.0 2285
.000E+13 -0.2 0
.4E06 1.940 6460
.0EO6 2.040 566
.800E+16 0.0 58500
.270E+12 0.0 3730
.400E+12 0.0 3730
.400E+02 3.500 5200
.500E+13 0.0 5350
.000E+13 0.0 57000
.000E+10 0.0 -1000
.000E+05 2.000 1000
.000E+12 0.0 23000
.500E-01 4.000 8300
.000E+11 0.0 7000
.000E+11 0.0 32000
.000E+13 0.0 36000
.000E+13 0.0 0
.000E+13 0.0 0
.000E+13 0.0 0
.000E+13 0.0 0
.000E+15 0.0 54000
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LOW /1.0E+18 0 36000/
27. C2H5NO2+0OH=C2H50H+NO2 2.000E+10 0.0 -1000
28. CH2HCO+NO2=CH20+HCO+NO 8.900E+12 0.0 -159.0
29. HCNO+OH=NO+CH20 2.000E+13 0.0 0.0
30. HNCO+OH=NCO+H20 4.200E+05 2.0 2560.0
31. NCO+NO=N20+CO 5.230E+17 -1.73 763.0
32. NH2+H=NH+H2 4.000E+13 0.0 3650.0

UNITS for the preceding sections A: mole-cm-sec-K, E: cal/mole

D.3 THERMOCHEMICAL DATA

THERMO
300.00 1000.00 5000.00
CH2NO2 BUR0302 T04/98C 1H 2N 10 2G 200.000 6000.000 1000.

7.67214886E+00 7.04674142E-03-2.55301211E-06 4.14646979E-10-2.49316782E-14
1.52307521E+404-1.22510821E+01 2.46754293E+00 1.56130407E-02 4.71686464E-06
-2.05123642E-08 1.02705094E-11 1.69015807E+04 1.59016345E+01 1.83372153E+04
C2H5NO2 T04/98C 2H 5N 10 2G  200.000 6000.000 1000.
9.21849299E+00 1.62001532E-02-5.98159944E-06 9.8127713E-10-5.9345530E-14
-1.68676292E+04-2.07232926E+01 3.37137598E+00 1.3791427E-02 3.8467528E-05
-6.02380553E-08 2.49654782E-11-1.43330647E+04 1.4000494E+01-1.2482894E+04
OCH2CHO thermC 2H 30 2 0g 300.000 5000.000 2018.000
8.44397265e+00 8.81405857e-03-3.23029618e-06 5.2692391e-10-3.168083%e-14
-2.39555479e+04-1.50534594e+01 3.22498899e+00 1.902394e-02-9.553864e-06
1.70721984e-09 8.54934709e-15-2.20531823e+04 1.35344729e+01
CHOCH2NO2 0cC 2H 3N 10 3G 350.000 3000.0 1000.00
0.62032917E+01 0.23468025E-01-0.128158E-04 0.333939E-08-0.33778980E-12
-0.238426E+05-0.298958E+01 0.16373070E+01 0.35400094E-01-0.21211658E-04
0.26081542E-08 0.140950E-11-0.226825E+05 0.20621619E+02
OOCH2CHO 11/99CBSQC 2H 30 3 0G 300.000 5000.0 1393.00
1.226276E+01 7.751884E-03-2.75192727E-06 4.38058762E-10-2.58630913E-14

-1.58998196E+04-3.490621E+01-1.
2.2678748E-08-4.2997840E-12-1.
CH2CHOO oC
0.1416030E+01 0.2993721E-01-0.
0.11361727+05 0.1899526E+02 0.
0.11222085E-07-0.18678097E-11
CH3CH20NO T04/98C 2H
9.2149299E+00 1.6201532E-02-5.

8630695E+00 4.7517931E-02-4.67009879E-05
1647704E+04 3.8530605E+01

2H 30 2G 300.00 2000.00 1000.00
2638173E-04 0.1177079E-07-0.20511571E-11
1446113E+01 0.2975462E-01-0.25839387E-04
0.11371249E+05 0.19022561E+02

5N 10 2G 200.00 6000.00 1000.0
9859944E-06 9.81277173E-10-5.93455530-14

-1.6554389E+04-1.88591687E+01 3.3713759E+00 1.3791267E-02 3.8468728E-05

-6.0230553E-08 2.4965782E-11-1.
CH3CH20NO?2 T05/98C 2H
1.2136053E+01 1.7009185E-02-6.
-2.4190070E+04-3.7164527E+01 3.
-6.6408950E-08 2.8205579E-11-2.
CH2NO H
6.9355152E+00 5.1916959E-03-1.
1.7888923E+04-1.1699066E+01 1.
7.08039958E-09-1.24896699E-12
CH2CH2NO2 0C
0.6218410E+01 0.2202426E-01-0.
0.1014133E+05-0.3012834E+01 0.
0.1176881E-07-0.1571167E-11 0.
CH3CHNO2 0C
0.5754022E+01 0.2290791E-01-0.
0.4745801E+04-0.5605326E+00 0.
0.79224985E-08-0.32205809E-12
C2H5NO ocC
0.3223141E+01 0.2515648E-01-0.
0.2905627E+04 0.9662846E+01 0.
-0.31252611E-08 0.24705957E-11

40198744E+04 1.58650733E+01

5N 10 3G 200.00 6000.00 1000.00
4339515E-06 1.0721880E-09-6.54950920E-14
7521604E+00 1.9323098E-02 3.87534117E-05
0844383E+04 1.11813240E+01-1.8639453E+04
2N 1C 10 1G 300.0 5000.0 1394.0
8009059E-06 2.8228906E-10-1.64876420E-14
3504335E+00 1.9570193E-02-1.62924222E-05
1.97105070E+04 1.78571822E+01

2H 4N 10 2G 350.0 3000.0 1000.0
1147141E-04 0.2887966E-08-0.28483642E-12
1198174E+01 0.3837155E-01-0.30390851E-04
11332882E+05 0.22140517E+02

2H 4N 10 2G 350.0 3000.0 1000.00
1206143E-04 0.3060984E-08-0.30346044E-12
9483102E+00 0.3734040E-01-0.26534288E-04
0.59463796E+04 0.23821053E+02

2H 5N 10 1G 350.0 3000.0 1000.00
1287587E-04 0.3185738E-08-0.30895042E-12
1195305E+01 0.2846203E-01-0.10619260E-04
0.35516159E+04 0.20649205E+02
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CH3CHNO

C2H3NO

CHCHNO

C2H50NO

T04/98C

C2H3NO2

burcat9icC

CHCHNO2

ONCH2CHO

0cC
0.3747542E+01 0.2127952E-01-0.
0.1174112E+05 0.7084755E+01 O.
-0.24039831E-08 0.20547696E-11
oc
0.4487476E+01 0.1701859E-01-0.
0.1764607E+05 0.2341725E+01 O.
0.74094437E-08-0.71095030E-12
oc
0.5915294E+01 0.1210998E-01-0.
0.4809198E+05-0.3574661E+01 O.
0.15355456E-07-0.33167395E-11
2H
9.2184929E+00 1.6200532E-02-5.
-1.6554439E+04-1.8851687E+01 3.
-6.0238053E-08 2.4954782E-11-1.
2H
1.0066006E+01 1.0493232E-02-3.
-3.1070431E+02-2.6184452E+01 2.
-4.77968933-08 2.1478943E-11 2.
oc
0.6807557E+01 0.1511896E-01-0.
0.3228066E+05-0.7095910E+01 O.
0.18545634E-07-0.37073767E-11
oc
0.5436576E+01 0.2026444E-01-0.
-0.7760820E+03 0.7580316E-01 O.

2H 4N 10 1G 350.0

0.12313554E+05 0.16927344E+02
2H 3N 10 1G 350.0

0.18547770E+05 0.21023516E+02
2H 2N 10 1G 350.0

0.48995965E+05 0.17191648E+02
5N 10 2G 200.000

40198744E+04 1.58650733E+01
3N 10 2G 200.000

2H 2N 10 2G 350.0

0.33585989E+05 0.22065596E+02
2H 3N 10 2G 350.0

0.2592227E-08 0.89523736E-12 0.11213317E+03 0.17205039E+02

CH3CONO

0cC

2H 3N 10 2G 350.0

0.20253705E-08 0.78361540E-12-0.75001606E+04 0.12092053E+02

ONCH2CH20H

0cC

2H 5N 10 2G 350.0

0.70801863E-08 0.14692161E-12-0.81919759E+04 0.24703906E+02

END

3000.0 1000.0
1097916E-04 0.2735916E-08-0.26695384E-12
1922225E+01 0.2443326E-01-0.94902429E-05

3000.0 1000.00
8861943E-05 0.2230822E-08-0.21983603E-12
7821381E+00 0.2862509E-01-0.21451110E-04

3000.0 1000.0
6446441E-05 0.1655567E-08-0.16598290E-12
1667729E+01 0.2799867E-01-0.28641596E-04

6000.000 1000.0
9819944E-06 9.81277173E-10-5.93455530E-14
3713598E+00 1.3914267E-02 3.84687528E-05

6000.000 1000
9209697E-06 6.4775885E-10-3.93529661E-14
7593079E+00 1.7070376E-02 2.37349272E-05
2962458E+03 1.4655909E+01 4.00308858E+03
3000.0 1000.00
8266927E-05 0.2167431E-08-0.22075930E-12
8887734E+00 0.3636108E-01-0.36482393E-04

3000.0 1000.00
1088551E-04 0.2802435E-08-0.28070866E-12
2119084E+01 0.2904203E-01-0.17310678E-04

3000.0 1000.00
0.592436E+01 0.1927979E-01-0.1019055E-04 0.25951404E-08-0.25775465E-12
-0.8190142E+04-0.1100900E+01 0.3369834E+01 0.2589630E-01-0.14734965E-04

3000.0 1000.00
0.5366740E+01 0.2617229E-01-0.1349571E-04 0.3373863E-08-0.33081322E-12
-0.9500758E+04-0.1495980E+01 0.2271547E+00 0.4111328E-01-0.27481260E-04

D WNE DWOWNEONEDMONEDONE DSMWOWNESONDNEDONDEWND R

D.4 TRANSPORT DATA

H 0 145.000 2.050 0.000 0.000 0.000
0 0 80.000 2.750 0.000 0.000 0.000
c 0 71.400 3.298 0.000 0.000 0.000
H2 1 38.000 2.920 0.000 0.790 280.000
co 1 98.100 3.650 0.000 1.950 1.800
HE 0 10.200 2.576 0.000 0.000 0.000
N2 1 97.530 3.621 0.000 1.760 4.000
02 1 107.400 3.458 0.000 1.600 3.800
OH 1 80.000 2.750 0.000 0.000 0.000
AR 0 136.500 3.330 0.000 0.000 0.000
CH 1 80.000 2.750 0.000 0.000 0.000
H20 2 572.400 2.605 1.844 0.000 4.000
CH3 1 144.000 3.800 0.000 0.000 0.000
C2H 1 265.300 3.721 0.000 0.000 2.500
coz 1 244.000 3.763 0.000 2.650 2.100
CH2 1 144.000 3.800 0.000 0.000 0.000
HO2 2 107.400 3.458 0.000 0.000 1.000
CH4 2 141.400 3.746 0.000 2.600 13.000
HCO 2 498.000 3.590 0.000 0.000 0.000
C2H6 2 247.500 4.350 0.000 0.000 1.500
HCCO 2 150.000 2.500 0.000 0.000 1.000
CH30 2 417.000 3.690 1.700 0.000 2.000
C2H5 2 247.500 4.350 0.000 0.000 1.500
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CH20 2 498.000 3.590 0.000 0.000 2.000
OCHO 2 498.000 3.590 0.000 0.000 2.000
C2H4 2 238.400 3.496 0.000 0.000 1.500
H202 2 107.400 3.458 0.000 0.000 3.800
C2H3 2 265.300 3.721 0.000 0.000 1.000
C2H2 1 265.300 3.721 0.000 0.000 2.500
02CHO 2 436.000 3.970 0.000 0.000 2.000
CH20H 2 417.000 3.690 1.700 0.000 2.000
HOCHO 2 436.000 3.970 0.000 0.000 2.000
HCCOH 2 436.000 3.970 0.000 0.000 2.000
CH3CO 2 436.000 3.970 0.000 0.000 2.000
C2H50 2 470.600 4.410 0.000 0.000 1.500
CH30H 2 481.800 3.626 0.000 0.000 1.000
CH2CO 2 436.000 3.970 0.000 0.000 2.000
CH3CHO 2 436.000 3.970 0.000 0.000 2.000
CH2 (S) 1 144.000 3.800 0.000 0.000 0.000
C2H50H 2 470.600 4.410 0.000 0.000 1.500
HOCH20 2 470.600 4.410 0.000 0.000 1.500
CH2CHO 2 436.000 3.970 0.000 0.000 2.000
HO2CHO 2 436.000 3.970 0.000 0.000 2.000
CH30CH2 2 395.000 4.037 1.300 0.000 1.000
02C2H40H 2 523.200 5.664 1.700 0.000 1.000
Cc2 1 97.530 3.621 0.000 1.760 4.000
Cc20 1 232.400 3.828 0.000 0.000 1.000
CN2 1 232.400 3.828 0.000 0.000 1.000
C2H20H 2 224.700 4.162 0.000 0.000 1.000
C2H402H 2 470.600 4.410 0.000 0.000 1.500
C2H502 2 470.600 4.410 0.000 0.000 1.500
C2H502H 2 470.600 4.410 0.000 0.000 1.500
C2N 1 232.400 3.828 0.000 0.000 1.000
C2N2 1 349.000 4.361 0.000 0.000 1.000
HCOH 2 498.000 3.590 0.000 0.000 1.000
H2CO 2 498.000 3.590 0.000 0.000 2.000
CH2HCO 2 436.000 3.970 0.000 0.000 2.000
CHOCHO 1 440.200 4.010 0.000 0.000 2.000
CHOCO 1 440.200 4.010 0.000 0.000 2.000
HCO2H 2 481.800 3.626 1.700 0.000 1.000
CH3HCO 2 436.000 3.970 0.000 0.000 2.000
CH3CO2 2 436.000 3.970 0.000 0.000 2.000
CH3CO3 2 436.000 3.970 0.000 0.000 2.000
CH3CO3H 2 436.000 3.970 0.000 0.000 2.000
CH302 2 481.800 3.626 0.000 0.000 1.000
CH302H 2 481.800 3.626 0.000 0.000 1.000
CH40 2 417.000 3.690 1.700 0.000 2.000
CN 1 75.000 3.856 0.000 0.000 1.000
CNC 1 232.400 3.828 0.000 0.000 1.000
CNN 1 232.400 3.828 0.000 0.000 1.000
H2CN 1 569.000 3.630 0.000 0.000 1.000
H2NO 2 116.700 3.492 0.000 0.000 1.000
HCN 1 569.000 3.630 0.000 0.000 1.000
HCNO 2 232.400 3.828 0.000 0.000 1.000
HOCN 2 232.400 3.828 0.000 0.000 1.000
HNCO 2 232.400 3.828 0.000 0.000 1.000
HNNO 2 232.400 3.828 0.000 0.000 1.000
HNO 2 116.700 3.492 0.000 0.000 1.000
HNOH 2 116.700 3.492 0.000 0.000 1.000
N 0 71.400 3.298 0.000 0.000 0.000
N2H2 2 71.400 3.798 0.000 0.000 1.000
N2H3 2 200.000 3.900 0.000 0.000 1.000
N2H4 2 205.000 4.230 0.000 4.260 1.500
N20 1 232.400 3.828 0.000 0.000 1.000
NCN 1 232.400 3.828 0.000 0.000 1.000
NCO 1 232.400 3.828 0.000 0.000 1.000
NH 1 80.000 2.650 0.000 0.000 4.000
NH2 2 80.000 2.650 0.000 2.260 4.000
NH3 2 481.000 2.920 1.470 0.000 10.000
NNH 2 71.400 3.798 0.000 0.000 1.000
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NO 1 97.530 3.621 0.000 1.760 4.000
NCNO 2 232.400 3.828 0.000 0.000 1.000
NO2 2 200.000 3.500 0.000 0.000 1.000
03 2 180.000 4.100 0.000 0.000 2.000
OH* 1 80.000 2.750 0.000 0.000 0.000
C2H40H 2 470.600 4.410 0.000 0.000 1.500
HOC2H40H 2 510.500 4.762 2.200 0.000 1.500
CH30CH202 2 395.000 4.037 1.300 0.000 1.000
CH20CH202H 2 395.000 4.037 1.300 0.000 1.000
CH30CH202H 2 395.000 4.037 1.300 0.000 1.000
CH30CH20H 2 395.000 4.037 1.300 0.000 1.000
CH30CH20 2 395.000 4.037 1.300 0.000 1.000
CH30CHO 2 395.000 4.037 1.300 0.000 1.000
CH30CO 2 395.000 4.037 1.300 0.000 1.000
CH20CHO 2 395.000 4.037 1.300 0.000 1.000
O2CH20CH202H 2 395.000 4.037 1.300 0.000 1.000
HO2CH20CHO 2 395.000 4.037 1.300 0.000 1.000
OCH20CHO 2 395.000 4.037 1.300 0.000 1.000
HOCH20CO 2 395.000 4.037 1.300 0.000 1.000
CH* 1 80.000 2.750 0.000 0.000 0.000
CH300 2 417.000 3.690 1.700 0.000 2.000
CH202 2 481.800 3.626 1.700 0.000 1.000
HOCH202H 2 481.800 3.626 1.700 0.000 1.000
OCH202H 2 481.800 3.626 1.700 0.000 1.000
HOCH202 2 481.800 3.626 1.700 0.000 1.000
HOCO2 2 481.800 3.626 1.700 0.000 1.000
HCO3H 2 481.800 3.626 1.700 0.000 1.000
HCO3 2 481.800 3.626 1.700 0.000 1.000
HCO2 2 481.800 3.626 1.700 0.000 1.000
CH3CH20 2 470.600 4.410 0.000 0.000 1.500
HOC2H402 2 470.600 4.410 0.000 0.000 1.500
CH3CHOH 2 470.600 4.410 0.000 0.000 1.500
C2H300H 2 436.000 3.970 0.000 0.000 2.000
C2H50CH3 2 436.000 3.970 0.000 0.000 2.000
CH202H 2 238.400 3.496 0.000 0.000 1.500
HOCO 2 498.000 3.590 0.000 0.000 2.000
CH3NO2 2 200.000 4.500 0.000 0.000 1.000
CH2NO2 2 200.000 4.500 0.000 0.000 1.000
C2H5NO2 2 200.000 4.500 0.000 0.000 1.000
CH30NO 2 200.000 4.500 0.000 0.000 1.000
CH30NO2 2 300.000 4.500 0.000 0.000 1.000
CH2CHOO 2 435.500 4.860 0.000 0.000 1.000
HOCH2CH200 2 435.500 4.860 0.000 0.000 1.000
OCH2CHO 2 435.500 4.860 0.000 0.000 1.000
C2H50NO 2 391.000 4.455 0.000 0.000 1.000
CH3CH20NO 2 391.000 4.455 0.000 0.000 1.000
C2H50NO2 2 300.000 4.500 0.000 0.000 1.000
CH3CH20NO2 2 300.000 4.500 0.000 0.000 1.000
CHOCH2NO2 2 200.000 4.500 0.000 0.000 1.000
OOCH2CHO 2 435.500 4.860 0.000 0.000 1.000
CH2CH2NO2 2 200.000 4.500 0.000 0.000 1.000
CH3CHNO2 2 200.000 4.500 0.000 0.000 1.000
C2H5NO 2 391.000 4.455 0.000 0.000 1.000
C2H3NO 2 391.000 4.455 0.000 0.000 1.000
C2H3NO2 2 391.000 4.455 0.000 0.000 1.000
C2H2NO2 2 391.000 4.455 0.000 0.000 1.000
CH3CHNO 2 391.000 4.455 0.000 0.000 1.000
C2H2NO 2 391.000 4.455 0.000 0.000 1.000
CH2NO 2 200.000 4.500 0.000 0.000 1.000
ONCH2CHO 2 391.000 4.455 0.000 0.000 1.000
ONCH2CH20H 2 391.000 4.455 0.000 0.000 1.000
CH3CONO 2 391.000 4.455 0.000 0.000 1.000
CHCHNO 2 391.000 4.455 0.000 0.000 1.000
CHCHNO2 2 391.000 4.455 0.000 0.000 1.000
CH2CH20H 2 362.600 4.530 0.000 0.000 1.500
CH3NH2 2 481.800 3.626 0.000 0.000 1.000
CH2NH 2 417.000 3.690 1.700 0.000 2.000
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CH2NH2 2 481.800 3.626 0.000 0.000 1.000
H2NN 2 71.400 3.798 0.000 0.000 1.000
CH2s 1 144.000 3.800 0.000 0.000 0.000
HNO2 2 350.000 3.950 1.639 0.000 1.000
HONO2 2 400.000 4.200 0.200 0.000 1.000
N203 2 202.6 5.164 0.000 0.000 1.000
HONO 2 232.400 3.828 0.000 0.000 1.000
NO3 2 378.400 4.175 0.000 0.000 1.000
HNO3 2 378.400 4.175 0.000 0.000 1.000
HCNN 1 232.400 3.828 0.000 0.000 1.000
N204 2 202.6 5.164 0.000 0.000 1.000
NH20H 2 116.700 3.492 0.000 0.000 1.000
HCNH 2 232.400 3.828 0.000 0.000 1.000
HNCN 1 232.400 3.828 0.000 0.000 1.000
CH3NO 2 232.400 3.828 0.000 0.000 1.000
CH3NH 2 481.800 3.626 0.000 0.000 1.000
H2CNO 2 232.400 3.828 0.000 0.000 1.000
HNC 1 569.000 3.630 0.000 0.000 1.000
END
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