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Summary

The concept of Homogeneous Charge Compression Ignition (HCCI) operation of in-
ternal combustion engines has been known for over twenty years. It promises high
efficiency and low emissions, and is thus under increasing focus to reduce pollution
in power generation and automobiles.

Genetic algorithms have been used for parameter optimization in many types of com-
plex problems. Well-mixed reactor simulations of the HCCI concept have previously
proved successful.

The integration of genetic algorithms with well-mixed reactor simulations are inves-
tigated as a possible approach for understanding HCCI combustion and solving the
control issue for this type of engine operation. The effects of parameter variation on
engine performance when using methane, propane and acetylene as fuels are shown.
Data from earlier propane experiments are compared to simulation results. Experi-
ments have been performed using acetylene, showing that use of acetylene results in
earlier combustion but higher gross engine efficiency.

Performance of the well-mixed reactor and genetic algorithm setup seems to provide
results that follow known trends. Parameter optimization using the genetic algorithm
provides new insight to the properties of HCCI combustion and appears to be a viable
tool for further analysis.
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Sammendrag

Kompresjonstenning av fullstendig forblandet forbrenning (Homogeneous Charge Com-
pression Ignition, HCCI) i forbrenningsmotorer har veert et kjent fenomen i over 20
ar. HCCI kjennetegnes av hgy effektivitet og lave utslipp, og er derfor i gkende grad
tenkt brukt til kraftgenerering og i biler.

Genetiske algoritmer har blitt brukt til & optimalisere mange typer av kompliserte
problemer. Velblandet reaktorsimuleringer av HCCI konseptet har tidligere blitt
utfgrt med gode resultater.

Integrasjonen av genetiske algoritmer med velblandet reaktorsimuleringer er utforsket
som en mulig mate til & gke forstaelsen av HCCI forbrenning og til & lgse kontrollprob-
lemene for denne motortypen. Effekten av & variere motorens driftsparametre med
metan, propan og acetylen som brensel er presentert. Data fra tidligere eksperimenter
med propan er sammenlignet med simuleringsresultater. Eksperimenter er utfgrt med
acetylen. Resultatene fra disse viser at acetylen fgrer til tidligere antenning, men hgy
brutto motoreffektivitet.

Velblandet reaktorsimuleringer koblet med genetiske algoritmer ser ut til & gi resul-
tater som er i samsvar med kjente trender. Bruk av genetiske algoritmer til & opti-
malisere motorparametre ser ut til & veere et godt verktgy til bruk i videre analyse
av HCCl-prosessen.
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List of Symbols

This list contains most of the symbols and abbreviations used in the text. Some are
defined in the text where they are used and are not presented here.

Equations are referenced by their equation number. Figures and tables are referenced
by the text 'Figure’ or "Table’ followed by its corresponding number.

Latin Letters

Cy specific heat capacity, constant pressure |J/kg/K]|
C, specific heat capacity, constant volume [J/kg/K]
D mass diffusivity [m?/s]

Jrsi body force on species k in direction i [N=kg - m/s?|
h static specific enthalpy of species k [J/kg=m?/s?|
he heat transfer coefficient [W/m?/K]

k; reaction rate coefficient of reaction 1

m mass [kg]

M, molecular weight of species & [kg/kmol|

N number of moles of species £ |[kmol]

P static pressure [Pa = N/m?|

q heat transfer |[W/m?|

R universal gas constant |kJ/kmol - K]

Si normalized sensitivity of reaction ¢

T temperature [K]

t time [s]

u; velocity component (Euler-) in z;-direction [m/s]
V volume |[m?|

w work per unit mass [kJ/kg]

X mole fraction of species k

Y, mass fraction of species k
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ix

Greek Letters

y specific heat ratio
A thermal conductivity [W/m/K]
p density [kg/m?]
0ji total stress tensor |Pa=N/m?|
Tij viscous stress tensor [Pa=N/m?|
Wk chemical production of species k& [kmol/m?/s]
Superscripts
— mean value

time derivative
¢ at reference state, degrees
Subscripts
e exit
f fuel
1 inlet
1,7,k index
k species
stoich. stoichiometric
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Chapter 1

Introduction

1.1 Thesis Introduction

The concept of Homogeneous Charge Compression Ignition (HCCI) has been known
for over 20 years. It is an engine concept that results in high engine efficiency and
very low emissions. The problems of NO, and soot emissions are almost completely
removed. High efficiency, especially at low loads, gives it a substantial advantage over
the spark-ignition and compression-ignition engines.

It has, however, some drawbacks in the difficulty of controlling the combustion pro-
cess. Much work has been invested in solving this problem, and much more must be
done before a satisfying solution has been found.

Numerical simulations give valuable insight into how the HCCI engine operates. The
many parameters of operation makes it difficult to find the impact of each parameter
on the engine operation. A search tool that has previously been proved successful
on multi-parameter problems are genetic algorithms. Using the power of genetic
algorithms to help in the understanding of the HCCI process was the main objective
of this Thesis.

1.2 Information Found in Literature

Numerous articles have been published on the subject of HCCI. Especially in the
last few years there has been a noticeable increase in the number of publishings as
interest in the subject has increased. Presented here are a few of the most relevant
for this report.
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— Aceves et al. (2000) use the KIVA code and the HCT multi-zone well-mixed
reactor model and achieve very good results compared with experiments.

— Martinez-Frias et al. (1998) do multi-parameter optimization with Super Code
with a single-zone well-mixed reactor model.

— Au et al. (2001) have performed experiments for the same engine used in this
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— A number of articles have come from the Lund Institute of Technology in Swe-
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being a visiting scholar at UC Berkeley. The multi-zone well-mixed-reactor code was
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Chapter 2

Framework

This chapter presents the framework and boundaries given by all involved parties in
order to document the Thesis work.

2.1 Boundaries

The Norwegian University of Science and Technology (NTNU) requires that students
doing their Master Thesis abroad present their work within six months. Usually this
work starts in the fall semester of the fifth year of study and represents one full
semester workload.

A program of study at Berkeley was approved by the department, and freedom was
given to consult with Professor Dibble on current research projects in his lab. One
of the presented options was Homogeneous Charge Compression Ignition (HCCI)
research, on which a draft of the Thesis text was written and sent to NTNU for
final adjustments. Professor Chen provided the opportunity to work with engine
simulations using the genetic algorithm. He also provided computers to run the
simulations. A paper was submitted to the Western States meeting of the Combustion
Institute in March 2001.

After starting work on the project at the beginning of October a finishing date some
time in February of 2001 was proposed. February 16 was set as the deadline after
reviewing the project status after the Holiday break in December. This would give a
total of four months of work on the project.
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2.2 Thesis Objectives

The objective of the Thesis was learning more about the HCCI combustion process as
a part of ongoing research at University of California, Berkeley. The use of computer
models coupled with genetic algorithms was a new angle of approach that the research
group wanted to explore.

2.3 How to Read this Report

Chapter 1 is a general introduction to the Thesis.
Chapter 2 presents the framework and boundaries for the Thesis work.
Chapter 3 is a short documentation of the work procedure.

Chapter 4 is a general overview of the theoretical background for this Thesis. The
information found here is the foundation of the later chapters.

Chapter 5 provides a brief introduction to genetic algorithms.

Chapter 6 explains internal combustion engines and the HCCI engine in more detail,
as well as presenting the computer model and the experimental setup used.

Chapter 7 presents the results found through computer simulations and experiments.
Chapter 8 presents the conclusions that are drawn from this work.

Chapter 9 lays out the work ahead to improve results as seen by the author.



Chapter 3

Work Procedure

The work procedure documented below will attempt to explain how the work was
done and the problems encountered and adjustments made as the project advanced.

3.1 Theory

The first four weeks were spent acquiring and reading theory on internal combustion
engines, HCCI operation and genetic algorithms. The different computer codes that
were available were fairly complex and a lot of work was put into the understanding
of their workings.

3.2 Practical Work

At the beginning of November work started in modifying the genetic algorithm code
to work with the single well-mixed reactor model. Professor Chen had already written
most of the well-mixed reactor model and integrated it into the genetic algorithm.
Expanding the integration so that the code accepted more parameters and dumped
more data was necessary. The integration of the multi-zone model with the genetic
algorithm was much more troublesome since it was originally developed as a stand-
alone code. There were also practical convergence problems with the equation solver
for that code when using it in HCCI simulations. The general layout of the pro-
gram was somewhat modified to accept integration with the genetic algorithm. The
programming work was largely done by mid-December.

Running the simulations was very time consuming. The time needed to calculate a
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full dataset (usually 1000 generations with a population of 5 meaning 5000 individual
simulations) for the single-zone model was from 12 hours up to five days on the
fastest server available (600 MHz alpha-processor with 128 Mb of RAM), depending
on computer availability and engine parameters. Tuning heat transfer rates for the
multi-shell code was fairly complicated since no good model exists. It was necessary
to rerun the simulations several times for both models to achieve the desired results
and accuracy.

Due to time limitations and equipment availability the investigation of other engine
types was canceled.

Planning of the experimental part of the Thesis began in January. This work was
dependent on other projects at the lab and the availability of the equipment. After
some initial planning it was decided that the experimental work would consist of
a preliminary study of HCCI combustion in a converted VW 1.9 liter Diesel engine
using acetylene as fuel. It was desirable to investigate the effect of acetylene compared
to dimethyl ether also used as an additive to gaseous fuel in the laboratory engines.
The computer modeling results would be compared to the experimental results to
further validate the accuracy of the model.

3.3 Analysis

Analyzing the data from the simulations was relatively tedious work. Each simulation
run would dump several megabytes of text files which had to be visualized using a
software called Tecplot. It was necessary to confirm the simulation results with
previously published findings to validate the model.

3.4 Computer Tools

Typesetting for this report was done with KXIEX2e. Final conversion from PostScript
to Adobe Portable Document Format for printing was done with Adobe Distiller 4.0.

Graphs were made using Tecplot 7.0 for Windows. Illustrations were made with Xfig
3.2 running on Unix. All computer simulation codes were written in FORTRAN77
using the Emacs editor. Code compilation was done on alpha-processor comput-
ers using the DIGITAL FORTRANTY7 compiler and i686 computers using the Linux
FORT77 compiler.



Chapter 4

Theoretical Background

This is an overview of the basic equations that are the foundations of this Thesis.
In the following chapter these equations are presented with the background and as-
sumptions behind their use.

4.1 Continuity Relation

The local flow velocity u, of a species k is composed of a mean flow velocity u and
mean diffusion velocity Uy, ux, = u+Uy. This approach disregards the Soret effect and
pressure diffusion in the modeling of diffusion effects as negligible (Warnatz, Maas &
Dibble, 1999:49). Taking chemical reactions into account gives a source term in the
continuity equation, which is given as (Warnatz, Maas & Dibble, 1999:155):

Op 0 a(‘]ij)
ot ¥ oz, ) T "oy, Kk (1)

where JP = p,U,. Also, introducing py = pYy:
k

9 9 a(IP)
E(PY/@) + aTj(PYkUj) + oz,

For the overall mixture there is no production or destruction of mass, in addition
pu = Zivzl prug. This gives:
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4.2 Mass Diffusion

Transport of mass by diffusion is usually contributed to diffusion given by Fick’s Law,
pressure diffusion and thermal diffusion (Soret-effect). Pressure diffusion is usually
negligible in combustion processes (Warnatz, Maas & Dibble, 1999:159). Thermal
diffusion is only important for light or very heavy species and at low temperatures
(Warnatz, Maas & Dibble, 1999:58). These simplifications leave us with a model of
mass diffusion based on Fick’s Law (Kuo, 1986:165):

oYk
8xi

—JP = —pYyUsk,; = pDy (4.5)

4.3 Heat Flux

Heat flux for a homogeneous medium can be described by Fourier’s Law of Heat
Conduction (Mills, 1995:125):

or
or i

g =—\ (4.6)

For multi component situations one may have to take into account the effect of
diffusion. The Dufour effect can be neglected (Warnatz, Maas & Dibble, 1999:58),
meaning that the following can be used (Warnatz, Maas & Dibble, 1999:158):

4 = axz T, Z hi s (4.7)



4.4 Concentration of Species

where J; is given by (4.5), thus:

(4.8)

4.4 Concentration of Species

Based on the continuity equation in (4.2) and Fick’s Law in (4.5) an equation to give
the concentration or mass fraction of a species in a reacting mixture is:

0

0 0 oY},
&(PYk) + aTj(PYkUj) = 3—% <PD£) + wi M.

J

where the coefficient of diffusion D is set equal for all species.
4.5 Ideal Gas Law

The ideal gas law is given as (Moran & Shapiro, 1992:93):

pV =nRT (4.10)
For a given species or mixture of molar weight M we have:
R
R= % 4.11
= (411)

For a mixture of IV gases we can find R as:

N
R=) YRy (4.12)
k=1



4.6 Conservation of Energy 10

4.6 Conservation of Energy

The energy conservation equation in its Euler form is given as (Kuo, 1986:201):

d 0 _ dg; : 80jiu,-
a(ﬂet) + oz, (peru;) = o, +Q + o1

J

N
+ pz Y fii(wi + Ug,i) (4.13)
k=1

The energy equation can be expressed in many ways. Often the equation for static
enthalpy is convenient (Kuo, 1986:203):

Dh_Dp_ 9g  _ ou
th Dt - a’L‘j ”axj

N
+ Q + pz kak,i - Ulc,i (414)
k=1

where 7;; is the stress tensor.

4.7 Enthalpy

The enthalpy of a substance k is given by (Moran & Shapiro 1992:99):

T
iy = / ok (TVAT + hy(T,) (4.15)
Given a mixture of N substances, the following is used (Moran & Shapiro 1992:544):

N

i=1

For a pure substance k the specific heat capacity at constant pressure is given as

(Moran & Shapiro 1992:84):
Ohy,
Cp’k - (aT >p (417)
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(4.16) and (4.17) gives:

C, = (Zykah’“ th”“) Zyk ook + (thay’“> (4.18)

p p

4.8 Internal Energy

The internal energy of a substance k is given by (Moran & Shapiro 1992:96):

U = /T Cv’k(T)dT + uk(To) (419)

Given a mixture of N substances, the following is used (Moran & Shapiro 1992:544):

N
u= Zyiui (4.20)

i=1
For a pure substance k the specific heat capacity at constant volume is given as

(Moran & Shapiro 1992:84):
auk
= hald 4.21
Cor <8T ) (4.21)
(4.20) and (4.21) gives:

(ZYkauk Z kaY'“> ZYk vk+<2ukay’“> (4.22)

The relationship between internal energy and enthalpy for a substance £ in a mixture
is given by (Moran & Shapiro,1992:94):
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4.9 Work

Expansion or compression work in a piston can be found from (Moran & Shapiro,
1992:33):

Va
W = pdV (4.24)
i

4.10 Combustion Chemistry

A few basic concepts of combustion and thermodynamics are needed to understand
results and discussions later.

4.10.1 Enthalpy of Combustion

The enthalpy of combustion for complete combustion is given as the difference in
enthalpy between reactants and products (Moran & Shapiro 1992:621):

BRP = Z nel_ze + Z ’I’LJLZ (425)
P R

where ¢ and e refer to the inlet and exit of the combustion chamber, and R and P
refer to reactants and products respectively.

4.10.2 Adiabatic Flame Temperature

Given a steady state adiabatic reactor the temperature of the products is called the
adiabatic flame temperature. This can be found by using the principle of conservation
of energy for ideal gases (Moran & Shapiro, 1992:624):

D " ne(h§ + AR)e =Y ni(h$ + Ah); (4.26)
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The number of moles for each species, n, is obtained from a balanced chemical reac-
tion.

4.10.3 Fuel Equivalence Ratio

The fuel equivalence ratio ® is defined as (Warnatz, Maas & Dibble, 1999:6):

Xfuel Xfuel stoich. !
¢ = . : 4.27
( Xair ) < Xair,stoich. > ( )

4.11 NO, Formation

Nitric oxides (NO,, composed of NO and NQO,) have been under increasing fo-
cus due to their environmental impact through their contribution to photochemical
smog and ozone at ground level. These compounds also play a role in depleting the
dwindling ozone layer in the stratosphere and thereby increase incoming ultra-violet
radiation from the sun. In addition NO, reacts to form nitric acid, a source of acid
rain. Ground-near ozone will form in the presence of ultra-violet sunlight (de Nevers,
1995:492). Both NO, and ozone have been found to have a negative impact on plants
and animals when they occur close to the ground (de Nevers, 1995:374).

Minimizing NO, has become an important issue in combustion research. Four dif-
ferent paths of NO, formation have so far been identified and are presented below.

de Nevers (1995:379) ranks the importance of the different pathways by an example
from coal combustion. Below 1300°C the thermal mechanism is negligible compared
to the other mechanisms, while it at the highest temperatures (above 1600°C) is the
most important. Fuel and prompt NO, are relatively constant from 1200 to 1600°C,
with fuel-bound NO, approximately 6-7 times larger than prompt NO,.

The following reactions involving NO relates to the destruction and formation of
NOs, in flames (Miller & Bowman, 1989):

NO + HOy 2 NOy + OH (4.28)

NOy+ H 2 NO +OH (4.29)
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NOs;+ O 2 NO + O, (4.30)

4.11.1 Thermal or Zeldovich Pathway

The following reactions make up the Zeldovich mechanism (de Nevers, 1995:380-383):

O+ Ny 2 NO+N (4.31)
N+0,2 NO+O (4.32)
N+OH 2 NO+H (4.33)

Reaction (4.31) has very high activation energy (318 kJ/mole according to Warnatz,
Maas & Dibble, 1999:243), and is thus limited by temperature. This gives the mech-
anism its name, thermal NO,, and is the reason why this mechanism produces NO
in the high temperature post-flame zone. The time needed to obtain equilibrium for
the reactions above is up to several seconds (de Nevers, 1995:382), thus the Zeldovich
mechanism is considered slow.

4.11.2 Nitrous Oxide Pathway

The nitrous oxide mechanism relies on the presence of a third molecule to produce
N,O (Miller & Bowman, 1989):

No+O+ M2 NO+ M (4.34)

N>O may in turn react to form NO, one pathway is (Miller & Bowman, 1989):

N.O+ 0O 2 NO+ NO (4.35)

In lean conditions this pathway can be a significant contributor to NO, levels (War-
natz, Maas & Dibble 1999:243) because of lower levels of CH and low temperatures.
Reaction (4.34) is highly dependent on pressure because it is a three-body reaction,
but little dependent on temperature because of its low activation energy (Warnatz,
Maas & Dibble, 1999:243).
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4.11.3 Prompt NO Pathway

Prompt, or Fenimore NO is formed at the flame front, resulting from radical CH (de
Nevers, 1995:392). The C'H reacts with nitrogen, forming HCN and in turn NO.
Prompt NO is especially important in fuel-rich flames (Warnatz, Maas & Dibble,
1999:241). Compared to thermal NO, this mechanism is usually small (Borman
& Ragland, 1998:131). The low activation energy for the reaction of CH with N
results in prompt NO even at low temperatures since the mechanism is only weakly
dependent on temperature (de Nevers, 1995:393). From Warnatz, Maas & Dibble
(1999:240):

CH + No—HCN + N—..—NO (4.36)

Also, from Borman & Ragland (1998:131):

CHy + No—HCN + NH—...—-NO (4.37)

4.11.4 Fuel-Bound NO

Fuel-bound NO is produced from organic nitrogen components in the fuel. As fuels
containing nitrogen are burned, hydrogen cyanide (HCN) and ammonia (N Hj) are
formed (Warnatz, Maas & Dibble, 1999:243). These will in turn react further with O,
OH and H to produce NO. As much as 20-50% of fuel-bound nitrogen is converted
to NO (Borman & Ragland, 1998:133), where coal will contain about 1 mass-%
chemically bound nitrogen (Warnatz, Maas & Dibble, 1999:243). The estimated
fraction of NO, produced by this mechanism in a standard furnace is typically 20-
50%, depending on the fuel and other parameters (de Nevers, 1995:394).

This chapter forms the fundamentals on which the chapters on HCCI engines are
based. After the fundamentals of genetic algorithms are explained in the next chap-
ter, the HCCI combustion process is presented in more detail. Please reference the
information found in this chapter when reading the rest of this report.



Chapter 5

Search, Optimization and Genetic
Algorithms

Genetic algorithms (GAs) are search algorithms that emulate principles from evo-
lution and genetics. The direction of the search is based on survival of the fittest
solutions as well as random events. Genetic algorithms have stood out to be very
robust, thus making them suited for a wide array of problem solving. They have been
developed with two main principles in mind - to explain the adaptive processes of
natural systems, and to design software that is based on these principles. Over the
past 20-25 years the simplicity and power of genetic algorithms as a robust, adap-
tive system to provide solutions in multi-dimensional, complex problems have been
demonstrated (see Goldberg, 1989:116-129).

5.1 Different Approaches to Search and Optimiza-
tion

The traditional view of optimization is to find one or more superior solutions. That
means having a clear distinction between the actual process of searching and the
result itself. This is not an emphasis that is supported by natural processes. How
should we judge what is the best solution? And is this optimum really our goal? The
most important goal for complex systems should be improvement - we should work
to achieve better solutions knowing that we may never reach an optimal solution that
stands out from all others.

Standard, calculus-based search methods are comprised of either the direct or indirect
approach. The direct methods, or hillclimbers, evaluate local gradients of an objective
function, or to find the local optimum. Indirect methods are based on solving the set
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of equations obtained from imposing zero gradient on the objective function. One
of the major drawbacks of these methods is their inability to seek beyond a certain
neighborhood of the current point. Second, they rely upon the existence of derivatives
in every point. Real-world problems are on the other hand dominated by problems
that are seldom easily evaluated, much less have smooth derivatives.

Enumerative solvers utilize another approach: evaluate the objective function values
at every point within the search space. The obvious effort of computing the objective
function for every value of every parameter shows the obvious disadvantage of this
method for large, complex problems.

Random search on the other hand, walks through the search space blindfolded. No
heed is given to the local surroundings or the search history. This very simple principle
also has a major drawback in its lack of efficiency. Practical problems have many
parameters and often vast search space.

The genetic algorithm is a method that uses random choice as a factor in its highly
guided search of parameter space. They are stochastic search techniques based on
the principles of evolution. The built-in genetic mimicking gives the routine impor-
tant advantages in exploiting the history of the search as well as combining already
proven good results to produce stronger offspring. Sequential generations of popu-
lations of strings as the search evolves are based on the hope that each subsequent
population contains better solutions to the problem. Genetic operators work in a
domain-independent fashion without knowledge of the phenotypic interpretation of
the genes. Powell & Skolnick (1993) discusses non-linear constraints in engineering
systems and compares GAs with other optimization techniques.

Goldberg (1989:7) points out four differences when comparing genetic algorithms and
other search procedures:

1. GAs work with a coding of the parameter set, not the parameters themselves.
2. GAs search from a population of points, not a single point.

3. GAs use payoff (objective function) information, not derivatives or other aux-
iliary knowledge.

4. GAs use probabilistic transition rules, not deterministic rules.

Since the genetic algorithm is heavily based on nature and biology, a short overview
of terminology given in Table 5.1 is useful:
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Table 5.1: Comparison of biological and GA terminology. Modified from Goldberg
(1989:22).

Natural Meaning in Typical Genetic Algorithm
chromosome string

gene feature, character in string

allele feature value in string

locus string position

genotype structure

phenotype parameter set, condition that solution is subject to

5.2 The Layout of Genetic Algorithms

It is helpful to have an understanding of their building blocks to understand how
genetic algorithms work. Below these are presented.

First the encoding of parameters in a genetic algorithm is discussed, followed by a
short presentation of the population of solutions. The important concepts of fitness
and penalty are introduced. Then a series of genetic operators that allow the ge-
netic algorithm to propagate its search are shown. Some properties of selection and
convergence of the search are given. The last part of this section combines all these
previous parts by showing how they interact to form a genetic algorithm.

5.2.1 Encoding and Alphabets

Genetic algorithms work on strings representing the different parameters of the prob-
lem. FEach parameter must be coded to a finite length using an alphabet. Many
different encoding options can be chosen. Natural choices of alphabets may be bi-
nary, decimal or hexadecimal to represent numbers. A fundamental principle to take
into account when considering the popularity of binary encoding is given by Goldberg
(1989:80):

’[The user] should select the smallest alphabet that permits a
natural expression of the problem.’

Reeves (1993) points out that a binary coding allows for a rather small population
size to cover a large part of the alleles compared to other codings like decimal. Small
populations have a risk of under-covering the solution space and may lead to poor
solutions. Large populations on the other hand will require a much larger computa-
tional effort.
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Parameter Gene

representation

Figure 5.1: Conceptual image of a string with two twelve-digit binary sequentially
encoded parameters represented in a genetic algorithm.

Another important aspect of the encoding specifics is how strings are similar to one
another. More explicitly this applies to how the similarities between strings can
help in guiding the search forward. A subset of strings with similarities at certain
positions, called schema, is an important characteristic of the population.

One method of encoding the population would be to sequentially represent different
parameters for the problem in the genetic algorithm. This would create one long string
with numbers, for example binary digits, for each individual as shown in Figure (5.1).

5.2.2 The Population

Many genetic algorithms assume a constant population size during the entire search
procedure. This means that for every new solution (or offspring) produced, one
member of the original population must be removed through a selection procedure. As
previously pointed out a small population is desirable due to low computational cost.
This makes it important to have some criteria when selecting the initial members.
For example it is vital that there is diversity in the characteristics, or phenotype, of
the initial population. As many schemata as possible should be covered. Such criteria
are difficult to generalize and it is up to the user to ensure that this is fulfilled for
each problem. Reeves (1993) presents an analysis of how to run GAs with small
populations.

5.2.3 Fitness and the Penalty Function

Evaluation of the individuals in a generation is important when choosing candidates
for reproduction. The concept of cost or fitness of a solution or individual and the
use of penalty are important aspects when dealing with this topic.

One given problem may have many constraints and variables. For example when
optimizing some industrial process one wants to minimize the cost of input materials,
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power and labor, and at the same time maximize production and profit. When the
genetic algorithm is given the value of each of these parameters obtained by evaluating
each individual in the population it is possible to apply a penalty function to these
values. For this industrial process it may be that power is cheaper than the materials
used, such that an increase in power use is more desirable than using more materials.
The penalty for each parameter when it is not optimal is given by the corresponding
penalty function.

When the penalties for each individual are summed up, a rank and cost for each
can be found. The cost term is also used for other problems, the pollution from a
furnace can be assigned a cost when the different pollutants have been given a penalty
function.

An analysis of penalty functions can be found in Smith & Tate (1993).

5.2.4 Genetic Operators

The principle behind genetic algorithms is basically that of natural selection as set
forth by Darwin (1859). This is the driving force that directs the search into promising
areas and leaves behind what is less desirable.

Common ways of performing a reproduction or selection mechanism are for example
(Goldberg, 1989:121):

— Roulette Wheel or stochastic sampling with replacement selection is
based on determining selection probability according to the fitness value, or
cost. A model roulette wheel is used to display these probabilities, a high
fitness value gives a larger proportion of the wheel for that chromosome. The
wheel is ’spun’ the number of times equal to the population size, each time
picking a string representing a solution.

— Rank-based or stochastic tournament selection will draw two individuals
from the population using a roulette wheel and then enter the one with the
highest fitness into the new population.

Crossover is an important genetic operator. Several exist, such as (Kowalczyk, 1997):

— Uniform crossover works by selecting two individuals from the population
based on their ranking. The elements of these are randomly exchanged to
produce two new offspring.

— n-point crossover also selects two parents, picks n crossover points at random
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and exchanges the segments of the individuals bounded by these points.

Eshelman & Schaffer (1993) looks on the role of crossover in genetic algorithms.

Mutation adds another random element to the search. By randomly changing ele-
ments in the chromosomes based on a certain probability of change this mimics a
very important feature found in nature. This lets the search propagate much easier
into new domains.

One way of enhancing the search performance is the elite rank-based scheme. This
ensures that the n highest ranked chromosomes in the population are always carried
on to the next generation. All the remaining members are discarded in favor of the
new offspring. This method will in many cases lead to faster convergence, but may
also converge too quickly and end up in a local maximum or minimum. This can be
helped by a higher mutation rate.

The concept of niche has found its place in genetic algorithms. It is based on the
phenomenon found in nature that dictates that individuals in a neighborhood share
and compete for resources. This is implemented in genetic algorithms by reducing
the fitness value of individuals according to the population in their surroundings.

A simple genetic algorithm layout may consist of first a reproduction through the
Roulette Wheel method after a ranking process. Then these new individuals are sub-
ject to the crossover mechanism by randomly coupling two strings and performing a
uniform crossover. The last part would be running a mutation routine that randomly
flips the value of genes.

5.2.5 Selecting the Next Generation

After producing the new offspring it is time to get rid of some of the old members
of the population to ensure that the search propagates. Many strategies have been
presented, such as random deletion and rank-based deletion (deletion of the n lowest
ranked). Elite schemes are highly biased to remove the ones that are ranked lowest.
This can lead to loss of diversity. Some solution on how to propagate the search must
be found, and since no developed theory on this exists it is up to the individual user
to find a scheme that works for the problem at hand.

5.2.6 Convergence

The important Schema Theorem given by Goldberg (1989:33) states that as the al-
gorithm converges towards a good solution the number of individuals with optimal
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Perform Generation Step ~ Rank Individuals | Main GA level
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Initialize _ Trandate Strings to Evaluate Fitness GA Problem Class
Population Problem Parameters Dependent Routines
Calculate Problem Properties Problem Specific

Figure 5.2: The layout of a genetic algorithm program with the different levels of
operation.

schema increases. These individuals share a specific pattern of alleles, and this schema
is likely to survive into the next generation.

5.2.7 Genetic Algorithm Program Layout

A general view of the genetic algorithm layout is given in Figure 5.2. The top level of
GA operation consists of the routines for the genetic operators. These do their work
based on a rank given by the fitness of each population member. This fitness is based
on the parameter values obtained from the problem specific simulation. The simu-
lation subroutine is given its parameter values from the genetic algorithm through
a subroutine that decodes the strings in each new population. A decoding routine
will be specific for each class of problems. The walk through a genetic algorithm will
follow these steps: do a simulation for each individual based on its parameter values,
rank each individual based on fitness then make the next generation with the use of
genetic operators and so on until the algorithm is stopped.

5.3 Generalized Problems

It is necessary to express the problem in mathematical terms to use genetic algo-
rithms, and many real-world optimization problems can be formulated using the
following expressions (Goldberg, 1989:85):
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minimize  ¢(%)
subject to  h;(Z) >0 1=1,2,...n

where I is an m vector

If a penalty function is introduced into the above constrained problem, the following
unconstrained form is given as (Goldberg, 1989:85):

minimize ¢(Z) +r - Ef\il ®[hi(T)]

where ® is the penalty function
r is the penalty coefficient

Genetic algorithms have not yet reached the stage where they can attack any problem
and guide themselves towards a solution. It is the job of the user to fine-tune the dif-
ferent parameters to achieve a fast and accurate result. The choice of whether or not
to use features like niche and elitism, finding the best type of crossover-mechanisms
and the correct mutation rates and population size can only be discovered through
what accumulated experience together with trial-and error methods.



Chapter 6

The HCCI Engine

The internal combustion engine is by far the most popular engine used today. Al-
though the term also applies to open-circuit gas turbines, it is here used in conjunction
with the spark-ignition (SI) and compression-ignition (CI) piston engines. These en-
gines are found in cars, ships, power plants and other installations around the world.
ST and CI engines are presented in the following paragraphs. The HCCI engine is then
shown in comparison with these two, along with a presentation of the experimental
and simulation setup used.

6.1 Internal Combustion Engines

The SI engine is also referred to as the gasoline engine after its typical fuel, or the
Otto engine after its inventor. The CI engine is often referred to as the Diesel engine,
since the common fuel is also named after its inventor. Most common in vehicles is
the four-stroke engine shown in Figure 6.1. This operates with four strokes of the
piston, named the induction, compression, expansion (power) and exhaust strokes.
Good introductions to engine fundamentals can be found in Stone (1999), Lumley
(1999) and Heywood (1988).

Combustion (or heat addition) in an engine does not take place at constant volume
(ideal Otto cycle) or constant pressure (ideal Diesel cycle). The fundamental differ-
ence between the SI and CI ignition engine is the type of combustion that occurs,
namely that SI engines usually have premixed flames and CI engines usually have
non-premixed flames. The SI engine maintains a close-to-stoichiometric air-to-fuel
mixture to ensure ignition and subsequent flame propagation. The SI engine is also
throttled to control the power output. This results in poor part load fuel economy.
However it is superior to the CI engine at full load due to its better air utilization
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Figure 6.1: Greatly simplified model of four-stroke internal combustion engine
(Stone, 1999:2).

because of the homogeneous charge in the cylinder. CI engines with fuel injection
usually have stoichiometric conditions only at the flame front. The output of CI
engines can be controlled by varying the amount of fuel injected, leaving the air un-
throttled, thus giving it superior fuel economy at low loads. As for power-to-weight
ratio the SI engine running on gasoline comes out favorably.

6.1.1 Spark-Ignition Engines

Spark-ignition engines are mostly used in passenger cars. SI engines are based on
the principle of igniting a premixed charge with an electric spark. A flame front
propagates through the homogeneous mixture of fuel and air from the spark plug.
The combustion process is largely uncontrolled after ignition and is influenced by the
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turbulent mixing of hot products from behind the flame front with unburned mixture
(Smith et al., 1997). The flame front sets up high local temperatures due to its
intensity. This heterogenous combustion leads to the formation of NO,. The use of
the ignition timing, lean mixtures and exhaust gas recirculation (EGR) may reduce
these peak temperatures. The flame fails to reach into the crevices of the combustion
chamber due to quenching through heat loss to the walls. Thus, these crevices are
a source of unburned hydrocarbons in emissions. The flame propagation raises the
pressure and temperature ahead of the flame front at the end of the combustion event
so high that an auto-ignition process known as ’knock’ can occur. This explosive
self-ignition of the remaining air-fuel mixture ahead of the flame front is potentially
destructive to the engine. The two most important parameters for controlling knock
are found to be the compression ratio (CR) of the engine and the fuel composition
(octane number for gasoline) (Ryan & Callahan, 1996).

6.1.2 Compression-Ignition Engines

The compression ignition engine uses a combustion process that is controlled by
turbulent diffusion mixing. The injection of high-cetane fuel into hot, compressed
air at the end of the compression stroke results in self-ignition. The mixing rate of
fuel with air controls the rate of combustion since the chemical reaction rates are
faster than the mixing (Ryan & Callahan, 1996). In this type of combustion the
flame is stabilized between the fuel and air where the conditions are stoichiometric.
Temperatures found here are thus close to the adiabatic flame temperature. NO,
will form in hot, stoichiometric regions and soot will form at the rich parts of the
flame (Christensen et al., 1999). Attempting to reduce one of these emissions will
tend to increase the other due to their close dependency. For example, use of EGR
limits peak temperatures but increases soot since it reduces the amount of available
oxygen (Ryan & Callahan, 1996).

Fuels that are able to self-ignite easily (low octane) are used in this engine, opposite
to the high-octane fuels used in an SI engine. The cetane number of the fuel is
an important fuel parameter for the ignition delay after the start of fuel injection.
The heat release rate is controlled by the rate of fuel injection, fuel vaporization and
mixing (Smith et al., 1997).

As with the SI engine, the CI engine also suffers from having a non-uniform tem-
perature distribution through the combustion event. This means that while the bulk
temperature is low, very high peak temperatures are found in conjunction with the
flame fronts.
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6.1.3 The HCCI Mode of Operation

By using a lean homogeneous air-fuel mixture and igniting it spontaneously by com-
pression ignition, the combustion process does not depend upon flame propagation
but takes place homogeneously throughout the mixture (Amneus et al., 1998). This
mode of operation is called Homogeneous Charge Compression Ignition (HCCI). Since
there are no flame fronts or rich parts in this mixture, soot formation is suppressed.
Another advantage is that flame propagation is not a factor in the combustion pro-
cess. The combustion event is shorter than with SI or CI engines (Thring, 1989).
Turbulence is assumed to have little effect on HCCI combustion, but is very impor-
tant as a factor in determining temperature gradients and boundary layer thickness
in the cylinder (Aceves et al., 2000).

One of the major advantages of the HCCI engine is its good part-load performance
compared to the SI engine. The thermal efficiency of the HCCI engine approaches
that of the standard Diesel according to Thring (1989). It also runs on practically
any fuel by varying the compression ratio (Christensen et al., 1999).

The HCCI combustion event is a result of self-ignition throughout the air-fuel mixture.
An evenly distributed auto-ignition in the charge is dependent on high temperature
and high pressure. It has been difficult to control the HCCI process in many operating
conditions (Flowers et al., 2000). The engine is limited by the difficult ignition
process on one hand, and the possibility of severe knock or uncontrolled combustion
on the other. The explosiveness of the process can be mitigated by the use of EGR
(Christensen et al., 1998b and Au et al., 2001) or excess air (Christensen et al., 1997)
to control the heat release rate.

A major problem is the difficulty of controlling the combustion timing. SI engines
use a spark and CI engines inject fuel at the point when combustion is desired. HCCI
engines on the other hand must use more indirect control methods such as changing
exhaust gas recirculation, fuel equivalence ratio and inlet temperature.

Another important drawback aside from difficulties of controlling the process is the
high output of unburned hydrocarbons (Christensen et al., 1999). The low homo-
geneous combustion temperature of the HCCI engine prevents NO, formation, but
does not oxidize the fuel completely if the temperature drops too low at the end of the
combustion event. In addition, heat losses near the engine wall result in quenching,
further increasing emissions. Crevice volumes also contribute by trapping charge that
does not ignite (Aceves et al., 2000). With increased CR. the crevice volumes hold
even more mass, thus leading to higher HC emissions.

Other disadvantages with the HCCI concept are high peak pressures, high heat release
rates, reduced engine speed operating range, reduced power per displacement and
difficult starting of the engine (Aceves et al., 2000).
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The knock process in SI engines is virtually identical to the auto ignition in an HCCI
engine (Smith et al., 1997). However, HCCI engines may experience a severe knock
that may damage the engine when igniting much earlier than top dead center (TDC)
as this will result in very high pressure. Ryan & Callahan (1996:161) report that the
HCCI combustion must start less than 20 crank angle degrees before top dead center
to avoid misfires and severe knock for their test engine. Early start usually resulted
in knock, and misfires occurred if the combustion was initiated after TDC. Thring
(1989) reports that when running an HCCI engine very lean, it would not generate
enough power to overcome internal friction. However, the limiting factor was not
misfire or erratic burning since the engine operated steady and consistent even at
this setting.

A spectroscopic study of the HCCI combustion process by Noguchi et al. (1979)
shows that radicals appeared in a specific temporal sequence in contradiction to SI
engines where all radicals appear simultaneously, but spatially, distributed through
the flame front.

One possible concept can be to operate an engine very lean in HCCI mode when
running at light load, then switch to SI when full power is required. The engine
would start using spark ignition. A low-pressure fuel injection system can be used to
reduce the cost of engine (Thring, 1989). Information on the combustion process, thus
enabling engine control, could be found from pressure transducers in the cylinders.
This would require a high degree of maintenance since such equipment is not very
durable, and other sensor methods may prove to be more pragmatic.

It is important to notice that the low temperature in the cylinder results in very low
NO,, very low particulate emissions and high efficiency (Martinez-Frias et al., 1998).
The problem with unburned hydrocarbons can be removed by using a catalyst to
treat the exhaust gases.

Among the applications for HCCI engines that have been proposed, are hybrid electric
vehicles. The engine would run at near-constant conditions and would be ideal for
HCCI applications. Stationary power generation also presents opportunities for HCCI
engines because of its high efficiency and good emissions characteristics.

6.2 Well-Mixed Reactor Model

One way of modeling chemical reactions in an engine is by using a well-mixed reactor
model. As the name implies, this type of reactor is based on the principle of having
a perfectly mixed volume with uniform pressure, temperature and composition. This
does not take into account fluid mechanics effects, and is a strong simplification
in most cases. However, the effects of turbulent mixing for HCCI engines are not as
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Figure 6.2: Well-mixed reactor with multiple inlets and energy transfer to surround-
ings via radiation or convection.

strong as for SI or CI engines since the combustion event takes place in a homogeneous
mixture. A conceptual picture of a well-mixed reactor with multiple inlets can be
seen in Figure 6.2.

6.2.1 Well-Mixed Reactor Theory

The mass continuity equation based on (4.3) for a well-mixed reactor can be written
as:

— :me+§_:mi (6.1)

where N; is the number of inlets. Since the conditions within the reactor are uniform,
multiple exits can be summed up and represented with one exit stream.

The species concentration equation in (4.9) for a well-mixed reactor will be:

ay; 1 .
—£ = —Zmz(Ykz —Y) +

dt m 4

(6.2)

An energy balance based on (4.14) can be expressed as (Chen & Dibble, 1991 and
Kuo, 1986:204):

dj, 1 S N N
il mzmj [Z(hk,j — hi) Vi
p j=1

WehiMy  Quoss 1 dp
Cym Com  Cpymdt

(6.3)

k=1 k=1

where N is the number of species and S the number of streams.

The volume of the well-mixed reactor is given by the slider-crank formula (Heywood,
1988:43) for an engine:



6.2 Well-Mixed Reactor Model 30

V= Vc+%(lﬁLa—a-cos@%—(12—a2-8m2®)1/2) (6.4)

where B is the engine bore, [ is the connecting rod length, a is the crank radius, ©
is the crank angle and V, is the clearance volume.

The heat transfer to the walls from the gas can be found from (4.6) for a steady-flow
one-dimensional case (Heywood, 1988:670):

q = hc(T - Twall) (65)

where B is the cylinder bore taken as characteristic length and h, is the heat trans-
fer coefficient. Woschni’s correlation (Heywood, 1988:680) gives h. based on engine
parameters:

he = 3.26 B~ 02p0 8T =055y, (6.6)

where w is the average gas velocity in the cylinder, given as (Heywood, 1988:680):

VaT,

w = C’lSp + Cgprv,r

(p = Pm) (6.7)

where V, is displaced volume, 7., p, and V, are the working fluid temperature, pres-
sure and volume at the reference state (for example inlet conditions) respectively. S,
is the mean piston speed. The constants C; and Cy are dependent on the stroke the
engine is performing. p is the cylinder pressure found from the ideal gas law in (4.10).

The Indicated Mean Effective Pressure (IMEP) is defined as (Stone, 1999:32):

IMEP — indicated work output per cylinder per mechanical cycle

[bar]  (6.8)

swept volume per cylinder

In the simulations this is calculated by using (4.24), integrating the cylinder pressure
for each time-step in the compression and expansion strokes to get the work, then
dividing by the swept volume.
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Frictional Mean Effective Pressure (FMEP) is found from Heywood (1988:724), the
following expression for diesel engines is used:

_FA[E}’::750-1034—48-{53%-]“0-10_5 (6.9)

Pumping loss is found from an isentropic relation (Cengel & Boles, 1998:357):

<%)t1—4 (6.10)

where 1 and 2 reference the state of the surroundings and the cylinder charge at the
start of the compression cycle respectively. To get Pumping Mean Effective Pressure
(PMEP), the work in (6.10) is multiplied by the mass of the fresh charge in the
cylinder and divided by the swept volume.

RT
Wioss = u
v—1

Gross indicated efficiency is obtained from (Stone, 1999:34):

W,

=& 11
mf-CVf (6 )

Ngr

where C'V is the calorific value (lower heating value) of the fuel and W, is found
from (4.24) as is done in (6.8).

Net indicated efficiency is found from :

Wnet

_ 12
mf-CVf (6 )

Nnet =

where C'V is the calorific value (lower heating value) of the fuel and W, is found
by subtracting the pumping and friction pressure losses from the indicated mean
effective pressure and multiplying by the swept volume, see (6.8).

Indicated brake power is found by subtracting pumping losses and friction work from
the gross work.

Several different approaches to simulations of the HCCI engine have been explored.
The use of CFD-codes like KIVA with a simplified chemical kinetics model give more
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accurate results for the fluid dynamics on the engine cylinder, but have a shortcoming
when using a simplified model for chemistry due to computing intensity. A detailed
chemistry code without engine fluid dynamics is another approach to the modeling
problem.

Another method recently adapted has been to use a fluid dynamics code like KIVA to
simulate the engine cylinder until a given time before the piston reaches TDC in the
compression stroke. No combustion has occurred, and the results from this code are
used to initialize a multi-zone detailed chemical kinetics model. This then runs for
the remainder of the engine compression and expansion strokes. The advantages are a
more accurate initialization of the multi-zone model and much reduced computational
effort from doing a simulation with detailed chemical kinetics and fluid dynamics.
Aceves et al. (2000) have obtained very good results using this last technique.

6.2.2 Single Well-Mixed Reactor Model for Engine Simulation

Using a single well-mixed reactor to model the workings of an engine cylinder is a
rather crude simplification. Engine fluid dynamics and chemical kinetics are compli-
cated. A reactor model will disregard the fluid mechanics and temperature gradients,
greatly simplify the layout and heat transfer as well as only provide an estimate
for the chemical kinetics. However, it is computationally inexpensive compared to
performing a simulation with both detailed fluid dynamics and combustion.

The HCCI process has the fortunate characteristic of being relatively insensitive to
turbulence and mixing effects compared to a SI or CI engine (Aceves et al., 2000).
Chemistry is the controlling parameter (Amneus et al., 1998). This would lead to
hopes of achieving good results even with a simple model when using a detailed model
for chemistry. The single zone well-mixed reactor model assumes the combustion
chamber to have uniform temperature, pressure and composition. The homogeneous
nature of the HCCI engine makes this assumption easier to follow in engine simula-
tions. Mixing effects are neglected in this model. Temperature gradients inside the
cylinder are also impossible to account for with this model. This leads to under-
prediction of burn duration since an isothermal charge burns very rapidly (Aceves
et al., 1999), over-prediction of pressure and thus NO, and low accuracy in the pre-
diction of CO and HC (Martinez-Frias et al., 1998). The onset of combustion is
relatively well predicted since the entire charge ignites at approximately the same
time in an HCCI engine.

The well-mixed reactor WMR-model version 2.9 used was made by Professor Jyh-
Yuan Chen at the University of California at Berkeley. Using the DDASAC double
precision ordinary differential equation (ODE) solver and CHEMKIN-II software it
provides the means of doing simulations with detailed chemical kinetics. It has been
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modified for integration with the genetic algorithm in HCCI mode.

The engine cylinder is treated as a homogeneous reactor with variable volume. The
cylinder wall, piston and head are assumed to have a constant temperature. Necessary
data for friction, pumping work and IMEP is found from Section 6.2.1.

Simulations are started at BDC, where the charge of specified pressure, temperature
and composition is added to the cylinder. Step by step simulations with detailed
chemical kinetics using the variable volume WMR simulates the compression and
expansion strokes of the engine. Efficiencies and emissions are computed when the
piston again reaches BDC. All emission values are taken at BDC.

The use of EGR in the simulations require some extra attention. First, a run with
only fresh charge is calculated. The wanted percentage of this exhaust gas is then
mixed with the given fresh charge and another simulation is performed. This is
repeated until the resulting temperature, pressure and composition values are within
tolerance levels for two consecutive runs.

6.2.3 Multiple Well-Mixed Reactor Model for Engine Simula-
tion

A further enhancement of the single WMR model is a model consisting of several
well-mixed reactors. This enables more accurate modeling of the engine cylinder. For
example, one or more reactors can represent crevice volumes that do not ignite, giving
a more accurate prediction of C'O and unburned hydrocarbon emission. Allowing for
mass transfer between the reactors and heat transfer between the reactors and the
cylinder wall also gives the opportunity of having temperature and concentration
gradients within the cylinder. The price is a substantial increase in computing time.

This Thesis presents results obtained with the VVHS (Variable Volume High Step)
code by Dale Andreatta (Andreatta, 1995). It has been integrated with the genetic
algorithm code to perform simulations of the HCCI engine and uses the DVODE
double precision ODE-solver (Brown, Byrne & Hindmarsh, 1989). CHEMKIN-II
software is used to perform the chemical kinetics calculations.

The VVHS code has multiple reactors in line where each reactor exchanges mass
with its two neighbors, shown in Figure 6.3. This can be visualized in an engine as
multiple shells in layers in the engine cylinder.

For running this code in HCCI mode, mass transfer between the zones is set to zero.
This is on the assumption that compression heating is the dominant phenomenon
and that the chemistry time scale is much smaller than the mixing time scale because
of the fast combustion event. This is consistent with work by Aceves et al. (2000)
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Figure 6.3: Multiple well-mixed reactors with mass exchange between neighbors
and energy transfer to surroundings via radiation or convection.

and by Torres on the VVHS model (1997). Analysis by Aceves et al. (2000) suggests
that diffusion effects between zones are negligible.

The volume of each zone is not constant. The total volume changes with the slider-
crank formula in (6.4). The volume distribution between the zones changes due to
the need to have uniform pressure in the cylinder. This is done by adjusting zone
volume based on temperature, composition and mass.

Heat transfer is according to the Woschni relation in (6.6). Combustion in the core
zones have been found to be insensitive to heat transfer (Aceves et al., 2000).

6.2.4 The CHEMKIN Chemical Kinetics Package

To solve the chemical kinetics in the engine simulations CHEMKIN-IT has been uti-
lized. This software package developed at the Sandia National Laboratories in Cali-
fornia can be used to facilitate the formation, solution and interpretation of gas-phase
chemical kinetics (Kee, Rupley & Miller, 1989).

Two major components make up CHEMKIN: an interpreter that reads the user’s
chemical reaction mechanism to produce a data linking file, and a gas-phase subrou-
tine library. This library contains around 100 subroutines written in FORTRAN to
be called in the user’s program to provide information on thermodynamic properties,
production rates and equation of state.

The simulation code calls the CHEMKIN interpreter to provide the linking file on
startup. CHEMKIN subroutines read this data and provide information to set up
arrays containing temperature, mass and mass fractions. This is then sent to the
ODE-solver to perform one time step of the engine cycle. The output is run through
CHEMKIN subroutines to provide mole fractions and other useful output data. This
is repeated for each time step until the entire engine cycle has been completed.
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6.3 Experimental Setup

A VW TDI diesel engine has been modified to run in HCCI mode. The engine used
has the characteristics given in Table 6.1.

Table 6.1: Engine data for VW 1.9 liter TDI engine converted to HCCI mode.

Engine Parameter Value
Displacement 1.896 liter
No. of cylinders 4

Bore 79.5 mm
Stroke 95.5 mm
Connecting rod length 144.0 mm
Compression ration 19.5:1

A 18 kW, 3 element quartz heater heats the intake charge. The engine flywheel is
coupled to a torque transducer and a clutch/brake assembly. A 30 kW induction
motor operating at 1800 rpm serves as a driver or a load for the engine depending on
the operating conditions. The engine was modified to be naturally aspired. An EGR
line is installed between the intake and exhaust manifold, allowing for up to 65% by
mass of EGR to be fed back into the cylinders.

For data measurement four quartz pressure transducers are used. The transducers
are fitted in the ports for the high-pressure fuel system originally installed on the
engine. Signals are fed through a charge-amplifier with a 200 kHz low-pass filter and
drift compensation before being collected by a data acquisition system on a Windows
NT system. Pressure signals are recorded for every 0.1 crank angle degrees. The
crank angle is measured with a crank angle degree encoder. Airflow is measured with
a knife-edge orifice plate with a bore-to-pipe diameter of 0.426. Fuel flow is measured
with a mass flow controller. Emissions of unburned hydrocarbons, Oy, CO, CO, and
NO, are measured with an emissions analyzer.

For experiments the induction motor is used to bring the engine up to speed. The
intake air is preheated to the desired temperature. Fuel is then added into the
intake manifold until combustion occurs. From this point further adjustments in fuel
flow, intake temperature and EGR is performed. The experiments in this report use
propane or acetylene as fuel.



Chapter 7

Simulations and Experiments of the
HCCI Concept

The following results have been obtained using single-zone and multi-zone well-mixed
reactor codes coupled with a genetic algorithm. Engine experiments have been per-
formed with a VW 1.9 liter TDI engine modified to run in HCCI mode. Results
shown are for single-zone well-mixed reactor simulations unless noted.

After a brief explanation of the setup of the simulations an example pressure trace
is introduced. To validate the computer model an evaluation of simulation results
is shown and discussed. The performance of the genetic algorithm is presented with
a parameter optimization problem. A discussion of the NO, mechanisms in HCCI
combustion precedes a presentation of an introductory experiment with acetylene.

7.1 Simulation Setup

Each simulation run has its parameter setup listed in Appendix A. Two or three
parameters are studied while the other parameters are kept constant. Varying all
parameters at the same time is not an efficient use of computer resources. Only
one of the four engine cylinders is simulated. The engine characteristics of the VW
engine as given in Table 6.1 are used in the computer model. The fuel equivalence
ratio specified is for the fresh charge, not the mixed charge in the cylinder at the start
of the compression stroke when EGR is used. The EGR ratio is given as a fraction
of the total volume in the cylinder charge at BDC. Inlet temperature refers to the
temperature of both EGR and fresh charge. The engine wall temperature is assumed
constant at 430 K throughout the simulations. Each point in the following graphs
represents one simulation run with the HCCI model.
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The genetic algorithm setup uses shuffled binary encoding for the six parameters
inlet pressure and temperature, fuel equivalence ratio of the fresh charge, EGR rate,
engine speed and compression ratio. A population size of 5 solutions is used for 1000
generations. Uniform crossover at a rate of 0.5 and a mutation and creep mutation
rate of 0.04 is used. An elitism scheme is enabled.

The chemical mechanisms are listed in Appendix (B). The methane mechanism has
52 species and 323 reactions, and the propane mechanism has 55 species and 266
reactions.

7.2 Pressure Trace of Engine Cycle

The algorithm gives pressure data at each time step. It is then possible to compare
pressure traces for similar operating conditions with the actual engine. As shown in
Figure 7.1 the single-zone model over-predicts pressure by a substantial amount. This
is to be expected since a homogeneous charge with homogeneous temperature burns
all at once. This is one of the reasons that the pressure in the single-zone model
is over-predicted. Another reason may be that the heat transfer is not correctly
modeled.

Aceves et al. (2000) report 20% higher pressure in a single-zone model than in an
actual engine. The shape of the pressure trace for the single-zone simulation in Figure
7.1 is similar to that found in Aceves et al. (2000) and Amneus et al. (1998).

The pressure trace shown for the engine is averaged over 82 cycles. It is thus much
more smooth than would be found by looking at a single cycle, although HCCI
combustion has small cycle-to-cycle variations compared to an Sl-engine.

Also shown in Figure 7.1 are the results obtained with the multi-zone VVHS model
code. As can be seen the multi-zone model predicts pressure much better than the
single-zone model. This is due to the temperature gradients in the cylinder being
taken into account. Similar results have been shown by Aceves et al. (2000).

A 10-zone model was used. The mass distribution between the different zones was
based on work by Aceves et al. (2000), and is listed in Table A.6. This setup uses the
first five zones to account for crevice volumes and boundary layers. The heat transfer
from each zone was tuned so that only the inner five zones ignited, and the central
two zones had a minimum of heat transfer. This is a rather crude approach, and it
is probable that a much better result would come with the incorporation of results
from a detailed heat transfer analysis of the engine.

Differences in the pressure trace between the two models before the combustion event
can in part be due to the heat transfer model. Both use the Woschni correlation, but
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Figure 7.1: Comparable pressure traces from engine runs and simulations. Motoring
trace is shown for reference. Experiments are averaged over 82 cycles for one cylinder.
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the multi-zone model requires tuning of the heat transfer for each zone. The start of
combustion seems to be reasonably well predicted for both models.

7.3 Engine Parameter Effect on HCCI Combustion

Single-zone well-mixed reactor simulations have been performed to investigate the
effect of engine operating conditions on HCCI combustion.

Ignition timing in an HCCI engine is crucial to its operation. If the charge ignites
too early, high pressure and severe knock are the results. On the other end is the
possibility of misfires. Flowers et al. (2000) states that information on combustion
timing is necessary for closed loop control.

As shown in Figure 7.2 the ignition timing has a noticeable effect on the overall gross
engine efficiency when running with propane. Figure 7.3 shows the same results for
methane fuel. The ignition timing is found from the heat release rate.

These figures indicate that the HCCI process has a window of the highest efficiency
of about 5 CAD, from 5 to 10 degrees ATDC for propane, and slightly higher for
methane. Flowers et al. (2000) observed a similar trend of increased efficiency for
later combustion timing for their experiments. Their timing varied between 3 degrees
BTDC and 8 degrees ATDC for experiments with propane. Their simulations using
a single-zone model also show the same basic trends as given in Figure 7.2.

Heat transfer may be an important parameter in the ignition timing. Fiveland and
Assanis (2000) point out that the Woschni-model was developed for direct-injection
Diesel engines by fitting data to the correlation form. It is not necessarily valid
for premixed combustion, and they present results where the difference between a
Woschni correlation and a zero-dimensional k£ — € based heat transfer model (Assanis
and Heywood, 1986) is about 8 crank angle degrees in the ignition timing, a signif-
icant value. Thus the accurate modeling of engine heat transfer appears to be very
important.

Figure 7.4 shows that high maximum cycle pressure is not optimal. This is also shown
in Figure 7.2 where the efficiency is highest for combustion initiation after TDC. This
is due to lower peak pressure since the combustion event takes place in expanding
volume.

Early ignition will result in very high pressure as shown in Figure 7.5. The decrease
in peak pressure as combustion timing occurs later in the cycle is consistent with the
volume change in the cylinder. With combustion before TDC the peak temperature
occurs when the volume is very small, thus leading to higher pressure. Flowers et al.
(2000) also show the same overall trend in the results for experiments and single-zone
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Figure 7.2: Gross engine efficiency shown versus ignition timing. Curve-fit to data
shown. Engine parameters given in Table A.1.
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Figure 7.3: Gross engine efficiency shown versus ignition timing. Curve-fit to data
shown. Engine parameters given in Table A.3.
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Figure 7.4: Maximum pressure versus gross efficiency. Engine parameters given in
Table A.1.

modeling.

Burn duration in Figure 7.6 is found from one simulation to be between 6 and 18 CAD
depending on the maximum pressure in the cylinder and thus maximum temperature
and ignition timing. The duration is determined to be the time between 90% and
10% fuel remaining. This has previously been used with good results to measure
combustion duration (Christensen et al., 1998a).

More fuel added (higher fuel equivalence ratio) leads to higher pressure and tempera-
ture. More fuel gives shorter combustion duration since the overall chemical reactions
speed up. Lower temperatures, for example from lower intake temperature, leads to
longer combustion duration.

Most of the ignition results from the simulation were between 6 and 15 CAD. This
is somewhat lower than for the real engine, shown in Au et al. (2001) to be between
7 and 23 CAD depending on EGR rate. However since a single-zone model is used
the burn duration is expected to be under-predicted (Smith et al., 1997). This is due
to the isothermal charge simplification in this model. The overall combustion rate is
very dependent on fuel equivalence ratio, combustion temperature and combustion
timing (Christensen et al., 1999). Flowers et al.(2000) present experimental results
for propane ranging from 7 to 9 CAD. It seems from Figure 7.6 that the propane
mechanism used is quite accurate and gives good results for burn duration.
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Figure 7.5: Maximum pressure shown versus ignition timing. Parameter set in

Table A.1.

6 8 10 12 14 16 18
100 F= 7 T T 1T 1 71T 1T Tl T rTTrTrrrrrrrr—r1r100
] |
ofF - | E : <90
| 8 8 i
B : ! - ]
] - : ; ]
2 oL P 1
i 80 - . i g -] 80
= 8
% - F | ]
& 70F . : g - 70
1S - | ! g
> = i
£ wf | 60
— B ] o -
& Lol
50 |- . 50
40 IR R ENREE SRR R E‘ Ll i _—— 40
6 8 10 12 14 16 18

Burn Duration [CAD]

Figure 7.6: Maximum pressure versus burn duration. Engine parameters given in
Table A.2.



7.4 Parameter Optimization 43

4 2 0 2 4 6 8 10 12 14 16
:’11 LU I LA I L I LU I LA I L I LU I LA I L I LU l
435 —435
430 430
— 425 F N T 425
é. B ooy 1
(8] - L H ]
S 420 : - 420
= B ° 8 ]
Pl |
L 45) o 415
5 | i s ]
= 410} ii — 410
E N B8 7
c N g 8 ]
— 405 | — 405
400 | glsgggﬂgu — 400
B E E - n
395 |- i i : 395
7\ I el I Ll I Ll I el I Ll I Ll I LD Lﬂ\ 2 100 I 2l 2 \d LI [l
4 2 0 2 4 12 14 16

6 10
Ignition Timing ATDC [CAD]

Figure 7.7: Inlet temperature versus ignition timing. Fuel is propane. Engine
parameters given in Table A.2.

The considerable impact of inlet temperature on the ignition timing is shown in
Figure 7.7. Inlet temperature has been previously shown to be a controlling factor
for HCCI combustion. Amneus et al. (1998:567) state that HCCI combustion is
extremely dependent on initial temperature, much lesser on pressure, fuel-air ratio
and engine speed. Higher temperature results in earlier formation of radicals, thus
earlier combustion. This seems to be well represented in the performed simulations.

Figure 7.8 shows how the engine efficiency is not optimal at the point of maximum
brake power. This is consistent with the findings of Smith et al. (1997), and means
that the HCCI engine has considerable advantages over the SI engine at low loads.
Let it be noted that super-charging will improve the HCCI power output (Christensen
et al., 1998b).

7.4 Parameter Optimization

It is desirable to know how the genetic algorithm would perform when asked to
optimize the performance of the HCCI process. The penalty function was set as a
linear function of the indicated brake efficiency given in (6.12). It was presumed
that a simple penalty function would allow the genetic algorithm to search more
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Figure 7.8: Brake power versus gross engine efficiency. Engine parameters given in
Table A.1.

efficiently, although any number and combinations of engine parameters, emissions
and performance could be used.

The engine parameters used are listed in Table A.1. EGR rate and fuel equivalence
ratio was varied while all other parameters were kept constant. The results of the
optimization are given below.

7.4.1 Optimization Analysis

Ryan & Callahan (1996) show experiments that use EGR will initiate start of com-
bustion earlier. However, they state that this effect is primarily due to the higher
intake temperature that results from use of EGR. When the temperature of both the
EGR and fresh charge is kept constant, and the EGR and fresh charge fuel equiva-
lence ratios are varied, results in Figure 7.9 show that low EGR rates result in earlier
combustion. An EGR rate of 0.3 corresponds to 30% of the total charge by volume at
BDC being recycled exhaust gases. Also interesting is that an EGR rate of between
0.3 and 0.35 leads to the desired late combustion timing, although these values also
are found with early combustion timing. This is due to the combined effect of fuel
equivalence and EGR ratios.
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Figure 7.9: Rate of EGR versus ignition timing for single-zone model. Engine
parameters given in Table A.1.

Exhaust gas recirculation will raise the temperature of the charge entering the cylin-
der. This will reduce the need of pre-heating in an actual engine. Second it will
also dilute the charge in the cylinder. This results in lower peak temperature and
pressure. The residual gases in the cylinder and the EGR will change the fuel-air
ratio of the charge.

Figure 7.10 shows the simulation values of fuel equivalence ratio versus ignition tim-
ing. Flowers et al. (2000) show for experiments and multi-zone model experiments
that increasing the equivalence ratio results in earlier start of combustion, opposite
to what is shown in (7.10). By only varying the fuel equivalence ratio a similar result
as that found by Flowers et al. (2000) is obtained. The combined effects of the fuel
equivalence ratio and EGR result in this discrepancy.

Figure 7.11 shows that an EGR ratio between 0.3 and 0.35 is needed to get peak
efficiencies. It also appears from the simulation results that the fuel equivalence ratio
should approach the limit of the parameter range, in this case at least 0.7. Ryan &
Callahan (1996) also found in their experimental results with diesel fuel that a close-
to-stoichiometric fuel equivalence ratio for the fresh charge and EGR rates of 30-60%
produced acceptable power in HCCI mode. This choice of EGR and fuel equivalence
ratios are due to the penalty function. More fuel and less oxygen means that more
of the charge in the cylinder reacts and produces heat and thus work.
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Figure 7.10: Fuel equivalence ratio shown versus ignition timing. Parameter set in
Table A.1.

Figure 7.12 shows the three-dimensional map effects of the various EGR and fuel
equivalence ratios on gross efficiency. A two-dimensional rendering of the figure re-
moves much information, but it is shown to validate the optimal values for EGR and
fuel equivalence ratios given. When rotated in three dimensions the simulation points
appear spatially distributed, and an optimal region is easily identified.

Again, the heat transfer model may be introducing error into the results. The heat
losses will increase as more heat is released in the combustion. This will affect the
efficiency of the engine.

It is possible that a richer charge (e.g. a fuel equivalence ratio above 0.5) will lead to
severe knock in a real engine (Olsson et al., 2000) since the rate of combustion will
be high.

7.4.2 Performance of the Genetic Algorithm

The genetic algorithm performed a multi-parameter exploration of the HCCI com-
bustion. Figure 7.13 shows how the parameter for EGR rate is varied for the first 200
generations of the search for the simulation run given in Table A.1. It appears that a
close-to-optimal value is found within 30 generations, although one can observe the
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Figure 7.11: The impact of EGR on gross engine efficiency. Parameter set in Table
Al

random elements of the search exploring other possibilities as the search evolves.

Figure 7.14 shows how the engine gross efficiency changes with each generation. It
appears to quickly reach a high value.

Little work on the investigation of population size was made. However it is noted
that a population size of five individuals may give reasonable results with two or
three parameters, but is probably too small for more complex problems. The effects
of change in mutation parameters and other features like elitism were not investigated.

When running with more than three parameters the search had problems with sta-
bilizing on an optimal value for each parameter. The data from the simulations were
also very difficult to analyze since the complex interactions of the parameters made
it hard to discern any trends.

One of the powers of the genetic algorithm is multi-dimensional data that is gener-
ated. Figure 7.15 gives an example of a three dimensional visualization of two engine
parameters and their effects on the maximum cycle pressure. A three-dimensional
plane can be made out, and much of the search performed by the genetic algorithm
appears to be done for low temperatures. This type of information could be a powerful
tool in engine performance mapping.
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7.5 NO, Emissions

Previous work with single-zone models has pointed out the difficulty of predicting
HC and C'O emissions because of the lack of thermal gradients and no quenching or
boundary layers in the model. NO, emissions have been predicted with some success
(Flowers et al., 2000). However, with the pressure over-prediction in a single-zone
model NO, formation will be somewhat over-predicted as well. Analysis efforts were
put towards NQO, formation for the results at hand.

Reaction sensitivity data was taken from CHEMKIN and analyzed to find the con-
trolling steps in NO production in HCCI engines running on propane. The sensitivity
information identifies rate-limiting steps in complex reaction mechanisms, an intro-
duction to this can be found in Warnatz, Maas & Dibble (1999:91).

The engine parameters used can be found in Table A.5. The total output of NO,
was 8.3 ppm for this run, of which 96% was in the form of NO.

The sensitivity analysis performed for NO used the following normalized value for
each reaction ¢ in each time step:
-1
(7.1)
j=1..N

0X [ ( 0X
S; = - |mazx
where N is the number of reactions and k is the species, in this case NO.

ok; Ok

As seen in Figure 7.16 the most prominent reaction steps are those of the thermal
(Zeldovich) and nitrous oxide mechanism. The prompt mechanism is hardly active
at all. The burn duration was found to be 14 CAD (10-90% fuel burned) for this
simulation, a value that is well within the probable range for HCCI combustion.

The pressure and temperature is over-predicted in single-zone models as previously
discussed. It is therefore likely that the thermal mechanism for NO,, is over-predicted
as well.

With HCCI combustion the assumption is that temperature will be fairly uniform
in the combustion chamber due to the homogeneous combustion. The use of lean
mixtures means that the maximum temperature will be low compared to SI or CI
engines. The formation of NO, through the thermal mechanism is very temperature
sensitive as discussed in Section 4.11. The residence time at high temperatures is
also important, so a high inlet temperature will mean an increase in NO, formation.
This is due to the fact that the temperature at the start of the compression stroke
greatly influences the the ignition and thus the temperature after combustion. The
maximum temperature in HCCI combustion running at very lean fuel equivalence
ratios will probably approach the limit of thermal NO, production of approximately
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Figure 7.16: NO sensitivity analysis using propane as fuel. Engine parameters from
Table A.5.

1700 K (Warnatz, Maas & Dibble, 1999:240).

Figure 7.17 shows the dependency of NO, production on the maximum cycle tem-
perature for methane combustion. As expected for the thermal NO, pathway it rises
approximately exponentially with temperature.

The importance of the nitrous oxide pathway is also found by Nicol et al. (1995). The
low NO, of lean premixed combustion in gas turbines receives a significant value of
the total NO, formation from the nitrous oxide pathway. The very low significance
of the prompt NO, pathway may be due to the occurrence and timing of radicals
found in HCCI combustion.

It is important to notice that all results for HCCI combustion agree that very low
NO, is produced.

7.6 Investigation of HCCI Operation with Acetylene

The experimental investigation with acetylene in HCCI combustion was done with
the VW 1.9 liter engine. Compressed acetylene was added to the air stream at
equivalence ratios between 0.14 and 0.24. 10 different settings of inlet temperature
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Figure 7.17: NO, versus maximum temperature, logarithmic scale. Engine param-
eters from Table A.3.

and fuel equivalence ratio were used. As this was a preliminary investigation only
little fuel was added because of the extremely flammable nature of acetylene.

As can be seen in Figure 7.18 the pressure trace for acetylene combustion has a similar
but somewhat more gradual pressure rise after combustion than the one shown for
propane in Figure 7.1. Also notice the pressure fluctuations that appear after a 82
cycle averaging process has been performed.

The ignition timing for acetylene combustion was very early (before TDC), as can
be seen in Figure 7.19. Simulations indicate that combustion later than TDC will
be difficult to achieve without the use of EGR or other means. Experiments using a
lower intake temperature than the ones shown did not fire. It is possible that using
more fuel would make the engine fire even at lower intake temperatures, however that
was not investigated due to safety concerns with the explosive nature of acetylene.
The simulation results fit the experiments quite well.

As for propane and methane, ignition much before TDC with acetylene results in
low efficiency. This is shown in Figure 7.20. Notice the high efficiency obtained with
acetylene compared to propane or methane.

A three-dimensional picture of the acetylene combustion can be made using genetic
algorithms as seen in Figure 7.21.
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Chapter 8
Conclusions

1. From the simulation results with propane the NQO, emissions in HCCI com-
bustion, although very low, are found to be mainly caused by the thermal
(Zeldovich) and nitrous oxide mechanisms.

2. The use of a genetic algorithm with the single-zone model is successful in pre-
dicting important engine performance parameters in HCCI combustion.

3. The use of genetic algorithms provides valuable insight into HCCI combustion
through multi-parameter optimization. From the optimization data it appears
that running the HCCI engine with about 35% EGR and a fuel equivalence
ratio of about 0.7 gives very high gross engine efficiency.

4. Using the VVHS multi-zone model seems to provide more accurate simulation
results through improved pressure prediction and the inclusion of temperature
gradients. However, much work is left on this model in terms of the heat transfer
modeling.

5. Acetylene used for HCCI combustion resulted in early ignition (before TDC),
but high efficiency.
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Future Work

1. A more thorough analysis of engine heat transfer could provide the information
needed in tuning the heat transfer coefficients for the multi-zone model to the
particular engine being studied.

2. The results for the genetic algorithm parameter optimization of the HCCI com-
bustion process using the multi-zone model should be compared to results from
using the single-zone model.

3. The power of the genetic algorithm setup for engine simulations should be
explored further and hopefully provide more detailed knowledge of HCCI com-
bustion through the exploration of engine performance.

4. An analysis of the genetic algorithm efficiency looking at population size and
other parameters should be performed to improve the efficiency of the method.

5. Further investigations with acetylene should explore if later ignition could be
achieved with lower inlet temperature while increasing the fuel equivalence ratio.
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Appendix A

Simulation Parameters

This appendix contains the parameters used in the engine simulations.

A.1 Parameter Setup for Simulations

Table A.1: Engine parameters used in simulation run A.

Engine Parameter Value
Pressure at cylinder inlet 0.9 bar
Temperature at cylinder inlet 115°C
EGR rate 0.3-0.6
Fuel equivalence ratio 0.3-0.8
Engine speed 1800 rpm
Compression ratio 19.5:1
Fuel Propane

Table A.2: Engine parameters used in simulation run B.

Engine Parameter Value
Pressure at cylinder inlet 0.9 bar
Temperature at cylinder inlet 115 - 165°C
EGR rate 0.0

Fuel equivalence ratio 0.25 - 0.6
Engine speed 1800 rpm
Compression ratio 18.5 - 19.5:1

Fuel Propane
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Table A.3: Engine parameters used in simulation run C.

Engine Parameter Value
Pressure at cylinder inlet 0.9 - 1.5 bar
Temperature at cylinder inlet 115 - 165°C
EGR rate 0.0

Fuel equivalence ratio 0.25-0.6
Engine speed 1800 rpm
Compression ratio 19.5:1

Fuel Methane

Table A.4: Engine parameters used in simulation run D.

Engine Parameter Value
Pressure at cylinder inlet 0.91 bar
Temperature at cylinder inlet 60 - 160°C
EGR rate 0.0

Fuel equivalence ratio 0.05 - 0.35
Engine speed 1800 rpm
Compression ratio 19.5:1
Fuel Acetylene

Table A.5:

Engine parameters used in NO, sensitivity analysis.

Engine Parameter Value
Pressure at cylinder inlet 0.9 bar
Temperature at cylinder inlet 140°C
EGR rate 0.0

Fuel equivalence ratio 0.35
Engine speed 1800 rpm
Compression ratio 19.5:1
Fuel Propane

Table A.6: Mass distribution in multi-zone model. From Aceves et al. (2000). Zone

10 is the central zone.

Zone number

% of total mass in zone



Appendix B

Chemical Reaction Mechanisms

B.1 GRI-Mech 3.0 CH; Mechanism

GRI-Mech Version 3.0 3/12/99 CHEMKIN-II format

See README30 file at anonymous FTP site unix.sri.com, directory gri
WorldWideWeb home page http://www.me.berkeley.edu/gri_mech/ or
through http://www.gri.org , under ’Basic Research’,

for additional information, contacts, and dlsclalmer
ELEMENTS

0OHCN

END

SPECIES

H2 H 0 02 OH H20 HO2 H202

C CH CH2 CH2(S) CH3 CH4 CO CO02

HCO CH20 CH20H CH30 CH30H C2H C2H2 C2H3

C2H4 C2H5 C2H6 HCCO CH2CO0 HCCOH N NH

NH2 NH3 NNH NO NO2 N20 HNO CN

HCN H2CN HCNN HCNO HOCN HNCO NCO

C3H7 C3H8 CH2CHO CH3CHO N2

END

! THERMO

! Insert GRI-Mech thermodynamics here or use in default file
'END

REACTIONS

20+M<=>02+M 1.200E+17 -1.000 .

H2/ 2.40/ H20/15.40/ CH4/ 2. OO/ co/ 1.75/ €02/ 3.60/ C2H6/ 3.00/
0+H+M<=>0H+M 5.000E+17 -1.000 .00

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
0+H2<=>H+0H 3.870E+04 2.700 6260.00

0+H02<=>0H+02 2.000E+13 .000 .00

0+H202<=>0H+H02 9.630E+06 2.000 4000.00

0+CH<=>H+CO0 5.700E+13 .000 .00

0+CH2<=>H+HCO 8.000E+13 .000 .00

0+CH2(S)<=>H2+C0 1.500E+13 .000 .00

0+CH2(S)<=>H+HCO 1.500E+13 .000 .00

0+CH3<=>H+CH20 5.060E+13 .000 .00

0+CH4<=>0H+CH3 1.020E+09 1.500 8600.00

0+CO(+M)<=>C02(+M) 1.800E+10 .000 2385.00

LOW/ 6.020E+14 .000 3000.00/

H2/2.00/ 02/6.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/3.50/ C2H6/3.00/
0+HCO<=>0H+CO 3.000E+13 .000 .00

0+HCO0<=>H+C02 3.000E+13 .000 .00

0+CH20<=>0H+HCO 3.900E+13 .000 3540.00

0+CH20H<=>0H+CH20 1.000E+13 .000 .00

0+CH30<=>0H+CH20 1.000E+13 .000 .00

0+CH30H<=>0H+CH20H 3.880E+05 2.500 3100.00

0+CH30H<=>0H+CH30 1.300E+05 2.500 5000.00

0+C2H<=>CH+C0 5.000E+13 .000 .00

0+C2H2<=>H+HCCO 1.350E+07 2.000 1900.00

0+C2H2<=>0H+C2H 4.600E+19 -1.410 28950.00
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0+C2H2<=>C0+CH2 6.940E+06 2.000 1900.00
0+C2H3<=>H+CH2C0 3.000E+13 .000 .00
0+C2H4<=>CH3+HCO0 1.250E+07 1.830 220.00
0+C2H5<=>CH3+CH20 2.240E+13 .000 .00
0+C2H6<=>0H+C2H5 8.980E+07 1.920 5690.00
0+HCCO<=>H+2C0 1.000E+14 .000 .00
0+CH2C0<=>0H+HCCO 1.000E+13 .000 8000.00
0+CH2C0<=>CH2+C02 1.750E+12 .000 1350.00
02+C0<=>0+C02 2.500E+12 .000 47800.00
02+CH20<=>H02+HCO 1.000E+14 .000 40000.00
H+02+M<=>H02+M 2.800E+18 -.860 .00

02/ .00/ H20/ .00/ CO/ .75/ C02/1.50/ C2H6/1.50/ N2/

H+202<=>H02+02 2.080E+19 -1.240 .00
H+02+H20<=>H02+H20 11.26E+18 -.760 .00
H+02+N2<=>H02+N2 2.600E+19 -1.240 .00
H+02<=>0+0H 2.650E+16 -.6707 17041.00
2H+M<=>H2+M 1.000E+18 -1.000 .00

H2/ .00/ H20/ .00/ CH4/2.00/ C02/ .00/ C2H6/3.00/

2H+H2<=>2H2 9.000E+16 -.600 .00

2H+H20<=>H2+H20 6.000E+19 -1.250 .00
2H+C02<=>H2+C02 5.500E+20 -2.000 .00
H+0H+M<=>H20+M 2.200E+22 -2.000 .00

H2/ .73/ H20/3.65/ CH4/2.00/ C2H6/3.00/
H+H02<=>0+H20 3.970E+12 .000 671.00
H+H02<=>02+H2 4.480E+13 .000 1068.00
H+H02<=>20H 0.840E+14 .000 635.00
H+H202<=>H02+H2 1.210E+07 2.000 5200.00
H+H202<=>0H+H20 1.000E+13 .000 3600.00
H+CH<=>C+H2 1.650E+14 .000 .00
H+CH2(+M)<=>CH3(+M) 6.000E+14 .000 .00

LOW / 1.040E+26 -2.760 1600.00/

TROE/ .5620 91.00 5836.00 8552.00/

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C€02/2.00/
H+CH2(S)<=>CH+H2 3.000E+13 .000 .00
H+CH3(+M)<=>CH4(+M) 13.90E+15 -.534 536.00

LOW / 2.620E+33 -4.760 2440.00/

TROE/ .7830 74.00 2941.00 6964.00 /

H2/2.00/ H20/6.00/ CH4/3.00/ C0/1.50/ C02/2.00/
H+CH4<=>CH3+H2 6.600E+08 1.620 10840.00
H+HCO(+M)<=>CH20(+M) 1.090E+12 .480 -260.00
LOW / 2.470E+24 -2.570 425.00/

TROE/ .7824 271.00 2755.00 6570.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/
H+HCO<=>H2+C0 7.340E+13 .000 .00
H+CH20 (+M) <=>CH20H(+M) 5.400E+11 .454 3600.00
LOW / 1.270E+32 -4.820 6530.00/

TROE/ .7187 103.00 1291.00 4160.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/
H+CH20 (+M)<=>CH30(+M) 5.400E+11 .454 2600.00
LOW / 2.200E+30 -4.800 5560.00/

TROE/ .7580 94.00 1555.00 4200.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/
H+CH20<=>HCO+H2 5.740E+07 1.900 2742.00

H+CH20H (+M)<=>CH30H(+M) 1.055E+12 .500 86.00
LOW / 4.360E+31 -4.650 5080.00/

TROE/ .600 100.00 90000.0 10000.0 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/
H+CH20H<=>H2+CH20 2.000E+13 .000 .00
H+CH20H<=>0H+CH3 1.650E+11 .650 -284.00
H+CH20H<=>CH2(S)+H20 3.280E+13 -.090 610.00
H+CH30 (+M) <=>CH30H(+M) 2.430E+12 .515 50.00
LOW / 4.660E+41 -7.440 14080.0/

TROE/ .700 100.00 90000.0 10000.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/
H+CH30<=>H+CH20H 4.150E+07 1.630 1924.00
H+CH30<=>H2+CH20 2.000E+13 .000 .00
H+CH30<=>0H+CH3 1.500E+12 .500 -110.00
H+CH30<=>CH2(S)+H20 2.620E+14 -.230 1070.00
H+CH30H<=>CH20H+H2 1.700E+07 2.100 4870.00
H+CH30H<=>CH30+H2 4.200E+06 2.100 4870.00
H+C2H(+M)<=>C2H2(+M) 1.000E+17 -1.000 .00

LOW / 3.750E+33 -4.800 1900.00/

TROE/ .6464 132.00 1315.00 5566.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/
H+C2H2(+M) <=>C2H3(+M) 5.600E+12 .000 2400.00
LOW / 3.800E+40 -7.270 7220.00/

TROE/ .7507 98.50 1302.00 4167.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/
H+C2H3 (+M) <=>C2H4 (+M) 6.080E+12 .270 280.00
LOW / 1.400E+30 -3.860 3320.00/

TROE/ .7820 207.50 2663.00 6095.00 /

C2H6/3.

C2H6/3.

C2HB/3.

C2H6/3.

C2H6/3.

C2H6/3.

C2H6/3.

C2H6/3.

C2H6/3.

.00/

00/

00/

00/

00/

00/

00/

00/

00/

00/
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H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
H+C2H3<=>H2+C2H2 3.000E+13 .000 .00

H+C2H4 (+M)<=>C2H5(+M) 0.540E+12 .454 1820.00
LOW / 0.600E+42 -7.620 6970.00/

TROE/ .9753 210.00 984.00 4374.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
H+C2H4<=>C2H3+H2 1.325E+06 2.530 12240.00
H+C2H5 (+M) <=>C2H6 (+M) 5.210E+17 -.990 1580.00
LOW / 1.990E+41 -7.080 6685.00/

TROE/ .8422 125.00 2219.00 6882.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
H+C2H5<=>H2+C2H4 2.000E+12 .000 .00
H+C2H6<=>C2H5+H2 1.150E+08 1.900 7530.00
H+HCCO<=>CH2(S)+C0 1.000E+14 .000 .00
H+CH2C0<=>HCCO+H2 5.000E+13 .000 8000.00
H+CH2C0<=>CH3+C0 1.130E+13 .000 3428.00
H+HCCOH<=>H+CH2C0 1.000E+13 .000 .00
H2+C0(+M)<=>CH20(+M) 4.300E+07 1.500 79600.00
LOW / 5.070E+27 -3.420 84350.00/

TROE/ .9320 197.00 1540.00 10300.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
OH+H2<=>H+H20 2.160E+08 1.510 3430.00
20H(+M)<=>H202(+M) 7.400E+13 -.370 .00

LOW / 2.300E+18 -.900 -1700.00/

TROE/ .7346 94.00 1756.00 5182.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
20H<=>0+H20 3.570E+04 2.400 -2110.00
OH+H02<=>02+H20 1.450E+13 .000 -500.00
DUPLICATE

0H+H202<=>H02+H20 2.000E+12 .000 427.00
DUPLICATE

OH+H202<=>H02+H20 1.700E+18 .000 29410.00
DUPLICATE

OH+C<=>H+C0 5.000E+13 .000 .00

0H+CH<=>H+HCO 3.000E+13 .000 .00
0H+CH2<=>H+CH20 2.000E+13 .000 .00
OH+CH2<=>CH+H20 1.130E+07 2.000 3000.00
O0H+CH2(S)<=>H+CH20 3.000E+13 .000 .00

OH+CH3 (+M)<=>CH30H(+M) 2.790E+18 -1.430 1330.00
LOW / 4.000E+36 -5.920 3140.00/

TROE/ .4120 195.0 5900.00 6394.00/

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
0H+CH3<=>CH2+H20 5.600E+07 1.600 5420.00
OH+CH3<=>CH2(S)+H20 6.440E+17 -1.340 1417.00
0H+CH4<=>CH3+H20 1.000E+08 1.600 3120.00
OH+C0<=>H+C02 4.760E+07 1.228 70.00
OH+HCO<=>H20+C0 5.000E+13 .000 .00
0H+CH20<=>HCO0+H20 3.430E+09 1.180 -447.00
0OH+CH20H<=>H20+CH20 5.000E+12 .000 .00
0OH+CH30<=>H20+CH20 5.000E+12 .000 .00
0H+CH30H<=>CH20H+H20 1.440E+06 2.000 -840.00
OH+CH30H<=>CH30+H20 6.300E+06 2.000 1500.00
0H+C2H<=>H+HCCO 2.000E+13 .000 .00
0H+C2H2<=>H+CH2C0 2.180E-04 4.500 -1000.00
0H+C2H2<=>H+HCCOH 5.040E+05 2.300 13500.00
OH+C2H2<=>C2H+H20 3.370E+07 2.000 14000.00
0OH+C2H2<=>CH3+C0 4.830E-04 4.000 -2000.00
0H+C2H3<=>H20+C2H2 5.000E+12 .000 .00
OH+C2H4<=>C2H3+H20 3.600E+06 2.000 2500.00
0H+C2H6<=>C2H5+H20 3.540E+06 2.120 870.00
OH+CH2C0<=>HCCO+H20 7.500E+12 .000 2000.00
2H02<=>02+H202 1.300E+11 .000 -1630.00
DUPLICATE

2H02<=>02+H202 4.200E+14 .000 12000.00
DUPLICATE

HO02+CH2<=>0H+CH20 2.000E+13 .000 .00
HO2+CH3<=>02+CH4 1.000E+12 .000 .00
HO02+CH3<=>0H+CH30 3.780E+13 .000 .00
HO02+C0<=>0H+C02 1.500E+14 .000 23600.00
HO02+CH20<=>HCO0+H202 5.600E+06 2.000 12000.00
C+02<=>0+C0 5.800E+13 .000 576.00
C+CH2<=>H+C2H 5.000E+13 .000 .00
C+CH3<=>H+C2H2 5.000E+13 .000 .00
CH+02<=>0+HCO 6.710E+13 .000 .00
CH+H2<=>H+CH2 1.080E+14 .000 3110.00
CH+H20<=>H+CH20 5.710E+12 .000 -755.00
CH+CH2<=>H+C2H2 4.000E+13 .000 .00
CH+CH3<=>H+C2H3 3.000E+13 .000 .00
CH+CH4<=>H+C2H4 6.000E+13 .000 .00
CH+CO(+M)<=>HCCO(+M) 5.000E+13 .000 .00

LOW / 2.690E+28 -3.740 1936.00/
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TROE/ .5757 237.00 1652.00 5069.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
CH+C02<=>HCO0+C0 1.900E+14 .000 15792.00
CH+CH20<=>H+CH2C0 9.460E+13 .000 -515.00
CH+HCCO<=>C0+C2H2 5.000E+13 .000 .00
CH2+02=>0H+H+C0 5.000E+12 .000 1500.00
CH2+H2<=>H+CH3 5.000E+05 2.000 7230.00
2CH2<=>H2+C2H2 1.600E+15 .000 11944.00
CH2+CH3<=>H+C2H4 4.000E+13 .000 .00

CH2+CH4<=>2CH3 2.460E+06 2.000 8270.00
CH2+CO(+M)<=>CH2C0(+M) 8.100E+11 .500 4510.00

LOW / 2.690E+33 -5.110 7095.00/

TROE/ .5907 275.00 1226.00 5185.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
CH2+HCCO0<=>C2H3+C0 3.000E+13 .000 .00
CH2(S)+N2<=>CH2+N2 1.500E+13 .000 600.00
CH2(S)+02<=>H+0H+C0 2.800E+13 .000 .00
CH2(S)+02<=>C0+H20 1.200E+13 .000 .00
CH2(S)+H2<=>CH3+H 7.000E+13 .000 .00
CH2(S)+H20 (+M) <=>CH30H(+M) 4.820E+17 -1.160 1145.00
LOW / 1.880E+38 -6.360 5040.00/

TROE/ .6027 208.00 3922.00 10180.0 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
CH2(S) +H20<=>CH2+H20 3.000E+13 .000 .00
CH2(S)+CH3<=>H+C2H4 1.200E+13 .000 -570.00
CH2(S)+CH4<=>2CH3 1.600E+13 .000 -570.00
CH2(S)+C0<=>CH2+C0 9.000E+12 .000 .00
CH2(S)+C02<=>CH2+C02 7.000E+12 .000 .00
CH2(S8)+C02<=>C0+CH20 1.400E+13 .000 .00
CH2(S)+C2H6<=>CH3+C2H5 4.000E+13 .000 -550.00
CH3+02<=>0+CH30 3.560E+13 .000 30480.00
CH3+02<=>0H+CH20 2.310E+12 .000 20315.00
CH3+H202<=>H02+CH4 2.450E+04 2.470 5180.00
2CH3(+M)<=>C2H6(+M) 6.770E+16 -1.180 654.00

LOW / 3.400E+41 -7.030 2762.00/

TROE/ .6190 73.20 1180.00 9999.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
2CH3<=>H+C2H5 6.840E+12 .100 10600.00
CH3+HCO0<=>CH4+C0O 2.648E+13 .000 .00
CH3+CH20<=>HC0+CH4 3.320E+03 2.810 5860.00
CH3+CH30H<=>CH20H+CH4 3.000E+07 1.500 9940.00
CH3+CH30H<=>CH30+CH4 1.000E+07 1.500 9940.00
CH3+C2H4<=>C2H3+CH4 2.270E+05 2.000 9200.00
CH3+C2H6<=>C2H5+CH4 6.140E+06 1.740 10450.00
HCO+H20<=>H+C0+H20 1.500E+18 -1.000 17000.00
HCO+M<=>H+C0+M 1.870E+17 -1.000 17000.00

H2/2.00/ H20/ .00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
HC0+02<=>H02+C0 13.45E+12 .000 400.00
CH20H+02<=>H02+CH20 1.800E+13 .000 900.00
CH30+02<=>H02+CH20 4.280E-13 7.600 -3530.00
C2H+02<=>HC0+CO0 1.000E+13 .000 -755.00
C2H+H2<=>H+C2H2 5.680E+10 0.900 1993.00
C2H3+02<=>HCO+CH20 4.580E+16 -1.390 1015.00

C2H4 (+M) <=>H2+C2H2(+M) 8.000E+12 .440 86770.00

LOW / 1.580E+51 -9.300 97800.00/

TROE/ .7345 180.00 1035.00 5417.00 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
C2H5+02<=>H02+C2H4 8.400E+11 .000 3875.00
HCCO+02<=>0H+2C0 3.200E+12 .000 854.00
2HCC0<=>2C0+C2H2 1.000E+13 .000 .00

N+NO<=>N2+0 2.700E+13 .000 355.00

N+02<=>N0+0 9.000E+09 1.000 6500.00

N+0H<=>NO+H 3.360E+13 .000 385.00

N20+0<=>N2+02 1.400E+12 .000 10810.00

N20+0<=>2N0 2.900E+13 .000 23150.00

N20+H<=>N2+0H 3.870E+14 .000 18880.00
N20+0H<=>N2+H02 2.000E+12 .000 21060.00
N20(+M)<=>N2+0(+M) 7.910E+10 .000 56020.00

LOW / 6.370E+14 .000 56640.00/

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
HO2+N0<=>N02+0H 2.110E+12 .000 -480.00
NO+0+M<=>N02+M 1.060E+20 -1.410 .00

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
NO2+0<=>N0+02 3.900E+12 .000 -240.00

NO2+H<=>NO+0H 1.320E+14 .000 360.00

NH+0<=>NO+H 4.000E+13 .000 .00

NH+H<=>N+H2 3.200E+13 .000 330.00

NH+0H<=>HNQO+H 2.000E+13 .000 .00

NH+(0H<=>N+H20 2.000E+09 1.200 .00

NH+02<=>HN0+0 4.610E+05 2.000 6500.00

NH+02<=>NO0+0H 1.280E+06 1.500 100.00
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NH+N<=>N2+H 1.500E+13 .000 .00
NH+H20<=>HNO+H2 2.000E+13 .000 13850.00
NH+NO<=>N2+0H 2.160E+13 -.230 .00
NH+NO<=>N20+H 3.650E+14 -.450 .00
NH2+0<=>0H+NH 3.000E+12 .000 .00
NH2+0<=>H+HNO 3.900E+13 .000 .00
NH2+H<=>NH+H2 4.000E+13 .000 3650.00
NH2+0H<=>NH+H20 9.000E+07 1.500 -460.00
NNH<=>N2+H 3.300E+08 .000 .00
NNH+M<=>N2+H+M 1.300E+14 -.110 4980.00
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
NNH+02<=>H02+N2 5.000E+12 .000 .00
NNH+0<=>0H+N2 2.500E+13 .000 .00
NNH+0<=>NH+NO 7.000E+13 .000 .00
NNH+H<=>H2+N2 5.000E+13 .000 .00
NNH+0H<=>H20+N2 2.000E+13 .000 .00
NNH+CH3<=>CH4+N2 2.500E+13 .000 .00
H+NO+M<=>HNO+M 4.480E+19 -1.320 740.00
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
HNQO+0<=>N0+0H 2.500E+13 .000 .00
HNO+H<=>H2+NO 9.000E+11 .720 660.00
HNO+0H<=>NO+H20 1.300E+07 1.900 -950.00
HN0+02<=>H02+N0 1.000E+13 .000 13000.00
CN+0<=>CO+N 7.700E+13 .000 .00
CN+0H<=>NCO+H 4.000E+13 .000 .00
CN+H20<=>HCN+0H 8.000E+12 .000 7460.00
CN+02<=>NC0+0 6.140E+12 .000 -440.00
CN+H2<=>HCN+H 2.950E+05 2.450 2240.00
NCO+0<=>N0+C0 2.350E+13 .000 .00
NCO+H<=>NH+CO 5.400E+13 .000 .00
NCO+0H<=>NO+H+CO 0.250E+13 .000 .00
NCO+N<=>N2+C0O 2.000E+13 .000 .00
NC0+02<=>N0+C02 2.000E+12 .000 20000.00
NCO+M<=>N+C0+M 3.100E+14 .000 54050.00
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
NCO+NO<=>N20+C0 1.900E+17 -1.520 740.00
NCO+NO<=>N2+C02 3.800E+18 -2.000 800.00
HCN+M<=>H+CN+M 1.040E+29 -3.300 126600.00
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
HCN+0<=>NCO+H 2.030E+04 2.640 4980.00
HCN+0<=>NH+CO 5.070E+03 2.640 4980.00
HCN+0<=>CN+0H 3.910E+09 1.580 26600.00
HCN+0H<=>HOCN+H 1.100E+06 2.030 13370.00
HCN+0H<=>HNCO+H 4.400E+03 2.260 6400.00
HCN+0H<=>NH2+C0 1.600E+02 2.560 9000.00
H+HCN (+M)<=>H2CN(+M) 3.300E+13 .000 .00
LOW / 1.400E+26 -3.400 1900.00/

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
H2CN+N<=>N2+CH2 6.000E+13 .000 400.00
C+N2<=>CN+N 6.300E+13 .000 46020.00
CH+N2<=>HCN+N 3.120E+09 0.880 20130.00
CH+N2(+M)<=>HCNN(+M) 3.100E+12 .150 .00
LOW / 1.300E+25 -3.160 740.00/

TROE/ .6670 235.00 2117.00 4536.00 /
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
CH2+N2<=>HCN+NH 1.000E+13 .000 74000.00
CH2(S)+N2<=>NH+HCN 1.000E+11 .000 65000.00
C+NO<=>CN+0 1.900E+13 .000 .00
C+NO<=>C0+N 2.900E+13 .000 .00
CH+NO<=>HCN+0 4.100E+13 .000 .00
CH+NQO<=>H+NCO 1.620E+13 .000 .00
CH+NO<=>N+HCO 2.460E+13 .000 .00
CH2+N0O<=>H+HNCO 3.100E+17 -1.380 1270.00
CH2+NO<=>0H+HCN 2.900E+14 -.690 760.00
CH2+N0O<=>H+HCNO 3.800E+13 -.360 580.00
CH2(S)+N0O<=>H+HNCO 3.100E+17 -1.380 1270.00
CH2(S)+N0<=>0H+HCN 2.900E+14 -.690 760.00
CH2(S)+NO<=>H+HCNO 3.800E+13 -.360 580.00
CH3+N0<=>HCN+H20 9.600E+13 .000 28800.00
CH3+N0O<=>H2CN+0H 1.000E+12 .000 21750.00
HCNN+0<=>C0+H+N2 2.200E+13 .000 .00
HCNN+0<=>HCN+NO 2.000E+12 .000 .00
HCNN+02<=>0+HCO0+N2 1.200E+13 .000 .00
HCNN+QH<=>H+HCO+N2 1.200E+13 .000 .00
HCNN+H<=>CH2+N2 1.000E+14 .000 .00
HNCO+0<=>NH+C02 9.800E+07 1.410 8500.00
HNCO+0<=>HN0+CO 1.500E+08 1.570 44000.00
HNCO+0<=>NC0+0H 2.200E+06 2.110 11400.00
HNCO+H<=>NH2+C0 2.250E+07 1.700 3800.00
HNCO+H<=>H2+NCO 1.050E+05 2.500 13300.00
HNCO+0H<=>NCO+H20 3.300E+07 1.500 3600.00
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HNCO+0H<=>NH2+C02 3.300E+06 1.500 3600.00
HNCO+M<=>NH+CO+M 1.180E+16 .000 84720.00
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
HCNO+H<=>H+HNCO 2.100E+15 -.690 2850.00
HCNO+H<=>0H+HCN 2.700E+11 .180 2120.00
HCNO+H<=>NH2+C0 1.700E+14 -.750 2890.00
HOCN+H<=>H+HNCO 2.000E+07 2.000 2000.00
HCCO+NO<=>HCNO+CO 0.900E+13 .000 .00
CH3+N<=>H2CN+H 6.100E+14 -.310 290.00
CH3+N<=>HCN+H2 3.700E+12 .150 -90.00
NH3+H<=>NH2+H2 5.400E+05 2.400 9915.00
NH3+0H<=>NH2+H20 5.000E+07 1.600 955.00
NH3+0<=>NH2+0H 9.400E+06 1.940 6460.00
NH+C02<=>HN0+C0 1.000E+13 .000 14350.00
CN+N02<=>NC0+N0 6.160E+15 -0.752 345.00
NCO+N02<=>N20+C02 3.250E+12 .000 -705.00
N+C02<=>N0+C0 3.000E+12 .000 11300.00
0+CH3=>H+H2+C0 3.370E+13 .000 .00
0+C2H4<=>H+CH2CH0 6.700E+06 1.830 220.00
0+C2H5<=>H+CH3CHO 1.096E+14 .000 .00
OH+H02<=>02+H20 0.500E+16 .000 17330.00
DUPLICATE

OH+CH3=>H2+CH20 8.000E+09 .500 -1755.00
CH+H2(+M)<=>CH3(+M) 1.970E+12 .430 -370.00

LOW/ 4.820E+25 -2.80 590.0 /

TROE/ .578 122.0 2535.0 9365.0 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
CH2+02=>2H+C02 5.800E+12 .000 1500.00
CH2+02<=>0+CH20 2.400E+12 .000 1500.00
CH2+CH2=>2H+C2H2 2.000E+14 .000 10989.00
CH2(S)+H20=>H2+CH20 6.820E+10 .250 -935.00
C2H3+02<=>0+CH2CHO0 3.030E+11 .290 11.00
C2H3+02<=>H02+C2H2 1.337E+06 1.610 -384.00
0+CH3CHO<=>0H+CH2CHO 5.840E+12 .000 1808.00
0+CH3CHO=>0H+CH3+C0 5.840E+12 .000 1808.00
02+CH3CHO=>H02+CH3+C0 3.010E+13 .000 39150.00
H+CH3CHO<=>CH2CHO+H2 2.050E+09 1.160 2405.00
H+CH3CHO=>CH3+H2+C0 2.050E+09 1.160 2405.00
OH+CH3CHO=>CH3+H20+C0 2.343E+10 0.730 -1113.00
HO2+CH3CHO=>CH3+H202+C0 3.010E+12 .000 11923.00
CH3+CH3CHO=>CH3+CH4+C0 2.720E+06 1.770 5920.00
H+CH2C0 (+M) <=>CH2CHO(+M) 4.865E+11 0.422 -1755.00
LOW/ 1.012E+42 -7.63 3854.0/

TROE/ 0.465 201.0 1773.0 5333.0 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
0+CH2CHO=>H+CH2+C02 1.500E+14 .000 .00
02+CH2CHO=>0H+C0+CH20 1.810E+10 .000 .00
02+CH2CHO=>0H+2HCO 2.350E+10 .000 .00
H+CH2CHO<=>CH3+HCO 2.200E+13 .000 .00
H+CH2CHO<=>CH2C0+H2 1.100E+13 .000 .00
OH+CH2CHO<=>H20+CH2C0 1.200E+13 .000 .00
OH+CH2CHO<=>HCO+CH20H 3.010E+13 .000 .00
CH3+C2H5 (+M) <=>C3H8(+M) .9430E+13 .000 .00

LOW/ 2.710E+74 -16.82 13065.0 /

TROE/ .1527 291.0 2742.0 7748.0 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
0+C3H8<=>0H+C3H7 1.930E+05 2.680 3716.00
H+C3H8<=>C3H7+H2 1.320E+06 2.540 6756.00
OH+C3H8<=>C3H7+H20 3.160E+07 1.800 934.00
C3H7+H202<=>H02+C3H8 3.780E+02 2.720 1500.00
CH3+C3H8<=>C3H7+CH4 0.903E+00 3.650 7154.00
CH3+C2H4 (+M) <=>C3H7 (+M) 2.550E+06 1.600 5700.00
LOW/ 3.00E+63 -14.6 18170./

TROE/ .1894 277.0 8748.0 7891.0 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
0+C3H7<=>C2H5+CH20 9.640E+13 .000 .00

H+C3H7 (+M)<=>C3H8(+M) 3.613E+13 .000 .00

LOW/ 4.420E+61 -13.545 11357.0/

TROE/ .315 369.0 3285.0 6667.0 /

H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/
H+C3H7<=>CH3+C2H5 4.060E+06 2.190 890.00
OH+C3H7<=>C2H5+CH20H 2.410E+13 .000 .00
HO2+C3H7<=>02+C3H8 2.550E+10 0.255 -943.00
HO2+C3H7=>0H+C2H5+CH20 2.410E+13 .000 .00
CH3+C3H7<=>2C2H5 1.927E+13 -0.320 .00

END
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B.2 (C3Hg Mechanism

ELEMENTS H 0 N C END

SPECIES

H2 H 02 0 OH HO2 H202 H20 N

NH NH2 NH3 HNO NO N20 NO2 N2H N2H2

HCN CN NCO HNCO CO C02

CH CH2(S) CH2 CH3 CH4 C2H C2H2

C2H3 C2H4 C2H5 C2H6 C3H4 C3H5 C3H6 C3H8
C4H2 CHO CHCO CH20 CH30 CH20H CH30H

CH302 CH2C0 CH3CO CH2CHO CH3CHO CH302H
I*C3H7 N*C3H7 N2

END

REACTIONS caloriers/mole

'konvertiert von KJOULES/MOLE nach CAL/MOL
tAn ()E

! mol,cm3,sec cal/mol

! MECHANISM Ci, P = 3.0 1.0 0.0253 BAR, HIGH TEMP,

! PRINT = "3.1 CH Verbrauch"

CH+ 0=C¢C0+ H3.30E+13 0 0

CH + 02 = CHO + 0 3.00E+13 0 0

CH + C02 = CHO + CO 3.40E+12 0 693.1
CH + H20 = CH2 + OH 5.70E+12 0 -764.8

+M=C0+H+M7.10E+14 0 16801.7
CHO + H = CO + H2 9.00E+13 0 0
CHO + 0 = CO + OH 3.00E+13 0 0
CHO + 0 = CO2 + H 3.00E+13 0 0
CHO + OH = CO + H20 1.00E+14 0 O
CHO + 02 = CO + HO2 3.00E+12 0 O

CHO + CHO = CH20 + CO 3.00E+13 0 0O

CH2 + H = CH + H2 6.00E+12 0 -1792.5

CH2 + 0 => CO + H + H 8.43E+12 0 0

!CH2 + CH2 = C2H2 + H2 1.20E+13 0 812.6
CH2 + CH2 = C2H2 + H + H 1.10E+14 0 812.6
CH2 + CH3 = C2H4 + H 4.20E+13 0 0

CH2 + CO + OH + H 1.30E+13 0 1481.8
CH2 + C02 + H2 1.20E+13 0 1481.8

! PRINT = "3.3.b 1-CHy Bildung und Verbrauch"
CH2(S) + M = CH2 + M 1.20E+13 0 0

CH2(S) + 02 = CO + OH + H 3.10E+13 0 0

CH3 + H 7.20E+13 0 0

+ M =CHO + H+ M 5.00E+16 0 76480

+ H = CHO + H2 2.30E+10 1.05 3274.3

+ 0 = CHO + OH 4.15E+11 0.57 2772.4
CH20 + OH = CHO + H20 3.40E+09 1.2 -454.1

+ HO2 = CHO + H202 6.00E+08 0 0

+ CH3 = CHO + CH4 1.00E+11 0 6094.5

+ 02 = CHO + HO2 6.00E+13 0 40797.3

CH3 + M = CH2 + H + M 1.00E+16 0 90581
CH3 + H = CH2 + H2 6.00E+13 0 15057

CH3 + 0 = CH20 + H 8.43E+13 0 0

! e e e
! Warnix

! NEXT VALUE OBTAINED FROM KASSEL AT P = 3 BAR

! CH3 + H = CH4 4.59E+35 -6.7 9392.7

! NEXT VALUE OBTAINED FROM KASSEL AT P = 1 BAR

! CH3 + H = CH4 1.93E+36 -7 9082

! NEXT VALUE OBTAINED FROM KASSEL AT P = 0.0253 BAR
! CH3 + H = CH4 3.77E+35 -7.3 8604

! pressure dependent (Troe)
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! troe

CH3 + H (+M) = CH4 (+M) 2.11E+14 0 0
LOW /2.97E+09 -1.8 0/

TROE /0.577 2370.0 0.0 1.0/

1

éH3 + OH

=> CH30 + H 2.26E+14 0 15487.2
CH30 + H => CH3 + OH 4.75E+16 -0.1 21032
CH3 + 02 => CH20 + OH 3.30E+11 O 8938.6
CH3 + HO2 = CH30 + OH 1.80E+13 0 0
CH3 + HO2 = CH4 + 02 3.60E+12 0 0
CH3 + CH3 => C2H4 + H2 1.00E+16 0 32026
1 e e
! Warnix

! NEXT VALUE OBTAINED FROM KASSEL AT P = 3 BAR

! CH3 + CH3 = C2H6 1.32E+49 -11 18087.52

! NEXT VALUE OBTAINED FROM KASSEL AT P = 1 BAR

! CH3 + CH3 = C2H6 1.69E+b53 -12 19416.36

! NEXT VALUE OBTAINED FROM KASSEL AT P = 0.0253 BAR
! CH3 + CH3 = C2H6 3.23E+b58 -14 18591.81

! troe

CH3 + CH3 (+M) = C2H6 (+M) 3.61E+13 0 0
LOW /1.41E+28 -7 2762.84 /

TROE /0.38 73.0 0.62 1180.0/

1

! PRINT = "3.6 CH30 Bildung und Verbrauch"

CH30 + M = CH20 + H + M 5.00E+13 0 25095
CH30 + H = CH20 + H2 1.80E+13 0 0

CH30 + 02 = CH20 + HO2 4.00E+10 0 2127.1
CH20 + CH30 => CH30H + CHO 6.00E+11 0 3298.2

CH30H + CHO => CH20 + CH30 6.50E+09 0 13670.8
CH30 + 0 = 02 + CH3 1.10E+13 0 O
CH30 + 0 = OH + CH20 1.40E+12 0 0

! PRINT = "3.7 CHx0H Verbrauch"

CH20H + M
CH20H + H

CH20 + H + M 5.00E+13 0 25095
CH20 + H2 3.00E+13 0 0O

! PRINT = "3.8 CH302 Verbrauch"

| o
CH302 + M => CH3 + 02 + M 7.24E+16 0 26552.9
CH3 + 02 + M => CH302 + M 1.41E+16 0 -1099.4
CH302 + CH20 => CH302H + CHO 1.30E+11 0 9010.3
CH302H + CHO => CH302 + CH20 2.50E+10 0 10109.7
CH302 + CH3 => CH30 + CH30 3.80E+12 0 -1195
CH30 + CH30 => CH302 + CH3 2.00E+10 0 O

CH302 + HO2 => CH302H + 02 4.60E+10 0 -2605.1
CH302H + 02 => CH302 + HO2 3.00E+12 0 39028.7
CH302 + CH302 => CH20 + CH30H + 02 1.80E+12 0 0
CH20 + CH30H + 02 => CH302 + CH302 0.00E+00 0 0
CH302 + CH302 => CH30 + CH30 + 02 3.70E+12 0 2198.8
CH30 + CH30 + 02 => CH302 + CH302 0.00E+00 0 O
1

i PRINT = "3.9 CH4 Verbrauch"
1 e

CH4

+ H = H2 + CH3 1.30E+04 3 8030.4
CH4 + 0 = OH + CH3 6.92E+08 1.56 8484.5
CH4 + OH = H20 + CH3 1.60E+07 1.83 2772.4
CH4 + HO2 = H202 + CH3 1.10E+13 0 24640.9
CH4 + CH = C2H4 + H 3.00E+13 0 -406.3
CH4 + CH2 = CH3 + CH3 1.30E+13 0 9536.1

! PRINT = "3.10 CH30H Verbrauch"
| e

! DECOMPOSITION. VALUE KASSEL AT P = 0.0253 BAR.

CH30H = CH3 + OH 2.17E+24 -3.3 87952

CH30H + H = CH20H + H2 4.00E+13 0 6094.5

CH30H + 0 = CH20H + OH 1.00E+13 0O 4684.4

CH30H + OH = CH20H + H20 1.00E+13 O 1696.9
CH30H + HO2 => CH20H + H202 6.20E+12 0 19382.9
CH20H + H202 => HO2 + CH30H 1.00E+07 1.7 11448.1
CH30H + CH3 = CH4 + CH20H 9.00E+12 0 9822.9

CH30 + CH30H => CH20H + CH30H 2.00E+11 0 7002.7
CH20H + CH30H => CH30 + CH30H 2.20E+04 1.7 10850.6
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CH30H + CH20 => CH30 + CH30 1.53E+12 0 79634.8

! PRINT = "4.2 CHCO Verbrauch"

CHCO + H

= CH2 + CO 1.50E+14 0 O
CHCO + 0 => CO + CO + H 9.60E+13 0 0
CHCO + CH2 = C2H3 + CO 3.00E+13 0 O

C2H2 + M = C2H + H + M 3.60E+16 0 106594
C2H2 + H = C2H + H2 1.50E+14 0 19024.4
C2H2 + 0 = CH2 + CO 1.72E+04 2.8 501.9
C2H2 + 0 = CHCO + H 1.72E+04 2.8 501.9
C2H2 + OH = H20 + C2H 6.00E+13 0 12953.8

! C2H2 + C2H = C4H2 + H 3.00E+13 0 0
CH2 + CH2 = C2H2 + H2 5.20E+13 0 O
! C2H2 + 02 = CHCO + OH 2.00E+08 0 30114

CH2C0O + M = CH2 + CO + M 1.00E+16 0 59272
CH2C0 + H = CH3 + CO 4.20E+13 0 3847.9
CH2C0 + 0 = CHO + CHO 2.30E+12 0 693.1
CH2C0 + OH = CH20 + CHO 1.00E+13 0 O

! NEXT VALUE OBTAINED FROM KO/KINF CEE 3 BAR /3

! C2H3 = C2H2 + H 1.89E+42 -9.1 47704.4

! NEXT VALUE OBTAINED FROM KO/KINF CEE 1 BAR /3

! C2H3 = C2H2 + H 4.70E+40 -8.8 46485.5

! NEXT VALUE OBTAINED FROM KO/KINF CEE 0.0267 BAR
! C2H3 = C2H2 + H 9.40E+37 -8.5 45433.9

! pressure dependent (Troe)
VL _____

! troe

C2H3 (+M) = C2H2 + H (+M) 2.00E+14 0 39743.31
LOW /5.94E+27 -7.5 5762.29/

TROE /0.35 1.000E+98 0.0 999.99/

1

C2H3 + OH = C2H2 + H20 5.00E+13 0 O
C2H3 + H = C2H2 + H2 1.20E+13 0 0
C2H3 + 0 = C2H2 + OH 1.00E+13 0 0
C2H3 + 0 = CH3 + CO 1.00E+13 0 O
C2H3 + 0 = CHO + CH2 1.00E+13 0 0
C2H3 + 02 = C2H2 + HO2 5.40E+12 0 0O

! NEXT VALUE OBTAINED FROM KASSEL AT P = 3 BAR

! CH3CO = CH3 + CO 4.37E+27 -5.2 19335.1

! NEXT VALUE OBTAINED FROM KASSEL AT P = 1 BAR
CH3CO0 = CH3 + CO 2.32E+26 -5 17948.9

! NEXT VALUE OBTAINED FROM KASSEL AT P = 0.0253 BAR
! CH3CO = CH3 + CO 4.13E+23 -4.7 16371.5

CH3CO + H = CH2CO + H2 2.00E+13 0 O

! PRINT = "4.7 CyH4 Verbrauch"

C2H4 + M = C2H2 + H2 + M 2.50E+17 0 76432.2
C2H4 + M = C2H3 + H + M 1.70E+18 0 96556
C2H4 + H = C2H3 + H2 1.70E+15 0 15033.1
C2H4 + 0 = CH2CHO + H 5.20E+05 2.08 0

C2H4 + 0 = CHO + CH3 1.21E+06 2.08 0

C2H4 + OH = C2H3 + H20 6.50E+13 0 5951.1
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! PRINT = "4.8 CH3CHO Verbrauch"

CH3CHO

+ M = CH3 + CHO + M 7.00E+15 0 81929.2
CH3CHO + H = CH3CO +H2 2.10E+09 1.16 2413.9
CH3CHO + H = CH2CHO +H2 2.00E+09 1.16 2413.9
CH3CHO + 0 = CH3CO +0H 5.00E+12 0 1816.4
CH3CHO + 0 = CH2CHO +0H 8.00E+11 0 1816.4
CH3CHO + 02 = CH3CO +H02 4.00E+13 0 39267.7
CH3CHO + OH = CH3CO +H20 2.30E+10 0.73 -1123.3
CH3CHO + HO2 = CH3CO +H202 3.00E+12 0 11950
CH3CHO + CH2 = CH3CO +CH3 2.50E+12 0 3800.1

+ CH3 = CH3CO +CH4 2.00E-06 5.54 2461.7

' PRINT = "4.9 C2Hs Consumption"
S
! Warnix
Vel
! NEXT VALUE OBTAINED FROM KASSEL AT P
! C2H5 = C2H4 + H 6.09E+41 -8.6 54133.5
! NEXT VALUE OBTAINED FROM KASSEL AT P
! C2H5 = C2H4 + H 1.02E+43 -9.1 53583.8
! NEXT VALUE OBTAINED FROM KASSEL AT P
! C2H5 = C2H4 + H 2.65E+42 -9.5 50213.9
Vo ____

! pressure dependent (Golden und Larson)
V.
! golden 7?77 aber Eingabe in TROE 777
C2H5 (+M) = C2H4 + H (+M) 3.20E+13 0 39913
LOW /7.69E+02 0 -9799/

TROE /0.411 73.4 422.8/

C2H5 + H = CH3 + CH3 3.00E+13 0 0

C2H5 + 0 = CH3CHO + H 5.00E+13 0 0

C2H5 + 0 = CH20 + CH3 1.00E+13 0 O

C2H5 + 02 = C2H4 + HO2 1.10E+10 0 -1505.7
C2H5 + CH3 = C2H4 + CH4 2.80E+13 0 0

C2H5 + C2H5 = C2H4 + C2H6 1.40E+12 0 0O

C2H6 + H = C2H5 + H2 1.40E+09 1.5 7432.9

C2H6 + 0 = C2H5 + OH 1.00E+09 1.5 5831.6

C2H6 + OH = C2H5 + H20 7.20E+06 2 860.4

C2H6 + HO02 = C2H5 + H202 1.70E+13 0 20530.1

C2H6 + 02 = C2H5 + HO2 6.00E+13 0 51863

C2H6 + CH2 = C2H5 + CH3 2.20E+13 0 8675.7
+

C2H5 + CH4 1.50E-07 6 6070.6

! C3H3 + 0 = CO + C2H3 3.80E+13 0 0
! C3H3 + 02 = CHCO + CH20 6.00E+12 0 0

C3H4 + 0 = CH20 + C2H2 1.00E+12 0 O
C3H4 + 0 = CHO + C2H3 1.00E+12 0 O

C3H4 + OH = CH20 + C2H3 1.00E+12 0 0
C3H4 + OH = CHO + C2H4 1.00E+12 0 O

é3H5 = C3H4 + H 3.98E+13 0 70050.9
C3H5 + H = C3H4 + H2 1.00E+13 0 0

! PRINT = "5.5 C3Hg Bildung und Verbrauch"

C3H6 = C3H5 + H 1.00E+13 0 77914
C3H6 = C2H3 + CH3 3.1B5E+15 0 85801

H + C3H6 = C3H5 + H2 5.00E+12 0 1505.7
C3H6 + 0 = C2H4 + CH20 5.90E+13 0 5019
C3H6 + 0 = C2H5 + CHO 3.60E+12 0 O

C3H6 + 0 = CH3 + CH3CO 5.00E+12 0 597.5
C3H6 + OH = C2H5 + CH20 7.90E+12 0 0

OH + C3H6 = CH3 + CH3CHO 5.10E+12 0 0

C3H5 + H20 4.00E+12 0 O

[}
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CH3 + C3H6 = CH4 + C3H5 8.96E+12 0 8508.4

! PRINT = "5.6.a n-CgHy Verbrauch"

ﬁ*CSH? = CH3 + C2H4 9.60E+13 0 31022.2
N*C3H7 = H + C3H6 1.25E+14 0 37021.1
N*C3H7 + 02 = C3H6 + HO2 1.00E+12 0 4995.1

! PRINT = "5.6.b i-CgH7 Verbrauch"

i*CSH? = H + C3H6 6.30E+13 0 36925.5
I*C3H7 = CH3 + C2H4 2.00E+10 0 29516.5
I*C3H7 + 02 = C3H6 + HO2 1.00E+12 0 4995.1

! PRINT = "5.7 C3Hg Verbrauch"

COH5 + CH3 = C3H8 7.00E+12 0 0

H + C3H8 = H2 + I*C3H7 1.00E+14 0 8341.1
H + C3H8 = H2 + N*C3H7 1.30E+14 0 9703.4
C3H8 + 0 = I*C3H7 + OH 2.60E+13 0 4469.3
C3H8 + 0 = N*C3H7 + OH 3.00E+13 0 5759.9
C3H8 + OH = I*C3H7 + H20 2.80E+12 0 860.4
C3H8 + OH = N*C3H7 + H20 3.70E+12 0 1649.1

C3H8 + HO02 => I*C3H7 + H202 2.00E+12 0 17016.8
I*C3H7 + H202 => C3H8 + HO2 4.16E+11 0 7432.9
C3H8 + H02 => N*C3H7 + H202 1.70E+13 0 20482.3
N*C3H7 + H202 => C3H8 + H02 2.33E+12 0 9822.9
CH3 + C3H8 => CH4 + I*C3H7 1.30E+12 0 11615.4
CH4 + I*C3H7 => CH3 + C3H8 1.01E+13 0 18570.3
CH3 + C3H8 => CH4 + N*C3H7 4.00E+11 0 9512.2
CH4 + N*C3H7 => CH3 + C3H8 3.12E+12 0 16467.1
C3H8 + 02 => I*C3H7 + HO02 4.00E+13 0 47537.1
I*C3H7 + HO2 => C3H8 + 02 2.08E+12 0 0

C3H8 + 02 => N*C3H7 + HO02 4.00E+13 0 47537.1
N*C3H7 + HO2 => C3H8 + 02 2.08E+12 0 0

C3H8 + CH30 => N*C3H7 + CH30H 3.00E+11 O 7002.
N*C3H7 + CH30H => C3H8 + CH30 1.22E+10 O 9201.
C3H8 + CH30 => I*C3H7 + CH30H 3.00E+11 O 7002.
I*C3H7 + CH30H => C3H8 + CH30 1.22E+10 0 9201.
]

NN

YEND OF FILE
\ MECHANISM C0-C02, P = 3.0 1.0 0.0253 BAR, HIGH TEMP,
LIST OF SPECIES

M’ H20/6.5/ 02/0.4/ N2/0.4/ AR/0.35/ C0/0.75/ C02/1.5/
END
END OF THIRD BODY EFFICIENCY

1

i H = “H"

! 0 = IIUII

! OH = “OH"

! HO2 = "HO,"
102 = "0y"

1 co = "co"

! C02 = "COp"
! THIRD BODY EFFICIENCY
g

! H20 = 6.5

! 02=0.4

! N2 =0.4

! AR = 0.35

! C0 =0.75

! C02 = 1.5

1

1

1

OH = C02 + H 6.00E+06 1.5 -740.9

HO2 = CO2 + OH 1.50E+14 0 23589.3
0+ M=0C02 +M 7.10E+13 0 -4541

02 = C02 + 0 2.50E+12 0 47800

! PRINT

= "1. C3 Kinetik"
! PRINT = "1.1 Hy/02 Reaktionen"
1 e e
02 + H=0H + 0 2.00E+14 0 16801.7
H2 + 0 = OH + H 5.06E+04 2.67 6285.7
H2 + OH = H20 + H 1.00E+08 1.6 3298.2
OH + OH = H20 + 0 1.50E+09 1.14 100.38
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! PRINT = "1.2 HO2 Bildung und Verbrauch"
PP,

H+ 02+ M=H02 + M 2.30E+18 -0.8 0

HO2 + H = 0OH + OH 1.50E+14 0 1003.8
HO2 + H = H2 + 02 2.50E+13 0 693.1
HO2 + H = H20 + 0 3.00E+13 0 1720.8
HO2 + 0 = OH + 02 1.80E+13 0 -406.3
HO2 + OH = H20 + 02 6.00E+13 0 0

HO2 + HO2 = H202 + 02 2.50E+11 0 -1242.8
OH + OH + M = H202 + M 3.25E+22 -2 0
H202 + H = H2 + H02 1.70E+12 0 3752.3
H202 + H = H20 + OH 1.00E+13 0 3585

H202 + 0 = OH + HO2 2.80E+13 0 6405.2
H202 + OH = H20 + HO2 5.40E+12 0 1003.8

H+H+M=H2 + M 1.80E+18 -1 0
0+0+M=02+M2.90E+17 -1 0
H+0H+M=H20 + M 2.20E+22 -2 0

! 2
'END OF FILE

! PRINT = "6. NO MECHANISM" "
! e e e

11 PRINT = "6.0 NH3 Bildung aus Harnstoff"

H2 + H + M 9.20E+15 0 84797.2
NH3 + H H2 + H2 2.50E+13 0 17088.5
NH3 + OH = NH2 + H20 9.60E+12 0 7289.5

=N
=N

NH2 + H = NH + H2 6.00E+12 0 0

NH2 + 0 = NH + OH 6.30E+14 -0.5 0

NH2 + OH = NH3 + 0 2.00E+10 0.4 501.9
NH2 + NH2 = NH3 + NH 6.30E+12 0 9990.2
NH2 + HO2 = NH3 + 02 1.60E+13 0 O

NH + H=N + H2 1.00E+13 0 O

NH + 0 = N + OH 6.30E+11 0.5 7887
NH + OH = NO + H2 2.40E+13 0 0

NH + OH = N + H20 2.40E+13 0 0

NH + 02 = HNO + 0 3.80E+10 0 1529.6
NH + 02 = NO + OH 3.80E+10 0 1529.6

HNO + M = H + NO + M 8.60E+16 O 48708.2
H20/6.5/ 02/0.4/ N2/0.4/ €0/0.75/ €02/1.5/

HNO + H = NH + OH 2.00E+11 0.5 13001.6
HNO + H = NO + H2 4.80E+12 0 0

HNO + OH = NO + H20 3.60E+13 0 O

HNO + N = NO + NH 1.00E+13 0 1983.7
HNO + NH2 = NO + NH3 5.00E+13 0 1003.8

NO + NH => N2 + OH 4.30E+14 -0.5 0

NO + NH2 = N2 + H20 3.12E+11 0 -1290.6

NO + NH2 = N2 + H + OH 3.12E+11 0 -1290.6
NO + NH2 = N2H + OH 3.12E+11 0 -1290.6

! NO + CH3 = HCN + H20 5.00E+12 0 O

NO + CH3 => HCN + H20 1.20E+14 0 28966.8
NO + CH2 = HNCO + H 2.90E+12 0 -597.5

NO + CH = HCN + 0 1.10E+14 0 0O
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! PRINT = "6.8 CN Verbrauch"
1 e

CN + H2 = HCN + H 5.45E+11 0.7 4875.6
CN+0=¢C0+N 1.00E+13 0 0

CN + OH = NCO + H 3.00E+13 0 0

CN + OH = HCN + 0 3.00E+13 0 0

CN + 02 = NCO + 0 6.60E+12 0 -406.3

CN + H20 = HCN + OH 3.90E+12 0 7456.8
CN + H20 = HNCO + H 3.90E+12 0 7456.8
CN + CH4 = HCN + CH3 9.00E+12 0 1864.2

! PRINT = "6.9 HNCO Verbrauch"
'

! PRINT = "6.10 NCO Verbrauch"

NCO + M =N + CO + M 2.60E+15 O 46700.6
H20/6.5/ 02/0.4/ N2/0.4/ C0/0.75/ C02/1.5/
= NH + CO 5.20E+13 0 0
NCO + 0 = NO + CO 4.20E+13 0 0
= N2 + CO 2.00E+13 0 0

N2H + OH = N2 + H20 3.00E+13 0 0
NOH + M = N2 + H + M 2.00E+14 0 20004.3
N2H + NO = N2 + HNO 5.00E+13 0 0

i PRINT = "6.13 N20 Bildung und Verbrauch"
| o e 2

ﬁU + NH = N20 + H 2.40E+15 -0.8 0

NCO + NO = N20 + CO 1.00E+13 0 -391.96
N2H + 0 = N20 + H 1.00E+14 0 0

N20 + M =N2 + 0 + M 1.60E+14 0 51576.2
N20 + H = N2 + OH 7.60E+13 0 15198.01
N20 + OH = N2 + HO2 2.00E+12 0 9999.76
N20 + 0 = NO + NO 1.00E+14 0 28202

N20 + 0 = N2 + 02 1.00E+14 0 28202

N20 + CN = NCO + N2 1.00E+13 0 O

! PRINT = "6.14 NOp Bildung und Verbrauch"
! aus meth

U LU
! REF. SALIMIAN

N20 + NO = N2 + NO2 1.00E+14 0 49712

! REF. JOHNSON

NO + 0+ M=DN02 +M 2.75E+15 0 -1868.98
H20/6.5/ 02/0.4/ N2/0.4/ C0/0.75/ C02/1.5/
! REF. MILLER

! NO2 + M = NO + 0 + M 2.50E+16 0 65940.1

! H20/6.5/ 02/0.4/ N2/0.4/ C0/0.75/ C02/1.5/
! REF. HOWARD

NO + HO2 = NO2 + OH 2.11E+12 0 -478

! REF. CERNANSKY

NO2 + H = NO + OH 3.50E+14 0 1505.7

! REF. KOSHI

{END OF FILE
'Hi Wei-Chen,
1

!The problem is, that this mechanism has grown and was changed since it
'was first established, and now there are a couple of different mechanisms
!"on the market". But nobody has ever since published one of this new

!versions (as far as I know). So here’s how I usually reference the mechanism:

!The calculations were performed using a detailed reaction scheme for the
!C/H/N/0-system [13], which includes the most recent evaluated kinetic

! data of the CEC evaluation group [14]. The NO mechanism is taken from

! Bockhorn [15a,b], completed with the latest data for the
!"reburn-reaction" CH3 + NO -> HCN + H20 from Gardiner [16] and extended by
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!NO2 <-> NO reactions from Miller and Bowman [17]. The complete mechanism
!comprises 488 elementary reactions among 53 chemical species.
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