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ABSTRACT

In the present work a chemical kinetic mechanism was developed, suitable for modeling com-
bustion and partial oxidation processes of C; — C4 alkanes. The gas-phase kinetic mechanism
describes intermediate and high temperature chemistry. Accordingly, the formation and evo-
lution of important intermediate gas-phase species: Olefins and oxygenates were described in
terms of different pathways typical at those temperature regimes.

A previously developed mechanism suitable for high temperature conditions was extended by
including reactions which described the chemistry of total and partial oxidation of methane,
ethane, propane, butane, lower alkenes and formation and consumption of their characteristic
organic hydro-peroxide radicals and cyclical compounds. The kinetic mechanism was vali-
dated by comparing calculated results of ignition delay times, against experimental data ob-
tained in shock tubes, for various hydrocarbons and their mixtures, over a wide range of reac-
tion conditions (temperature, pressure and mixture composition). Further, the kinetic mecha-
nism was evaluated by comparing numerical simulations against experimentally obtained
concentration profiles of the main gas-phase species, measured in jet stirred reactors for dif-
ferent hydrocarbons and their mixtures during partial oxidation.

Next, the mechanism was applied to get a better understanding of the interactions between
flow, mass transfer and homogeneous-heterogeneous chemistries during the catalytic partial
oxidation of methane in a short contact time reactor, which has recently attracted strong scien-
tific and technological interest.

The detailed study of the catalytic partial oxidation of methane to syngas in a single gauze
reactor was based on three-dimensional numerical simulations of the flow field coupled with
heat transport and multi-step gas-phase and surface reaction mechanisms, including the com-
putation of the surface coverage. Results from the model were compared with experimental
data reported in the literature. The gas-phase mechanism was modeled using a reduced
mechanism, and for the surface a previously developed mechanism was adapted. The results
from the simulation of the partial oxidation of methane in a short contact time reactor were
carried out using the commercial computational fluid dynamics code Fluent, which was cou-
pled with external subroutines to model the detailed gas-phase and surface chemistry.

Today, the production of synthesis gas (carbon monoxide + hydrogen) is currently carried out
via steam reforming. In that process steam passes over a carbon source, often methane or coal,

and is heated to produce the synthesis gas. Synthesis gas is extremely valuable commercially
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for the production of methanol, hydrocarbons, higher alcohols for use in detergents, and am-
monia to use in fertilizers. There is also a significant interest in the production of hydrogen
for fuel cells. However, steam reforming has the major disadvantage of being endothermic
and hence requires a large amount of wasted energy to drive the reaction. An alternative to
steam reforming is the partial oxidation of the hydrocarbons, especially methane in short con-
tact time reactors. This promising route for natural gas conversion into more useful chemicals
has the advantage of being auto thermal.

v



KURZFASSUNG

In der vorliegenden Arbeit wurde ein chemischer Reaktionsmechanismus entwickelt, mit dem
Verbrennungsprozesse und Partialoxidationsprozesse von C; — C4 Alkanen modelliert werden
kdnnen. Der Reaktionsmechanismus der Gasphase beschreibt Prozesse flir mittlere und hohe
Temperaturen. Die Ausbildung und Entwicklung wichtiger Zwischenprodukte der Gasphase
wie Olefine und sauerstoffhaltige Produkte werden hinsichtlich  verschiedener
Temperaturbereiche geschildert.

Ein Dbereits entwickelter Mechanismus fur Hochtemperaturbedingungen wurde erweitert,
indem Reaktionen eingefiigt wurden, die die chemischen Reaktionen der vollstandigen und
partiellen Oxidation von Methan, Ethan, Propan, Butan und kurzkettigen Alkene sowie die
Ausbildung und den Verbrauch ihrer charakteristischen organischen hydro-Peroxid Radikalen
und zyklische Komponenten beschreibt. Die Uberpriifung des Reaktionsmechanismus
erfolgte durch Vergleich mit errechneten Ergebnissen von Zindverzugszeiten gegeniber
experimentell ermittelte Daten aus Versuchen mit Stossrohren fiir verschiedene
Kohlenwasserstoffe und ihre Mischungen unter verschiedensten Reaktionsbedingungen
(Temperatur, Druck und Aufbau der Zusammensetzung). Weiterhin wurde der
Reaktionsmechanismus durch Vergleich mit numerischen Simulationen gegentber
experimentell erhaltende Konzentrationsprofile der wichtigsten Spezies in der Gasphase
evaluiert. Die Messungen fanden in Reaktionsbehéltern fur verschiedene Kohlenwassserstoffe
und deren Mischungen wéhrend der Partialoxidation statt.

Als néchster Schritt wurde der Mechanismus angewandt, um ein besseres Verstdndnis von
den ablaufenden Prozessen und deren Wechselwirkungen (Stromungsfeld, Massentransport,
homogener und heterogener Reaktionen) wéhrend der katalytischen Partialoxidation von
Methan in einem Short Contact Time Reactor (SCTR), der derzeit von groRem
wissenschaftlichen sowie technologischen Interesse ist, zu erlangen.

Die detaillierte Studie der katalytischen Partialoxidation von Methan zu Synthesgas auf einer
Platinoberflache, Gauze Reactor, basierte auf dreidimensionale numerische Simulationen
reaktiver  Strébmungen verbunden mit  Warmetransport und mehrstufigen
Gasphasenmechanismen sowie Oberflachenreaktionen einschlie3lich der Berechnung der
Oberflachenabdeckung. Die Ergebnisse des Modells wurden mit experimentell ermittelten
Daten aus der Literatur verglichen. Der Mechanismus der Gasphase wurde mit einem
reduzierten Mechanismus modelliert. Fur die Reaktionen auf der Oberfldche wurde ein vorher
entwickelter Mechanismus adaptiert. Die Ergebnisse der Partialoxidation von Methan in
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einem SCTR wurden mit dem kommerziell erhaltlichen CFD-Programm FLUENT simuliert,
in dem detaillierte Gasphasen- und Oberflachen-Reaktionsmechanismen bericksichtigt
werden.

Derzeit wird die Produktion von Synthesegas (Kohlenstoffmonoxid + Wasserstoff) mit dem
Verfahren der Dampfreformierung realisiert. In diesem Prozess passiert Dampf eine
Kohlenstoffquelle, oft Methan oder Kohle, und wird erhitzt, um Synthesegas zu produzieren.
Synthesegas ist kommerziell sehr nitzlich fur die Produktion von Methanol,
Kohlenwasserstoffe, langerkettige Alkohole fiir Detergentien sowie Ammoniak fir
Dingemittel. AuRerdem besteht ein erhebliches Interesse an der Produktion von Wasserstoffe
fur Brennstoffzellen. Allerdings hat die Dampfreformierung den groRen Nachteil, daB es ein
endothermer Prozess ist und folglich viel Energie benétigt, um die Reaktion zu betreiben.
Eine Alternative zur Dampfreformierung stellt die Partialoxidation von Kohlenwasserstoffen
dar, insbesondere die Umwandlung von Methan in SCTR. Diese vielversprechende
Madglichkeit, Erdgas in wertvollere chemische Grundstoffe zu konvertieren, hat den Vorteil
autotherm betrieben werden zu kdnnen.

Vi
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Chapter 1

INTRODUCTION

The combustion phenomenon is today still an important research issue for scientists and engi-
neers around the world due to the increasing demand of fossil fuels like crude oil, natural gas
and coal to satisfy the energy requirements of our society.

Man has been using combustion since ancient times: People from Greece, Persia, and India
discovered natural gas many centuries ago. They were mystified by the burning springs cre-
ated when natural gas seeps from cracks in the ground and was ignited. They sometimes built
temples around these eternal flames so they could worship the fire. Chinese people 2500 years
ago recognized that natural gas could be put to work: They piped the gas from shallow wells
and burned it under large pans to evaporate sea water for salt. It is known that Romans used
coal for fueling their heating system. But it was not until the beginning of the 1800’s that the
demand of natural gas was increased widely after the city of Baltimore decided to illuminate
its streets with natural gas lights. Since then and especially in the past 40 years the use of
natural gas has grown dramatically. Today, natural gas accounts for about a quarter of the en-
ergy we use.

Beside the use of the fossil fuels as an energy source, they are also the main feedstock for the
modern industrial production of chemical compounds. Out of the hydrocarbons, crude oil and
natural gas are the main suppliers. The already large prove natural gas reserves and their
smaller impact on the greenhouse effect together with the limited crude-oil stocks make natu-
ral gas more attractive than its competitors.

However, natural gas utilization faces several limitations due to the existing large distances
between the production fields and the consumption centers. Because of this problem, there is
an increasing demand for new technologies which might supply a better, faster and more eco-
nomical conversion of natural gas into liquid, facilitating transport providing an economic
advantage.

At the present, methane conversion is carried out through the so called Steam Reforming
process. In this process a mixture of carbon monoxide and hydrogen (CO and H,) is obtained;
this mixture is called synthesis gas or syngas. Raw materials for syngas formation are usually
a carbon source (methane or coal in most cases) and water. The global reaction using methane
as a carbon source is written as follows
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CH4 + H,O — CO + 3H; .

Usually syngas has been used to supply the internal energy demand at energy recovery facili-
ties located at production centers, or in the past syngas was obtained through the coal gasifica
tion process to be used for lighting.

After the pioneer work done by Franz Fischer and Hans Tropsch' in the 1920’s, syngas has
been used in the chemistry industry as a raw material during the aliphatic production. The
utility of this process is primarily in its role of producing fluid hydrocarbons or hydrogen
from a carbon source feedstock, such as coal, methane or solid carbon-containing wastes of
various types. Non-oxidative pyrolysis of the carbon source material produces syngas which
can be used directly as a fuel without being taken through Fischer-Tropsch transformations. If
liquid petroleum-like fuel, lubricant, or wax is required, then the Fischer-Tropsch process can
be applied. Finally, if the hydrogen production is to be maximized, the water gas shift reaction
can be performed, generating only carbon dioxide and hydrogen and leaving no hydrocarbons
in the product stream.

The main disadvantage during the Fischer-Tropsch process is the huge demand of energy that
is required in order to keep the process running. Therefore, a more efficient way to achieve
natural gas conversion is considered to be one of the most challenging technical topics in
modern research.

The direct routes to convert natural gas into syngas would avoid the energy-intensive steam
reforming process, but methane is a rather inert substance and apart from its reaction with
oxygen, only exhibits a few reactions paths. Due to this challenge, studies on methane activa-
tion and further conversion continue to be an open field for research.

One of the direct routes is known as Catalytic Partial Oxidation which offers an alternative
means for methane and other hydrocarbons conversion. This alternative method has been
widely studied in the last years. Hickman and Schmidt [175, 183] reported syngas production
from methane for this kind of reactor, where fuel conversion occurs at extremely short contact
times (only a few milliseconds), this feature being one of its most attractive advantages.

Deutschman [28] discussed most of the main features of this process, which are atypical for
conventional catalytic reactors. During the catalytic fuel conversion there are some character-
istics that can be distinguished:

A highly reactive mixture flows for a few milliseconds through a catalytic monolith
operated at temperature around 1200 K.

This reactor is characterized by strong interactions of mass and heat transport.
Chemical reactions can occur either in the homogeneous gas phase or on the surface.

The monolith used during the catalytic conversion is formed for a series of channels which
are separated from each other by a thin wall coated with the catalytic material: Inside of each
channel the reacting mixture flows and stable or intermediate species are adsorbed or de-
sorbed at and from the catalytic surface. The chemical reactions can occur at the walls of the
channels, and further reactions can also take place at the gas phase. Inside each channel dif-
ferent products are obtained, depending on the pressure, temperature and time that are given
to the reactive mixture.

" Chem. Berg. 1923, 56, 2428
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For a better understanding of such a complex process, it is necessary to have an adequate de-
scription of the fluid dynamics and the chemistry taking place in both phases, and the interac-
tion between them.

With the development of high performance computers and progress in numerical techniques
and algorithms Computational Fluid Dynamics (CFD), a research area which solves the
mathematical models used to describe the fluid dynamics, chemical engineers have begun to
learn more about the interactions between flows and chemistry. CFD has proved to be a po-
tent tool for the analysis of very a complex fluid field; its possibilities cover a vast spectrum
of applications including aerospace, energy production, and reactor design. CFD applied to
the catalytic process helps us to understand and optimize the required conditions during the
partial oxidation process.

In the case of chemistry, both phases are characterized by complex processes that proceed
through a large number of elementary steps where the initial hydrocarbon reacts to yield a
large number of intermediate species, which finally produce the desired products. A detailed
kinetic mechanism should be able to describe these elementary steps in a wide range of oper-
ating conditions, accounting for the various molecular and radical species that participate in
the reaction network.

The study of surface mechanisms is a new field under continuous development. Surface
mechanisms have the particularity that each catalytic surface has its own characteristic reac-
tion scheme and, in contrast to gas phase reactions, there are no unique reaction mechanisms
which describe the fuel consumption for all the possible surfaces. This difficulty makes it
necessary to include a particular mechanism for each fuel at each material, and special atten-
tion must be paid to applying only the kinetic mechanisms which have been obtained at the
same conditions of the application of interest.

Most of the reliable gas-phase mechanisms that have been published until now, in particular
for hydrocarbon oxidation reactions, are suitable for high temperature combustion only.
Stoichiometric flames and low pressures are often characteristic for these high temperature
combustion. These mechanisms have for instance been frequently used for the prediction of
pollutant formation in combustion processes.

In addition to the known interest in total oxidation of methane and ethane, being principal
constituents of natural gas, attention has also been focused on homogeneous partial-oxidation
reactions to convert methane into higher valued materials, such as oxygenates (methanol and
formaldehyde). Many studies have been devoted to their pyrolysis and partial-oxidation kinet-
ics [6, 18, 28, 33-40]. A large number of experimental and numerical studies have also been
conducted on ethane, propane and butane oxidation [52, 55-65].

One of the main characteristics during partial-oxidation methods is that they use fuel-rich
mixtures to prevent combustion [178]. However, for very rich conditions, and in the medium
temperature range of around 1000°C where partial oxidation occurs, further research is re-
quired to develop a more accurate kinetic scheme which considers total and partial-oxidation
[69]. At these conditions the detailed reaction mechanisms should be at least as complex as
those developed for fuel-rich flames considering that the partial-oxidation reactions pathways
can be quite different from the ones during combustion and ignition. The major difference
between propagation of low-temperature oxidation and the high-temperature process lies in
the importance in the lower temperature regime of organic peroxy radicals, RO, [80, 81, 105].
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The aim of this work is to extend the applicability of a previous developed mechanism for
high temperature combustion [29] for a wider range of conditions by including characteristic
steps for the intermediate and low temperature regime. The resultant mechanism is applied to
describe experimental results at conditions similar to those that occur during partial oxidation.
The mechanism extension was achieved by including reactions which describe the chemistry
of total and partial oxidation of methane, ethane, propane, butane, lower alkenes, formation
and consumption of their characteristic organic hydro-peroxide radicals and cyclical com-
pounds. The mechanism has been tested for typical combustion conditions by comparing ex-
perimental data sets of ignition delay times in shock tubes and concentration profiles in jet-
stirred reactors for partial oxidation.

A numerical investigation in two different reactor models (2D and 3D models) was carried
out to achieve a better understanding of the interactions between mass and heat transport and
homogeneous and heterogeneous chemical reactions in a catalytic gauze reactor during meth-
ane partial oxidation. The gas-phase mechanism was modeled using the developed mecha-
nism, and for the surface a previously developed mechanism [25] was adapted. Both mecha-
nisms were coupled with the surrounding flow field.

1.1  Structure of the Thesis
The first three chapters of this thesis describe basic concepts used in combustion:

Chapter 1 includes an overview of combustion phenomena, the ignition process is described,
and details about some experimental techniques for its study are presented.

In Chapter 2 the governing equations for modeling reactive flows are presented: The fluid is
treated as a continuum and the most accurate description of the flow field of multi-component
mixtures is given by the transient three-dimensional Navier-Stokes equations coupled with the
species-governing equations.

In Chapter 3 the development of the chemical kinetic mechanism is presented: The mecha-
nism was extended using a set of automatically generated reactions in the C; and C4 sub-
mechanisms. The mechanism then was completed including additional reactions which take
into account formation or consumption for specified species during experimental conditions.
Most of the kinetic data for the newly added reactions were obtained from the National Insti-
tute of Standards and Technology (NIST) data base.

In the second part (Chapters 4-6), the evaluation of the mechanism is carried out by compar-
ing experimental data sets of ignition delay times in shock tubes for each alkane inside the Cy4
subsystem (Chapter 4). Simulation of the delay times was performed for stoichiometric and
rich mixture conditions; an additional evaluation was performed for methane mixtures (hy-
drogen, ethane and propane were added).

Chapter 6 includes the simulation of the oxidation and partial oxidation for a methane blend,
propane and butane at rich conditions and ethene at low temperature in jet-stirred reactors.
The experiments were carried out at temperatures close to 1050 K for methane, propane and
butane. In the ethene case the experimental conditions were close to 718 K, where a cyclical
compound was the main product observed.
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Chapter 7 presents the results of the investigation of catalytic partial oxidation of methane to
synthesis gas on platinum using a 3D approach. Each chapter includes an introduction into
these topics including previous work and at the end a discussion of the results obtained.
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Chapter 2

OXIDATION OF HYDROCARBONS

2.1 Oxidation of Hydrocarbons

The chemical reaction of a hydrocarbon with air or oxygen in the gas-phase shows depend-
ence on the external conditions applied which conditioned the response of the mixture. The
way in which the chemical reaction proceeds and its dependence on the temperature and pres-
sure are represented in the so-called explosion diagram. Figure 2.1 shows a typical explosion
diagram for a hydrocarbon.

B |
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explosion
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Figure 2.1: Schematic explosion diagram for hydrocarbons: The blue zone at the right represents the
different conditions (of temperature and pressure) where the mixture can explode
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Depending on the intended purpose, temperature and pressure at which the reaction takes
place vary during the hydrocarbon oxidation: For practical applications which seek to convert
the chemical energy into mechanical work, like in the case of internal combustion engines,
turbojets or turbines used in power plants, the range of pressure and temperature are located
near to the points 1 and 2 shown in Figure 2.1. When a transformation of the fuel into poten-
tially more useful chemicals like O-heterocycles, alcohols, ketones and others is the objective,
then operating conditions close to the points 3 and 4 are applied.

In the explosion diagram there are two main regions: The area to the left represents the non-
explosive reaction region, while the area to the right (in shadow) is the explosive region.

At very low pressures the system is outside the explosion region, and the mixture reacts
slowly. The reaction rate is very low, and only a very small fraction of the fuel is consumed.

Increasing the pressure (along a vertical line in the illustration) takes the system through the
first explosion limit. The reaction rate is higher and the mixture then explodes.

The reaction is slow when the pressure is above the second explosion limit. The concentration
of molecules in the gas is then so high that the radicals produced for the branching reactions
combine in the body of the gas. Recombination reactions are facilitated by three-body colli-
sions because a third body (M) removes the excess energy. At low pressures three-particle
collisions are unimportant, and recombination is much slower. At higher pressures, where
three-particle collisions are important, the explosive propagation of the chain by the radicals
is partially quenched, because the branching steps are diverted into simple propagation steps.

After further increases in the pressure, at temperatures between 500 K and 800 K and before
the third explosion limit the so-called cold flame region appears. Some of the characteristics
in this region are: Light blue flames, smooth changes in the reactant concentration, formation
of oxygenate species (alcohol, aldehyde, ketone, peroxide and heterocyclic), and a small for-
mation of final combustion products: Carbon dioxide and water.

Explosion is reached when temperature and pressure are over the explosion limit in the dia-
gram. Explosion is preceded by an induction phase where the reaction is slow, which ends
with a steep (exponential) increase in the reaction rate. During the induction time (ignition
delay), highly reactive radicals are formed through branching reactions. The radicals formed
react with the fuel quickly, completing its consumption.

2.2 Ignition Process

Ignition processes are usually very complex and involve many intricate physical and chemical
steps. Ignition is inherently transient, usually triggered by some transient heating processes. In
order to predict or interpret certain ignition phenomena, detailed chemical kinetics must be
known; however, the measurement of species concentration in a short time interval is very
difficult. As a result, the kinetic mechanism is unknown in most cases. These mechanisms
usually significantly vary with ambient conditions and external stimuli like turbulence, time,
temperature and pressure. In general there are many parameters which affect the ignition:
Mixture composition, pressure, pressurization rate, duration of the heating, velocity of the
convective stream, turbulence, thermal and transport properties and catalyst inhibitors are the
most common.
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Some criterions should be satisfied in order to reach ignition: The temperature must be high
enough to allow significant chemical reactions, the time must be long enough to allow the
heat input to be absorbed by the reactants so that the thermo-chemical process can occur, and
there must be sufficient turbulence to allow a higher mixing between the fuel and the oxidizer.

Besides the ignition process induced by external devices, like sparks, flames or others, there is
a process called spontaneous ignition (also known as auto-ignition, self-ignition, or homoge-
neous ignition) which occurs with no other source than the hot vessel walls. Spalding [1] de-
fined ignition as follows: “When a reactive mixture is formed, raised to a definite temperature
and pressure, and then left alone, it may burst into flame after certain time”. At the onset of
spontaneous ignition, there is usually a rise in temperature, emission of visible radiation, and
rapid chemical reaction.

There are different types of ignition devices in research and industrial applications. These in-
clude: Spark plugs, hot wires, constant volume bombs, continuous flow test apparatus and
shock tubes. Ideal ignition experiments should be independent of the test configuration and
free of surface effects. In addition, mixing of the fuel and the oxidizer should be nearly instan-
taneous; otherwise the effects of mixing must be determined. Shock tube devices and con-
tinuous-flow devices have been used extensively due to their ability to fulfill most of the re-
quirements for ignition studies and because of their direct application to practical problems
like those posed by gas turbine or ramjet processes.

2.3 Continuous Flow Devices

In a continuous flow device, fuel is injected into a flowing air stream at high temperature, and
the combustible mixture ignites at some distance downstream of the fuel injection point, de-
pending on the velocity of the flow. The procedure to acquire the ignition-delay data consists
of first establishing the prescribed temperature, pressure, composition and flow rate for the
reactant’s mixture. Then the inlet air or fuel (if necessary) temperature is gradually increased
until auto-ignition occurs within or at the exit of the duct. The occurrence of auto-ignition is
determined by observing a visible flame and a rapid increase in temperature at the flame front
location. Ignition delay times are calculated from the known length of the test duct, defined as
the distance between the injector and the flame location, and the mean free stream flow veloc-
ity. Continuous flow devices are widely used. However, due to the fact that they use electrical
air heating, they are limited to temperatures up to 1000 K, which is below the range of interest
for many combustion problems.

2.4 Shock Tubes

A shock tube is used in ignition studies to produce a high temperature gas under closely con-
trolled test conditions. A limitation of this technique is that the test is of short duration
(<1 ms). A shock tube is a tube of cylindrical or rectangular cross section in which a trans-
verse diaphragm separates two compartments of gas initially at rest. One of the compartments
is a high pressure and is considered the driver section of the tube. The other compartment is a
low pressure and is considered the driven section; this part forms the ignitable mixture of in-
terest. The diaphragm is burst by either mechanically piercing or by exceeding its structural
strength through over-pressurization of the driver section. This action sends a strong shock
wave into the low-pressure section increasing the static pressure and temperature of the mix-
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ture. The front face or leading edge of this gas flow acts as the head of a ‘piston’ of gas which
drives a pressure pulse ahead of it which rapidly develops into a shock wave. The shock wave
is reflected at the end boundary wall of the tube resulting in an additional increase in tempera-
ture and pressure (Figure 2.2).

Both the incident and the reflected waves can be used to create test conditions suitable for
auto-ignition studies. The reflected wave stagnates the gas and, by reinforcement of the shock
strength, produces higher temperature conditions than incident waves. Reflected waves can
produce temperatures in the range of 1500 K - 2500 K.

The ignition delay time is defined as the time between shock heating of the gas mixture and
the onset of the rapid reaction phase. The properties of the gas mixture prior to ignition are
calculated from the ideal shock equations, assuming no chemical reaction occurs ahead of the
shock wave and the gases behave ideally with established equilibrium of internal modes. The
onset of the rapid reaction phase is detected by one or more of the following types of meas-
urements: Pressure change, piezoelectric types transducers, rate of chemi-ionization probes
and by emission from electronically excited species (OH, CH, C,) or vibrationally excited
species (CO, CO,, H,0, Cy) or absorption by species (OH, CH3) by means of a photomulti-
plier instrumentation.

DK

Membrane

> Pressure detectors

Low pressure part

Driving gas

>
‘ Premixed gas
Reactant

Bath gas

Figure 2.2: Shock tube diagram: In the shock tube, reactions are initiated by a temperature jump be-
hind a shock wave. The shock wave is generated by the pressure jump after a foil which
separates the high and the low pressure section is bursting or collapses due to the high
pressure induced

2.5 Rapid Compression Machine

A compression machine is suitable for the study of short ignition delays under adiabatic com-
pression. The device should guarantee the compression occurs as quickly as possible, and
there must be some means to record the gas pressure and temperature. Species concentrations
can also be recorded as function of the time and the piston position.
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A rapid compression engine is necessary to reduce heat losses which allow the experimental
conditions to closely approximate adiabatic ones. Another attribute of rapid compression en-
gines is that they allow investigation of ignition times for fuels having short delay times.

Piston rebound at the end of the compression must be avoided in order to prevent the atten-
dant adiabatic cooling of the cylinder contents. Cooling of the mixture causes errors in the
measurements of the delay periods and of the ignition temperatures. The contamination of the

explosive sample by lubricant vapors should also be avoided, because this is another source of
inaccuracy.
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Driving system Experimental section
| Optical devices -
5 | Combustion chamber Optical access
e q
E Ll ) \'\ AT ] ! ) \\
. Optical
¥§ | om— =
P Y S ] | "
1o & 1] access Optical access
1. Working piston s vlinder i
2. Glass insert yinaering Cylinder
3. Cylinder ring
4. Cylinder head
5. Mirror
6. Working air Combustion
7. Mass balance D v Injection
8. Connecting rod '
9. Hydraulic filled volume
10.  Throttle aperture
11.  Adjustment piston compression | 1 Working piston

Figure 2.3 Rapid compression machine [2, 3]: A rapid compression machine is designed to simulate a single engine cycle of an internal combustion engine. The
conditions inside the combustion chamber are easily controlled and cleaner than in the traditional internal combustion engines. Above: Rapid com-

pression machine. Down: Details of the combustion chamber
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In a rapid compression machine the piston adiabatically compresses the testing gas. This
compression can be driven pneumatically, hydraulically or by other means. The piston com-
presses the mixture which is located at the end of the compression camera. Some optical,
electrical or other devices are used to investigate the species concentration and ignition times
for the test gas. A typical rapid compression machine is shown in Figure 2.3.

2.6 Stirred Reactors

This kind of reactor consists of a closed tank where temperature, pressure and species concen-
tration are given and where the reactions can take place. The main aim is to guarantee ho-
mogenous conditions during the operation, reducing the temperature and species concentra-
tion gradients along the recipient. During the operation at low temperature there is the possi-
bility that not only homogeneous reactions occur and instead some reactions could take place
at the walls of the reactor, although at high temperature this contribution can be neglected in
most of the cases. In combustion studies, reactors can be used for the study of non-stationary
processes like explosion limits in fuel/oxygen mixtures, cool flame phenomena and others.
Some examples of stirred reactors are presented in Figure 2.4.

Reactor Temporally change Spatially change
fF Cr — — =0
a.) c E-
Ce - Col— — — t=t&_
t— = X —- -
A
Cs Cp CF — — x=0 CF
| | }
b) | — — c C \
— — | Col— — — x= .’____ C, -
f— X —- /
[}
{ }
c.) C c
Cofm — — — - G — — = -
[ —= X -

Figure 2.4: Stirred reactors and concentration changes with the time and space: a) Batch reactor; b)
Plug-flow tubular reactor (PFTR); c) Continuously stirring tank reactor (CSTR)

While reaction is carried out in the Batch Reactor (Figure 2.4a), no reactants or products are
added or removed until the reaction is completed. The physical variables such as temperature
and pressure are easily controlled by external media. The mixing conditions inside the reactor
are guaranteed by mechanical or pneumatic devices, which make sure that a uniform concen-
tration of species is reached inside the vessel. An ideal batch reactor should satisfy with the
conditions
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—=0; —=0 (2-1)

with c; being the concentration (c; = ni/V') of the species i and nj =mole number.

For continuous operation, the so called Continuously Stirred Reactors are used. Their main
advantage is that they can be operating at steady-state conditions with a continuous flow of
reactants and products. Figure 2.4 presents two configurations for continuous reactors: The
first one is the so called Plug-Flow Tubular Reactor (PFTR Figure 2.4b), also known as the
Ideal Flow Reactor, which is arranged as one long reactor or many short reactors in a tube
bank without radial variation in reaction rate (concentration), and with the concentration vary-
ing with length along the reactor.

This model is a rough simplification of the real behavior of the flow inside the tube. In the
model, no parabolic profile for the flow is considered inside the channel, and there are no tur-
bulence effects being considered. In spite of these simplifications, the PFTR model is widely
used.

The thermal condition imposed during the reactor operation establishes that there can be a
heat flow to or from the reactor in order to keep a constant temperature. In this case an iso-
thermal condition is defined for the boundaries, or the heat flow is restrained inside the reac-
tor and for this case an adiabatic condition is defined.

Beside the thermal constrictions, other important variables required to describe the PFTR
function are the species concentration c;(z), the flow velocity u(z), and the temperature T(z).

The PSTR is symmetrical when a cylindrical coordinate system is chosen. Considering r as
the radial direction and z as the axial direction, the flow should satisfy the following condi-
tions

Lo Moo oo, 2-2)

The latter expression means that no variations of the flow properties are considered in the ra-
dial direction.

The second kind of continuous reactor is the so called Continuously Stirred Tank Reactor
(CSTR Figure 2.4c). It is operated at steady-state conditions with a continuous input of reac-
tants and output of products. The feed assumes a uniform composition throughout the reactor,
and the exit stream has the same composition as in the tank. The main advantages of these
reactors are that they allow a continuous operation (which is required in industrial applica-
tions): They easily adapt to two-phase runs and are simple in construction.

There are two main conditions for the model of the reactor: There is an input flow of species,

whose composition and temperature are known at each time t (¢i" and T;"), and the properties
of the mixture are uniform, and an ideal mixing is assumed

—JZO,TZO (2-3)



Chapter 3

REACTIVE FLOWS

In this section, the governing equations for modeling reactive flows and heterogeneous
reactions are summarized. More detailed treatments can be found in a number of textbooks on
fluid mechanics, heterogeneous catalysis, and associated phenomena [4, 5, 6, 7]. This chapter
is focused on fluid flow, while the chemical processes appear only in simple terms in the
equations. Finally, a discussion of modeling chemical reactions will be given.

3.1 Mathematical and Numerical Model

Governing equations can be derived by considering either a given quantity of matter or
control mass and its extensive properties, such as mass, momentum, and energy or the flow
within a certain spatial region called the control volume. The control volume approach will be
applied here. The governing equations are based on conservation principles for an extensive
property. By transformation of these laws into a control-volume form, the fundamental
variables will be intensive properties, which are independent of the amount of matter
considered; examples are density p (mass per unit volume) and velocity v (momentum per
unit mass).

3.1.1 Governing Equations for Mass, Momentum and Species

The principle of mass conservation leads to the mass continuity equation that is in its
differential form

op 8(,01/‘,4)_
o e, o -

J

Here ¢ is the time, x; (=1, 2, 3) are the Cartesian coordinates, and v; denote the Cartesian
components of the velocity vectorv. Even though mass conservation says that mass can be
neither created nor destroyed, a source term S, is introduced on the right-hand side of (3-1). If
the continuity equation is applied for modeling the continuous fluid phase of a reactor, mass
can be added to that phase for instance due to vaporization of liquid droplets or ablation of
solid surfaces. Mass of the fluid can also vanish if, for instance, mass is deposited on a surface
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such as in chemical vapor deposition. In (3-1) and throughout this work, the Einstein
convention is frequently used, i.e., whenever the same index appears twice in any term,
summation over that index is implied, except if the index refers to a chemical species. The
principle of momentum conservation for Newtonian fluids leads to three scalar equations for
the momentum components pv;

olpv), @ op 9%

L +_ ‘Vi = ——+ + i 3—2

o ox, Loy ox, ox, ¥ (2
where p is the static pressure, 7; is the stress tensor, and pg; denotes the components of the
gravitational acceleration g in the direction of the Cartesian coordinates x;. Gravity, the only
body force taken into account in (3-2), can often be neglected when modeling chemical

reactors.

The stress tensor is given as

ov. Ov,| 2
Tij:,u[l+ ’J——yv—"é’ij. (3-3)

ox; é_x, 37 x,

Here, u is the mixture viscosity and o;; is the Kronecker symbol, which is zero for i # j and
unity for i = j. The coupled mass continuity and momentum governing equations have to be
solved for the description of the flow field. In multi-component mixtures, not only the flow
field is of interest, but also the mixing of chemical species and reactions, which can be
described by an additional set of partial differential equations. Here, the mass m; of each
species i in the reactor obeys a conservation law that leads to the following set of governing
equations

a(le) a(va:)__a(jz, ) hom ':
P S - L R (i), (3-4)

J J

Here, Y; is the mass fraction of species i in the mixture (¥; = m;/m) with m the total mass of
the fluid, N, is the number of gas-phase species, j;; is the component j of the diffusion mass
flux of species i and R'"is the net rate of production of species i due to homogeneous
chemical reactions. These additional N, equations are coupled with (3-1) and (3-2). The
diffusion of mass is based on gradients of physical properties such as concentration,
temperature, pressure, and electromagnetic fields. Only gradients in concentration (Fick’s
law) and in temperature (thermal diffusion) are relevant for the problems considered in this
work. They are modeled by

, Y, m0X, D' oT

Jij pX[ D, o, T ij- (3-5)
DM in the first term, representing Fick’s law, is the effective diffusion coefficient of species i
into the mixture. Dl.T in the second term is the thermal diffusion coefficient of species i. X; are
mole fractions defined by X; = ¢/c with ¢; and ¢ as concentration of species i and total
concentration of the mixture, respectively. The mole fractions can be derived from the mass
fractions Y; using the species molar masses M; by
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PO
S Y M, (3-6)
M,

If the mole fractions are known, the mass fractions can be derived by

iy o M (3-7)

XXM,

Y=

sni

where M is the mean molar mass of the mixture.
3.1.2 Heat Transfer

Heat transport and heat release due to chemical reactions lead to spatial and temporal
temperature distributions in chemical reactors. Their prediction is based on the first law of
thermodynamics, which says that the total energy of a given system obeys a conservation law.
It is generally more convenient to express the corresponding governing equation in terms of
the specific enthalpy / by using the thermodynamic expression ph = pu + p, where u is the
specific internal energy. For a multi-component fluid flow, this governing equation is stated
as

opn) olevih) 4y, _op o ap v
+ +—"=——+v, —+7, —+S§ -
or | ox,  ox, ot Uex, Mok, -8

J J J J

with S, being a heat source, e.g., due to thermal radiation. In multi- component mixtures, the
diffusive heat transport ] occurs due to heat conduction (Fourier law) j, mass diffusion 7 ¢ e
and concentration grad1ents (Dufour effect). The Dufour effect is the reverse process to
thermal diffusion and it is usually very small and therefore neglected, hence

C e oT <&,
Joi =g T e = _/167+ Zhi.]i,j (3-9)

J

where A is the thermal conductivity of the mixture. The temperature is related to the enthalpy
by the definition of the mixture specific enthalpy

Ng
h=>Yh(T). (3-10)

The specific enthalpy 4; of species i is a monotonic increasing function of temperature.
Therefore, the temperature can also be calculated using 2.10, if the total enthalpy 4 and the
mass fractions Y; are known [6].

Heat transport in solids such as reactor walls and catalyst materials can also be modeled by an
enthalpy equation
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v 1
a(,oh)+ (ov,h) _ [ la_T}Sh (3-11)
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J

where /£ is the specific enthalpy and A is the thermal conductivity of the solid material. S
accounts for heat sources, for instance due to electric or radiative heating of the solid and due
to heat release by chemical reactions on the solid surface or inside the solid bulk.

3.1.3 Equation of State

The governing equation system discussed above has to be closed by an equation that describes
the relation between the thermodynamic variables density p, pressure p, and temperature 7,
which is called the equation of state. For gaseous flows this relation can often be modeled by
the ideal gas equation

R
— 2T (3-12)
P=pPo

with R as universal gas constant, R = 8.314 J/(mol-K). In the systems discussed in this work
the ideal gas equation is always applied.

3.14 Transport Properties

The transport coefficients #, D, D! and A occurring in the governing equations (3-3), (3-5),
(3-9) depend on temperature and mixture composition. For multi-component mixtures, they
are usually derived from the transport coefficients of the individual species and the mixture
composition applying empirical approximations [4, 5, 6] such as

i i

1 & & x|
u== ZXZ-W[Z—’J : (3-13)

For the mixture viscosity (u), with z; as viscosity of species i, and

N, N, -l
A= % 2 XA+ [z %} (3-14)

i i

for the mixture thermal conductivty A, with 4; as thermal conductivity of species i. The
effective mass diffusion coefficients D" are estimated through [8]

pv_ =% (3-15)
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with D;; as binary diffusion coefficients. The approximation 3.15 violates mass conservation,
therefore the diffusion fluxes have to be corrected by

N,
]corr:_zji : (3_]6)

The term ;. is either added to the equation of the species that occurs in large excess, or the
mass/mole weighted fraction of ;__is considered in each species equation. The alternate,
multi-component formulation of the transport properties [9, 10] is more accurate than the
mixture-averaged form discussed above. This multi-component formulation also guarantees
overall mass conservation. The deficiency of this formulation, however, is its computational
complexity. Evaluating the ordinary multi-component diffusion coefficients involves
inverting an N, X N, matrix, and evaluating the thermal conductivity and thermal diffusion
coefficients requires solving a 3N, x 3N, system of algebraic equations [10]. Therefore, the
mixture-averaged approach is used in this work.

The species transport coefficients need to be modeled considering their temperature-
dependence. Experimentally determined data are either given, usually as temperature
polynomials, or derived from the Chapman-Enskog theory [4,11] of rarefied gases. In the later
case the transport coefficients depend on their intermolecular potential, for instance, a
Lennard-Jones (6-12) potential, which requires the specification of two physical parameters
for each species: a characteristic diameter (or collision diameter) o and a characteristic energy
of interaction between the molecules &, that is the maximum energy of attraction between a
pair of molecules. In the systems discussed in the present work, the species viscosities,
thermal conductivities, and binary diffusion coefficients are derived from this theory. The
species parameter o and ¢ are taken from data bases developed at the SANDIA National
Laboratories [10] and by Warnatz and co-workers at Heidelberg University [6, 8].

3.1.5 Thermodynamic Properties

The specific enthalpy 4; of species i is a function of temperature. According to the first law of
thermodynamics, the enthalpy can be expressed in terms of the heat capacity leading to the
following expression for the specific species enthalpy

T

h(T)=h(T )+ [e, (T)dT" (3-17)

Tn:i

with ¢,; the specific heat capacity of species i at constant pressure. The specific standard
enthalpy of formation A% °29s; can be used as an integration constant /; (75.=298.15 K, po =1
bar). The temperature dependence of the specific entropy s; of species i can analogously be
expressed in terms of the species heat capacity using the standard entropy s°9g; as an
integration constant s; (7 = 298.15 K, pp =1 bar)

T 4T'
a@ﬁ=&@g)+I5ﬂLde- (3-18)
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The entropies are not directly used in the governing equations, but they are needed for the
calculation of the equilibrium constants. Experimentally determined and estimated standard
enthalpies of formation, standard entropies, and temperature dependent heat capacities can be
looked up in data bases such as the JANAF Table [12] and others [13, 14]. They may also be
estimated applying Benson’s additivity rules [15].

The temperature dependence of the species heat capacities is often described by polynomials
when used in computations [13, 14], e.g., by a polynomial of fourth order according to NASA
computer programs [16]. Among others, the CHEMKIN software package developed by Kee
and co-workers [13] applies two different polynomials for a low and high temperature interval
in order to improve accuracy. For each species i and temperature interval, seven coefficients
a;, are tabulated. The first five are used for the calculation of the temperature dependence of
the heat capacity of species i according to

c,.(T)= Mi(ai,l ta,T+a T +a,T* +a,T*). (3-19)

1

The other two coefficients are used to define the standard enthalpy of formation and standard
entropy of species i: Ah°ka9s; and 59z, Thus, the specific enthalpy and entropy of species i
are expressed by

a. a. a. a.
h[(T):i a, T+—2T°+ 227 4 2474 57 4, (3-20)
M2 3 4 5 ’
s(T)=L o nTra, el Gags  Gspa )| (3-21)
M A" ) 3 4 ’

The specific heat capacity of the mixture ¢, at constant pressure is calculated by

NI:‘
¢, =2 Yc,;. (3-22)

3.2 Modeling Chemical Reactions

In the equation set for the description of gaseous flow fields in chemical reactors, the source
term (R'™) appeared, which accounts for the variations of variables due to chemical
reactions. Chemical reactions occur either homogeneously in the gas phase or
heterogeneously on solid surfaces. While the application of elementary reaction mechanisms
has found broad acceptance for homogeneous gas-phase reactions, the extension of this
approach to heterogeneous catalytic gas-phase reactions is relatively new and still attracts
many discussions about its potential and benefits. In this chapter, models will be discussed for
the calculation of R"™ and R™";, which are based on the molecular steps.

3.2.1 Rates of Reaction

A one-step chemical reaction can be represented by the following equation
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N, N,
Y VA, Y VA, (3-23)
i=1 i=1

where v, and v, are the stoichiometric coefficients of the chemical species i, and A;
represents all chemical species. The stoichiometric coefficients have the property that the
chemical reaction can be interpreted as a special kind of algebraic equation, in which the sum
of the number of atoms must be the same on each side. Examples of chemical reactions are

H+0O;—->OH+O (3-24)

C7H16 +11 02 -7 COz +8 H20 (3—25)

In nature, the collision of an oxygen molecule and a hydrogen atom can actually lead to the
formation of an oxygen atom and a hydroxyl radical as described by Reaction 2.24. In
contrast to that, the formation of seven carbon dioxide molecules and eight water molecules
by a collision of a heptane molecule with eleven oxygen molecules (3-25) never occurs so
directly. A reaction which occurs on a molecular level exactly in the way which is described
by the reaction equation is called an elementary reaction [17]. Otherwise the reaction is called
global reaction, overall reaction, complex reaction, or net reaction.

The rate of formation or consumption of a species in a chemical reaction is called reaction
rate and is described by the rate law. Looking at the reaction rate of species i, the reaction rate
is usually expressed according to

—=vik]]e" (3-26)
with

V, =V, -V

Here, ¢; denotes the concentration of species i, & is the rate coefficient, and a; is the reaction
order with respect to species i. Global reactions have complex rate laws where the reaction
orders in general are no integers and depend on time and reaction conditions. On the contrary,
the reaction orders of elementary reactions always are integers and valid for all experimental
conditions. Those reaction orders can easily be derived because they equal the molecularity of
the elementary reaction, i.e.,

dC Ng .
—=vik]]e", (3-27)
ds i
and for the reverse reactions of 3.23
Ng Ng
DVA S VA,. (3-28)
i=1 i=1

The rate law analogous to 3.27
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=—vk H c, (3-29)

Hence, in the case of an elementary reactions, itisa;” = v, .

1

At chemical equilibrium, forward and backward reactions have the same rate on a
microscopic level

vk [[e* =vik [ [ (3-30)

N
k—f H (3-31)

is called the equilibrium constant K. of the reaction. For an ideal gas, K. can be calculated
from thermodynamic data according to

0\ <’ 7’
K=K [P o A ArH (3-32)
k. \RT R RT

with the molar entropy of reaction
N —
Z S? (3-33)
i=l

and the molar enthalpy of reaction
/R
Z H (3-34)

Here, p’ =1 bar is the standard pressure; S;° and H;° are the standard molar entropies and
standard molar enthalpies, respectively, of the species involved in the reaction. For a system
of K, (irreversible) elementary reactions among N, chemical species, where both forward and
reverse reactions are considered individual elementary reactions, the molar reaction rate of
species i, denoted by @,, is given by summation over the rate equations of all elementary

reactions

dc & at
d_f =, =Y vk [ (3-35)
t k=1 i=1

If a set of elementary reactions (reaction mechanism) consists of all reactions occurring
among the N, species in nature, and if all rate coefficients are accurately known, then this
mechanism is valid for all external conditions. Hence, elementary reaction mechanisms can be
applied for reactor optimization. Furthermore, the reactor behavior can be explored at
conditions which are difficult to investigate experimentally. The problem with elementary
reactions, however, consists in the completeness of the mechanisms and the accurate
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determination of all rate coefficients. Therefore, global reaction rates are still applied in most
cases of reactor modeling.

For global reactions, however, the rate law is only valid at conditions which were included in
the derivation of the form of the rate law. The determination of the rate law is based on a
fitting process using experimentally measured reaction rates as function of temperature,
species concentrations, pressure, and other external conditions. An extrapolation to conditions
for which no experiments exist or which were not considered in the fitting process is risky and
can lead to incorrect conclusions. The use of global reactions for modeling chemically
reacting flows can only describe experiments which were already performed. The behavior of
the chemical reactor beyond these conditions can therefore not be estimated accurately; hence,
reactor optimization and design are limited.

3.2.2 Temperature and Pressure Dependence of Rate Coefficients

In general, the rate coefficients of chemical reactions depend strongly on temperature.
According to Arrhenius [18], the nonlinear character of the temperature can be described by
an exponential function (Arrhenius law). Based on more accurate measurements, an
additional small temperature dependence is introduced into the model which leads to the
following modified Arrhenius expression for the forward rate coefficient of reaction k&

E
k., = AT exp| — —2£ 3-36
f k p[ RT} (3-36)

with A, as pre-exponential factor, f5; as temperature coefficient, £, as the activation energy
and R the gas constant. While these parameters, which are called rate coefficients, are fitting
parameters when the concept of global reactions is used, they have physical meanings when
the concept of elementary reactions is applied. In the case of elementary reactions, the
activation energy corresponds to an energy barrier which has to be overcome during the
reaction. The pre-exponential 4; or 4, 7" can be connected to a mean lifetime (1/ 4;) of an
activated molecule and a collision rate, for unimolecular and bimolecular reactions,
respectively.

The rate coefficients of dissociation (unimolecular) and recombination (trimolecular)
reactions have additional pressure dependence. This fact indicates that these reactions are
rather a sequence of reactions than a single elementary collision event. To describe it simply,
in these reactions another collision partner has to be present during the reaction to provide or
absorb energy. Therefore, the rate coefficients of those reactions depend on the number of
collisions, and therefore also on the pressure. Since the different chemical species, here also
called third bodies, differ in their efficiency for providing and absorbing energy in a collision,
the rate coefficient also depends on the kind of that partner, i.e., a single dissociation or
recombination reaction has to be expressed by a large number of elementary reactions. For
brevity’s sake those reactions are commonly summarized by writing, e.g.,

A+A+M—>A2+M. (3_37)

For low pressure, the rate of reaction is proportional to the third body concentration
(k ~ [A][M], bimolecular), for high pressure, the rate is independent of the pressure (A~[A],
unimolecular). A typical graph for pressure dependence of the rate coefficient is shown in
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Figure 3.1. The position and the shape of the fall-off area depend on the reactive bonds. For
small particles, the fall-off area moves to higher pressures. For particles with a high number
of atoms, the fall-off region becomes wider.

A+tM—->B+C+M k=koM] low pressure
A—->B+C k= ks high pressure
with
k, = AT exp| — L0 (3-38)
0 0 RT
k. = AT" exp| - o= | (3-39)

The reaction rate for recombination and dissociation reactions for the H,-O, system,
considered here is dependent on the third body concentration for the interval between 0.01 bar
and 40 bars, i.e.,

H+0O,+M << HO,+ M, k = ko [M].
kO
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Figure 3.1: Characteristic dependence on the pressure for the rate coefficient (k). At low pressure
k ~ ko.[M],in the fall-off region k = f(T,[M]). At high pressure k = k oc =f([M]

The different effectiveness for the third body molecules is expressed by the collision
efficiency 7y, for instance [19]
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SpCCiCS Hz Nz Hzo CO COz CH4 CH3OH Ar He

M 1.0 0.4 0.4 0.75 1.5 3.0 3.0 0.35 0.35

The different collision efficiencies of the third bodies where i corresponds to the species and

N, to the reaction are then taken into account by efficiency coefficients 7; in the following
way

Ng
Cp = D.T1C - (3-40)
i=1

For the thermal decomposition of alkanes containing more than three carbon atoms, the
pressure dependence reaction rate is low, therefore only the high pressure rate is considered

C,Hs + C,Hs <> C4Hyg k=ke. (3-41)

If the rate coefficient is in the pressure-dependent zone within the fall-off region, as is the
case for methyl recombination, it is possible to calculate the dependence on the rate
coefficient with a quantum mechanical model (Kassel model [20])

aP(p+s-1)
% pl(s=1)]
wi _(]— ) %0 A : " N (3-42)
o0 B p+mllip+s—1]|
1+ kco]][M}

[(p+m+s—1)!p!}

with p = n-m, m = E./hv, o = exp(-hvikT); A« and E, being the Arrhenius parameters for the
rate coefficient k. at high pressure; v is the geometrical center of the vibration frequency (s)
of the dissociating molecule. The term k.[M] depends on the product of the number of
collisions Z and the efficiency of the collision A

ke[M]=2Z . (3-43)

The collision efficiency is used to adapt the calculated rate coefficient. The bimolecular
collision number Z is calculated under the assumption of a Lennard-Jones potential according
to

0.5 0.5
Z =2.078N 75" [i];_;] (é] (3-44)

where o and ¢ are the specific Lennard-Jones parameters. Here, o represents the molecular
diameter and ¢ the depth of the intra-molecular potential. x4 is the reduced mass (for two
compounds it is defined as: m;*my/(m;+m;)), and N, is the Avogadro number (6.023-10"%).
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Another method to calculate the rate coefficient of this kind of reactions is known as Troe

formalism [21,22], which is an improvement of the Lindemann-Hinshelwood original work
[23]:

— kOkoo [M]
ky[M]+k,
E
ky = A,T" exp(— R—;] (3-45)
k. =AT" exp(—&j.
RT

The additional broadening factor F' is equal to the unit in the Lindemann expression. In the
Troe formulation, F is calculated as

P -1
log F'= Fop| 1+ o, + ¢ (3-46)
n—d(logP. +c)
where
p = halM] (3-47)
r koo
c=-0.4-0.67l0gF,,,,
n=0.75-127logF,,,, (3-48)
d=0.14
and,
T T "
F_ =(l—-a)exp| —— |+aexp| ——5 |+aexp| —— |. 3-49
cent ( ) p( T j p( T j p( T J ( )

Under atmospheric conditions, the first two terms in the Fien expression are important; the
last term becomes significant only for high temperature. The four parameters a, 7***, T* and
T** are along with Ay, Sy, Ea., Ax S« and E,. parameters needed for the rate coefficient

calculation at high and low pressure, and their values can be found in the literature
[24, 25, 26].

3.23 Surface Chemistry

Gas-phase species may not only react in the gas-phase but also on solid surfaces. These
reactions sometimes are undesirable, for instance when radicals formed in homogeneous
combustion recombine on the reactor wall. More importantly, however, the inclusion of a
surface in the reaction pathway often offers the only possibility to obtain the desired product.
This section focuses on modeling heterogeneous reactions among gas-phase species on solid
surfaces that serve as catalyst as it was exhausted discussed in [27].



REACTIVE FLOWS 27

The catalyst provides an alternate reaction pathway between reactants and products by
lowering the activation energy of the reaction as shown in Fig. 3.2. After diffusion from the
gas-phase to the catalyst, the reactants adsorb on the surface, which can involve dissociation
and decomposition reactions. The rates of surface reactions and desorption depend on surface
coverage and temperature.

Heterogeneous reactions on solid surfaces can principally be treated by formalism very
similar to that applied for gas-phase reactions if the mean-field approximation is applied [28].
This means that the adsorbates are assumed to be randomly distributed on the surface, which
is viewed as being uniform. The state of the catalytic surface is described by the temperature
T and a set of surface coverages u; which is the fraction of the surface that is covered with
surface species i. The surface temperature and the coverage depend on the macroscopic
position in the reactor, but are averaged over microscopic local fluctuations.

Under those assumptions a chemical reaction can be defined analogously to Equation 3.23 by

N+ N+, Ng+N+N,

SVA > SVA. (3-50)
i=1 i=1

Original reaction path

Catalyzed path

E acat

Progress of reaction _—

Figure 3.2: Activation energy for the catalytic and non-catalytic pathway for a chemical reaction

The only difference is that now the A; denotes not only gas-phase species (e.g., H) but also
surface species (e.g., H(s)) and bulk species (e.g., H (b)). The N surface species are species
that are adsorbed on the top atom layer of the solid while the N, bulk species are species that
are diffused in the inner solid material. An uncovered site of the top layer of the solid surface,
which is generally available for species adsorption is also counted as surface species and is
denoted for instance by Pt(s).

Steric effects of adsorbed species and various configurations, e.g., the type of the chemical
bonds between adsorbate and solid, can be taken into account using the following concept:
The surface structure is associated with a surface site density / that describes the maximum
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number of species that can adsorb on a unit surface area, given, e.g., in mol/m?. Then each
surface species is associated with a coordination number o;, the number of surface sites which
are covered by the species. For a surface reaction, possibly an adsorption process, a reaction
between adsorbed reactants, desorption process, or species diffusion into and from the bulk
phase, the total number of surface sites is constant

Ny+N

D vio,=0. (3-51)

i=Ny+1

Under the assumptions done, multi-step (quasi-elementary) reaction mechanisms can be set
up. The molar net production rate s; of a gas-phase species or an adsorbed species due to
heterogeneous reactions on the solid surface is then given as

5=k, T[ ™. (3-52)

Here, K is the number of surface reactions, ¢; are the species concentrations, which are given,
e.g., in mol/m? for the N, adsorbed species and in, e.g., mol/m® for the Ny and N, gaseous and
bulk species. According to (3-52), the definition of the surface site density 7/, and surface
coverages 6, the variations of surface coverages, follow

00

ot

=0 (i=Ng+1,...,Ny+Ny). (3-53)

N

The surface coverages always refer to a single monolayer, hence the condition

Y6, =1, (3-54)

must be obeyed. The temperature dependence of the rate coefficients is described by a
modified Arrhenius expression

k, = AT" ex —E;“"ﬁﬁﬂ""ex gl’—el 3-55
f k p RT i p RT | (3-55)

i=1

The parameters 14 and &y describe the dependence of the rate coefficients for several surface
reactions on the surface coverage of species i. For adsorption reactions, sticking coefficients
are commonly used. They are converted to conventional rate coefficients by

0
kfads :S_i ﬂ , (3-56)
! I'F\22M,

with S;° the initial (uncovered surface) sticking coefficient and 7 the number of sites occupied
by the adsorbing species.
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The rate coefficient of the reverse reaction k; can again be calculated using thermodynamic
data (3-57). However, here, the change in number of occupied surface sites has to be taken
into account

DN T A 0] e ek (3-57)
KL zﬁz(p_j ex ARS _ ARH FZ[:Nng O-'” .
k, \RT R RT Ny O]

33 Coupling of Heterogeneous Chemical Reactions with the
Surrounding Flow Field

The chemical processes at the surface are coupled with the surrounding flow field by balance
equations at the gas-surface interface. The species mass fractions Y; are determined by N,
species mass balances considering diffusive j, and convective ¥, mass transport from and
to the gaseous flow as well as the net production rate of the species by homogeneous gas-
phase reactions (R"™) and heterogeneous surface reactions (R,™") [29]

[r %dVg == [ (; + Pls X, JidA + [ RIdA+ [ RV, (=1, ..., Ny, (3-58)

g

Veas 1s the gas-phase control volume adjacent to the surface and 7 is the outward pointing unit
vector normal to the surface. R™" is given per unit geometric surface area, corresponding to
the reactor geometry. It is linked with the molar reaction rate by

Rihet = ‘éiMiF'cat/geo > (3-59)

with Feyeeo the ratio of catalytic active surface area to geometric surface area. This procedure
accounts for the fact that the total catalytic surface area exposed to the gas-phase commonly
differs from the area of the reactor or support, which is coated with the catalyst. The
heterogeneous reaction mechanisms are developed for a given number of adsorption sites
(mole/m”) depending on the catalyst material and its intrinsic structure. Referring to the fluid
flow equations with boundary conditions based on the geometric reactor coordinates, the total
catalytic surface area can be much smaller (Feaygeo < 1) if only few catalyst clusters exist, or it
can be much larger (Feaygeo > 1) if the catalyst is dispersed on a washcoat. Feaygeo 1S
determined by experimental characterization of the catalyst, namely the catalyst weight and
dispersion measured. The dispersion can be estimated, e.g., by hydrogen chemisorption
measurements.

The so-called Stefan-velocity occurs at the surface if there is a net mass flux between the
surface and the gas phase

Ng
fiVg, = iZ“R}‘et : (3-60)
i=l

At steady-state conditions, this mass flux vanishes unless mass is deposited on the surface,
e.g., chemical vapor deposition, or mass ablation occurs, e.g., materials etching. The growth
rate V..., 18 then defined as
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5 P (3-61)

vgrowth = VStef 4
s

with ps the density of the material deposited or ablated. At steady-state conditions, (3-58)
results in the following boundary conditions for the species-continuity equations (3-4) at the
gas-surface interface [29]

i, + prgY,)= R™ (i=1,.....Ny). (3-62)

If the Stefan velocity does not vanish, a mass source term has to be included in the continuity
equation at the gas-surface boundary (3-1). Here, no-slip boundary conditions are chosen, i.e.,
all velocity components vanish at the gas-surface interface unless a net mass flux occurs.
These velocity components represent the boundary condition for the momentum equations
(3-2). There are several ways to specify a boundary condition for the enthalpy
(Equation (3-8)). Generally, either a Dirichlet boundary condition is chosen by giving a fixed
value for the variable under consideration or a Neumann boundary condition is chosen by
specifying a flux at the boundary. In the first case, a surface temperature is usually given, in
the latter case a heat flux ¢ is specified for the enthalpy equation. The heat flux accounts for
(temperature-dependent) heat transfer at the boundary and external radiative heat loss

g, =4 (T-T,)+eo(T* - T} )+ g2, (3-63)

with ¢, a heat transfer coefficient given, e.g., in W/(m°K), & the thermal emissivity, o the
Stefan-Boltzmann constant, T) a reference temperature, and ¢, the constant heat flux. If a
heat balance equation is solved not only in the gas-phase but also in the solid-phase (3-11),
local thermal equilibrium is assumed in this work, i.e., the gas-phase temperature equals the
solid temperature at the gas-surface boundary. The heat released by heterogeneous chemical

reactions

Ng+N Ng+Ng+Ny,

het __ het

Sit= > hR+ > hsM, (3-64)
i=1 i=Ng+N5+l

is either added as source term to the heat transport equation in the solid (3-11) or in the gas-
phase (3-8) at the gas-surface boundary. The latter choice is followed unless a heat transport
equation in the solid is solved. The heat release due to heterogeneous surface reactions can
also be split by depositing the heat of desorption reactions in the gas-phase, and the heat of
adsorption reactions and reactions between adsorbed and/or surface bulk species into the
solid.

34 Methods for Reaction Mechanism Analysis

In combustion modeling, the parameters describing the thermo-chemical and transport
properties of the chemical species and the rates of the elementary reactions may include many
values. The relative importance of these parameters spans a very wide range, meaning that
model predictions usually are affected by the values of only a small fraction of the model
parameters: Only a few parameters really matter. The study of relationships between
parameter values and model predictions is called sensitivity analysis [30]. Parameters which
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prove to strongly influence model predictions are sensitive parameters, those with little
influence are insensitive ones. The set of sensitive values for the whole parameters set is the
sensitivity spectrum.

For a chemical system the results for the concentration variables can be inferred from the
governing Navier-Stokes equations, where the following assumptions are made: (1) the ideal
gas is valid, and (2) the heat flux caused by radiation of gases is negligible [31].

At pressure p and constant temperature 7’

é=w+cqt———=lii=1,..., Ny (3-65)

¢, :a)i—cl{%};iz L....,Ng. (3-66)

The temperature can be specified or calculated from the enthalpy conservation assuming
adiabaticity. The rate laws for a reaction mechanism consisting of R reactions among N,
species can be written as a system of first order ordinary differential equations

ci=1,...., N, (3-67)

The time ¢ is the independent variable, the concentrations ¢; of species i are the dependent
variables, and &, the parameters of the system; c;, denotes the initial conditions at z,. Only the
rate coefficients of the chemical reactions taken into account shall be considered here as
parameters of the system. Nevertheless, initial concentrations, pressure, etc. can be treated as
system parameters too, if desired. The solution of the differential equation system depends on
the initial conditions as well as on the parameters.

For a few elementary reactions, changes in their rate coefficients have a very significant effect
on the outcome modeling result of the system. These important reaction steps are rate-
determining steps or rate-limiting steps. The dependence of the solution ¢; on the parameters
k. s called absolute and relative sensitivity. Sensitivities and can be defined as

— aci
ir a_k,
g _k, 0c, _ dlng, (3-68
v ¢ ok, Olnk,

A second tool for interpretation of computed profiles is called flux analysis. The aim is to
seek the channels in which chemical reactions “flow”. The procedure consists of scanning of
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all the net rates (Equation 3-67) at interesting times during the reaction to determinate the
fastest, and the noncontributing reactions and to determinate reactions which are so fast in
both directions that they are essentially equilibrated.



Chapter 4

DEVELOPMENT AND VALIDATION OF A DE-
TAILED KINETIC MECHANISM FOR COMBUS-
TION OF C4 ALKANES

4.1 Bibliographic Review

4.1.1 Methane Oxidation and Partial Oxidation

Several high range temperature oxidation mechanisms for C; to C4 hydrocarbons already exist
in the literature [32, 33]. Other mechanisms (Warth [34], Chevalier [35] and Ranzi [36]) have
been generated automatically and evaluated by comparing ignition delay times and species
concentrations.

Different authors have reported methane autoignition investigations. Asaba [37] et al. con-
ducted autoignition experiments for methane oxygen mixtures with equivalence ratios be-
tween 0.2 and 6.0 at temperatures between 800 K and 2200 K. The pressure range was be-
tween 7 bar and 10 bar.

Asaba suggested that, depending on the methane content, two different mechanisms exist. For
lean mixtures a branching chain mechanism at low temperatures governs the reaction during
the induction period. For rich mixtures, the thermal chain mechanism governs the reactions at
high temperatures.

Bowman [38] reports ignition delay times for methane oxygen mixtures diluted in Argon in
the range of temperatures between 1700 K and 2200 K, equivalence ratios of 0.25 to 4.0 and
pressures between 0.55 bar and 2.6 bar.

Lifshitz et al. [39] confirmed that dilution has no effect on the induction time. In their investi-
gation, Lithitz and coworkers deduced a correlation for determining the induction time for
methane mixtures which showed a good agreement in the range of temperature between 1300
K and 2500 K which was used with good results by other authors [40].
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Tsuboi and Wagner [41] studied the homogeneous thermal oxidation of methane oxygen mix-
tures highly diluted in Argon with equivalence ratios between 0.2 and 2.0, and pressures from
3 bar to 300 bar at temperatures around 1800 K. A correlation for the induction time was ob-
tained similar to the earlier proposed by Lifshitz.

Roth and Just [42] studied the kinetics of the oxidation of methane at high temperatures. The
temperatures used in their studies ranged between 1850 K and 2500 K, pressures were about
1.8 bar and the fuel-oxygen ratio was between 0.01 and 0.5. In their experiments, oxygen (O)
and hydrogen (H) atom concentrations were directly measured. A kinetic mechanism consist-
ing of 25 elementary reactions was used to model the concentration profiles of the main spe-
cies.

Spadaccini and Colket [43] reported a comprehensive literature search related to ignition de-
lay of methane and methane mixtures. Spadaccini also reports results from measurements of
ignition delays of methane and methane mixtures where, ethane, propane and butane were
used as additives for their experiments. Experiments were carried out between 1300 K and
1900 K and pressures of 3.5 atm to 15 atm. Equations based on the empirical results were de-
veloped for predicting the ignition delay of various binary methane hydrocarbon mixtures. A
detailed kinetic model that included methane, ethane and propane chemistry was reported, and
suggested the importance of hydrogen peroxide in the autoignition process.

Partial oxidation of methane has also been studied by several authors. Zanthoff and
Baerns [44] studied the oxidative coupling of methane in the gas phase in the absence of a
catalyst. The main products found in their experiments were ethane and ethylene and minor
amounts of C; hydrocarbons as coupling products and carbon oxides as total oxidation prod-
ucts. Experiments were done in the range of pressures between 1.84 bar < p(CH4) < 8 bar,
0.18 bar < p(0;) < 0.8 bar and temperatures of 878 K < 77< 1071 K. It was found that selec-
tivity to C,+ hydrocarbons species increases with temperature and with CH4/O; ratio, while
selectivity to carbon oxides decreases. For the dependence on the C,; selectivity on pressure,
Zanthoff found that the C,H4/C;Hg ratio decreases with increasing pressure. Maximum C,
selectivities were on the order of 50%. Zanthoff proposed a kinetic mechanism, which in-
cluded 163 reactions and 28 species. The kinetic data used for the simulation were the ones
proposed by Warnatz [18], CODATA [25-26] and Cohen and Westberg [45].

Goralski and Schmidt [46] modeled a short contact time catalytic methane combustor as a
plug flow tubular reactor using homogeneous and heterogeneous chemistry. For different spe-
cies composition, the pressure was ranged from 1 atm to 25 atm, and temperatures were be-
tween 1000°C and 1800°C. Homogeneous chemistry alone was found to produce NO and CO,
but in the presence of a catalyst this was inhibited as result of the adsorption of radicals into
the surface of the catalyst. The gas-phase mechanism used was the GRI mechanism 2.11 [47],
initially proposed by methane oxidation. The mechanism consisted of 277 reversible reactions
and 49 gas-phase species.

Catalytically stabilized combustion of hydrogen-air mixtures has been studied under lean
conditions and turbulent flow [48]. The authors developed a two-dimensional elliptic model
including heterogeneous and homogeneous chemical reactions assuming that the temperature
at the walls was constant. After a comparison between laminar and turbulent flows using the
same initial conditions, the authors concluded that in the turbulent case, combustion was in-
hibited due to an increased heat transport away from the near wall layer where gaseous com-
bustion was confined.
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Chen et al. [49] studied the oxidative coupling of methane in the presence and absence of a
catalyst with ethane co-feeding. Ethane was found to increase the conversions of methane and
be beneficial for the production of ethane and C, species due to the lower C-H bond energy in
ethane, which led to higher propagation rates and then to higher branching rates in a branched
chain mechanism. Chen and Marin proposed a mechanism which consists of 39 reversible
reactions, optimized for temperatures around 1073 K and pressures up to 400 kPa. The model
was based on a previous one developed by the same authors [50].

Baerns [51] studied the oxidative coupling of methane between 700°C and 900°C. Ethane,
ethylene, and small quantities of higher hydrocarbons were found in the presence and absence
of a catalyst. A kinetic model was used to model the concentration profiles. This model
considered 193 reactions among 33 species and included propane, propylene, ethane, ethylene
and methane chemistry. Reactions between methyl radicals and oxygen to form CH30O, and
the characteristic secondary radical CH3O,H were also included. These last steps are present
in the low temperature regime.

Wiele et al. [52] studied the roles of the gas phase and the heterogeneous chemistry in the
oxidative coupling of methane. The authors modeled the oxidative coupling of methane,
assuming that the catalyst kinetically controlled the reaction steps for the formation of ethane,
ethylene and carbon monoxides through an initial hydrogen abstraction, which in each case
produces the respective radical. In the case of ethane, methyl radicals were produced in the
catalyst, and the coupling process took place in the gas phase. Conversion of ethane to ethyl-
ene was also controlled by the catalyst, which initialized the reactions by a hydrogen abstrac-
tion, and was followed by radical reactions which occurred in the gas phase. For the modeling
of the gas-phase reactions, Wiele developed a kinetic scheme consisting of more than 400 re-
actions which were later reduced to 164. The references used for the kinetic data of the reac-
tions are from the previous works developed by Warnatz [18], Tsang and Hampson [53],
Westley and Herron [54], Vardanyan and Nalbandyan [55], Dagout et al. [56], and Albright et
al. [57].

4.1.2 Ethane Oxidation and Partial Oxidation

Cooke and Williams [58] performed studies of autoignition of ethane oxygen mixtures in the
temperature range from 1400 K to 1800 K, in their experiments the equivalence ratios were
ranged between 0.5 to 2. A mechanism consisting of 34 reversible reactions among 34 chemi-
cal species was proposed. According to the authors, a rapid degradation of the fuel due to
cracking occurred before the ignition and suggested the conversion of ethane to ethylene via
ethyl radical formation before ignition and the formation of ethylene during ignition. Ethylene
is then converted to acetylene, whose concentration decays once the hydroxyl radicals reach a
maximum, leading to the formation of combustion products.

Marinov et al. [59] performed a chemical kinetic modeling to investigate aromatic and pol-
yaromatic hydrocarbon formation pathways in rich, sooting methane and ethane premixed
flames. Experiments were carried out at equivalence ratio of 2.5 for both fuels (CH4+/O,/AR
30.4/24.3/45.3 and C,He/O,/AR 22.8/31.9/45.3) at atmospheric pressure. The proposed
mechanism consists of 661 reversible reactions among 161 species. To develop the mecha-
nism, Marinov used previous work on propane and propylene from Tsang [60, 61], n-butane
from Pitz et al. [62] and the mechanism from Miller-Melius [63] for benzene formation. The
mechanism was able to predict stable species concentration in rich premixed laminar flames.
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Rota et al. [64] experimentally investigated the oxidation of several fuel mixtures, involving
methane, ethane, ethylene and acetylene, in a jet-stirred reactor. Conditions used in their ex-
periments cover a range of temperature between 864 K and 1248 K at atmospheric pressure.
Binary mixtures of methane and ethane were used and the effects of adding ethylene and
acetylene to the binary mixture were investigated. The authors reported no changes in the re-
activity of the methane and ethane when ethylene was added with similar conversions ob-
tained in both cases. Ethylene reactivity is strongly influenced by the C,H¢/C,Hy ratio: Con-
versions were negative for high ethane-ethylene ratios and increased for lower C,H¢/C,H4 ra-
tios, which indicates that for higher ratios thermal decomposition of ethane to ethylene oc-
curred before ethylene decomposition started; similar results were reported by Cooke and
Williams [58].

Westbrook et al. [65] studied the oxidation of ethylene in a well-stirred reactor at tempera-
tures ranging from 1003 K to 1253 K and atmospheric pressure. Fuel oxygen ratios were 0.36
to 0.48. Westbrook reported a kinetic mechanism that described formation of the main prod-
ucts and consumption of reactants. From this study, the main consumption of ethylene for this
range of temperature was via hydrogen atom abstraction by hydroxyl radicals and oxygen at-
oms.

Wilk et al. [66] investigated the oxidation of ethylene in the low temperature range in a static
reactor. Experiments were done at 696 K and 718 K at 0 atm to 0.79 atm (2 torr to 600 torr.)
At these low temperatures, products such as aldheydes and oxiranes are expected. The main
reactions involving ethylene consumption involved OH and HO; radicals. A detailed chemis-
try mechanism, which describes oxiranes formation, was developed and evaluated by com-
parison of the concentration profiles of the species. The chemical mechanism developed in-
cluded addition reactions of the O,, HO, and OH radicals to the fuel, and decomposition of
the oxygenated species to aldheydes following the scheme proposed by Waddington [67].

Zerkle et al. [68] studied the role of the homogeneous and heterogeneous chemistry in the
catalyzed partial oxidation of ethane. A two-dimensional model for a short contact time reac-
tor including mass and heat transport was employed to model the partial oxidation of ethane
to ethylene; the model used a detailed heterogeneous and homogeneous chemical kinetics
mechanism to describe the chemistry. Production of ethylene and hydrogen was found to be
due to combined homogeneous and heterogeneous processes of ethane dehydrogenation. Gas-
phase reactions were modeled using a subset of the mechanism proposed by Marinov et al.
[59], and the evaluation of the reduced mechanism was done by comparison against experi-
mental data for flame velocities from Egolfopoulos et al. [69] and species concentration pro-
files from Dagaut et al. [70]. The authors proposed an exothermal heterogeneous process,
which releases the necessary energy to drive the reactor, and an endothermic gas-phase proc-
ess which produces ethylene. Behavior of the reactor was strongly dependent on the condi-
tions, e.g., it was found that in mixtures of ethane and oxygen with ratio 1.5 (C,H¢/O, = 1.5)
gas-phase reactions are predominant for ethane consumption and ethylene formation, but
when this ratio was increased to 1.7 and 1.9 both the heterogeneous and the gas-phase were
competitive.

4.1.3 Propane Oxidation and Partial Oxidation

Propane combustion has been studied extensively. Burcat and Lifshitz [71] reported ignition
delay times for propane/oxygen/argon mixtures measured in shock-tubes experiments. Tem-
perature was varied between 1250 K and 1600 K and pressure between 2 atm and 10 atm.
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Equivalence ratios used during the experiments ranged from 0.125 to 2. No dependence on
the ignition delay times with the third body was found and self-decomposition was the main
path that was responsible for the ignition process (CsHg <> CH3; + C;Hs). Ethylene and pro-
pylene were the main species formed before ignition under the conditions examined. Equiva-
lence ratio was an important variable in the delay times measured: For stoichiometric mix-
tures, the radical recombination process slowed down the ignition of the mixture while for
lean mixtures oxygen shortened the ignition and recombination reactions which were ex-
ceeded by the branching reactions which involved oxygen (H + O, <> OH + O).

Burcat and Radhakrishnan [72] studied the high temperature oxidation of propene in a shock-
tube. Measurements of ignition delay times are reported over a range of temperature from
1274 K to 1840 K and pressures from 6.5-107 atm to 0.175 atm (50 torr to 133 torr) The fuel-
oxygen ratio of the mixtures was kept between 0.55 and 2.22. The main products found before
ignition occurred were acetylene and ethylene, and minor traces of methane. The authors sug-
gested two different mechanisms: In the high temperature range (1700 K), the main reaction
was the hydrogen abstraction from the fuel to produce allyl radicals (CsHs) and hydrogen
(H»), followed in importance by (H + O, <> O + OH). In the low temperature region (1366 K)
(H+ O, O+0OH) was the most important reaction, followed by (HCO +HO,
<> CH,0 + O,) and the scission to produce methyl radicals and vinyl (CsH¢ <> CH; + C,H3).
The authors proposed a kinetic mechanism which consists of 59 reversible reactions, but only
partial agreement between experimental data and simulation was achieved.

Experiments in a laminar flow quartz reactor have also been made to study propane oxidation.
Cathonnet et al. [73], studied reacting mixtures in a range of equivalences ratios from 0.05 to
25 and a temperature near to 1000 K. The main products found were olefins (C,H,4 and C;Hp),
methane, carbon monoxide and ethane. The authors proposed a kinetic scheme which consists
of 110 non-reversible reactions which included propane and butane chemistries and predicted
with good agreement the experimental data. According to the mechanism proposed, initially
the fuel is attacked by hydroxyl radicals (OH) in the case of lean mixtures, and hydrogen (H)
for the case of rich mixtures, or it proceeds to self-decomposition, which produces methyl
(CH3) and ethyl (C;Hs) radicals. Further, the methyl radical produced in the initial step reacts
with the fuel, increasing its consumption.

Catalytic dehydrogenation of propane was investigated by several authors [74, 75, 76].
Beretta et al. [76] studied the oxidative dehydrogenation of propane in the presence and ab-
sence of a catalyst, and suggested that two different processes occur. The first one is the full
oxidation of the propane on the surface of the catalyst, which can occur at low temperatures
and the second is the olefin production in the gas phase at high temperatures. In their experi-
ments, Beretta et al. reported no olefin production at temperatures below 773 K. At this tem-
perature only combustion species were found in the products, but over 823 K (550°C) large
amounts of olefins were formed with propylene-ethylene selectivities higher than 55%, at
conversions of 90% and 100% of fuel and oxygen, respectively. Experiments in absence of a
catalyst at conditions similar to those used in the catalytic study showed that the homogene-
ous phase can produce the same amount of olefins as observed in the heterogeneous case, and
the process can be operated adiabatically, if the proper conditions of preheating and mixture
composition were chosen. According to the authors, under these conditions the role of the
heterogeneous phase was to reduce the contact times necessary to run the process. Details
from the homogeneous chemistry in the process are reported later [77]. Two main channels
are considered for the chain radical initiation steps: In the presence of oxygen, oxygen and the
fuel react to produce hydroperoxy (HO,) radicals and propyl (CsH7) radicals, or in the ab-
sence of oxygen, decomposition of the fuel into methyl and ethyl radicals is the predominant
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channel. These two paths (in absence or presence of oxygen) are the most important for the
fuel consumption. The kinetic scheme for pyrolysis and oxidation of propane proceeded
through the well-known path of successive reactions of n-C3H; and i-CsH; radicals and fur-
ther decomposition to olefin or smaller radicals.

4.1.4 Butane Oxidation and Partial Oxidation

Rapid compression experiments were performed by Kojima [78, 79, 80] to study the combus-
tion of butane in the low temperature range (720 K - 830 K). Kojima reported a detailed
chemical kinetic model, which consists of 461 reactions among 141 species. For the evalua-
tion of the mechanism, a comparison between calculated ignition delay times and the ones
found during the experiments was done. Additionally, a further evaluation was performed in
the high temperature range (1200 K - 1400 K) by comparison of a simulation with experimen-
tal data from Burcat et al. [81]. For the experiments performed in shock tubes, a good agree-
ment was achieved between simulations and experiments. In accordance with the results of
the simulations, Kojima suggested two main channels for the high temperature range which
control the ignition process: External hydrogen abstraction from the fuel for a radical which
can be hydrogen or hydroxyl (H, OH), via the reactions (C4H;o + H (OH) <> 2 C4Hy + H,
(H20)), or thermal decomposition of the fuel to ethyl radicals (C4H;9 <> 2C,Hs). In both cases
the alkyl radicals will decompose to an olefin (CsHg or C,Hy4). For 2 C4Ho, its decomposition
leads to a chain termination step (2 C4Hy <> CH;3 + CsHg; CHs + CHs <> C;Hg) and two
branching steps (CH3; + HO;, <> CH30 + OH, and O, + H <> OH + OH), while the ethyl radi-
cals lead to a chain propagation step (C,Hs + O, <> C,Hy + HO;). In the middle temperature
range hydrogen peroxide decomposition is the most important branching step
(H20, <> OH + OH), and in the low temperature range two termination steps govern the igni-
tion delay time: (Alkyl + O, <> Olefin + HO»), and (C4H9O, <> C4Hy + O5).

Cathonnet et al. [73] studied experimentally and theoretically the oxidation of butane at high
temperature and atmospheric pressure for different equivalence ratios. Simulations of their
experiments were done using the kinetic scheme already proposed for propane oxidation, and
including a set of additional reactions for butane; some of them were not elementary ones.
The mechanism was able to reproduce the experimental data well.

Karbach [33] and Nehse [82] developed a complex kinetic mechanism for the combustion of
small alkanes. The proposed mechanism consists of 765 irreversible reactions among 60
chemical species. The mechanism was evaluated by comparison of simulation and experimen-
tal data for flame velocities of the following species: Hydrogen (H;), carbon monoxide-
hydrogen (H,) mixtures, methane (CHy), ethanal, methanol (CH;OH), ethyne (C,H,), ethene
(C,Hy), ethane (C,Hg), propene (CsHg), propane (CsHg), 1-butene (C4Hg), n-butane (C4H),
and ignition delay times for hydrogen (H;), methane (CHy), ethane (C,Hs), propane (C;Hs)
and butane (C4H,o). The values for the rate coefficients required for the different reactions
were taken from Baulch [26], or in the case that some specified rate was not included in this
report, other sources were consulted, such as the NIST Database [83]. Below, more explana-
tion will be given for some of the most important reactions of this mechanism, which was ini-
tially used in the present thesis.
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4.2 Reaction Mechanism Development

Combustion of hydrocarbons can involve a great number of chemical reactions. They consist
of a series of consecutive, competitive, and opposing reaction steps with differences in reac-
tion rate constants. In a reaction process, the most active species are called free radicals.
Combustion is a radical chain process, where elementary reactions are called chain initiating
or chain terminating reactions according to whether they produce or destroy radicals. With
regard to the ratio of the number of free radicals in the products to the reactants, elementary
reactions are called chain propagating (or chain carrying) reactions if the ratio is equal to 1
and chain branching reactions if the ratio is larger than 1. Some examples of elementary reac-
tions are

Ary+M 5 A*+A*+M Chain initiating

B, +A* 5 AB+ A* Chain propagating

A*+B; — AB* + B* Chain branching
A*+A*+M 5 A+ M Chain termination.

The construction of an elementary reaction mechanism has the advantage that the order of the
reaction for a single reaction is independent from the time and test conditions. Other advan-
tage from the elementary mechanism is that they allow extrapolation of results at conditions,
where there are no experimental measurements available, which is not possible when a global
mechanism is used.

4.3 Low and Intermediate Temperature Oxidation

The initial reaction that describes the fuel consumption in the low temperature range is ac-
cepted to be an H atom abstraction to yield an alkyl radical

Fuel + O, > R* + HO.,. (4-1)

This reaction is slow, selective and endothermic, having a high activation energy for each of
the four alkanes included in the butane mechanism (around 200 kJ mol™ [26]), and despite
producing two radicals does not accelerate the reaction [84]. This initiation step was sug-
gested initially by Cullis and Hinshelwood [85], and later substantiated by Semenov [86]. The
oxygen attack on the fuel is thought to favor the secondary C-H bond instead of the primary
due to the difference in their strength (~ 12 kJ mol'l), which, although small, becomes more
important in the lower temperature range [87]. The tertiary C-H bond is preferred broken over
the secondary on the same basis. In the low temperature regime (temperature around 700 K),
reactions of hydrocarbons show that the alkyl radicals mainly react with oxygen. Other types
of reactions such as decomposition, disproportionation, isomerization recombination and re-
action with the fuel will only be competitive when the partial pressure of oxygen is low or the
temperature is high [88]. The two main reactions for the alkyl radicals (olefin production and
oxygen addition) are described as follows

R* + 0O, - C,Hy, + RO,* (4-2)

R* + 0, —> ROy* . (4-3)
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There are two theories related to the consumption of the alkyl radicals: The first of them, pro-
posed by Knox [89], suggests that the primary route for alkyl oxidation leads to the formation
of the conjugate alkene. Knox found during his experiments with several small alkanes (with
less than four carbon atoms) that nearly 80% of the alkanes that are consumed appeared in the
products as alkenes. These experiments were carried out at low and high temperature, and in
each condition the products were the same at lower fuel conversion (< 1%).

The second theory which has been developed from observations during the oxidation of larger
hydrocarbons (> C4) and at later stages of reaction (80% < Fuel Conversion) proposed an ad-
dition of oxygen to the alkyl radical to yield alkylperoxy radicals which further rearrange to a
hydroperoxide alkyl radical through an internal H atom abstraction. The hydroperoxide
formed (R’OOH) is then decomposed into stable products (R’O) and hydroxyl by fragmenting
the O-O bond. In this theory, the fuel consumption is then completed by the unselective attack
by the OH that is formed

RO,* - R’O0OH (4-4)

R’O0OH - R’0O+OH. (4-5)

The degenerated branching species RO,* should accumulate to significant concentrations be-
fore chain-branching reactions become important. Only after this accumulation has taken
place self-acceleration occurs.

For the low temperature region, the oxygen addition to the alkyl radical is the predominant
path for the alkyl consumption. Although at higher temperature the hydrogen atom abstraction
is the main route. The transition region from the low temperature to the high temperature re-
gime is characterized by an increase in the induction time and a decrease in the rate of species
production. This behavior is attributed to the negative temperature coefficient phenomenon
which is associated with hydrocarbons oxidation.

From the chemical point of view R’OOH, which is the main branching agent in the low tem-
perature regime, decomposes into R’0O and OH during the transition. This chain-branching
reaction accelerates the reaction, producing a rapid increase in temperature and pressure.
However, as the temperature increases, acceleration is stopped as the R’OOH radicals are rap-
idly consumed. The further rise in temperature makes alkene formation from the alkyl radical
more competitive with the oxygen addition, and as a consequence there is a decrease in RO,*
production that leads to OH formation.

When temperature increases, alkene and hydroperoxy radical (HO;) production becomes
more important, and the hydroperoxy radical (HO,) replaces the characteristic low tempera-
ture R’OOH radical as the most abundant. In spite of this, the reaction does not accelerate,
even if HO, is more reactive than the R’OOH. HO, does not increase the rate of reaction as it
does not have as many possible routes for its consumption as R’OOH, which accounts for the
observed decrease in the reaction rate as the temperature continues to rise. HO, will tend to
abstract hydrogen from a hydrogen donor species (fuel or an aldehyde) to form peroxide

RH +HO; - R + H,O, . (4-6)

With a further rise in temperature, the hydrogen-peroxide dissociation rate increases leading
to hydroxyl radical formation, which is the main branching reaction at temperatures above the
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negative coefficient region. This reaction is extremely accelerating and again a decrease in the
induction time is observed as the temperature continues to increase

H,0,+M >OH+OH+M. (4-7)

H,0O; production is more significant at higher temperature reactions, and HO, and OH become
the dominant radicals. Functionally, HO, replaces the RO, radicals while H,O, replaces
R’OOH. These changes characterize the transition between the low and the intermediate tem-
perature mechanisms of hydrocarbon oxidation. Figure 4.1 presents the main paths for the hy-
drocarbons oxidation at low temperature.
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Figure 4.1: Schematic mechanism for the combustion of hydrocarbons at 500K - 800K. R = C,H,+;;
0 = C,H,,, Q= C,H,,.;. First step involves a hydrogen abstraction from the fuel to yield
the alkyl radical. At low temperature, the alkyl formed is oxidized and peroxy radicals
appears: Further they are decomposed into aldehydes (main species found during ex-
periments in cold flames [88]) ketones and others small radicals
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4.3.1 Reaction of Alkyl Radicals

The predominant mode of oxidation of alkyl radicals is by oxygen addition and an alkylper-
oxyde is formed and then undergoes homogeneous intramolecular rearrangement. Decompo-
sition of the rearranged radical usually leads to hydroxyl radicals and stable products which
include O heterocycles, carbonyl compounds and alcohols. In the middle and low temperature
regime, there are two different reactions between the alkyl radicals and oxygen

R*+ 0, <> RO, (4-8)
R* + O, < Alkene + HO, . 4-9)
For the first channel (oxygen addition), and for both radicals (propyl and butyl) an activation

energy of 0 kJ mol™ is accepted in the literature. The pre-exponential factors are different for
each particular radical. Kinetic parameters that have been used are listed in Table 4.1.

Table 4.1 Arrhenius parameters for the reaction: R* + O, <» RO,*
(4 in em® mol’ s, E, in kJ mol’)

Alkyl Radical A/m/E,
n-CsH; 3.50-10'%/0/0.0
i-C3Hj; 8.50-10'%/0/0.0
1 C4Hy 4.50-10'%/0/0.0
2 C4Ho 1.00-10'%/0/0.0

Different kinetic data have been used for the reaction between the propyl and oxygen:
Tsang [61] and Warth [34] proposed kinetic data after a bibliographic review, including a
temperature dependence of the pre-exponential factor. Atkinson et al. [90] proposed for the
same reactions kinetic data for modeling atmospheric chemistry (temperatures in the range of
200 K- 300 K). Slage et al. [91] presented experimental work in the range of 297 K — 635 K
and Ruiz and Bayes [92] proposed kinetic data at 298 K and low pressure based on their ex-
perimental work. The proposed values from Slage, which are consistent with the ones from
Ruiz, were used here.

For the butyl radical, the selected kinetic parameters are taken from the experimental work
performed by Lenhardt et al. [93]. The hydrogen atom abstraction to produce hydroperoxy
radicals and olefin was already included in the high-temperature mechanism. The kinetic pa-
rameters used were proposed by Baker et al. [94] and were calculated at a temperature of 753
K and 0.67 bar.

4.3.2 Reaction of the Alkylperoxy Radicals RO;
There are several reactions reported that could occur with the alkylperoxy radicals

RO* <> R*+ 0, dissociation (4-10)
ROy* <> QOOH* internal H-abstraction (4-11)

RO,*+RH — RO,H + R* external H-abstraction (4-12)
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RO, + HO; - RO,H+ 0O, external H-abstraction (4-13)

ROy* + RO* — 2RO* + O, propagation . (4-14)

The dissociation of the alkylperoxy radical in alkyl and oxygen is the back-reaction of the re-
versible Reaction (4-8), and it becomes more important in the temperature range of 700 K -
800 K. For higher hydrocarbons, the internal hydrogen abstraction Reaction (4-11) prevails.
The internal abstraction drives the formation of stable products as cycle compounds and alde-
hydes. The radical isomerization chain can be described as follows:

R*+ O, <> RO,* (4-8)
RO,*¢> QOOH* (4-11)
QOOH*—P* + OH (4-15)
Fuel + OH -R* + H,0 . (4-16)

Once the alkylhydroperoxide is decomposed, OH radicals that are being formed proceed to
the unselective attack of the fuel. Table 4.2 presents the kinetic parameters used for the inter-
nal hydrogen abstraction.

Table 4.2 Arrhenius parameters for the internal H abstraction RO;* — QOOH*. Kojima[78]
(A in em® mol” s, E, in kJ mol)

C;H,0,* A/n/E, CHy0,* A/n/E,
21 1.39-10'%/0.0/118.0 21 1.39-10'%/0.0/118.0
351 2.60-10'/0.0/110.0 351 1.73-10'1/0.0/92.0
1,352 4.16-10'%/0.0/138.0 4-51 3.26:10'°/0.0/91.0

12 2.00-10'%/0.0/138.0
32 1.39:10'%/0.0/118.0
4-5) 2.60-10'/0.0/110.0

The internal hydrogen abstraction (Reaction (4-11) is a reversible reaction and hence the re-
verse isomerization of hydrperoxyalkyl radical can compete with its decomposition and fur-
ther oxidation. The estimated values for the kinetic data for the isomerization had been re-
ported by Pollard [88], Fish [95] and Baldwin et al. [96]. Nehse [82] proposed a pre-
exponential factor for the back reaction similar to the one for the forward reaction and an ac-
tivation energy of 33 kJ mol™ lower, considering that an OH bond in the hydroperoxy group
is 33 kJ mol™" weaker than in a CH bond considering the kinetic parameters from Fish and
Pollard. After a review of the early proposed values from Baldwin, Kojima [80] proposed the
kinetic values used here; they are presented in Table 4.3.

The external H abstraction is the other reaction channel that is considered (Reactions (4-12)
and (4-13). In the low temperature regime, it is common to consider only HO, radicals and the
fuel as H atom donors because of the lower alkane concentration at these conditions, although
for the case of rich mixtures, high concentration of radical species are expected to be present
in the intermediate stage of the reaction. Wilk et al. [84] include in their work on ethene and
propene oxidation at low temperature the H atom abstraction by smaller alkanes and radical
species. Their proposed kinetic data for reactions that include those radicals were applied
here. Table 4.4 presents a summary of them.
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Table 4.3 Arrhenius parameters for the reverse internal H abstraction QOOH*— RO,*. Kojima[78-
80]. (A in cm’ mol” s, E, in kJ mol’)

C';00H* A/n/E, C ;O0H* A/n/E,
152 2.98-10%/-0.044/63.8 12 2.99-/0.044/63.9
1-3 1.04-10%/-0.095/41.5 13 3.74-10%/0.044/37.9
21,3 | 2.22:10"%-0.138/69.6 14 1.30-10%/-0.095/22.5
23 3.81-10%°/0.01/63.9
21 1.06-10'/-0.131/69.6
24 1.33-10%/-0.131/41.6

Table 4.4 Arrhenius parameters for the external H abstraction: RO;* + RH— ROOH + R*. Wilk [84]
(A in ecm’ mol s, E, in kJ mol’)

Primary Position Secondary Position
C;H,0, A n E, A n E,
+radical 1.00-10"2 | 0.0 42,0 | 1.00-10" | 0.0 42.0
+C,H,4 7.10-10'" | 0.0 104.5 | 7.10-10"" | 0.0 | 104.50
+C;H, 3.20-10" | 0.0 | 6228 | 3.20.10" | 0.0 | 62.28
+C3Hg 6.00-10"2 | 0.0 81.0 | 6.00-10” | 0.0 | 71.20
+C4Hjo 1.68-10 | 0.0 | 85.50 | 1.12:10" | 0.0 | 74.00
C,;H,0, 0.0 0.0
+radical 1.00-10"2 | 0.0 42.0 | 1.00-10" | 0.0 42.0
+CoHy 7.10-10" | 0.0 104.5 | 7.10-10"" | 0.0 | 104.50
+C3Hs 3.20-10" | 0.0 | 6228 | 3.20-10'" | 0.0 | 62.28
+C4Hjo 1.68-10 | 0.0 | 85.50 | 1.12:10" | 0.0 | 74.00

Disproportion reactions (like Reaction (4-14) are important in the low temperature regime be-
cause under the right experimental conditions (e.g., higher oxygen concentration, high pres-
sure) they represent an important path that precedes the termination step, which leads to the
formation of acetaldehyde and alcohol. The kinetic mechanism is as follows:

RO,* + RO,* -5 2RO* + O, disproportion (4-14)

2RO*— R’C=0 + R”CHOH termination. (4-17)

Pollard [88] reported the kinetic data at 600 K for the disproportion reaction of methylperoxy
radicals calculated by Heicklen [97]. Propylperoxy radicals disproportions were experimen-
tally studied by Adachi et al. [98] at 298 K and low pressure (0.49 bar). Others authors (Wal-
lington et al. [99], Atkinson et al. [90], Lightfoot et al. [100]) proposed kinetic parameters for
the reaction of propyl peroxides at 298 K which produces oxygen and other unspecified prod-
ucts. Sochet et al. [101] reported the kinetic parameters for the termination step of some al-
kylperoxy radicals in the C4 submechanism. Table 4.5 presents the kinetic values that are used
in the mechanism where the partner radical RO,* is represented by CH30,, C;Hs0, and
C3H-0; radicals.
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Table 4.5 Arrhenius parameters for the disproportion reaction: RO,* + RO,*— 2RO* + O, Adachi
[98]. (A in cm® mol” s, E, in kJ mol™)

Primary Position Secondary Position
C3H702+R02* A/n/Ea A/n/Ea
CH;0, 1.30-10''/0.0/0.0 1.30-10'%/ 0.0 /42.00

C>H;0; 1.30-10'1/0.0/0.0 1.00-10'/ 0.0 /104.50
C;H;0; 1.30-10'/0.0/0.0 1.00-10'/ 0.0 /62.28

4.3.3 Scission of the Alkylhydroperoxide ROH

The alkylhydroperoxy that is formed by external H atom abstraction is decomposed by the
splitting of the O-O bond from the hydroperoxy group into OH radical and an alkoxyl radical
(RO*),

RO,H <> RO* + OH . (4-18)

This is a chain-branching reaction which produces the highly reactive OH radical, although
several studies (Pollard [88], Fish [95] and Antonik and Lucquin [102]) showed that at very
low temperatures (near to room temperature) and pressures (p < 265 mbar) this branch reac-
tion is somewhat slower than the internal H atom abstraction. Therefore, the rate of produc-
tion of the branching agent is slower in comparison to the rate of formation for other products.

Some kinetic data have been proposed for alkylhydroperoxides decomposition in the C4 sub-
system [103, 104]. In these studies the activation energy varies between 158 kJ mol™ and
170.12 kJ mol™, with a pre-exponential factor of 10" s'. Pollard [88] proposed a range for a
CuHont1 type alkylhydroperoxide between 179.74 kJ mol™ and 183.92 kJ mol™, with a pre-
exponential factor of 10" 57

In the specific case of the C; and C4 radicals, for the scission into OH radicals there are ex-
perimental and theoretical kinetic data for their decomposition: In the range of temperatures
around 553 K <7< 653 K Kirk and Knox [104] proposed a value for the rate coefficient of
1.58-10" exp (167 kJ/mol'/RT) cm® mol™ s which must be considered with an uncertainty
factor of 2; Sahetchian et al. [105] gave a value of 0.83-10+156Xp (179 kJ/mol™"/RT) cm® mol™
s for this reaction and Konnov proposed a value of 4.00-10"%exp (179.7 kJ/mol/RT) cm’
mol” s”'. Here, the values used are the ones proposed by Sahetchian. Table 4.6 presents the
values used for the decomposition reaction of alkyhydroperoxide radical.

Table 4.6 Arrhenius parameters for the decomposition of hydroperoxides: RO,H— RO* + O. Sa-
hetchian [105]. (A in cm’ mol” 57, E, in kJ mol”)

RO,H—>RO*+0OH RO;H—->RO*+0OH
C; OH A/n/E, Cs OH A/n/E,

p-C3H700H 1.10-10'%/0.0/182.0 p-CsHyOOH 7.00-10"°/0.0/174.0

s-C3H700H 8.30-10'%/0.0/179.0 s-C4H9OOH 1.10-10'%/0.0/182.0
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4.3.4 Scission of the Alkylhydroperoxy Radical QOOH*

The decomposition of the alkylhydroperoxy radical usually leads to a hydroxyl radical forma-
tion and stable products which include O-heterocycles, carbonyl compounds and alcohols.
The alkylhydroperoxy radical can be consumed by three channels: Self-decomposition into a
heterocyclic and OH radical (4-19), loss of the hydroperoxy group and production of an olefin
and hydroperoxy (4-20) or reaction with oxygen in a second oxygen addition (4-21),

QOOH* — QO + OH* (4-19)
QOOH* - Q + HO, (4-20)
QOOH* + 0, <> *OOQOOH . (4-21)

The simple decomposition of a hydroperoxyalkyl radical to an O-heterocycle with elimination
of OH is an irreversible unimolecular process [88] with an activation energy of approximately
62.70 kJ mol™ to 75.24 kJ mol™ according to the reported data from Benson [106], and a pre-
exponential factor of 10" s™. Kojima [78] modeled the autoignition of butane at low tempera-
ture using the original literature by Hindmarsh [107], who proposed for the same channel a
pre-exponential factor of 1.3-10'° s and an activation energy of 65.5 kJ mol”". The scission of
the hydroperoxy radical is a characteristic path that has been observed in cool flames and es-
pecially in the range of temperature of 568 K - 678 K where oxirane and alkenes are the pri-
mary products. Table 4.7 presents the kinetic data for the decomposition and the scission of
the hydroperoxyalkyl radical.

Table 4.7: Arrhenius parameters for the decomposition of hydroperoxyalkyl QO,H* radical:
Q0,H*— Q0 + OH. Kojima [78]

C;_O0,H*-5QO+OH A/n/E, C, 0,H*->Q0+OH A/n/E,
2C;00H; 1.30-10'°/0.0/65.5 (2,3,4)C500H; | 1.30-10'%/0.0/65.5
3C;00H; 1.30-10'%/0.0/65.5 (1,3,4)C;00H; | 1.30-10'°/0.0/65.5
1C;00H, 1.30-10'°/0.0/65.5

C;_0,H*->C;+HO;, A/n/E, Cs_O,H*—>C4+HO, A/n/E,
2C300H1 2.00-10"/0.0/83.8 2C4O0H; 2.00-10'%/0.0/83.8
1C300H2 2.00-10"/0.0/83.8 1C;00H, 2.00-10"/0.0/83.8

3C;00H, 2.00-10%/0.0/83.8

Formation of alkenes from the decomposition of the hydroperoxyalkyl (Reaction (4-20)) has
been experimentally shown to be an important channel to be considered especially during the
oxidation of larger alkanes [108,109] over the temperature range of 568 K - 678 K. Some ki-
netic parameters have been estimated for the decomposition: The activation energy has been
calculated in the range 83.6 kJ mol™ - 104.5 kJ mol™ and the pre-exponential factor between
10" s and 107 s [89, 106]. The kinetic expression that was selected is 2.0-10" exp (-83.8
kJ mol™/RT) cm’ mol™ s™.

4.3.5 Oxidation of Hydroperoxyalkyl Radical QOOH*

Further oxidation of hydroperoxyalkyl radicals completes the hydroperoxyalkyl consumption.
The oxygen addition reaction (Reaction (4-21)) is important especially at a high oxygen pres-
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sure and normally is followed by an internal H abstraction (Reaction 4.22) to yield di-
hydroperoxide, which decomposes into carbonyl or dicarbonyl compounds,

*OOQOOH «» HOOQ’OOH* (4-22)
HOOQ'OOH* —> *0Q*00H + OH (4-23)
*OQ’O0H — 0Q’0* + OH (4-24)
0Q’0O* — carbonyl species . (4-25)

The sequence of Reactions (4-21) to (4-25) plays an important role in the combustion of hy-
drocarbons due to the chain branching reactions which produce OH radicals. The oxygen ad-
dition reaction is analogous to Reaction (4-8) and is expected to proceed with zero activation
energy, and a similar pre-exponential factor (4 = 10" cm’® mol™ s™). Internal H abstraction
(Reaction (4-22)) is similar to Reaction (4-11), and similar kinetic data have been used. The
first scission of the OH radical in Reaction (4-23) has been modeled with a rate coefficient of
10° exp (-31.4 kI mol” /RT) s similar to that used for the QOOH* scission in Reaction
(4-19). For the second OH scission, values similar to the ones in Table 4.6 have been used in
literature (Nehse [82]). Devush et al. [110] reported experimentally an activation energy of
138 kJ mol™ for the decomposition into products for the propane peroxoic acid (C3HgOs3) with
a pre-exponential factor of 1.35-10" s™'. The kinetic data reported by Devush were considered
for modeling C; radicals and the ones used by Nehse for the OQ’OOH?* radicals in the respec-
tive C4 sub-mechanism. The final decomposition of the peroxidized OQ’O radical follows a
similar path as the alkoxy radical (RO*) decomposition in Reaction (4-18). They proceed via
B scission of the C-C bond into carbonyl products. The kinetic value used was 2.0-10" exp
(-62.8 kJ mol™ / RT) cm® mol ™ s™'.

4.3.6 Cycle Ether Formation from HO, Addition to Alkenes

Cycle ether formation from alkenes has been found to be an important intermediate product
during the oxidation of several alkenes in the low temperature regime [66, 84]. In addition to
the path described in Figure 4.1, the authors proposed that formation of the cyclic species is
due to the direct reaction between the alkene and the hydroperoxy radical to yield hydroxyl
and the respective cycle ether species. Table 4.8 presents the kinetic parameters for the al-
kenes inside the C4 mechanism that have been used.

Table 4.8: Arrhenius parameters for the reaction: C,H,, + HO, <> QO + OH. (A in em’ mol! s E, in

kJ mol™)
Alkene — Cycle Ether A/m/E,
C,H4 — Oxirane 3.79 10'%/0/74.74 Codata2005 [111]
C3Hs — 2Moxi 1.09 10'%/0/59.31 Baldwin et al. [112]
1-C4Hs — 2-3 Moxi 4.71 10"/0/49.90 Stothard and Walker [113]
2-C4Hg — 2-3 Moxi 4.71 10'/0/49.90 Stothard and Walter [113]
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4.3.7 Cycle Ether Decomposition

From the original scheme shown in Figure 4.1, there are some missing paths that describe the
further O heterocyclic reactions which lead to their decomposition or to the formation of other
products. Since cyclical ethers are expected as major intermediate species during the low
temperature oxidation of alkanes and alkenes, it is necessary to incorporate those reactions
that take into account their consumption. From the literature there are three main routes re-
ported which describe the cyclical ether consumption: Self-decomposition, isomerization and
external H atom abstraction. The main O heterocycles that are included in the mechanism are
presented in Table 4.10.

The consumption of the cyclical ether formed in the ethane sub-mechanism (oxirane, C,H40)
was modeled with the kinetic data from the studies of Bogan and Hand [114], Baldwin et al.
[115] and Lifshitz and Ben [116]. The oxiranyl (C,H30) that is formed decomposes to carbon
monoxide and aldehyde, the reactions are as follows:

OXIRANE + O < C,H;0 + OH Bogan [114]
OXIRANE +H < C,Hs + OH Lifshitz [116]
OXIRANE +H « C,H;0 +H;, Wilk-Baldwin [115]
OXIRANE + CH3 «> C,H;0 + CHy Wilk-Baldwin [115]
CH;0 — CH;CO Wilk-Baldwin [115]

C,H;0 — CH,CHO Wilk-Baldwin [115].

The kinetic values for the isomerization or decomposition of C,H3O are however still unclear.
Chen et al. [117] proposed for the isomerization to CH,CHO a value for k= 2-10* s, Wilk et
al. [66] proposed an activation energy of 58 kJ mol™ for both isomerization channels and
Baldwin [115] proposed a ratio between the rate coefficients of 8.55. The kinetic parameters
used in this study consider the values for the activation energy for both reactions according to
Wilk, and a pre-exponential factor of 1-10'* s with the ratio between the channels of 8.55
proposed by Baldwin.

A similar approach was made for the cyclical ether in the C; system (Oxetan, C3HsO). An ex-
ternal abstraction of hydrogen was implemented with kinetics parameters taken from Duke
and Holbrook [118]:

OXETAN + O, «> 2C;H50CY + HO,
OXETAN +H « 2C3Hs0CY + H,
OXETAN + O <« 2C;HsOCY + OH

OXETAN + OH <« 2C3H50CY + H,0
OXETAN + HO, «» 2C3HsOCY + H,0,
OXETAN + CH3 <> 2C3;HsOCY + CH4 .

The radicals that are formed proceed to decompose into olefins (C,Hs, C3Hg) or into oxygen-
ated species (CHO, CH,0, CH3;CHO) according to the kinetic parameters given by
Warth [34].

For the C4 sub-mechanism, different possible heterocyclic species are expected: 2,3-
Dimethyloxirane (2-3MOXI), Tetrahydrofuraan (THF) or Ethyloxirane (2EOXI).

Each one of these species can be formed by the reaction of 2 C4Hy + O, <> OH + 2-3MOXI,
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(THF or 2EOXI), or through the previously described mechanism illustrated in Figure 4.1.
For the first reaction channel (butyl radical and oxygen reactions), the kinetic parameters used
are taken from Baker et al. [119] and are presented in Table 4.9.

Table 4.9: Arrhenius parameters for the reaction: 2 C;Hg + O, <> OH + QO. Baker [119]
(A in em® mol’ s, E, in kJ mol’)

2 C4H9 + 02 A/n/Ea

— 2-3 MOXI 1.042 10"/0/0.0
— THF 2.601 10"°/0/0.0
—> Ethyloxirane 1.198 10%/0/0.0

Table 4.10: O-Heterocyclic in the C, mechanism

Cycle species
C, Oxirane o
C3 2 Moxi o
Methyloxirane /\
Oxetan o
Cy 2-3 Moxi 0
Dimethyloxirane /\
2 Eoxi 0
Ethyloxirane / \
2 Moxe o
THF °
Tetrahydrofurane [ ]

The self-decomposition that has been included for each of the cyclical ethers is as follows:
Dimethyloxirane will decompose to propylene and formaldehyde. The kinetic data are the
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ones from Zalatoi et al. [120]. Tetrahydrofuran decomposes to propylene and ethylene or to
ethylene and oxirane, the kinetic data are from Lifshitz et al. [121]. Ethyloxirane will lead to
propylene and formaldehyde and was modeled with Zalatoi’s [120] data. Figure 4.2 shows the
additional steps that have been included for the C4 mechanism, including the direct formation

of cyclical ether from olefins, decomposition of cyclical compounds and direct formation of
O-cyclical ether from alkyl radicals.

*00C,H,,OH

Fuel (HC)

H-
Abstraction

Aldehyde,

+ OH ketone
Alken
+HO,
Cyclic
-HO, Ether
\ Cyclic Ether
Internal -H radical

H- Abstraction

+0,

§(01010100):1 Cyclic

Internal Ether

H- Abstraction
3 (01010X010): &

0=Q’00H*

Figure 4.2: Schematic mechanism for the combustion of hydrocarbons at 500 K — 800 K, including
additional steps proposed in [66]. Blue zone represents the new paths considered: Hy-
droxyl addition to the olefin, decomposition of the hydroperoxy radical into olefin, and
ether formation via HO, addition to the olefin R = C,H,+;; O = C,H,,; Q" = C,H>,;
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4.4 High Temperature Oxidation

To understand the chemistry that occurs in flames it is most important to focus on processes
that take place at temperatures above 1000 K. At this temperature, the products are alkyl radi-
cals, alkene and C; and C; species. The high temperature oxidation of alkanes is characterized
by an initial thermal decomposition of the fuel and abstraction of H atoms from the fuel mole-
cules, forming radicals that fragment and react in various ways to give smaller olefins and
partially oxidized carbon containing species [122]. Figure 4.3 shows the scheme for the com-
bustion of alkanes in the high temperature regime.

Fuel (HC)

H atom

abstraction +H, O, OH, O,, HO, - H,, OH, H,0, H,0,

+0O,
Alkene

-Alkene
+M

-HO,
Smaller Alkyl* ==y Alkene

+0O,

B3 scission  ...... )

CH3, CoHs

Figure 4.3: Schematic mechanism for the combustion of hydrocarbons at high temperature

4.4.1 Reaction of Alkanes

The initial reaction during the combustion of alkanes at high temperature involves the abstrac-
tion of an H atom from the fuel through a reactive radical species or molecule. Main radical
species are H, O, OH, and HO, and methyl radical CHs. The reaction of the alkane and the
reactive species is as follows:



MECHANISM DEVELOPMENT 53

RH + X — R* + XH; (X=H, O, OH, HO,, CH3). (4-26)

The initial radical attack is not selective and all the possible isomeres appear in the products.
The radical position is different and depends from the C-H bond which is broken: For a C-H
primary bond the activation energy is higher than for a secondary C-H bond, for a C-H secon-
dary bond its activation energy will be higher than for a tertiary C-H bond. The reactivity
from the radicals and their concentration play another important role: OH radicals are more
reactive than others like CHjs, and the rate coefficient should include this effect. In Annex 1
the reactions that have been included in the mechanism and their respective reference are
listed. The mechanism includes initial radical abstraction for the species: H, O, OH, HO,,
CH3, CH30, CHO, CH3CO, CH302 and C3H5.

Besides the H atom abstraction, self-decomposition of alkanes is another important path in the
initial stages of the oxidation, when the radical species concentration is low. There are two
possible decomposition reactions for the alkanes,

RH — R* + R, (4-27)

RH —> R* + H. (4-28)

For propane, its decomposition into smaller alkyl radicals leads to methyl and ethyl radical
formation. The kinetic data for these reactions have been taken from Baulch et al. [26]. In the
butane case decomposition leads to two different reactions: In the first one, two ethyl radicals
are produced [26], for the second reaction, methyl and propyl radicals are the products [123].
The H atom abstraction, which produces propyl radicals for the propane case and butyl from
butane, is modeled using the kinetic values calculated by Dean [124]. Table 4.11 lists the val-
ues used for each reaction in the C; and C4 sub-mechanism.

Table 4.11: Arrhenius parameters for the decomposition RH— R* + R’*; and RH - R* + H. (4 in
cm’ mol s, E, in kJ mol™)

C3H8_) R*+R’* A/n /Ea C4H10—)R*+R’* A/n /Ea

CH;+C,Hs 1.10-10'7/0.0/352.10 CH;+C3H; | 1.00-10'7/0.0/357.9

CyHs+C,Hs | 3.62-10'%/0.0/344.8

C;Hg— R*+H A/n/E, CsH (> R*+H A/n/E,
n C3H; 1.58-10'%/0.0/408.24 1 C4Hy 9.51-107/0.0/409.0
s C3H7 6.31-10'%/0.0/396.60 2 C4Hy 6.023-107/0.0/397.4

4.4.2 Reaction of the Alkyl Radical

At high temperature alkyl radicals have a thermal decomposition which produces small radi-
cals and alkenes due to the breaking of the C-C bond at the radical position. Alternatively
they can decompose due to the breaking of the C-H bond, producing an alkene and an H
atom,

R* —» R* + Alken, (4-29)

R* — H* + Alken. (4-30)

The kinetic parameters used for this group of reactions are presented in Table 4.12.



54 MECHANISM DEVELOPMENT

Due to the rich conditions that prevail during the partial oxidation process, there are a signifi-
cant number of radical species which could be present in the reacting mixture. These species
can react additionally, and it is necessary to take their reaction into account. Reactions be-
tween the parent alkyl from the fuel with methyl, ethyl, propyl and butyl radicals are incorpo-
rated. The kinetic data used for these reactions are from Tsang [60, 61]. Annex | presents all

the additional reactions that were included in the final mechanism.

Table 4.12 Arrhenius parameters for the decomposition of alkyl radical R*— R* + Alkene, and
R* — H + Alkene. Annex | includes references used for those reactions. (A in cm® mol™ s,

E. in kJ mol™)
Cs C.

Propyl->R*+C,H, Aln/E, Butyl>R*+Alken Aln/E,
n-CsH;—>CHa+ C,H, | 1.05-10%/0.0/127.08 | 1 C4Hg—> CoHs+CoH4 | 3.00-10%%/0.0/120.6
s-C3H7—>CHs+ C,H4 | 2.00-10%%/0.0/123.50 | 1 C4Hg—> CH3+C3Hs | 1.26-10*%/0.0/113.1

2 C4Hg—> CH3+C3Hs | 3.60-10%/0.0/139.0

Propyl— H+C3He Aln/E, Butyl>H+Alken Aln/E,
n-CsH;—H+CsHg 1.26-10'%/0.0/161.30 | 1 C4Hq 1.26-10%%/0.0/161.6
s-CsH;—>H+C3Hs 1.07-10'%/1.16/161.2 | 2 C4Hg—>1 C4Hg 2.00-10/0.0/169.2

2 C4Hg—2 C4Hg 5.00-10%/0.0/158.7

At temperatures around 1000 K, reactions between alkyl radicals and oxygen, which produce
alkenes and HO,, are faster than the oxygen addition to the radical (which prevails at low
temperature). The hydrogen abstraction reaction, which produces hydroperoxy radicals, is the
main reaction which leads to the build-up of HO, concentration, and which will produce OH
after recombination and further decomposition. For this reaction Tsang [61], Slagle et al. [91]
and others proposed an activation energy of zero (0) and a pre-exponential factor of around
5.10" cm® mol™ s. Cathonnet et al. [56] proposed for the same path an activation energy be-
tween 8.4 and 24 kJ mol™ and a pre-exponential factor of 10* cm® mol™ s. The kinetic data
used for reactions between alkyl radicals and oxygen are presented in Table 4.13.

Table 4.13: Arrhenius parameters for the alkyl radical and oxygen reaction R* + O, — HO,+Alken.
Annex | includes the references. (A in cm® mol™ s, E, in kJ mol™)

CsH7+O, C4HgtO,
—>HO,+Alken Aln/lE, —>HO,+Alken Aln/E,
n-CsHy 1.00-10%/0.0/20.00 1 C4Ho 1.00-10%/0.0/8.4
s-C3Hy 1.00-10%/0.0/20.00 2 C4Ho 2.00-10%/0.0/18.4

4.4.3 Reaction of Alkenes

At high temperature alkenes can be decomposed thermally by the scission of the double bond.
They can be attacked by radical species, mainly OH, O, H, and HO; or react with oxygen and
other small radicals like methyl, ethyl or propyl. There are several studies which report the
Kinetic parameters for the decomposition of alkenes. Karbach’s [33] mechanism already de-
scribed the kinetic values used for high temperature combustion for C,H4, CsHg, and C4Hg
species. Here, there are two additional decomposition paths which were included for propyl-
ene based on the studies from Hidaka et al. [125] and Barbe et al. [126]. In both cases stable
products (CHg, C,H,, and H,, C3H,) are obtained.
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There are three additional reactions between ethylene and radicals that have been imple-
mented: Initially oxygen, hydromethyl and methoxy attack the fuel, producing hydroperoxy
and vinyl radicals (C,H4 + O, — HO, + C;H3), methanol and vinyl radicals (C,Hs + CH,OH
— CH;0H + C,H3), and formaldehyde and ethyl radicals (C,;H4 + CH;0 — CH,O + C,Hs).
The first of these reactions is an important initiation reaction at low and intermediate tempera-
tures. The second abstraction reaction is the main methanol formation step at low temperature
oxidation. The last abstraction is an alternative path for formaldehyde formation. The biblio-
graphic references for these reactions were taken from Tsang [53] and their importance in-
creases for ethene combustion in the intermediate temperature regime (7'~ 700 K).

For the other alkenes (CsHg, C4Hg) no further changes were made with respect to the original
mechanism proposed by Karbach, who was following the kinetic scheme proposed by Ca-
thonnet [56].

4.4.4 Reaction of Aldehydes

Aldehydes are decomposed after a hydrogen atom abstraction. The abstraction occurs at the
aldehyde hydrogen atom position, and is due to radical species like O, OH, O,, HO,, and CHs.
For each of the aldehydes included in the mechanism there are additional reactions which
were added: For ethyl aldehyde (CH3CHO), the proposed value for the H atom abstraction by
methyl radicals which yield CH,CHO and CH4 from Berces [127] was included. Propyl alde-
hyde (C,HsCHO) reactions from Singleton et al. [128], Atkinson et al. [90] and Baldwin and
Walker [96] were considered. For butyl aldehyde (CsH;CHO) the proposed reactions from
Singleton et al., Baldwin et al. [129] and Birrell and Trotman [130] were implemented. Table
4.14 presents the reactions and the kinetic values used in the mechanism.

Table 4.14: Arrhenius parameters for the aldehydes reactions. (A in cm® mol™" s, E, in kJ mol™)

CH;CHO+R*—> A/n/E, Reference
CH;—>CH,CHO+CH,4 1.58-10°°/4.0/32.0 Berces [127]

C,H;CHO+R*—>
0—C,H;CO+OH 5.68-10'%/0.0/6.43 Singleton [128]
H—C,H;CO+H, 9.38-10°°/0.0/32.2 Singleton [128]
OH—C,H;CO+H,0 1.21-10"/0.0/0.0 Atkinson [90]
HO,—C,HsCO+H,0, 1.52:10%/0.0/0.0 Baldwin [96]
CH3—C,HsCO+CH,4 2.20-10''/0.0/48.6 Atkinson [90]
CH;0,—C,H;CO+CH;0,H | 2.20-10'%/0.0/42.0 Atkinson [90]

C;H,CHO+R*—>
O—»i C;H,CO+OH 7.16-10'%/0.0/5.81 Singleton [128]
O—n C;H;CO+OH 6.20-10'2/0.0/5.97 Singleton [128]
0,—>i C;H,CO+ HO, 1.20-10°%/0.0/0.0 | Baldwin etal. [131]
HO,—>i C;H,CO+ H,0, 1.80:10"/0.0/0.0 | Baldwin etal. [129]
HO,—>n C;H,CO+ H,0, 2.40-10°°/0.0/0.0 | Baldwin etal. [129]
CH3—i C;H;CO+ CHy 3.98-10'%/0.0/40.9 | Birrl-Trotman [130]
CH;—n C;H,CO+ CH, 6.32:10''/0.0/30.5 | Birrl-Trotman [130]
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4.5 Mechanism Base

The high temperature mechanism of Karbach [33] was complemented by adding reactions
paths characteristic for the low and intermediate temperature regime. The additional set of
reactions used includes the paths already described in Section 4.3 for propane and butane.
Additional reactions, which were not automatically generated, have been added for ethene,
propene and normal butene mechanisms following the studies from Wilk et al. [66, 84] on
combustion of small olefins (Section 4.3.6). Here, the original mechanism for C; and C, will
be described and some further changes that were made will be presented.

Originally, the mechanism was developed by Chevalier [32]. An update from this mechanism
was made by Karbach using newly known kinetic and thermodynamic data which had been
proposed in the literature. The thermodynamic data for HO,, CH;, CH,OH, CH;0,H, C,H;0,
CH3;CHOH CH,CHO, Cs;H4 and C3Hs were modified with respect to the original ones from
Chevalier. Additionally, the mechanism was extended, and new reaction steps that include
reactions of consumption-formation for iso-butane were considered.

4.5.1 Mechanism for Hydrogen Oxygen Carbon Monoxide

The original mechanism proposed was kept and no further changes were included. The origi-
nal mechanism includes reactions between H, and O, species, radical species recombination
and reactions to describe formation and consumption for HO, and H,0O, radicals. During the
studies of flame velocities, Karbach reported the following reactions as the most sensitive
ones:

0,+H <> OH+0 (4-31)

H+ O, + Mg <> HO, + M, (4-32)
CO +OH <> CO, +H (4-33)
CHO + M(;, <> CO, + H + My, . (4-34)

The kinetic data used for these reactions were taken from Baulch et al. [26]. For modeling the
pressure-dependent reactions, the Troe formalism was used. Four different sets of coefficients
for the collision partners are defined [18]:

H, H,0 0, AR N, (60) CO, CH,
Nma) 1.0 6.5 0.4 0.35 0.4 0.75 1.5 3.0
LIS 1.0 2.55 0.4 0.15 0.4 0.75 1.5 3.0
NMG) 1.0 6.5 0.4 0.29 0.67 0.75 1.5 3.0
MM 1.0 6.5 0.4 0.35 0.4 0.75 1.5 0.66

Further, pressure-dependent elementary reactions, which are included in the original mecha-
nism, are

OH + OH+M(1)(—)H202+M(1) (4-35)

CH4 + M(4) <~ CH;+H+ M(4) (4-36)
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CH; + CH; + M) <> CoHg + M), (4-37)
CH; + 0, + M;) <> CH;0, + M) (4-38)
CH;OH + My <> CH; + OH + M (4-39)
C,H; + Mgy <> CoHy + H + My, (4-40)
CH; + CO + M(;, <> CH3CO + M (4-41)
CH;CHO + M(;, <> CH; + CHO + M) (4-42)
C,H, +H + M1, <> CoHs + M) (4-43)
CsHg + M(j) <> CH;s + C;Hs + My . (4-44)

*CH, Reactions. Reactions of triple methylene radicals with atom oxygen have two channels:

3CH, +O—>CO+H+H (4-45)

‘CH, +0 > CO+Hs,. (4-46)

The kinetic data for these reactions are chosen from recommendations giving by Baulch et al.
[24-26], [111]. That report does not include a back reaction for Reaction (4-45).

CH;O Reactions. Thermal decomposition of formaldehyde occurs via two channels:

CH,O + M(l) <~ CHO+H+ M(l) (4-47)

CH,0 + M(l) <~ CO+H,+ M(]) . (4-48)

According to the kinetic data in Baulch et al. [25-26, 111], for the thermal decomposition the
first reaction channel is predominant, k.y/kior = 0.7, although both channels have been imple-
mented. Other reactions that occur at high temperature like hydrogen atom abstraction form
hydroxyl radicals, methyl or other radical species are predominant in this temperature regime.
The kinetic data used for these radical abstractions are taken from Baulch et al. [25-26, 111].

CH3; Reactions. Oxidation of methyl radical with hydroxyl radicals can occur through two
paths:

CH; + OH << CH;0 + H (4-49)

CH; + OH & 'CH, + H,0 . (4-50)

The rate coefficient used for the first reaction was the one proposed by Sloane [132]. For the
second reaction, the kinetic values were changed to the new values proposed by Deters et al.
[133]. In rich mixture conditions (such as those in methane partial oxidation), methyl recom-
bination is an important step which describes ethane production. The kinetic values used for
these reactions are recommended by Baulch et al. [25-26, 111]. An additional reaction for the
recombination of methyl to ethene and hydrogen (CH; + CH; <> C,Hs + H») was included,
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even if this reaction is expected to occur only in the high temperature interval. The reference
used for the kinetic data of this reaction was taken from the shock-tube experiments carried
out by Hidaka et al. [134].

CH;0 Reactions. The high temperature mechanism for methoxy radicals includes the ther-
mal decomposition to formaldehyde and hydrogen atom abstraction through the radical spe-
cies: Hydroxyl, oxygen atom, hydrogen atom and molecular oxygen. The mechanism is as
follows:

CH;0 + My > CH,0 + H + M, (4-51)
CH;O + H <> CH,0 + H, (4-52)
CH;0 + OH <> CH,0 + H, (4-53)
CH;0 + O <> OH + CH,0 (4-54)
CH;0 + O, <> CH,0 + HO, (4-55)
CH; + 0, > CH;0+0 . (4-56)

In the original mechanism the kinetic data for the reaction with molecular oxygen were given
as two separate reactions according to the kinetic data from Baulch et al. [25-26, 111]. The
kinetic data for this reaction have been changed, and the experimental kinetic data from Yu et
al. [135] have been used. Yu’s values are slightly smaller than those recommended in [25-26,
111], but they lie in the tolerance range specified by that report.

CH;30; Reactions. Two new paths were added to the kinetic mechanism for the reactions of
methyl-peroxy radicals:

CH;0, + OH <> CH;0H + O (4-57)

CH;0, + CHO —» CH30 + H + CO, . (4-58)

Both paths are taken from Tsang [53]. The first reaction accounts for methanol formation and
the second considers the direct oxidation. The other reactions included are as follows:

CH302 + CHZO <> CH3OH + CHO (4-59)
CH;0, + CH;3 <> CH;0 + CH;0 (4-60)
CH;0, + HO, <> CH;0H + O, . (4-61)

For the first two reactions, the kinetic data from Konnov were chosen. The recommendation
from [25-26, 111] was used for the last reaction. The original mechanism includes the dispro-
portion reactions

CH;0, + CH30, —» CH,0 + CH30H + O, (4-62)

CH;0, + CH30, —» CH30 + CH;0 + O, . (4-63)

Recommendations from Baulch et al. [25-26, 111] were implemented for the kinetic values.



MECHANISM DEVELOPMENT 59

CH3;0H Reactions. The original mechanism follows the proposed reaction scheme from
Konnov. Only a few changes were made: The reaction between methoxy radicals that pro-
duces methanol (CH;0 + CH;0 <> CH3;0OH + CH,O) has been included (Hassinen and
Koskikallio [136]), and the kinetic values for the reaction between methanol and hydroperoxy
radicals have been set to the original values as proposed by Tsang [137].

CH;30,;H Reactions. The mechanism includes the CH30,H self-decomposition to produce
methoxy and OH radicals (CH30,H <> OH + CH30) and hydrogen atom abstraction from hy-
droxyl radicals (CH30,H + OH < H,0O + CH30,). The kinetic data used for these reactions
are from the Baulch et al. report [25-26, 111]. Some additional hydrogen atom abstraction re-
actions were considered. The kinetic values used for this group of reactions were taken from
the Tsang [137] mechanism. The reactions included in the mechanism are as follows:

CH;0,H + O — CH30, + OH (4-64)
CH;0,+ H,O, — CH30,H + HO, (4-65)
CH;0, + CH3;0H — CH;0,H + CH,OH (4-66)
CH;30,+ CHs — CH30,H + CH3s . (4-67)

C,H Reactions. The original mechanism includes three channels for the ethynyl radical con-
sumption: Reaction with oxygen atoms (C,H + O <> CO + CH), reaction with methane
(CoH + CH4 <> CyH; + CH3) and oxidation with molecular oxygen. For this last step there are
five different channels which are included in the Baulch et al. report [25-26, 111], although
Karbach’s mechanism [33] includes only two of them:

CH+ 0, HCCO+O0 (4-68)

C2H + 02 <> C02 +CH. (4-69)

The sum of both kinetic values gives the preferred value recommended in that report. The ki-
netic values for both channels were changed, and the new experimental data available from
Thiesemann and Taatjes [138] have been used. There are also new kinetic data available,
which have been used for the reaction between the ethynyl and the atomic oxygen. The ex-
perimental values from Devriendt and Peeters [139] were chosen.

C,H, Reactions. The kinetic values for the reaction C;H + H, <> C,H, + H have been
changed; the experimental values reported by Peeters et al. [140] have been included. The
mechanism was completed with the kinetic data from the Baulch et al. reports; the reactions
included are as follows:

C,H,; + O, <> HCCO + OH (4-70)
C,H, + O« 3CH; + CO (4-71)
CH; + O« HCCO+H (4-72)

C,H, + OH < H,O + C,H (4-73)
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CGH, +CGH«— C4H,+ H. (4-74)

C;Hj; Reactions. Reaction between the vinyl radical and oxygen leads to three different chan-
nels

CH; + O, CH,O + CHO (4-75)
CH; + O, <> CH,CHO + O (4-76)
C,H; + O« C,H, + HO, . (4-77)

Information about the branching ratios is not clear, although the first channel is predominant
at low temperature and pressure. But at temperatures above 1400 K the second channel is pre-
dominant. The rate expression from Slage and Knyazed [141] was chosen for the first path,
and for the branching paths the proposed values from Bozelli and Dean [142] and Mebel et
al. [143] were used.

CH3CO Reactions. A new step (Reaction 4-78) which leads to methyl and formyl radical
formation has been included in the mechanism, with kinetic values from Bartels et al. [144]:

CH3;CO +H <> CH3;+ CHO . (4-78)

C,H,4 Reactions. Beside the already described mechanism for ethylene oxide (see Chapters
4.3.6 and 4.3.7), there are some additional steps that have been considered.

The reaction between ethylene and oxygen has four reaction paths. In the original combustion
mechanism from Karbach only three of the four reaction paths were included due to the low
contribution of the fourth to the product formation. Nevertheless, here the fourth path was
also implemented:

C,H, + 0 < CH,O + 'CH, . (4-79)

During ethene oxidation at low temperature the main initiation reaction involves the reaction
of the fuel with oxygen (C;Hs + O, <> C,H; + HO»). This path has been included in the
mechanism. The kinetic data from Tsang and Hampson [53] has been used. Some experimen-
tal results [65,145] showed that methanol is one of the more relevant products during ethylene
oxidation. Tsang proposed the following path to describe its formation:

C,H4 + CH30 <> CH;0H + C,H5 . (4-80)

The methyl radical and ethylene reaction rates have been changed, and the kinetic values from
Zhang and Back [146] have been used; this value is lower than the one recommended in the
Baulch et al. report. Although new experiments (Ahonkhai and Back [147] and Ahankhai et
al. [148]) suggest that the values recommended in [25-26, 111] had been overestimated.

C;Hs Reactions. In the mechanism for the ethyl radical the kinetic values for the pressure-
dependent reaction C,Hs + H + M <> C;Hs + M have been modified in order to get a better
agreement with the experimental results for species concentration. The pre-exponential value
was divided by two, still inside the tolerance range from the kinetic report by Baulch et
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al.[111] For the reaction C,Hs + H <> CH3; + CH3, Karbach doubled the kinetic factor. The
original value in [25-26, 111] was used.

C,Hg Reactions. The ethane mechanism was complemented by including external hydrogen
abstraction reactions from the radical species: C;H;, CH30, C,H, CHO, and CH30,. The reac-
tions considered are as follows:

C,Heg + CoHz <> CoHs + CoHy (4-81)
C,Hg + CH;30 <> C,Hs + CH;0H (4-82)
C,He + CH & CHs + CHy (4-83)
C,H¢ + CHO < C,Hs + CH,O (4-84)
C,He + CH30, <> C,Hs + CH30,H . (4-85)

The kinetic data for the first reaction was taken from Zhang and Back [146], the others from
Tsang [53].

C;Hs Reactions. The reaction between the allyl radical and the ethyl radical has been in-
cluded. There are two different paths expected:

C;Hs + CoHs <> C3Hy + CoHg (4-86)

Cs;Hs + CHs <> CsHg + CoHy . (4-87)

The kinetic values used for the reactions are from Tsang [60].

C;3;Hg Reactions. The original propylene mechanism was completed by including the auto-
matically generated reactions and adding the proposed mechanism from Wilk [66] as de-
scribed in Sections 4.3.6 and 4.3.7. The high temperature mechanism was completed with
some additional reactions. Hidaka [125] proposed two more possible decomposition paths for
propylene for modeling shock tube experiments with propene. The first of them leads to
methane and acetylene (C3Hg <> CH4 + C;H3), and the second one to hydrogen and allene
(C3H6 <~ H, + C3H4).

n(i)-C3;H; Reactions. The original mechanism from Karbach included only a few reactions
for the propyl radical. Therefore, the mechanism was extended by including more reactions.
The reactions considered are as follows:

C3H, + CH,OH <> CH30H + C;H (4-88)
n-C3H; + CH; <> CHy + C3Hg (4-89)
n-C;3H; + CoH; <> CoHy + C3Hg (4-90)
n-CsH; + CoHs <> CoHy + CHs (4-91)

n-CsH; + CHg < CoHs + CsHg (4-92)
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n-Cs;H7 + C,Hs <> C,Hg + C3Hg . (4-93)

These reactions take into account other additional paths for the formation of olefins and light
alkanes during oxidation of C; and C, alkanes. The described reaction scheme was proposed
by Tsang [61]. In a similar way the i-C3H; radical mechanism was complemented including
its reaction with the same radical species as in the n-C3H5 case:

1-C3H7 + CH; <> CHy4 + C3Hg (4-94)
1-C3H7 + C,H;3 <> C,Hy + C3Hg (4-95)
1-C3H7 + C,Hs <> C,Hy + C3Hg (4-96)
1-C3H7 + CoHg <> CHs + C3Hg (4-97)
1-CsH7 + CoH5 <> C,Hg + C3Hg . (4-98)

C;Hs Reactions. The propane mechanism was completed adding further hydrogen atom ab-
straction reactions that include formaldehyde, methyl and propene formation. Tsang [61] pro-
posed the kinetic data used. Reactions (4-99) to (4-108) present the new channels included:

C3Hg + CHO <> CH,0 + n-C3H; (4-99)
C3;Hs + CHO <> CH,0 + i-C;Hj; (4-100)
C;Hg + *CH, <> CH; + n-C;H; (4-101)
CsHg + °CH, <> CH; +i-C3H; (4-102)
CsHs + CH3CO <> CH3;CHO + n-C3H; (4-103)
CsHg + CH3CO <> CH3CHO + i-C3H; (4-104)
C3Hg + CH;0, <> CH30,H + n-C3H; (4-105)
C3Hg + CH30, <> CH30,H + i-C3H; (4-106)
CsHg + C3Hs <> CsHg + n-C3H; (4-107)
C3Hg + C3Hs <> C3Hg + i-C3Hy (4-108)

C4 Mechanism. The C; mechanism for high temperature was complemented by including
additional channels reported in the literature: Butyl radical decomposition to olefin and
methyl radical was reported by Marshall [149] (1(2) C4Hy <> CsHg + CH3). Methane forma-
tion through hydrogen atom abstraction from butyl radical (1(2) CsHy+ CHj3 <> 1(2)
C4Hg + CH4) was considered by Thynne [150]. Butane decomposition into butyl and hydro-
gen atom (C4H;¢o <> 1(2) C4Hy + H) from Dean’s work was used [124] (see Section 4.4.1).
Hydrogen atom abstraction from vinyl, ethyl and allyl radicals (Reactions (4-109) to (4-111))
from Yampol'skii [151] and Cathonnet [73] were used:
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C4Hip + CGH; & 1(2) C4Ho + CoH4 (4-109)
CsHio + CoHs & 1(2) C4Ho + C,Hg (4-110)
CsHio + CoH; & 1(2) C4Ho + C3Hg (4-111)

4.6 Thermodynamic Data

Thermodynamic data used are from Chemkin Thermodynamic Database [12], Burcat [152],
Konnov [153] and Thergas [154].
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Chapter 5

EVALUATION OF THE MECHANISM:
SIMULATION OF AUTOIGNITION

Ignition delay time, a characteristic of combustion, is interesting due to its wide range of dif-
ferent practical applications such as in determining the knocking in Otto IC engines, or in the
study of combustion in Diesel engines. Autoignition is a spontaneous process, whereby a
combustible mixture undergoes chemical reactions leading to the rapid release of energy. The
rate of this energy release is sufficient to sustain combustion even in the absence of an exter-
nal energy source such as a flame or spark [43].

Reasons for studying ignition processes derive from specific objectives: Preventing fire haz-
ards, developing igniters and reproducible energy sources for ignition and combustion, gain-
ing knowledge of the ignitability of a material under given initial conditions, determining
minimal energy required for ignition, and gaining knowledge of physical and chemical pa-
rameters for ignition delay times.

In the ignition of a fuel-air mixture, a series of physical and chemical processes, which have
characteristic times, is combined to form an overall induction or ignition delay time. In early
stages, the induction period is probably dominated by physical processes like diffusion, heat-
ing, mixing and reactant transport, and at later stages by chemical ones like kinetics.

During ignition, there is a rapid depletion of the primary fuel, very high radical concentra-
tions, and an exponential rise in temperature and pressure. The ignition delay time can be de-
fined as the period between the creation of a combustible mixture and the onset of the rapid
reaction phase leading to a rise in temperature and pressure.

Chain-branching reactions result in oxidative decomposition of fuel hydrocarbon species and
an increase in the concentration of intermediate free radical species. These radical species are
called ignition precursors. They rise to a level where ignition will occur.

The ignition delay time is a readily measurable quantity, that is a function of initial tempera-
ture, pressure, composition of the reactant mixture and level of mixing of the reactants. In the
low (7T'< 750 K) and high temperature (77> 1100 K) ranges, the induction time is reduced with
a rise of temperature. In the intermediate temperature range (750 K < 7'< 1100 K), the induc-
tion time shows a strong non-linear temperature dependence.
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In this chapter simulations of ignition delay times for homogeneous gas-phase mixtures for
different hydrocarbons will be calculated. A comparison with experimental results will be
made. The simulations were performed in the high and intermediate temperature ranges, and
adiabatic conditions were assumed. The experiments were performed in shock-tube devices.

For comparison it is necessary to carefully consider the criteria used in the experiments. Ex-
perimental data were given for a defined initial mixture at different initial temperatures or
pressures. In other experiments the temperature was fixed and different initial conditions of
the mixtures were used.

5.1 Ignition Delay Times for the H,-O, System

The ignition delay times for the H,-O, sub-mechanism were calculated and compared with the
experimental data available at 1 bar and 5 bar for different initial mixtures: H,/O./Ar:
8.0/2.0/90.0 mole fraction (¢ = 2) and p = 5 bar; Hy/O,/Ar : 4.0/2.0/94.0 mole fraction (¢=1)
at p =1 bar and H»/O,/Ar: 1.0/2.0/97.0 mole fractions (¢ = 0.25) at p = 1 bar. Results from
the simulation are presented in Figure 5.1 and, as can be seen, the simulated values are in all
the instances slightly higher than the ones that are reported in the experiments. Though there
exists an acceptable agreement between the calculated ignition delay times and the experi-
mental data for the cases studied here.

-4.0
O ¢$=0.25
A $=1.00 ’
H $=2.00
= -6.0 -
S— Lines: Simulated results
°
=
-8.0 -
o@ §
80
-10.0
3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0

10000/T (K)

Figure 5.1: Ignition delay times (1) for Hy/O,/Ar mixtures as function of the initial temperature and
inlet mixture composition. Points: Experimental data, Lines: Simulated results.
Experimental data taken from [31]. HyOy/Ar (vol.%): [1: 8.0/2.0/90.0 (¢ = 2), p = 5 bar.
A:4.0/2.0/90.0 (p=1), p =1 bar. O: 1.0/2.0/90.0 (¢ = 0.25), p = 1 bar
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Sensitivity analyses were performed for each of the mixtures at different temperatures. In all
cases, the reaction between H and O, to produce hydroxyl radicals and atomic oxygen
(H+ O; <> O + OH) was the most sensitive, and to a lesser degree the reaction between hy-
drogen and oxygen atomic to produce hydroxyl radicals and atomic radicals
(H2 + O <> OH + H). A typical sensitivity analysis is presented in Figure 5.2 for a mixture at
p=1barand ¢ =1 and 90% Ar dilution.

H+ 02— 0O+ OH

H2+0O — OH+H

H2 +02 —- HO2 + H

H + 02 + M(3) — HO2 + M(3)
H2 + OH — H20 + H

H20 + O — OH + OH

H20 + H — H2 + OH

OH + OH — H20 + O

HO2 +H — H2 + 02

OH+H —>H2+0

H + OH + M(2) — H20 + M(2)

O 0 = ==

OH+0 —>02+H

-0.4 -0.2 0.2 0.4 0.6 0.8 1.0

o
=

Figure 5.2: Sensitivity analysis for a Hy/Oy/Ar mixture calculated at p = 1 bar and ¢ = 1.4.0%.
Hy: 2.0%, O,: 90% Ar

5.2 Ignition Delay Times at Combustion Conditions for Methane and
Methane Mixtures

The ignition delay times in methane and methane mixtures were simulated under different
experimental conditions reported in the literature: Methane-oxygen-diluent and methane-
oxygen-additives-diluent, with hydrogen (H;), ethane (C,Hs) and propane (C;Hs) used to
study the influence of the additives in the mixture.

Figure 5.3 presents the results for calculated ignition delay times and the corresponding ex-
perimental data reported by Cooke and Williams [58] and Frenklach and Bornside [155] for
two different initial compositions in methane-oxygen-argon mixtures.

In both cases results from the simulations are in agreement with the experimental data. Sensi-
tivity analysis for the mixture revealed that the computed ignition delay times were more sen-
sitive to reaction of a methyl radical with an oxygen molecule to produce methoxy and mo-
lecular oxygen (CH3 + O, <> CH30 + O) and (CH; + O, <> CH,0 + OH), to the reaction of
methane with a hydrogen atom to produce molecular hydrogen and a methyl radical
(CH4 + H &> H; + CH3), and to the reaction of a hydrogen atom with molecular oxygen to
form hydroxy radicals and molecular oxygen (H + O, <> OH + O). All the references used for
these reactions are from Baulch et al. [25-26,111].
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In oxidative coupling of methane the fuel does not contain any single alkane species. There-
fore, knowledge of ignition delay times for mixtures of methane and other fuels is important.
Lifshitz et al. [39] reported experiments for ignition delay times of methane seeded with hy-
drogen. Figure 5.4 presents the data from the experiments carried out by Lifshitz and a
comparison with simulated results in a mixture with an initial density of p, = 7510
mol/cm” at stoichiometric conditions and 90% of dilution. Hydrogen was added and reported
measurements were taken at 0.073 mole fraction and 0.52 mole fraction.

3.5

®h=1
3.0 Ap=2 A 3

2.5

Ig (ps)
2.0

1.5 1 Lines: Simulated results

1.0 T T T T T T
4.0 45 5.0 5.5 6.0 6.5 7.0 75
10000 / T (K)

Figure 5.3: Ignition delay times (1) for methane-oxygen-argon mixture as function of the initial tem-
perature: CH/O»/Ar (vol.%). ¢: 9.5/19.0/71.5 (p= 1), p ~ 2-10" mol/cn’. Experimental

data from Frenklach [155]. A: 5.0/5.0/90.0 (¢ = 2), p = 0.2 bar. Experiments from Cooke
and Williams [58]
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Figure 5.4: Ignition delay times CH,;:H, mixtures as function of the initial temperature and mixture
composition. CH/Oy/Hy/Ar, (vol.%). A: 3.5/7.0/0.52/88.98; 0. 3.5/7.0/0.073/89.42. p, =
7.5-10" mol/cm’. Experimental data from Lifshitz et al. [39]

For the ignition delay times in the methane-hydrogen mixtures presented in Figure 5.4, sensi-
tivity analysis showed that the OH concentration was in all instances sensitive to the changes
in the reactions of atomic hydrogen with oxygen to produce hydroxyl radicals and atomic
oxygen (H + O; <> O + OH) and to the reaction between molecular hydrogen and the fuel to
produce molecular hydrogen and methyl radicals (CH4 + H <> H, + CH3). The ignition proc-
ess involves the decomposition of the fuel (methane), its reaction with O, and the consump-
tion of the hydrogen with which the mixture had been seeded. A description of the main reac-
tion that occurs is as follows: The hydrogen which is being used as an additive is decomposed
by the reaction with oxygen, and it produces hydrogen atoms and hydroperoxy. The initial
step is

H2+02(—)H+H02.

The hydrogen atom that is formed during this first stage of the reaction is then consumed by
the reaction with oxygen (H + O, <> OH + O). This is the initial path which increases the OH
radical concentration. OH and O that are produced react with the hydrogen, and they are re-
sponsible for the hydrogen consumption:

H, + OH <& H + H,O
H,+O«< H+OH.

The methane is then attacked by the radicals that have been formed (OH, H, O), causing the
ignition. Figure 5.5 presents the sensitivity analysis, which was carried out for a mixture with
0.52 H; added at 1 bar initial pressure and at 1600 K initial temperature.
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H+02 -0+ OH

| CH3 + 02 — OH + CH20
— CH3 + 02 — O + CH30
— H2 +CH3 — H+ CH4
— H2 + OH — H + H20
—

—

=

=

=

02 + CH4 — HO2 + CH3
C2H6 + M(1) — CH3 + CH3 + M(1)
| HO2 + CH3 — OH + CH30
| CH3 + CH20 — CHO + CH4
| CH30 + M(1) — H + CH20 + M(1)
= H + CH3 + M(4) — CH4 + M(4)
= HO2 + CH3 — 02 + CH4
= H + C2H6 — H2 + C2H5
(— OH + CH4 — H20 + CH3
| ] CH3 + CH3 + M(1) — C2H6 + M(1)
| ] H + CH4 — H2 + CH3
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Figure 5.5: Sensitivity analysis for a CH,/Oy/Hy/Ar mixture. CH/O,/H,/Argon (vol.%):
3.5/7.0/0.052/89.0. p = 1 bar, T = 1600 K

Experiments in methane-ethane mixtures were reported by Crossley et al. [156] for
stoichiometric conditions, 0.05 C,Hg and 0.164 C,Hg added. Figure 5.6 presents the compari-
son of the simulation with the experimental data.

3.5

'Y C2H6 =0.050
3.0 - A C2H6 =0.164

A
A
2.5
Ig (ps)
2.0
2
1.5 1 A
Lines: Simulated results
1-0 T T T T
5.0 5.5 6.0 6.5 7.0 7.5

10000 / T (K)

Figure 5.6: Ignition delay times (1) for CH/O,/C.Hg/Ar mixture as function of the initial temperature
and inlet composition. CH,/Oy/C,Hg/Ar (vol. %)
0+ 3.5/7.0/0.050/89.450. A : 3.5/7.0/0.164/89.336. p,= 6.3-10"" mol/cm’. Experimental
data from Crossley [156]
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For the methane-ethane mixtures presented in Figure 5.6, ignition is led by the decomposition
of C,Hg into CHj; radicals and by the reaction of methyl radicals with O,, which produces hy-
droxyl radicals (OH) and CH,O (CHj; + O, <> CH,O + OH), and by the reaction of methyl
with O,, which produces methoxy radicals (CH3;0) and oxygen (CH; + O, <> CH;0 + O).
According to the sensitivity analysis and the flow path analysis, hydroxyl radicals (OH) and
oxygen atoms (O) are the most reactive species which consume the methane.

Another possible reaction that happens between the radicals that were formed is the one that
produces hydrogen atoms (H) through the reaction of hydroxyl and oxygen atoms
(OH+0O < H+0y).

These are the main channels that describe formation of the three main methane consuming
radicals (O, OH and H) before the ignition takes place. The kinetic data used for this group of
reactions during the simulations for modeling the ignition are the ones proposed by Baulch et
al. [25-26, 111]. Results from the sensitivity analysis for OH concentration are presented in
Figure 5.7.

Some of the reactions that have a negative effect on the OH concentration are connected to
the termination steps which deplete radicals and slow down the reaction. These include the
methyl recombination which was the reaction with the highest negative value of sensitivity;
the reaction of hydrogen atoms and the fuel (CH4 + H <> H, + CHj3), which, although it is im-
portant for the consumption of the fuel at early stages of the reaction, “transforms” the more
active hydrogen atom radicals into methyl radicals.

CH3 + 02 — OH + CH20
i | H+02 > 0 +OH
| CH3 + 02 — O + CH30
| C2H6 + M(1) — CH3 + CH3 + M(1)
| H2 + CH3 — H + CH4
| HO2 + CH3 — OH + CH30
| CH3 + CH20 — CHO + CH4
| H2 + OH — H + H20
1 OH + C2H4 — H20 + C2H3
| 02 + CH4 — HO2 + CH3
1 CH20 + 02 — HO2 + CHO
| CH30 + M(1) — H + CH20 + M(1)
- HO2 + CH3 — 02 + CH4
— OH + CH4 — H20 + CH3
—

DDDDDUHUHH

H + C2H6 — H2 + C2H5
H + CH4 — H2 + CH3
| CH3 + CH3 + M(1) — C2H6 + M(1)

-1.0 -08 -06 -04 -02 00 02 04 06 08 1.0

Figure 5.7: Sensitivity analysis for a CH,/Oy/C,Hg/Ar mixture (vol.%)
CH,/O,/CHg/Ar: 3.5/7.0/0.164/89.336. p = 8 bar, T = 1600 K
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Methane-propane mixtures were studied by Frenklach [155] in a shock tube experiment for a
stoichiometric mixture and with 0.19%, 0.475%, 0.95% and 1.9% of propane added. The ex-
periments were carried out at nearly constant density (py ~ 2-10°° mol/cm?), and in the range
of temperature of 1300 K <7< 1600 K. Figure 5.8 presents the results from the simulation
and the comparison with the corresponding experimental data.

Ignition delay times for methane-propane mixtures show a behavior similar to those described
for methane-ethane mixtures, but in the case of CH4/C3;Hg the initial reaction is the decompo-
sition of the added propane. Its self-decomposition reaction into methyl CH; and ethyl C,H;
radicals (CsHg <> CH3 + C;Hs) is a most important decomposition reaction. The kinetic data
used for this reaction are from Baulch et al. [25-26, 111].

The build-up of the radical pool involves several steps: Methyl radicals that were formed from
the propane added follow a similar path to the one already described for methane-ethane mix-
tures (reaction with oxygen, formaldehyde formation, acetyl radical formation and finally
combustion products). During these reactions OH, O and H radicals are formed, especially
during methyl consumption by oxygen (CHj; + O, <> OH + CH,0), which, as shown, has a
high sensitivity to OH concentration. On the other hand, the ethyl radicals which are produced
during the propane decomposition are mainly decomposed into hydrogen atoms and ethylene
(C2Hs <> H + C,Hy). From there, hydrogen atoms are formed and along with the methyl from
the first stage (propane decomposition), the OH produced by the methyl and oxygen reaction,
the radical pool grows and ignition occurs. These results are in agreement with those reported
by Frenklach and Bornside [155]. Results of the sensitivity analysis are presented in Figure
5.9.
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Figure 5.8: Ignition delay times (t) for CH,/O,/C;Hg/Ar mixtures. CH;/O,/C;Hg/Ar (vol.%):
O 9.5/19.0/0.19/71.31. A: 9.5/19.0/0.95/70.60. 0O: 9.5/19.0/1.19/70.31. p ~ 2107
mol/cm’. Experiments: Frenklach and Bornside [155]



MECHANISM EVALUATION: AUTOIGNITION 73

CH3 + 02 — OH + CH20
] H+02—0+0H
CH3 + 02 — O + CH30
C3HS + M(1) — CH3 + C2H5 + M(1)
02 + CH4 — HO2 + CH3
CH3 + CH20 — CHO + CH4
HO2 + CH3 — OH + CH30
CH20 + 02 — HO2 + CHO
C2H6 + M(1) — CH3 + CH3 + M(1)
OH + CH20 — H20 + CHO
CHO + M(1) — H + CO + M(1)
H2 + CH3 — H + CH4
= CHO + 02 — HO2 + CO
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Figure 5.9: Sensitivity analysis for a CH,/O,/C;Hg/Ar mixture (vol.%).
CH,/0,/CsHg/Ar: 9.5/19.0/1.9/69.6. p = 2.5 bar, T = 1300 K

5.3 Ignition Delay Times for C,-C, Alkanes

The following mechanism was evaluated for ignition delay times of the linear alkanes: Ethane
(C,Hp), propane (C3;Hg) and butane (C4Hj) at stoichiometric and rich mixture conditions. For
the experiments high dilution conditions were used. Argon is in most cases the carrier gas act-
ing as diluent. The calculated ignition points were taken from the OH radical profile accord-
ing to the reported experimental results, which in most cases are based on measurements of
OH concentration profiles.

The calculated ignition delay times for ethane mixtures and their comparison with the ex-
perimental data reported by Cooke and Williams [58] are presented in Figure 5.10 for mix-
tures with equivalence ratios of 1 and 2. Mixtures used had 90% argon dilution and the pres-
sure was set to 0.3 bars.
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Figure 5.10: C,Hg ignition delay times for C,Hy/Oy/Ar mixtures as function of the initial temperature
and composition. Experimental data from Cooke and Williams [58], C;Hg/Ox/Ar (vol.%).
0:2.22/7.78/90.0 (¢ = 1), A: 6.36/3.64/90.0 (¢ = 2). p = 0.3 bar

In the case of C,Hg, a sensitivity analysis was performed before the ignition at a temperature
of 1500 K and a pressure of 0.3 bar with a mixture 90% diluted in Ar. Under these conditions,
the sensitivity of OH concentration displayed a highly negative dependence on the external
hydrogen abstraction from the fuel (C,Hgs + H <> H; + C,Hs) and on the decomposition reac-
tion of the ethyl radicals into methyl (C,Hs + H <> CH3 + CH3). On the other hand, sensitivity
of OH concentration was positively affected by the decomposition reaction of ethyl radical
into ethylene and atomic hydrogen (C,Hs + M1, <> H + C,H,), by fuel decomposition into
methyl radicals (C;Hg <> CH3 + CH3) and by the oxygen and hydrogen atom reaction to pro-
duce hydroxyl and molecular oxygen (H + O, <> OH + O). Results of the sensitivity analysis
are presented in Figure 5.11.
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_ H+02—-0+O0OH
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Figure 5.11: Sensitivity analysis for CoHg/Oy/Ar mixtures: C;Hg/Oy/Ar: 2.22/7.78/90.0, ¢ = 1.
C,Hy/Oy/Ar: 3.64/6.36/90.0, ¢ = 2. p = 0.3 bar, T = 1500 K

Under stoichiometric conditions ethane degradation initiates the attack of the radicals on the
fuel: H and OH are the main radicals that consume fuel and form ethyl radicals. The kinetic
data used for these reactions were taken from [47] in the first of the cases (hydrogen reaction)
and the ones proposed by Baulch et al. [25-26, 111] for the reaction with hydroxyl.

The ethyl formed decomposes into ethylene according to the performed flow analysis. Reac-
tions between ethyl radicals and hydrogen and the self-decomposition consume 100% of the
ethyl formed. The kinetic data used are in both cases proposed by Baulch et al. [25-26, 111].

Ethylene is consumed through different channels: vinyl radical formation, via the reaction be-
tween olefins and H, and atomic oxygen O and hydroxyl radical OH. Vinyl radical formation
via radical attack consumes 60% of the ethylene formed; the vinyl radicals are consumed in
the reactions with molecular oxygen (C,Hs + O, <> CHO + CH;0) and (C;H; + O, <> O +
CH,CHO), and self-decomposition to acetylene (C,H3 + M) <> C,H, + H + My)); the values
for the kinetic parameters for the first reaction are from the experimental study by Slage et al.
[157], for the second case from Bozzelli and Dean [158], and for the last reaction from Baulch
et al. [25-26, 111].

The second channel which consumes the last 40% of the olefin includes the oxygen reaction
to form formyl radicals (C,H4 + O <> CH3 + CHO and C,Hs + O <> H + CH,CHO) and both
of these products react to yield CO and CO..

Figure 5.12 presents the comparison between the simulated results and the experimental data
reported by Burcat and Radhakrishnan [72] for propane-oxygen mixtures at equivalence ratios
of 1 and 2 and for different initial pressures.
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Figure 5.12: C;Hyg ignition delay times as a function of the initial temperature. C3;Hg/Oy/Ar (vol. %)
0: 1.6/8.0/90.4, p= 2.5 bar. A: 1.6/8.0/90.4, p= 7.5 bar. [0: 1.6/4.0/94.4, p = 7.5 bar. Ex-
perimental data from Burcat and Radhakrishnan [72]

The results presented in Figure 5.12 for the ignition delay times of CsHg were calculated for
three mixtures at different pressures and compositions: 7.5 bar ignition delay times were cal-
culated for a stoichiometric (¢ = 1) and a rich mixture (¢ = 2), and at lower pressure (p = 2.5
bars) for a stoichiometric mixture.

Sensitivity analysis at 1300 K was performed at each of these conditions. It showed that at
high pressure and stoichiometric conditions the most important reactions are: Hydrogen atom
abstraction from the fuel (C;Hg+ H <> Hy+ n(i)-CsH;7), methyl radical recombination
(CH; + CH3 <> C,Hg), and hydroxyl attack on the formed olefin (OH + CsHg <> H,O +
CsHs). All of these reactions presented a negative value for sensitivity. On the other hand, the
fuel decomposition to ethyl and methyl radicals (CsHg <> CH; + C,Hs), the reaction between
methyl and oxygen (CH3;+ O,<>OH+CH,0O) and the oxygen hydrogen reaction
(H+ Oy <> OH + O) had a positive effect on the calculated sensitivity. For rich conditions in
the high pressure range only few minor changes were observed for the most important reac-
tions. Figure 5.13 presents the comparison for the high pressure range at stoichiometric and
rich conditions.

The major changes that were observed involved reactions among oxygen and other radical
species: Oxidation of formyl radicals to produce carbon monoxide was sensitive at
stoichiometric conditions, but was not sensitive at rich conditions. There was a similar beha-
vior with the decomposition of methoxy radicals and the hydrogen atom abstraction from
formaldehyde by OH which were not sensitive in the rich mixture case.

Propane decomposes before ignition occurs. Stable species (especially olefins: CsHg and
C,Hy) appear in the intermediate products, and reactions that are connected to their consump-
tion play a key role during the ignition, as is shown in the sensitivity analysis for both cases.
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The ignition delay is influenced by the olefin consumption due to the fact that, once olefins
are formed, they ignite much more easily than the propane itself. Figure 5.14 presents the
calculated species concentration profiles before the ignition occurs for C;H4, C3Hg, CsHg and
OH, in a stoichiometric mixture with 90% Ar dilution and for an initial temperature of 1120
K.

H+ 02—0 + OH

CH3 + 02— OH + CH20

OH + C2H4 — H20 + C2H3

HO2 + CH3 — OH + CH30

C3H8 + M(1) - CH3 + C2H5 + M(1)
H2 + OH —H + H20

CH3 + CH20 — CHO + CH4

CH3 + 02 - 0O + CH30

C3H5 — CH3 + C2H2

H2 + CH3 — H + CH4

O + C3H8 — OH + L-C3H7

H + C3HS — H2 + I-C3H7

H + CH4 — H2 + CH3

H + CH3 + M(4) — CH4 + M(4)
HO2 + CH3 — 02 + CH4

H + C3H6 — CH3 + C2H4
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Figure 5.13: Sensitivity analysis for high pressure propane combustion (C3;Hg/O,/Ar): Stoichiometric
and rich conditions: ¢ = 1 and ¢ = 2, at 90% Ar dilution, p = 7.5 bar, Ty = 1120 K
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Figure 5.14: Calculated species mole fraction prior to ignition: In early stages propylene is formed,
later ethylene appears in the system preceding the ignition. CsHy/Oy/Ar: 1.6/8.0/90.0
(vol.%), p = 2.5 bar, Ty = 1120 K
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Figure 5.15 presents the comparison between the experimental data from Burcat et al. [81]
and the results of the simulation for the ignition delay times of butane-oxygen mixtures at
stoichiometric conditions and 81% of argon dilution. The experiments were performed at a
pressure of 10 bar.
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Figure 5.15: Ignition delay times for a C,H;¢/O)/Ar mixture as a function of the initial temperature.
C.H,y/Ox/Ar: 2.5/16.3/81.0, (vol.%). p = 10 bar. Experimental data from Burcat et al.

[81]
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Figure 5.16: Sensitivity analysis for a C,H,¢/Oo/Ar mixture. C4H,/Oo/Ar: 2.50/16.30/81.20, (vol.%).
p=10bar, Ty=1250K
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A sensitivity analysis for the butane oxygen mixture is presented in Figure 5.16 for a mixture
with C4H;¢/O2/Ar: 2.5/16.3/81.20 and an initial temperature and pressure of 1250 K and 10
bar, respectively.

In the high temperature range the most sensitive reactions to the OH concentration at ¢ = r are
the reaction among hydrogen radicals and oxygen leading to OH formation
(H+ O, <> OH + O) and the reaction of methyl radicals with oxygen to produce aldehydes
(CH;3 + Oy <> OH + CH;0). Aside from these two reactions there are three additional paths,
which are important for OH formation: The decomposition of butane into ethyl radicals
(C4Hyp <> CoHs + C,Hs), the reaction of methyl radicals with oxygen and hydroperoxy radi-
cals to form OH and aldehydes or methoxy radicals (CHj3;+ O, <> OH + CH;0),
CH; + HO, <> OH + CH;0 and the self-decomposition to methyl and normal propyl radicals
(C4H;9 <> CH;3 + n-CsHy).

The hydrogen abstraction from the fuel (CsHio + H <> 1(2) C4Hy + Hy), the methyl recombi-
nation (CHj3; + CHs <> C;Hg), and the radical recombination for hydroperoxy and hydroxyl
radicals to form water (HO, + OH <> H,0 + O,) are also important reactions for the sensitiv-
ity, but they have a negative value of sensitivity.

Butane starts its decomposition before the ignition occurs: Self-decomposition to two ethyl
radicals and to methyl and normal propyl radicals is responsible for 20% of its consumption
until the moment of ignition, according to the performed flow analysis. Radical attack on the
fuel by atomic hydrogen and hydroxyl radicals consumes the last 80% of the butane and leads
to butyl radical formation. Both butyl radicals which are formed follow different decomposi-
tion channels: The primary butyl (1-C4Hg) decomposes to ethylene and ethyl radicals
(1 C4Hy <> C,H4 + CyHs). This is the main formation channel for ethylene, while the secon-
dary butyl (2 C4Hy) leads to the formation of propylene and methyl radicals
(1 C4Hy <> C3Hg + CH3), or it reacts with oxygen to produce butene. As in the case of pro-
pane, the olefins formed play a key role during the ignition, because they are the main inter-
mediate products before ignition at the conditions of the experiments. Figure 5.17 shows the
concentration profile for the main species formed prior to ignition as well as the temperature
profile and the OH radical concentration.
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Chapter 6

PARTIAL AND TOTAL OXIDATION OF C;-C,
ALKANES AND ALKENES IN THE GAS PHASE

The study of pure gas-phase oxidative coupling is of great interest, because it produces the
same products as in the catalytic processes, but at a different rate due to the absence of the
catalyst, which strongly accelerates the reaction during the catalytic process.

A vast number of experimental and theoretical studies on methane oxidative coupling to pro-
duce ethane and ethylene as main products have been carried out. For the catalytic coupling of
methane, temperatures between 650°C and 950°C are used alongside methane-rich mixtures.
In the case of methane it was suggested that the catalyst would act as a “methane activator”,
which produces methyl radicals and initiates a process occurring in the gas phase (methyl
combination). Although this is a considerable simplification, it shows the importance that the
homogeneous process has and that its contribution should be included during the study of the
methane catalytic coupling.

According to the experimental results from different authors [44, 52], the partial oxidation
process is characterized by several facts: When the temperature is increased at constant flow
(or at constant residence time), conversion of fuel and the oxygen are sharply increased. Eth-
ane has a maximal selectivity in the lower temperature region; at higher temperatures ethylene
is predominant. However, after reaching the maximal ethylene selectivity, a further increase
in the temperature leads to a decrease in ethylene selectivity. Miele et al. [44] concluded from
their experimental work that the synthesis of ethylene is possible only considering the gas-
phase chemistry. The temperature was the key factor which controlled the reaction rates,
whereas selectivities are controlled by the conversion grade.

In this section, results for partial oxidation of methane, propane and butane will be presented.

Simulations were performed for the conditions used in [66, 73, 159] in a jet-stirred reactor.
The temperature profiles reported from the experiments were used in the simulations.

6.1 Partial Oxidation of Methane

Zanthoff and Baers [44] examined the homogeneous gas-phase reaction of methane and oxy-
gen in the absence of a catalyst at the usual concentration compositions applied for the cata-
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lytic conversion of methane. In their work the authors developed a kinetic scheme, which al-
lowed the calculation of the time dependence of the concentrations of the various compounds
as a function of the conversion degree. The results from his simulations were compared with
experimental data obtained in the temperatures range 878 K <7<1071 K and the partial
pressure ranges 1.84 bar < p CH4 < 8 bar and 0.18 bar < p O, < 0.8 bar.

Zhu et al. [159] reported the reduction of complex kinetic models using a new algorithm to
produce a reduced mechanism based on a normal sensitivity analysis from Warnatz et al. [6],
and a new approach defining a global sensitivity coefficient. Validation of the methodology
developed by Zhu was made using the experimental data from Zanthoff [44] and running both
the complex and the reduced mechanism for a complex initial mixture, which includes meth-
ane, ethane, hydrogen, carbon monoxide and oxygen. These data were taken for comparison
purposes. The conditions used during the simulation are given in Table 6.1.

Table 6.1: Selected operation conditions for oxidative coupling of methane

vol. % )4 T
CH4 C2H6 C2H4 C02 CO 02 Hzo Hz bar K
64.60 | 0.30 0.30 0.60 1.80 26.50 |4.70 1.20 1.7 1052

The results of the comparison between the results from Zhu [159] based on the experiments
from Zanthoff [44] and the results using our mechanism are presented in Figure 6.1.

Figure 6.2 presents the calculated reaction path for the consumption and formation of the
main species according to the mechanism. Different reactions between radicals are presented
in the complex mixture, which involves a large number of species and important intermediate
compounds. The initial reaction is the decomposition of the C,H¢ to CH3. The CH; formed
reacts with C,Hg to produce C,;Hs, and this decomposes into C,H4 and hydrogen atoms. This
path, according to the flow analysis, is the main channel for ethylene formation and plays an
important role in the CH4 decomposition, because the hydrogen atoms formed in these initial
steps attack the CHy, increasing its consumption.

The CHj; radicals follow a similar reaction path as in the case of ignition; they react with oxy-
gen to produce CH,O and OH (CH3;0, <> OH + CH,0), and the OH formed is consumed in
the reaction with CHy4 to form H,O and CHs.

CO formation follows the well known route CH; - CH,O — CHO — CO (Warnatz et al. [6],
Smith et al. [47], Konnov [153], Pilling et al. [160]); however, there is another path for CO
formation which should be considered according to the results from the mechanism: Reaction
of CH3;0 with CHy4 to produce methanol (CH3;0 + CH4 <> CH3OH + CH3). The reference used
is from Tsang [53]. Further methanol consumption via OH, H and CHj; radicals form hy-
droxymethyl radicals (CH»OH), which react with oxygen to produce CH,O
(CH,OH + O; — CH,0 + HO,), and finally reaction of the formed CH,O into CO. The chain
reaction is described as follows:

CH4 + CH30 — CH;0H + CH; Tsang [53]
CH;OH+H — CH,OH +H, Li[l61]
CH;0H + OH — CH,OH + H,0O Li[161]
CH;0H + CHs; — CH,OH + CH4 Spindler and Wagner [162]

CH,OH + O, — CH,0 + HO, Baulch et al. [25-26, 111].
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This reaction scheme, although differing from those proposed by Zhu and Zanthoff, can also
predict the concentration of the main species.
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Figure 6.1: Comparison between the simulated results using the gas-phase mechanism and the results
reported by Zhu et al. [159] for partial oxidation of a complex methane mixture. (a) Meth-
ane and oxygen consumption and carbon dioxide production. (b) Main species reported:
Carbon monoxide, hydrogen and coupling products ethylene and ethane. Symbols: results
reported by Zhu, lines: Simulation using the kinetic mechanism. Initial conditions used for
the simulations are given in Table 6.1
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Figure 6.2: Reaction path analysis for the partial oxidation of the complex mixture presented in Table
6.1. Methane main consuming paths are due to radicals attack: OH, H and HO; (85% of the
decomposed fuel is through this channel). Methoxy radicals (CH;0) consume the 15% left.
Coupling product (C;Hy) is produced due to recombination of the methyl radicals formed in
the first stage of the fuel decomposition, ethylene is secondary specie produced from the eth-
ane decomposition

6.2 Propane Oxidation

Oxidation of propane and butane was studied analytically and experimentally by Cathonnet et
al. [73] with the initial temperature in the range of 1023 K < 7' < 1053 K and pressures in the
range 1 bar <p < 6 bar. Experiments were performed with highly diluted samples (nitrogen
was used as the oxygen carrier) with equivalence ratios between 0.05 and 25. In both cases it
was found that the major products were C,H4, C3Hg, CH4, CO and C,He.

In the case of propane oxidation, the simulation was made for a mixture with an equivalence
ratio of 2.8 and a pressure of 4 bar. A temperature profile was given according to the experi-
mental data (7, = 1033 K). Results for the calculated species profiles are presented in Figure

6.3.
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Figure 6.3: Comparison between calculated results and experimental data for the high temperature
partial oxidation of propane. Initial conditions: ¢ = 2.8, [CsHs]y = 0.0175% mole,
p =4bar, Ty=1033 K. Lines: Simulation results; symbols: Experimental data [73]: (a)
Propane consumption and olefins production (C,H,; and C;Hg), (b) Methane, carbon monox-
ide and ethane vol. fraction. At high temperature the decomposition of propyl radicals into
CHj; and CyH, (main product) leads to high yields of methane (methyl further reacts with the
fuel) which is similar to those for propylene
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Figure 6.4: Reaction flow analysis for the partial oxidation of propane. Conditions: ¢= 2.8, [C;H ], = 0.0175 mole fraction, p = 4 bar, T ;-5 = 1033 K. Initially
propane is attacked by radical species leading to n(i)-propyl formation. Ethylene (largest species formed) is produced mainly from n-propyl decomposition
in early stages of the reaction. Propylene, other of the largest species experimentally found, is formed during the reaction between i-propyl and radicals
species (i-C ;H ; + R— C ; H s + RH). Other reaction paths involving oxygen addition, isomerization of the peroxide radical formed and its decomposition

are responsible for nearly 14% of the C ; H 4 obtained
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The experimentally measured and the calculated data of concentrations presented in Figure
6.3 display similarities. The reaction path calculated at the conditions of the experiments is
presented in Figure 6.4.

Propane consumption is mainly due to radical attack. The first step is a hydrogen abstraction
reaction. The main abstracting species are OH, hydrogen atoms (H) and methyl radicals
(CH3), which lead to propyl formation. The propyl radicals formed in the first step decompose
to ethylene C,Hs (nCsH; > C;Hs+ CHs) (Tsang [61]) or to propylene CsHg
(i C3H7 = C3Hg + H) (Konnov [153]). These two channels consume nearly 85% of the propyl
formed, and they are the main channels for olefin production, which were observed in the
simulations.

There is, however, a secondary path for propylene formation. This route involves an oxygen
addition to the parent propyl (n(i)-CsH7), isomerisation of the peroxyalkyl radicals formed
(n(i)C3H;70;) and their decomposition to propylene. This second channel represents nearly
14% of the propylene formed and is an indication that this channel should be considered to
explain the olefin production during the propane oxidation, especially for low temperatures,
where the route via scission is more energy demanding.

Ethylene is formed by the n-propyl scission (85% according to the flow analysis), and by the
attack of hydrogen atoms to propylene (7%) (CsHg + H <> C,H4 + CH3). Cathonnet [73] pro-
posed that ethylene formation is due solely to propyl scission and did not consider the direct
decomposition of propylene to ethylene. The rate coefficient used for the reaction between the
propylene and hydrogen atom to ethylene was taken from Hidaka et al. [120].

Methane, which is the other main product found in the experiment, is formed, according to the
flow analysis, via two channels: The first includes the reaction between methyl radicals and
the fuel; 85% of the methane is formed through this channel. The second channel, which is
responsible for 5% of the methane formation, includes a hydrogen atom abstraction from for-
maldehyde (CH; + CH,0 <> CH4 + CHO). The kinetic parameters for the reactions between
methyl radicals and the fuel are from Tsang [61] and Mintz et al. [163], the formaldehyde re-
action from Baulch et al. [25-26, 111].

Methyl recombination plays an important role in the formation of ethane. It is the principle
channel which produces ethane, but it is not the only one; 40% of the ethane is formed by the
hydrogen atom abstraction from the fuel by ethyl radicals. Ethyl radicals are formed to a
lesser extent by the self-decomposition of fuel (C;Hg + My — C,Hs + CH3 + M(y)), or by the
decomposition of ethane that is formed at the first stage of the reaction. This means that, once
the ethane has been formed and begins its decomposition, the ethyl that is being formed ac-
celerates the rate of production of ethane from the fuel.

Carbon monoxide and carbon dioxide are formed from methyl radicals, which follow the
characteristic path CH; - CH,O — CHO — CO — CO,. Other channels involved in the car-
bon monoxide formation are: direct formation of formaldehyde from the reaction between vi-
nyl radical and oxygen (C,Hs + O, <> CH,0 + CHO) and the low-temperature steps: oxygen
addition to propyl radicals — internal hydrogen abstraction — second oxygen addition —
second internal abstraction — scission OH — decomposition into CH,CHO. This last path is
responsible for 15% of the formaldehyde formation.
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6.3 Butane Oxidation

Butane oxidation was simulated for an initial mixture with an equivalence ratio of 1.66 at a
pressure of 1 bar. The temperature profile was taken from the experimental results given by
Cathonnet et al. [73] with an initial temperature of 7, = 1033 K. A comparison between simu-
lation results and experimental data is presented in Figure 6.5.

A similar study for propane and butane oxidation was carried out by Glasmann et al. [164]. In
their study three different stages during the reactions were identified. During an initial con-
sumption of the fuel, a non-saturated hydrocarbon species is formed. In the following step
there is carbon monoxide formation with some energy being liberated. In the final stage car-
bon monoxide is converted into carbon dioxide with high energy liberation. Cathonnet [73]
limited his study to the first two phases described by Glassman, where a moderate increase in
temperature was observed.

The kinetic mechanism reproduces the consumption of the fuel and the production of olefins
well, as shown in Figure 6.5 (b). In Figure 6.5 (b), ethane formation is adequately reproduced
by the mechanism, however after 0.1 seconds of reaction there is a gap between the calculated
values and the experimental data, which indicates a much larger consumption of ethane in the
simulation than the one observed during the experiments. Ethane is mainly consumed in the
reactions with H and OH (90%). The kinetic data used for these reactions were taken from
Baulch et al. [25-26, 111]. The reaction with CH; to produce methane and ethyl radicals is
responsible for the last 10% of consumption. Kinetic values observed in the experimental
work from Moller et al. [165] in the temperature range 1100 K - 1400 K were used.

The prediction of methane production is underestimated by the mechanism and presents the
most significant deviation from the experimental data. Experimental values were 25% higher
than those of the simulation. In order to improve the correlation between experimental and
simulated results, several kinetic values proposed in the literature have been tested (Cathon-
net et al. [73], Yampol’skii [166], Sway [167]). The final parameters used are from Sway (ab-
straction from the secondary position) and Yampol’skii (abstraction from the primary posi-
tion). The fact that the methane concentration calculated with the mechanism can have a bet-
ter performance indicates that an adjustment should be done in some of the reactions consid-
ered.

Figure 6.6 presents the flow analysis for the butane oxidation under the conditions of the Ca-
thonnet [73] experiments. Butane is consumed by radical attack; H, OH and CH3 are main
reactive species and on a minor scale. Self-decomposition (2%) plays a role in the consump-
tion. Butyl and ethyl radicals, which will conduct the olefin production, are produced in these
early stages of the reaction.
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Figure 6.5: Comparison between calculated results and experimental data for the high temperature
partial oxidation of butane. Initial conditions: ¢ = 1.66, [C,H ]y = 0.012% mole, p = 1 bar,
Ty = 1033 K. Lines: Simulation results, symbols experimental data [73]. (a) Butane con-
sumption and olefins production, yields of ethylene and propylene are similar at < 0.09 s, af-
ter propylene is consumed and higher concentration of ethylene was found. (b) Methane
production increases continuously. Initially methane is formed via reactions between methyl
radicals and butane; in later stages reactions involving decomposition of ethane, ethylene
and aldehydes drive methane formation
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Figure 6.6:  Reaction flow analysis for the high temperature partial oxidation of butane. Conditions: ¢ = 1.66; [C ;H ;] y = 0.012 % mole, p = 1 bar, T, = 1033 K.
Propylene is mainly formed (95%) from sccision of s-butyl radical (sC,H oy — C;H s + CH 3), this step consumes almost all the butyl radicals being formed
(88%,). Ethylene formation includes two man channels: 1. Direct decomposition of n-butyl radicals (nC,H ¢— C,H ,; + C,H 5)(45% of the C , H ; formed).
2. Decomposition of the ethyl radicals formed (C,H s— C,H , + H) (41% of the C ; H ; produced). In later stages, propylene to ethylene conversion
accounts for the 10% left of the ethylene yield. Formation of C,H s occurs by methyl recombination. Methane formation is explained by the reaction of methyl
radical with butane.



MECHANISM EVALUATION: PARTIAL AND TOTAL OXIDATION 91

For butane, the path for production of olefins is less complex than in the case of propane, and
they are formed mainly from butyl radicals. From the flow analysis it was found that nearly
95% of propylene is formed from the scission of 2C4Hy (2C4H9 — C3Hg + CH3) (Cathonnet
[73]), whereas ethylene was formed (41%) directly by scission of 1C4Hy
(1C4Hy9 — CyHs + CoHy) (Cathonet [73]), and a second channel (45% of the production)
which includes the decomposition of the ethyl radical previously formed to hydrogen atoms
and ethylene (C;Hs — H + C,Hy) (Baulch [25-26, 111]). The last 10% of the ethylene forma-
tion results from propylene consumption: 30% of the propylene goes to ethylene. According
to the experimental results, in early stages of the reaction selectivities for ethylene and pro-
pylene are nearly the same (¢ < 0.05 s), but thereafter the selectivity to propylene decreases in
favor of ethylene. In later stages of the reaction, the propylene reaction with hydrogen atoms
leads to ethylene formation.

The lighter alkanes CH4 and C,;Hg are formed mainly from reactions which involve methyl
radicals: Methane is formed from their reaction with the fuel (C4H;o + CH3s — Butyl + CHy4)
and ethane by their recombination reaction (CH; + CHsz + M(;) = C,Hgs + M(y)). For the condi-
tions given, the reaction between formaldehyde and methyl radicals which produces methane
(CH;3 + CH,0 <> CH4 + CHO) also makes an important contribution to the methane forma-
tion; 18% is produced due to this channel. During ethane formation, along with the methyl
recombination, the hydrogen atom abstraction from the fuel is an important channel; ethyl
radicals which are formed from butyl react with the fuel and increase the ethane formation.
Nearly 40% of ethane is produced via this channel.

In both cases carbon monoxide is formed from reactions of methyl radicals with oxygen to
produce formaldehyde (CH,O), which then becomes formyl (CHO) and finally produces car-
bon monoxide. Other paths which lead to CHO formation are concerned with the low tem-
perature reactions; 8% of the formyl radicals is formed from the decomposition of oxirane
(Oxirane <> CHO + CHj3), which itself is produced by the addition of hydroperoxy radicals to
ethylene (C,H4 + HO, <> Oxirane + OH) [111], and (this is the main channel 90%) via oxy-
gen addition, isomerization and follow scission (C,Hs <> C,Hs50; <> 2-C,O0H-1 <> Oxira-
ne).

6.4 Ethene Oxidation at Low and Intermediate Temperature

Ethene is a major intermediate product in the oxidation of many hydrocarbon fuels (n-octane,
n-pentane, n-butane, propane, propene, and ethane). Its formation is especially important in
the oxidation of these fuels in the intermediate and high temperatures.

Alkenes are unsaturated hydrocarbons characterized by the presence of at least one carbon-
carbon double bond. Because of that feature, alkene consumption involves free radicals addi-
tion at the double bond position: H, O, OH and HO,. These reaction channels lead to products
such as aldehydes and oxyranes.

Several studies have been performed for the ethane and ethene oxidation: Thornton et
al. [168] used a jet-stirred reactor to study the high temperature oxidation of ethene; Wilk et
al. [169] used a static reactor to investigate the intermediate temperature oxidation of ethene
and Baldwin, Walker and coworkers [170, 171, 172] used a static reactor to determine the
mechanism and certain rate coefficients in the ethene reaction.
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Wilk et al. [66] theoretically and experimentally studied the ethene oxidation at low and in-
termediate temperatures; here, their experimental data were used for comparison. Experiments
were performed in a static reactor. The experiments were carried out at an initial pressure of
800 mbar with initial temperatures of 696 K and 718 K and an equivalence ratio of 2.

At these conditions the authors reported CO and CO, as the main products, alongside oxirane
(C,H40) and CH,0. Methane (CHy) and methanol (CH30OH) were the second largest species
that were found. Fuel conversion was nearly 66% after 400 s reaction time when the tempera-
ture was fixed at 718 K. Figure 6.7 presents the comparison between the experimental data of
concentration from Wilk [66] and the results from the simulation.

The calculated and the experimental fuel consumption profiles are in agreement. At 718 K
Wilk proposed that most of the ethylene is consumed by the reactions with OH and HO,. The
two main reaction channels are the radical addition to the double bond and a hydrogen atom
abstraction. After performing a flow analysis, it was found that ethylene was consumed as fol-
lows: During the reaction with OH, 21% is consumed by a hydrogen abstraction reaction and
18% by the addition reaction. The reaction with hydroperoxy radicals to produce ethene oxide
consumed 10% of the fuel. The reaction between methoxy radicals and the fuel to produce
methanol was another important abstraction path for fuel consumption, and 22% of the fuel
was consumed by this channel.

The production of ethene oxide, which is the largest intermediate species, is controlled by the
addition of hydroperoxy radicals to ethene, followed by a scission from the radicals formed.
The chain reaction is as follows:

CoHy + HO; 5> C,H4O0H Wilk et al. [66]
C;H4O0H « C,H,0 + OH Wilk et al. [66]
C,H4O0H & C,H;0, . Bozelli [43]

This sequence is responsible for ethene oxide formation and transforms HO,; radicals into the
more reactive OH radical. Formaldehyde (CH,0) is mainly formed (30%) through the so-
called Waddington mechanism [173],

C,H, + OH > C,H,OH Ray et al.[173]
C,H4OH + O, <> 0,C,H4,OH Ray et al. [173]
0,CoH,0H 5 CH,0 + CH,0 + OH Ray et al. [173].

30% of the CH,0O formed is due to this mechanism. CH,O formation also includes C,H4OOH
decomposition (C;H4OOH <> CH,OH + CH,0) and the further oxidation of CH,OH to CH,O
and HO,. Based on the flow analysis, 15% of CH,O was formed due to this route, and reac-
tion of vinyl radicals with oxygen generated the last 55% of CH,O.

The mechanism describing ethene oxide formation was already described in the previous sec-
tion; for its consumption a new set of reactions was included. The channels considering the
ethene oxide consumption include a hydrogen atom abstraction by radicals (kinetic parame-
ters used for these reactions are from the studies of Bogan and Hand [114], Baldwin et al.
[115] and Lifshitz and Ben [116]), isomerization, and decomposition. From these reactions,
OH hydrogen atom abstraction is the most important and consumes 50% of the fuel. After the
abstraction, the oxyranyl formed (C,H3;0) has two isomerization reactions to CH,CHO or to
acetyl radicals (CH3CO). The reactions included here are as follows:
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Oxirane + O « C,H;0 + OH Bogan and Hand [114]
Oxirane + H « C,H,; + OH Lifshitz and Ben [116]
Oxirane + H < C,H;0 + H, Baldwin et al. [115]
Oxirane + CH; «» C,H;0 + CHy4 Baldwin et al. [115]
Oxirane <> CH4 + CO Lifshitz and Ben [116]
Oxirane «> CH; + CHO Lifshitz and Ben [116]
Oxirane «> CH;CHO Lifshitz and Ben [116]
CH;0 — CH;CO Baldwin et al. [115]

C,H;0 — CH,CHO Baldwin et al. [115].

It is still unclear which are the correct kinetic values for the isomerization or decomposition
of C,H30. Chen [117] proposed for the isomerization to CH,CHO a value for k= 2107 ¢!,
Wilk et al. [169] proposed an activation energy of 58 kJ/mol for both isomerization channels
and Baldwin proposed a ratio of 8.55 between their rate coefficients. The kinetic parameters
used in this study consider the values for the activation energy for both reactions according to
Wilk, and the ratio of formation of 8.55 proposed by Baldwin. From the flow analysis,
oxyranil formed is mainly consumed in the reaction to acetyl radical, and the path to
CH,CHO was not important. Finally, acetyl radicals formed decompose to methyl and carbon
monoxide (90% of it), and a small part goes directly to carbon dioxide and methyl
(CH3CO + O <> CHj3 + COy). The kinetic values used for both reactions are the ones given by
Baulch et al. [25-26, 111].

The model underestimates the quantity of methanol that is formed. Results from Wilk et
al. [66] agree with the experimental values. Wilk proposed that methanol is mainly formed by
methoxy radicals by a hydrogen atom abstraction (CH3;O + C,H4 <> CH30H + C,Hs;
CH;0 + CH;0 <> CH3;0H + HCO). These two reactions had already been implemented in the
mechanism. The kinetic data used were proposed by Konnov [153] for the abstraction from
the fuel and by Tsang [53] for the second reaction. The underestimation of methanol indicates
that the predicted consumption is faster than it occurs experimentally. The reaction with OH
is the most important and consumes 90% of the methanol formed.

CO and CO, were the largest products found during the experiments. Carbon monoxide was
formed during the oxidation of formyl radicals (90%) and by decomposition of acetyl radicals
(10%). Carbon dioxide is formed by the reaction of carbon monoxide with OH (25%), the re-
action of carbon monoxide with hydroxyl radicals (15%), the reaction with methoxy (5%),
and direct oxidation of formyl (CHO + O, <> CO, + OH).
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Figure 6.7: Comparison between the calculated species profiles and the experimental data reported in
[66] for the C,H, oxidation at low temperature. Experimental conditions: [CoH,Jo= 0.122
mole fraction; [O;]y= 0.1842 mole fraction. T = 718 K, p = 800 mbar



Chapter 7

CATALYTIC PARTIAL OXIDATION OF
METHANE IN A SINGLE GAUZE REACTOR

7.1 Introduction

The production of synthesis gas (carbon monoxide + hydrogen) is currently carried out via
steam reforming. In that process steam passes over a carbon source, often methane or coal,
and is heated to produce the synthesis gas. Synthesis gas is extremely valuable commercially
for the production of methanol, hydrocarbons, and higher alcohols for use in detergents and
ammonia for use in fertilizers. There is also significant interest in the production of hydrogen
for fuel cells.

Steam reforming has the major disadvantage of being endothermic, and hence requires a large
amount of wasted energy to drive on the reaction. An alternative to steam reforming is the
partial oxidation of the hydrocarbons, especially methane, in short-contact-time reactors,
which is commonly referred to as CPOX. The major advantage here is that the process is
exothermic, so energy is not consumed in order to drive the reaction. The partial oxidation of
methane is described by the global reaction

CH;+120,—>CO+2H,; AHg = - 36 kJ/mol . (7-1)

Several studies have been performed in order to find a more efficient route to convert methane
into syngas as well as for the coupling process to obtain higher hydrocarbons: Zanthoff and
Baerns [44] studied the oxidative coupling of methane in the gas phase, Chen et al. [49]
studied the oxidative coupling of methane, in the presence and absence of a catalyst, with
ethane co-feeding. Baerns [51] studied the oxidative coupling of methane from around 700°C
to 900°C and found that ethane, ethylene, and small quantities of other higher hydrocarbons
were present in the presence and absence of a catalyst. Wiele et al. [52] studied the roles of
the gas-phase and the heterogeneous chemistry in the oxidative coupling of methane. Goralski
and Schmidt [174] modeled a short-contact-time catalytic methane combustor as a plug-flow
tubular reactor using homogeneous and heterogeneous chemistry. Initially, Hickman and
Schmidt [175] developed a multi-step surface mechanism for partial oxidation of methane on
rhodium and later Deutschmann and Schmidt [176] performed a two-dimensional numerical
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simulation for a single monolith channel using the experimental work of Bodke et al. [177].
Deutschmann et al. [29] also studied the catalytic combustion of methane on platinum foil and
syngas formation in a short-contact-time reactor combining the catalytic process with the
surrounding flow.

Hickman and Schmidt [175] applied adiabatically operated monoliths containing platinum
and rhodium catalysts and reported hydrogen and carbon monoxide selectivities as well as
methane conversion above 90% for methane partial oxidation on rhodium-coated foam
monoliths. The main advantage of their reactor was the fact that the reactor could be operated
auto-thermally at residence times of a few milliseconds.

Recent studies (Schwiedernoch [178]) reported, experimentally and theoretically, results for
the total and partial oxidation of methane over platinum, palladium, and rhodium catalysts for
a wide range of operating conditions. The experiments were carried out in such a way that
transient processes such as light-off were investigated. Simulations were performed for
methane conversion on catalytic monoliths, taking into account detailed mechanisms of
surface and gas-phase reactions as well as mass and heat transport processes in the channels
and heat transport in the solid monolithic structure.

Detailed modeling and simulation support a better understanding and the technical realization
of those high-temperature catalytic reactors, which are characterized by complex interactions
between reactive flow and catalytic surface, heterogeneous and homogeneous chemistry, and
the competition between complete and partial oxidation.

Here, a detailed study of the catalytic partial oxidation of methane in a single gauze reactor is
presented, which is based on three-dimensional numerical simulations of the flow field
coupled with heat transport and multi-step gas-phase and surface reaction mechanisms,
including the computation of the surface coverage. Results from the model were compared
with experimental data by Smet et al. [179].

The results from the simulation of the partial oxidation of methane in a short contact time
reactor were carried out using the commercial computational fluid dynamics code FLUENT
[180], which is coupled with external subroutines to model the detailed gas-phase and surface
chemistry.

7.2 Experiment

Smet et al. [179] studied the partial oxidation of methane with oxygen to synthesis gas by
performing steady state experiments in a continuous flow reactor set-up containing a single Pt
metal gauze. The results of their experiments will be used in order to model the effects of the
gas-phase and surface reactions.

7.2.1 Experimental Set-Up

The gauze used in the simulations, schematically shown in Figure 7.1c, reproduced that
reported by Smet et al. [179, 181]. The gauze catalyst consists of two rows of six parallel
platinum wires placed on top of each other (Figure 1a). The average distance between the
centers of two individual wires (diameter = 0.20 mm) was 8.2-10™* m (Figure 1b).
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The quartz reactor contained three zones: In the first zone the reactant gases were preheated,
the Pt gauze catalyst was located at the end of the preheating zone. The final zone was for
cooling the products that were formed after the reacting mixture crossed the gauze.

The gas-phase temperature was measured upstream and downstream of the Pt gauze by Nisil-
Nicrosil thermocouples. Surface temperature was determined directly by means of a surface
thermocouple.

Due to symmetry considerations, only a quarter of a single mesh of the gauze catalyst had
been taken into account in the computational grid, including a single contact point between
two wires. The domain extends for half of the distance between centres of two individual
wires (amount 4.1-10*m) in the “Y” direction (Figure 1c).

Results of temperature measurements are presented in Figure 7.2. The bulk gas-phase
temperature was defined as the average gas-phase temperatures measured upstream and
downstream of the gauze catalyst; its value was nearly 200 K less than the catalyst
temperature.
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Figure 7.1: Schematic illustration of the reactor used by Smet et al. [179, 181] for the study of
methane partial oxidation. (a) The illustration of the Pt gauze builds up using a single Pt
wire. (b) Pt gauze geometry. (c) Reactor set-up. Original figure from [181]
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Figure 7.2: Comparison between measured temperature at the catalyst surface and the gas-phase bulk
temperature. Conditions: p,,= 130 kPa, F,=1-107 mol s, W/Fcpy0 = 39.9; CH,/Oy/He :
14.3/5.7/80.0. Experiments of Smet et al. [179]

The conversion of reactants and the product selectivities were calculated based on the mole
fractions of C, O, and H in the product stream. During the experiments the total molar flow
rate was varied in the range 1.5 mmol-s™ to 20 mmol-s™ at the position of the gauze catalysts,
which resulted in linear gas velocities of 1.5 m-s” to 20 m-s” corresponding to Reynolds
numbers (with the density, velocity, and viscosity calculated at the gauze) of 1000, which
indicates that the flow pattern was laminar.

7.2.2 Results of the Experiments

At all conditions the authors reported CO, CO, and H,O as the main products, H, was found
only at high temperatures (above 1270 K). Figure 7.3 shows the influence of the temperature
on the conversions and selectivities. Methane and oxygen conversions were independent of
the catalyst temperature. In the CO case there is a strong temperature dependence: the
selectivity increased from 20% at 1025 K to 50% at 1200 K. These results are in agreement
with the earlier ones reported by Hofstadt et al. [182] and Hickman and Schmidt [183]; both
studies used Pt and Pt-10% Rh gauzes.
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F.=1-107 mol s'. CH/Oy/He = 14.3/5.7/80.0. Lines: Results of the simulation. Symbols:
Experimental data [179]

7.3 Kinetic Mechanisms

Partial oxidation of methane can take place over a wide range of catalyst types and surfaces,
although certain common features of the mechanism can be discerned [184]: In general the
formation of C, hydrocarbons only takes place at temperatures above 600°C. The highest
selectivity to C, species occurs at the lowest methane conversion. Increase in temperature or
decrease in CH4/O, ratio increases the methane conversion; the CO, field (CO and CO,)
increases with temperature and O, mole fraction.

The first step in the catalytic partial oxidation of methane involves the breaking of a C-H
bond in the catalysis surface (Hickman and Schmidt [175], Deutschmann et al. [176], Mackie
[184]); afterwards the free radicals species formed may undergo reaction with the oxidant.
Dependent on the catalyst nature, a portion of the subsequent reaction will take place on the
surface, or some fraction of the total reaction will comprise a sequence of partial reactions in
the gas-phase.

Originally a coupling process was thought to take place only on the catalytic surface [185]. Ito
et al. [186] proposed that the recombination of two methyl radicals resulting from the H atom
abstraction from the fuel on the surface can occur either in the gas-phase or on the surface,
which is the responsible path for ethane formation. Later, Campbell et al. [187] identified
methyl radicals in the gas-phase during the partial oxidation of methane and demonstrated
that this is an important channel in the C,;Hg formation. CO, was thought to arise from surface
reactions of methyl with oxygen or secondary gas-phase oxidation of the C, species.
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The above experimental evidence underlines the importance of coupling gas-phase and
surface reaction mechanisms for developing robust kinetic schemes able to simulate the high-
temperature catalytic partial oxidation of methane in the millisecond regime.

7.3.1 Gas-Phase Mechanism

Simulations performed in the homogeneous reactor at contact times, temperature and pressure
as in the gauze reactor showed that isolated gas-phase reactions did not occur although
interactions between surface and the gas processes happen, as it was previously mentioned.
Therefore, a gas-phase mechanism suitable to be implemented in the CFD model should be
used. To this end, a reduction of the already complex mechanism was performed, taking care
to include those reactions which occur at the conditions in the catalytic gauze. This means that
several assumptions should be made:

The first consideration was to extend the time for the gas-phase calculations until reaching
reactant conversion as it was found experimentally in the gauze: The final time was set at 5%
of fuel conversion. The methane/oxygen ratio used for the initial mixture prior to the
reduction was 2.5, the pressure 1 bar and the temperature 1100 K.

The final reduced mechanism consists of 150 reactions and 30 species; the reaction path for
the consumption of the fuel and the formation of the main products is presented in Figure 7.4.

From sensitivity and flow analysis it was inferred that the most important steps in the gas
phase are the following ones: initial abstraction of hydrogen from the methane molecule by a
free radical or oxygen; main channels include abstraction by hydroxyl (OH), atomic hydrogen
(H), HO; and atomic oxygen (O). The methyl that is formed at this stage will react to produce
formaldehyde CH,O. Reaction of formaldehyde with radical species (hydroxyl and
hydroperoxy) yields the formyl radical (CHO), which further is oxidized to carbon monoxide
(CO) and carbon dioxide (CO,).

There is an alternative path that consumes the methyl that is formed: Methyl is oxidized, and
as a result methoxy radicals are formed (CH30). The methoxy attacks the fuel, increasing its
consumption and leading to the production of CO by the parallel channel CH;OH — CH,OH
— CHO — CO. A final channel consuming the methyl is its recombination reaction (ethane
(C,Hp) is produced). Later the ethane proceeds to be dehydrogenated and ethene and other C,
gas-phase species appear.
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Figure 7.4: Reaction path analysis for methane oxidation in the gas phase. Percentages in the flow
analysis quantify the consumption of the species due to that elementary step. Conditions:
CH/O; ratio = 2.5 (vol.), T = 1050 K, p = I bar. The residence time was fixed in order to
achieve a methane conversion of 5% (see text)

7.3.2 Surface Mechanism

The mechanism used for these calculations is based on the initial mechanism proposed by
Deutschmann et al. [29] to predict ignition and steady state operation for the catalytic
combustion of methane on Pt surfaces. The original mechanism includes 10 surface species, 9
reversible reactions, and 8 irreversible reactions. The scheme assumes interaction between the
gas-phase mechanism and the surface mechanism via the molecular species of hydrogen,
oxygen, methane (via dissociative adsorption), carbon monoxide, carbon dioxide and water,
as well as the radical species hydrogen, oxygen and hydroxyl.

Some modifications have been made in order to improve the performance over a wider range
of conditions; Zerkle et al. [68] developed a mechanism to model the C; and C, partial
oxidation reactions in a short-contact-time reactor. The mechanism consists of 19 surface
species and 41 reversible reaction steps and includes a complete C; surface mechanism, with
initial adsorption steps for the methane with atomic oxygen and hydroxyl radicals. These two
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steps are included in a modified Deutschmann mechanism as well as the desorption steps for
the fuel, which were not included in the original one. A summary of the reaction steps with
their associated rates can be found in Annex II.

7.4 Modeling Approach

Deutschmann [28] discusses the most relevant works on catalytic modeling. The following is
a summary of these:

The earliest simulation by Hickman and Schmidt [175] assumed tubular plug flow behavior
for the short-contact-time reactor. In their work, the authors assumed uniform distribution for
the temperature, which could be determined by a heat balance consistent with the reactor exit-
product distribution. Gas-phase reactions were not considered, and with a purely
heterogeneous mechanism, these authors were able to predict CO and H; product selectivities
that are consistent with those observed experimentally.

Wolf et al. [188] studied mass and heat transfer limitations to the partial oxidation of methane
over a Pt/MgO catalyst, comparing experimental results to simulations employing a simple
four-step heterogeneous kinetic model and one-dimensional plug flow analysis.

Veser and Frauhammer [189] applied a one-dimensional two-phase reactor model for the
oxidation of methane to synthesis gas over platinum in a monolith reactor. The model
incorporates a detailed surface reaction mechanism and a simplified gas-phase reaction
mechanism.

Deutschmann applies more sophisticated transport and chemistry models for the description
of catalytic partial oxidation of methane on rhodium. A reactor was modeled in two
dimensions with full mass transport and heterogeneous reaction chemistry using FLUENT
coupled with the DETCHEM [190] software to simulate coverage-dependent surface
reactions. In the gas-phase, full heat transport was employed, but an isothermal condition was
imposed on the wall with the temperature chosen to be consistent with experimental
observations [176].

A three-dimensional simulation of the catalytic partial oxidation of methane to synthesis gas
in a wire-gauze configuration has previously been performed by Smet et al. [179], also using
a simple surface reaction model.

Schwiedernoch [178] performed detailed numerical simulations of the physical and chemical
processes using the DETCHEM package and the commercially available CFD code FLUENT.
The numerical codes take into account detailed mechanisms of surface and gas-phase
reactions as well as mass and heat transport processes in the channels and heat transport in the
solid monolithic structure. The channels are simulated under steady-state conditions in three
dimensions by an elliptic approach using FLUENT and in two dimensions by a parabolic
approach using DETCHEM“"™EL ' Transient phenomena are simulated using the
DETCHEMMONOUTH hackage.

Results from a multidimensional model using complex gas and surface chemistry will be
presented. Multidimensional simulations using multi-step chemical mechanisms are highly
demanding with respect to computing resources and time. Therefore, a simpler CFD model
was used to evaluate effects of the new surfaces steps on the original Deutschmann [29]
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surface mechanism. Once the evaluation was performed, the kinetic mechanism was
implemented in a three-dimensional gauze reactor model, coupled with the flow field and heat
transfer. Results from both cases were compared.

7.4.1 Channel Simulation of the Catalytic Gauze

A two-dimensional simulation including mass and heat transport effects was performed using
the CHANNEL code, which is part of the DETCHEM package [190]. The following
assumptions were made to approximate the gauze to the conditions used by the code:

The diameter size was chosen considering a hydraulic diameter that was calculated with the
free path to the flow in the gauze. The dimension of the channel was chosen so that the
contact area was the same as the exposed area of the gauze. With these geometrical
parameters fixed, only the residence time of the mixture remains unspecified; to determine
residence time, initial velocity was tuned, making the residence of the mixture inside the
channel coincide with the contact time for the mixture at the gauze. A summary of the
conditions used for this simulation is given in Table 7.1.

Table 7.1 Conditions used for the simulations with the channel reactor model

Catalytic wall temperature (K) 1025 - 1175
Internal diameter (m) 1.55-10"
Longitude (m) 5.30-10™
Mixture molar composition

vol.% CH4 14.3

vol.% O, 5.7

vol.% He 80.0
Residence time (1.107 s) 0.02-0.2

Lines in Figure 7.3 present the results of the simulation for the influence of the catalyst
temperature and the conversion (selectivity) using the modified mechanism. The mechanism
was able to predict the selectivity and conversions from the experiments in the range of
conditions considered. The numerical results are close to those observed in the experiments
with the gauze with oxygen conversions overestimated by 2% to 3%.

Figure 7.5 presents the species concentration and temperature profile including gas-phase and
surface mechanisms. The mixture flows from left to the right in the picture, the radial position
(r) 1s set to zero at the tube axis so that the catalytic wall is at 7 = 7. The wall temperature
(located at the back side) was kept at 1175 K for the mixture.

Figure 7.5a includes CHy4 concentration (represented by the colored area) and temperature
profile (represented by the boundary of the colored area). Initially the mixture enters at 600 K
(experimental conditions), but later is set up by the contact with the catalytic wall.
Temperature distribution inside the channel showed that only the part of the mixture, which is
in direct contact with the catalytic wall reaches the catalyst temperature; for the remaining
part of the mixture values between 700 K (at the center of the channel) and 1175 K at the wall
were observed.

Methane concentration varies along the radial direction: At the center line (axis of the
channel) no changes were observed, while higher consumption occurred at the catalytic wall,
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pointing out that gas-phase reactions play a small role for the fuel consumption. The
calculated fuel conversion was 4% (Figure 7.3) and agrees with the value found
experimentally. The calculated oxygen conversion was 21%; its pattern has a similar behavior
as methane and it is omitted here.
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CH. (vol)
1.43E-01
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1,33E-01
1,28E-01
1,23E-01

(a) Temperature profile colored by CH,; mole fraction concentration. Back side corresponds to the
reactor wall at Ty, = 1175 K, methane concentration falls to zero at that point and stays nearly
unchanged at the channel centre
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(b) CO mole fraction inside the channel, maximal value at r = 1, corresponding to the reactor wall.
Carbon monoxide is mainly formed at latest stages near to the reactor exit
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(c) CO; mole fraction is formed at the reactor inlet, the maximum value coincides with the reactor
zone where oxygen still is available for the oxidation reaction, and at the channel centre no
reaction was observed
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(d) H,O mole fraction, initially H>O reaches a maximum which coincides with the maximum CO;

formation (total oxidation of the methane at the reactor inlet), and continuously increases until
the reactor exit

Figure 7.5: Mole fraction calculated inside the channel for the different species. X = distance from the

channel inlet (m), Y = radial distance from the channel center (m), Z = corresponding
variable
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The formation of carbon monoxide, carbon dioxide and water are presented in Figure 7.5b-d.
For all of them their formation is due to surface reactions involving methane consumption.
Carbon dioxide is the main product that is formed in early stages inside the reactor; later
carbon monoxide starts to gain importance, as they have nearly the same concentration.
Carbon monoxide (that for the partial oxidation process is the main product) indicates an
incomplete combustion and is formed in the later stages of the reaction. For the oxygen, its
consumption at early stages by surface reactions leads to CO, formation. Later, when no more
oxygen is available on the surface, incomplete combustion reactions occur and carbon
monoxide (CO) appears in the products. The absence of both CH4 and O, reactants at the
catalytic walls (back side of the figures) indicates a strong mass transfer limitation, and even
if there are still oxygen and methane available inside the system, their transport from the
center line of the channel (in the gas phase) to the surface (where the core of the consumption
reactions takes place) is not efficient, inhibiting complete combustion from occurring.

Here a 2D model was used to describe the gauze geometry and the main species formation.
The proposed chemical mechanism for the surface satisfactorily describes selectivities and
reactants consumption, and these data will be used for a 3D model of the gauze.

7.4.2 FLUENT Simulation of the Catalytic Gauze

The model developed in the previous section gave us important information about the
quantitative and qualitative behavior of the mixture in the gauze reactor, although there are
several assumptions that have been made which could introduce some distortion in the results
obtained. This is the reason why a more sophisticated model was introduced to compare the
results already found and to consider in more detail the variables that are included.

The commercial software FLUENT [180] was used to solve the basic conservations
equations, which were described in Chapter 3 (Reactive Flows). FLUENT solves these
equations using a control volume based finite difference method. A non-staggered system is
applied for storage of discrete velocities and pressure. The resulting equation system is solved
using a SIMPLE algorithm. The gas and surface chemical mechanisms are the same that have
been used in the CHANNEL-code simulations.

Due to symmetry considerations, only a quarter of a single mesh of the gauze catalyst has
been taken into account in the computational grid. Initially, the methane/oxygen mixture
(volumetric ratio 2.5 and 80% helium dilution) flows at a uniform inlet velocity of 10 m/s and
at 600 K from the right to the left. In the model only a single contact point between two Pt
wires (each 0.20 mm diameter, Figure 7.1) is considered. The domain extends for half of the
distance between centers of two individual wires (amount 4.1-10*m) in the “Y” direction as
sketched in Figure 7.6. The axial direction “X” was extended in order to get a better
visualization of the patterns.

The total number of grid cells was 35.675, the number of computational cells with surface
reactions boundaries was 1.412, and the total number of nodes was 7571. The conditions used
for the calculations are presented in Table 7.2.
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Table 7.2: Boundary conditions used during the simulation

Catalyst temperature (K) 1100
Inlet mixture temperature (K) | 600
Total pressure (MPa) 0.13
Initial molar composition:

CH,4 14.3
O, 5.7
He 80.0
Inlet velocity (ms™) 10.0

Figure 7.6 Selected domain used for the 3D simulations of the catalytic gauze, the reactive mixture
flows from the right side to the left and crosses the first catalytic wire at X = 0. Due to
geometrical symmetry only half of both (horizontally and vertically placed) wires have been
included

Initially, the mixture flows at uniform inlet velocity of 10 m/s and an initial temperature of
600 K (preheating) into the gauze reactor. The surface temperature at the gauze was kept
constant at 1100 K (boundary condition 7 = constant). Once the solution converged, a new
boundary condition was imposed at the surface of the gauze: The energy source term was
calculated by external subroutines using the thermodynamic data set for each species, and a
coupled boundary condition was used. After this change, the maximum temperature falls to
1090 K.
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Figure 7.7 presents representative temperature and velocity profiles calculated for the gauze.
In the temperature profile (Figure 7.7a), two different zones can be stabilized: The first one is
a cold zone located on the top of the mesh and more distant from the wires (center of the
gauze in the real reactor) where temperature does not rise more than 200 K in comparison to
the initial temperature given; the values for the temperature in this zone are between 600 K
and 800 K. The second zone, which is at the bottom of the mesh and near to the wires, is
characterized by a thin layer where the gas-phase temperature reaches almost the same value
as in the wires and is extended for nearly half of the wire diameter downstream.

The velocity profiles (Figure 7.7b) show a different behavior than temperature profiles: The
maximal velocity occurs on the top of the mesh at the free-path zone of the gauze, while on
the backside of the mesh and near to the wires the velocity almost vanishes.

Species concentrations presented in all cases display large gradients along the axis of the
wires. Figure 7.8 presents profiles of concentration for CO, CO, and CH4 species. For the
reactants, the maximal consumption occurs on the surface of the wires. The methane
concentration near to the wires is zero, which indicates that all methane in contact with the
catalyst is consumed; in a similar way oxygen is exhausted next to the wires surface. These
results point out that a more efficient catalyst design, which enhances the contact time
between the reactive mixture and the catalytic material without increasing the drop pressure is
expected to increase the performance of the catalytic gauze (higher conversions and products
yields).

Carbon monoxide and carbon dioxide formation occur on the surface of the catalytic wires
(Figure 7.8); the maximal product concentration is located at the contact point between the
catalytic wires. This zone is characterized by a low or zero value for velocity which favors
higher residence times for the products that are being formed, concentration of monoxide
carbon and a decrease in the axial direction, e.g., in direction to the center of the gauze where
the flow has a higher velocity. Water is produced only on the surface. Carbon dioxide is
mainly formed at the catalyst surface, and its contours of concentration do not differ from the
ones in carbon monoxide.

Water is another of the main products in the experiments; water production occurs on the
surface of the catalyst.

A comparison between the numerical results from the calculated conversion and selectivity of
the products obtained with the 3D model and the experimental data is presented in Table 7.3.
The numerical results and the experimental data showed an agreement: the conversion of
reactants is well predicted and selectivity of CO and CO; are close to the experimental ones.
No hydrogen was found during the simulation and water was the other main product.

Table 7.3: Results 3D numerical simulation

Selectivity/Conversion Simulation | Experiment
CH4 (% conversion) 3 4

0O, (% conversion) 19 18

CO (%) 50 48
CO; (%) 50 52

H, (%) 0 0
H,0 (%) 100 100
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600

a) Temperature profile (K) obtained with the simulations considering the 3D geometric of the gauze
and the gas-phase and surface kinetic mechanisms

b) Velocity magnitude (m/s)

Figure 7.7: Calculated temperature and velocity profiles: p., = 130kPa, Vy, =10 m/s, Ty = 600K
CH,/Oy/He: 14.3/5.7/80.0
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a) Methane profiles (mole fraction): Initial methane concentration (feed at the right side) is 0.14 mole
fraction which falls to zero in the region next to the wires, where the catalytic reactions
occur. Most of the methane remains without reacting and escapes implying low methane

conversions
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9.65E-03
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b) Carbon monoxide profiles (mole fraction): Most of the carbon monoxide is formed at the catalyst
surface; the maximal concentration occurs at the join of the catalytic wires were

accumulation of the products formed is feasible
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¢) Carbon dioxide profiles (mole fraction): As it occurs with CO, CO2 formation occurs via catalytic
reactions, maximal concentration is similar to those found for CO

Figure 7.8: Main species concentration: CH,;, CO and CO;. p;,s = 130kPa, Vo =10 m/s, Ty = 600K.
CH/Oy/He= 14.3/5.7/80.0

7.4.3 Increasing Residence Time

For the experimental conditions, gas-phase chemistry does not play a major role and molar
concentration for the radical species is low. No difference was observed in the main products
after including the gas-phase chemistry into the model.

The influence of the gas-phase chemistry in the overall process becomes significant with
increasing pressure and residence time [184]. Under these conditions, the formation of
oxidative coupling products, e.g., C,Hg, and total combustion products, i.e., CO; and H,O, are
expected to occur in the homogeneous phase as well, which was observed by simulation of
the purely homogeneous partial oxidation of methane. The influence of the residence time on
the homogeneous reactions was studied by decreasing the inlet gas velocity from 10 m/s to
1 m/s.

Figure 7.9a-d illustrates the concentration profiles of gas-phase radical species (HO,, OH, and
CH3) and the coupling product (C,Hs) for an inlet flow velocity of 10 m/s at 1.3 bar and 600
K for a CH4/O, volumetric ratio of 2.5. In all cases, these species are formed homogeneously
downstream of the gauze. The domain of maximum production rate of homogeneous
reactions coincides with the zone of the reactor with lower velocity and higher temperature.
For the conditions considered, HO, is the first radical species formed, followed by hydroxyl
radicals (OH) appearing at a short distance downstream. Afterwards, methyl radicals are
obtained, recombining and forming ethane further downstream. This result draws parallels



METHANE CATALYTIC PARTIAL OXIDATION 113

with the reaction scheme proposed by Pollard [88] for the gas-phase oxidation of
hydrocarbons in the intermediate temperature regime.
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a) HO; (mole fraction)
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b) OH (mole fraction)
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d) C;Hgs (mole fraction)

Figure 7.9: Gas-phase effects: Radicals and coupling products. HO,, OH, CH; and C>Hj formed after
increasing the contact time between the mixture and the catalyst. Vy = Im/s, p = lbar,
Ty=1175K
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Decreasing the inlet velocity from 10 m/s to 1 m/s at fixed temperature, pressure and
composition leads to an increase in conversion (4% to 7% for CH4 and 20% to 30% for O,),
as well as a higher CO,/CO ratio at the reactor outlet (1.0 to 2.0). In spite of the relevance of
gas-phase processes at an increased residence time, surface chemistry is still the main route
for methane conversion. It should be noted that the surface reaction mechanism does not
include the adsorption/desorption of all possible radicals formed in the gas-phase due to the
missing knowledge of the kinetic data, which surely affects the discussion above.

Figure 7.10 shows the predicted concentration of ethane at different pressures and inlet gas
velocities. The C,Hg production decreases as the velocity increases (Figure 7.10a), i.e., at
shorter residence times. An increase in pressure favors ethane production (Figure 7.10b). 5
orders of magnitude higher C,H¢ yields were obtained upon increasing the pressure from 1
bar to 10 bar. Altogether, the total amounts of coupling products are still very low.
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a) C,Hs (mole fraction) after changes in the inlet velocity: An increase from 1 m/s to 10 m/s reduces
the C,Hg yields by a factor of 3: Transport of mass due to diffusion from the main stream to the
catalytic walls is less efficient at high speed values
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(b) Effect of the pressure on the C,Hy yields: Increases of pressure has an opposite effect in the yields
of coupling products, and their amounts rise several orders of magnitude as it has been reported
by several authors [176,179, 184]

Figure 7.10: Impact of (a) inlet gas velocity at 1 bar and (b) total pressure at 1 m/s on the outlet
concentration of C,Hs. Conditions: CH,/O, vol. ratio = 2.5, inlet temperature = 600 K
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Chapter 8

CONCLUSIONS

This thesis deals with the development and evaluation of a detailed kinetic mechanism able to
describe oxidation and partial oxidation of light alkanes (C;-C,4) in the intermediate and high
temperature regime. The kinetic scheme was evaluated by comparing experimental data of
ignition delay times measured in shock-tubes and by comparing species concentrations
obtained in stirred reactors at several temperatures and pressures.

To develop the mechanism, a set of automatically generated reactions was added to the
previously developed high-temperature C, kinetic mechanism. These reactions were
implemented to include missing reactions paths, which occur in the low and intermediate
temperature regimes. The existing C4 mechanism was optimized to describe high temperature
oxidation at typical combustion conditions, where fuel/oxygen ratio is close to the
stoichiometric ratio as is typical in flames.

The newly added steps describe the low-temperature chemistry through a scheme which
includes oxygen addition reactions to the parent radical, isomerization of the newly formed
radical and the formation of cyclical oxygenate species and their decomposition.

In order to improve the accuracy of the automatically generated mechanism, experimental
data completed by several authors were considered, and different reactions steps identified by
their experiments were coupled to our mechanism increasing the accuracy of the predictions
as was discussed in Chapters 4 and 6.

Some of the significant steps added to the existing automatic scheme (see Section 4.3, Fig.
4.1) take into account reactions expected to occur during alkene oxidation at low temperature:

» The initial hydroxyl radical addition to the parent fuel
(Alkene + OH = *C,H,,0OH)

» Further decomposition of the *C,H,,0OH radical into ketone, aldehydes and
small radicals,

» The direct O-heterocycle formation from the fuel and hydroperoxy radical
reaction (Alkene + HO, = O-heterocycle + OH).
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These steps are already described in Section 4.3.7 (Figure 4.2), and they account for most of
the cyclical compounds formed at low and intermediate temperatures, as shown in the
simulations. The computed data showed an agreement with the reported experimental results,
demonstrating the accuracy of the scheme adopted.

Additionally, the inclusion of several radical-radical reactions and initial radical-fuel reactions
proved to be useful in describing the oxidation of hydrocarbons under rich mixtures
conditions occuring during the partial oxidation of fuels.

For the original high-temperature mechanism a number of kinetic coefficients have been
updated for several reactions according to new experimental information available: Additional
reactions were included, of which most of the new information was taken from the NIST
database. A wide explanation related to the new reactions was included, and the kinetic
parameters were given in Section 4.4.

The evaluation of the mechanism was performed by comparing experimental results with
computed data of ignition delay times for hydrogen, methane, ethane, propane and butane. In
each case the reaction between oxygen and hydrogen was the most sensitive for hydroxyl
production. Additionally, when methane was doped with either hydrogen, ethane or propane,
the initial decomposition of the added fuel started the ignition process. The reaction of the
formed alkyl radical with oxygen was most sensitive for the ignition delay time. Moreover,
when the experimental ignition delay times were evaluated at stoichiometric and rich
conditions, the proposed mechanism accurately described these ignition delay times.

A further evaluation was carried out by simulating partial oxidation of methane and oxidation
of propane and butane at intermediate temperature in rich mixture conditions.

During the noncatalytic partial oxidation of methane, the main inconvenience is connected
with the high stability of the methane molecule, especially at the very rich methane
concentrations used to run the process. Experimentally, it has been found that carbon
monoxide and other couple species are the main products formed. The numerical results
predicted this characteristic well, where carbon monoxide, ethane and ethylene were the main
products.

Experimentally, when the partial oxidation of propane occurs (at temperatures around 1000 K,
at low pressure, and with a rich propane-air ratio ¢ = 2.8), it has been shown that olefins
(ethylene and propylene) are the main species produced. Other minor species , e.g., methane,
ethane and carbon monoxide are also present in the final products. In the numerical
simulations, olefin production was explained by two main channels. One is the scission of the
n-propyl radical and the second the decomposition of the cyclical species formed by the
addition of oxyxgen to the parent radicals. The latter, is characteristic of the low-temperature
oxidation of hydrocarbons. Similarly, when experiments describing the oxidation of butane
were simulated, the main products formed (ethylene and propylene) were also accurately
described.

It was observed in the experimental data for ethylene and propylene oxidation that their
respective oxides were the main species formed. By performing a sensitivity and flow
analysis the key reactions describing the product’s formation were identified, and the kinetic
scheme proposed in Sections 4.3.6 and 4.3.7 was proven to be accurate. However, there are
some kinetic data in particular the decomposition steps leading to radicals formation, which
need to be reconsidered.
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All these intermediate channels, added, are especially important in order to describe properly
the partial oxidation process. After including the automatically generated reaction set and
adding the experimental kinetics information, the final mechanism consists of 1428 reactions
made up of 146 species.

The catalytic partial oxidation of a single gauze reactor was studied using a three-dimensional
numerical simulation of the flow field coupled with heat transport, multi-step gas-phase and
surface reaction mechanism.

Simulations have been performed using two different approaches: In the first one the gauze
was assumed to be a channel. This channel has an active surface similar to the one of the
gauze, and the initial velocity for the mixture was calculated such that the contact time
between the reactive mixture and the catalyst was garanteed to be similar to the one in the
experiments. The second model used includes in detail all the geometrical characteristics of
the gauze, and no simplification was done for its representation. With this latter approach a
better understanding for the flow patterns was obtained, and it was observed how some
physical constrains like catalyst distribution can effect chemical variables like selectivity and
reactant conversions.

By using the two-dimensional simulation of the gauze it was possible to describe the main
species formation and give important information about the proposed chemical kinetic
mechanism for methane partial oxidation on the surface. Selectivities and reactants
consumption were correctly predicted, and these data were later used during the 3D modeling
of the gauze. The advantage of the two-dimensional model is, that is easier to implement, and
that it requires a shorter computation time, which makes it preferable to investigate chemical
kinetics.

The three-dimensional model used had the advantage of closely representing the real
conditions of the real gauze, by avoiding simplifications, which reduce uncertainties at the
moment of result evaluation.

In addition, it was possible to study in more detail the effects on the chemical system of
different variables. These included the distribution of the catalyst, its shape, flow pattern,
temperature and species concentration, all of which helped to gain a better understanding of
the overall process. After including detailed reaction mechanisms, it was observed how the
geometrical characteristics of the gauze affected the conversion and species selectivities.

Both models can now be used to explore the reactor behavior at varying operating conditions.
For instance, it was shown that the decrease of the initial velocity produces an increase in the
conversion of CHy and O, and has the potential for significant gas-phase chemistry leading to
the formation of coupling products (C,Hs). The significance of the gas-phase reactions is
expected to become larger after setting the required physical conditions, which means time,
pressure and temperature.

The effect of the gas-phase reactions was more pronounced after increasing reaction time by
setting the initial velocity at a lower value. The radical species observed in the gas phase were
HO, which appeared first, then H,O, and later OH. This scheme follows the one proposed for
the intermediate temperature regime (Section 4.3). For the simulations the reduced reaction
path shown in Figure 7.4 was included, and couple products (C,Hg, C,H4) were observed in
the latest stages of the gas-phase.
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Current work on propane dehydrogenation is ongoing using the methodology applied here: A
kinetic surface mechanism is being developed and its initial evaluation has been done using a
2D model before its further application in a 3D model. Butane and other high alkanes are also
feasible to be modeled. The gas-phase mechanism for each case should be reduced and
adapted to the experimetal conditions before its implementation in the CFD program; the
advantage is that a wider range of conditions can be considered using the extended
mechanism developed.
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ANNEX I

GAS PHASE MECHANISM

Elementary reactions in the H;-CO-C;-C,-C3-C4-O, system for intermediate and high-
temperature combustion and partial oxidation.

Rate coefficients are presented in the modified Arrhenius form k = A*T° exp(—Ea/RT); only
the forward reaction is considered; the reverse reaction may be calculated using
thermodynamic data. The estimated uncertainty of the reaction rate is given. The collision
efficiencies used are:

Mgy = [Hy] + 6.5[H,0] + 0.4[O,
M) = [Hz] + 2.5[H,0] + 0.4[O,
Mgy = [Hy] + 6.5[H,0] + 0.4[O,
M) = [Hz] + 6.5[H,0] + 0.4[O,

+0.4[N,] + 0.75[CO
+0.4[N,] + 0.75[CO
+0.4[N,] + 0.75[CO
+0.4[N,] + 0.75[CO

+ 1.5[CO,] + 3.0[CH,4] + 0.35[Ar]
+1.5[CO,] + 3.0[CH4] + 0.15[Ar]
+ 1.5[CO,] + 3.0[CH,] + 0.29[Ar]
+1.5[CO,] + 0.7[CHa4] + 0.35[Ar]

[y Y iy M )
[y iy

The mechanism is presented in the CD annexed.

The pre-exponential factor 4 is given in units of (cm® mol™") "' s™' and the activation energy
EainkJ mol ™,

The double arrow, shows that the reverse reaction may be calculated using the
thermodynamic data.
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ANNEX |1

SURFACE MECHANISM

Elementary reactions in the H,-CO-C;-O, system on platinum surfaces. Rate coefficients are
presented in the modified Arrhenius form k = A*T” exp(—Ea/RT). The pre-exponential factor
A is given in units of (cm, mol, s); activation energy Ea in kJ mol .

E Ns ) E. @
ko = AT exp| ——2 [[TO!* exp| ——
i = A exp{ = }H . em{ RT} (1)

i=1

This expression takes into account coverage dependences using the parameter ik and g,
which should be specified for several surface reactions. Under steady-state, the time variation
of the surface coverage (0®) is zero, then:

00,
8% _, @)
o T (i=Ng+1,....,Ng+Ny)

The concentration [X;] of an adsorbed species is given in mol/m” and equals to surface
coverage (O;) multiplied by the surface site density (I).

The surface site density: 2.72*10™ mol/cm®

The mechanism is presented in the CD annexed.
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Adsorption A B Ea m Eiks @ Ref.
H, +Pts, +Pts) >Hs) +Hs) 0.046 0.0 0.0 -1.0 0.0 Ory  [1]
0, +Pt(s) +Pts) >Os) TO(s) 1.89x 10" -0.5 0.0 [1]
CH, +Pt(s) +Pts) >CHss) +Hs) 9.00x 10 0.0 72.0 [2]
CH, +Os) +Pts) >CHss) +OHs, 5.00x 10" 0.7 42.0 0.0 -8.0 Qo [
CH, +OH g, +Pts) »>CHj 5, +H,0g,  1.00x 10 0.0 10.0 [2]
H,0 +Pts, >H,0s 7.50x 10! 0.0 0.0 [1]
CO, +Pt5) >COys 5.00x 10 0.0 0.0 [2]
CO +Pts, >COs, 8.40 x 10! 0.0 0.0 [1]
Desorption A Jij Ea Hik €iks ©

Hs) +Hs) =Pt +Pts) +H, 3.70x 10" 0.0 67.4 0.0 10.0 Om  [1
Os) TO0s) =Pt(s) +Pts) +O; 3.70x 10" 0.0 2355 0.0 18828 O  [1]
H,0(s) »>H,0 +Pts 450x 10" 0.0 41.8 [2]
COs) —>CO +Pts) 1.00x 107" 0.0 146.0 0.0 330 Oco [
COys) —>CO, +Ps 1.00x 107" 0.0 27.07 [1]
Surface reaction A B Ea Lk Eiks @

C(s) +O(s) =COs) +Pts) 3.70x 10" 0.0 0.0 [2]
COys) +Pts) =>Cs) TO(s) 3.70x 10" 0.0 236.5 0.0 330 Oco [
COys) +O(s) =COxys) +Pts) 3.70x 10" 0.0 117.6 0.0 330 Oco [
COys) +Pts) >COs) +0(s) 3.70x 10" 0.0 173.3 0.0 9414 00 [2]
COys) +OHs) >COxs) +Hs) 1.00x 10" 0.0 38.7 0.0 300 Oco  [2]
COys) +Hs) >CO(s) +OHs 1.00x 107" 0.0 8.4 [2]
CH; (s) +Pts) >CHays) +His 126 x 10 0.0 70.3 [2]
CHys) +H(s) =>CHys) +Pts 3.09x 10 0.0 0.0 0.0 2.8 Om [2
CHys) +Pts) >CHs) +Hs) 7.31x 10" 0.0 58.9 0.0 500 Oc¢  [2]
CHgs, +Hs) —>CHy) +Pts, 3.09x 10 0.0 0.0 0.0 2.8 Om [2
CHgs) +Pts) >Cs) tHs) 3.09x 10 0.0 0.0 0.0 2.8 Om [2
Cs) *H(s) >CHgs) +Pts 1.25x 107 0.0 138.0 [2]
Hs) +O(s) >OHjs) +Pts) 1.28x 107! 0.0 11.2 [2]
OHjs) +Pts) >Hs) +Os) 7.39x 107" 0.0 7730 00 7322 Q0 [
H,0s) +Pts) —>Hs) +OHs) 1.15x 107" 0.0 1014 00 -1674 00 [2
OHs) +OH(s) »H,0(s) +Os) 7.40x 107 0.0 74.0 [2]
H,0(S) +O(s) »OHs) +OHjs 1.00x 10°° 0.0 43.1 00 2406 ©0 [2]
Additional steps A B Ea Lk Eiks @

H, +C(s) »>CHys, 4.00 x 10 0.0 29.7 0.0 -4.6 0c [2
CHys) >Cs) +Ha 7.69x 107" 0.0 25.1 0.0 500 O¢  [2]
Hs) +OHs) >H,0(s) +Pts,) 2.04x 107 0.0 66.22 [2]
CHss) +Hs) —>CH, +Pts) +Pts 3.30x 107 0.0 50.0 0.0 2.8 Om  [2]
CH; ) tH,0(s) >CH, +OH5) +Pts,  3.70 x 107! 0.0 110.6 [2]
CHss) +OHs) —CH, +O(s) +Pts) 3.70x 107! 0.0 87.9 [2]
@ Denotes the species 1, to which the parameter 4 and g refer to, Eq. (1)

[1] O. Deutschmann, R. Schmidt, F. Behrendt, J. Warnatz, Proc. Combust. Inst. 26 (1996)
1747, see also http://www.detchem.com/mechanisms.

[2] D.K. Zerkle, M.D. Allendorf, M. Wolf, O. Deutschmann, J. Catal. 196 (2000) 18.
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