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An automated computational mechanism-generation technique is applied to construct elementary-
step chemical kinetic reaction models for the pyrolysis of methane at 1038 K and 0.58 atm.
Under these conditions, the pyrolysis process is extremely complex and exhibits autocatalysis.
The mechanism-generation approach constructs a detailed set of elementary reactions, retrieves
or estimates required reaction rates and thermochemistry, and constructs a kinetic model that
gives excellent agreement with experimental data for several species. Key to the success is a
newly developed capability of the algorithm to identify pressure-dependent chemically activated
reactions. A rate-based species-selection methodology is used to determine kinetically significant
species, and the algorithm is demonstrated to identify critical low-concentration byproducts.
Multistep chemically activated reactions involving the formation of cyclopentadiene and
subsequent hydrogen atom production are found to be important reactions, agreeing with previous
literature findings. The present work demonstrates that computer-generated kinetic models can
quantitatively predict experimental behavior for conditions where reaction rate constants and
thermochemistry are reasonably well established. Several topics are also presented that outline

areas of ongoing research.

Introduction

For about two decades, it has been recognized that
the process of constructing chemical Kinetic models
could be computationally automated and that this would
be extremely helpful in predicting or simulating the
complex free-radical chemistry of pyrolysis and combus-
tion. This ongoing research has been primarily moti-
vated by the fact that manually constructed mecha-
nisms are extremely time- and labor-intensive to develop
even for simple model fuels. This is not surprising given
the large number of species and reactions that can occur,
the requirement of accurate estimations of thermody-
namic properties and reaction rates, and the need to
determine which species and reaction pathways are
significant.

Several groups have developed kinetic-model-genera-
tion approaches' 1 and used them for a variety of
homogeneous gas-phase chemistry applications. Similar
work has also been used extensively and successfully
to model catalytic processes!! for complex feeds typical
of petroleum applications. Given the tremendous num-
ber of potentially important species and kinetic reac-
tions for representative fuel feeds, the increasing use
of computer-generated kinetic models will likely be
required if we are ever to model the elementary chemi-
cal reaction details of processes involving important
complex materials such as gasoline and jet fuel.

A major conceptual and algorithmic challenge in
applying computational kinetic modeling techniques is
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determining which chemical species and reactions should
be included in the Kinetic model. Clearly, this challenge
is analogous to the difficulties faced by the Kineticist
pursuing manual mechanism model development. It is
highly desirable to keep the model as small as possible
to speed computations and improve understanding.
However, it is far from clear how the computer should
determine whether particular species or reactions be-
long in the mechanism. Our rate-based selection algo-
rithm?2 appears to be a viable proposal for handling this
difficult problem. In the current work, we present an
application to methane pyrolysis, a difficult system with
extremely nonlinear multistep autocatalysis®® that pro-
vides a severe test of the robustness of the rate-based
algorithm.

Typical existing kinetic-model-construction algo-
rithms are based on a series of rules that describe
known elementary reaction steps, and structural algo-
rithms that identify and manage reactant and product
species. Given a generated reaction, the parameters
required to compute the reaction rate k(T) as a function
of temperature are needed. These are often expressed
in a modified Arrhenius form on the basis of experi-
mental data, quantum chemical calculations, or Evans—
Polanyi correlations.

For combustion chemistry applications, chemically
activated reactions often play a significant role in the
system reaction kinetics. Such reactions involve highly
energized nonthermalized species that undergo rapid
internal isomerization or dissociation before collisional
stabilization. The energized nonthermal intermediates
are sufficiently short-lived that these reactions appear
to be direct elementary reactions between the thermal-
ized species, but the chemical changes between reac-
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tants and products reflect the multistep nature of the
process. The typical approach of building the mechanism
computationally considers only classical single-step
high-pressure-limit elementary reactions and fails to
identify these important pathways, potentially leading
to significant errors. Because each of the energized
intermediate adducts involves a coupled system of
competing multistep isomerization and deactivation
pathways, the overall rate constants for the apparent
reactions exhibit complex pressure and temperature
dependencies. If the pressure dependence due to falloff
or chemical activation is known for a particular reaction,
k(T,P) can be given in one of several complicated forms.
For a computer algorithm to construct accurate kinetic
models, these chemically activated processes should be
included in the construction process. The availability
of accurate rate constant libraries and methods for
estimating unknown rate constants is critical and
remains the primary challenge in employing automated
mechanism-generation techniques. The current focus is
on demonstrating that one can construct pressure-
dependent reaction pathways using mechanism genera-
tion to capture the kinetics of autocatalytic systems.

To facilitate comparison with previous literature and
manually developed mechanisms, we have deliberately
used equivalent thermodynamic parameters of existing
analyses.1® The methane pyrolysis problem serves as a
good validation example case that, although apparently
simple, exhibits highly nonlinear and surprisingly com-
plex kinetics. Recent modeling'* has modified the re-
ported thermochemical properties of cyclopentadienyl,
which impacts the accepted understanding of pyrolysis
kinetics and reaction pathways. Using improved values
for the thermodynamic parameters and some of the rate
coefficients, important new reaction channels in meth-
ane pyrolysis have been identified.’®> In the current
work, we demonstrate an example for methane pyrolysis
where the omission of chemically activated pathways
leads to substantial disagreement with experimental
data. The results described should be viewed as a
validation of the approach used to construct mecha-
nisms rather than an attempt to validate a particular
mechanism. The current work is the first demonstration
of an automated mechanism approach constructing
chemically activated reaction pathways in the course
of the mechanism-generation process.

Computational Mechanism-Generation
Algorithm

The computational approach is a structure-based
method that represents molecular structures and chemi-
cal reactions using planar graphs and matrix manipula-
tion algorithms.®16.17 The industrial version of the code
known as XMG (ExxonMobil mechanism-generation
code)'®1? js used in the model development research.
This approach is based on previous work of Klein and
Broadbelt,®° and many of the core species identification
and manipulation routines are taken from this previous
work. The current version includes newly developed
algorithms for the construction of pressure-dependent
chemically activated reaction pathways, detailed ther-
modynamic reversibility and reaction rate consistency,
automatic character-based nomenclature, structural
string generation, and coupling with group additivity
thermochemistry estimation,?° as well as coupling with
advanced mechanism reduction techniques.?* Although
not the focus here, the code can also be used in stand-
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alone mode to explore and compute k(T,P) for individu-
ally specified pressure-dependent reaction channels.?223
The purpose of the current work is to incorporate the
pressure-dependent channel algorithm into the overall
mechanism-generation algorithm and to demonstrate
the importance of including chemical activation chan-
nels in the predictive capability of the algorithm.

Mathematical Representation of Species and
Chemically Activated Reactions. Existing Kinetic-
model-construction algorithms fail to accurately model
pressure-dependent chemically activated reactions. The
primary reason for this deficiency is that most chemi-
cally activated reactions consist of a series of elementary
steps that form a coupled system. The methyl radical
recombination reaction plays an important role in the
methane pyrolysis system and is an example of a
chemically activated approach where the initial reac-
tants form a unimolecular product with a single exit
channel. Matrix species representations and the method
of computing chemical reactions for this case are shown
in Figure 1. Further details can be found in the
literature®10 for high-pressure reactions. The following
discussion emphasizes the unique ability of the current
approach to consider chemically activated reactions. The
bond and electron (BE) matrix!® representation for
methyl radical is shown in the upper left-hand side
matrix in Figure 1. The atoms are arbitrarily numbered,
and each atom corresponds to a row and column of a
connectivity matrix. Atom connectivity is given by
nonzero entries equal to the bond order in the off-
diagonal locations of the matrix. Radicals include an
entry on the diagonal of the matrix element containing
the unpaired electron. The numbering for methyl radical
is shown above the matrix in the top left of Figure 1.
Different initial atom numberings result in different
matrices but identical bonding. The algorithms used to
determine unique string nomenclatures for each species
are built on canonical structures, and details can be
found in the literature.%16.17

Chemical reactions are performed by permuting en-
tries in the reactant matrix bonding. A list of possible
reaction families is maintained, and proposed reactants
are tested systematically to determine whether the
required atomic reactive sites exist for the given reaction
family. The key to the approach is the fact that chemical
reactions typically involve only a small number of
reactive atomic sites relative to the total number of
atoms in the reactants. A reaction matrix can be
represented compactly for large arbitrarily bonded
species and is a key advantage in performing compu-
tational reactions.

Returning to the chemically activated methyl radical
recombination reaction shown in Figure 1, in the upper
left corner, the two methyl radical matrices are com-
bined to form a single reactant matrix. Inspection of this
matrix indicates that the entries are such that the two
original distinct species are retained, with different
atom numbering. A query of the possible reaction
families indicates that radical recombination is a plau-
sible reaction for the initial reactant matrix. To perform
a chemical reaction, the participating atom sites are
collected in the upper left-hand corner of the matrix.
Matrix manipulation routines taken from Klein and
Broadbelt®1° are used to perform the required row and
column permutations. Each reaction family can be
assigned a concise matrix that will perform the required
connectivity changes to model the reaction. The reaction
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Figure 1. Matrix operations for the chemically activated recombination of methyl radical. A temporary reactant matrix is formed, and
several reaction matrices are applied to the unimolecular energized adduct. The product species are deconvolved from the final product
matrix to form the system of reactions. For this simple system, the energized adduct can either return to reactants, further react to
produce ethyl radical + H, or be collisionally stabilized. The overall reaction pathway structure is shown in the inset at left.

matrix for radical recombination is noted above the
reactant matrix in Figure 1.

To perform the reaction, the reaction matrix is added
to the upper left corner of the reactant matrix (ef-
fectively a padded matrix addition), and the resulting
matrix shown to the right indicates that the energized
ethane adduct C,Hg* has been formed from the recom-
bination. The species structure is noted by the algorithm
as energetically excited, and the algorithm proceeds to
explore for possible further isomerization or decomposi-
tion reactions. The possible reaction pathways are first
determined with no consideration of reaction rate
values. A search of the possible reaction families indi-
cates that this species can undergo scission of either the
carbon—carbon bond, or one of the six identical carbon—
hydrogen bonds. The reaction matrix for C—C bond
scission is shown above the adduct matrix in Figure 1,
and application of the matrix will result in a reverse
reaction to the original reactant matrices. The chemical
activation matrix is reorganized to collect a representa-
tive C—H site in the upper left corner of the matrix to
perform the C—H bond scission. This is shown in the
top right matrix of Figure 1. Application of the reaction
matrix forms the product matrix shown in the bottom
right of Figure 1, and the algorithm deconvolves the
product matrix into the product matrices ethyl radical
+ H. The final reaction pathway for the energized
adduct is that of collisional stabilization, which is an
identity matrix transformation to a stabilized product,
or CoHg" — C,He. The overall set of chemically activated
reaction pathways is summarized in the bottom left of
Figure 1. The set of overall apparent reactions involving
the thermalized species are then predicted to be CH3 +
CH3 = C2H6, CH3 + CH3 =H+ C2H5, and C2H6 =H+
CzHs. In the current approach, reaction rate constants
for the overall reactions in the system are determined
from a database of QRRK,?> RRKM, or experimental

reaction rate constants as functions of pressure and
temperature.

The previous example illustrates the systematic search
method used to identify all chemically activated reaction
pathways. The algorithm maintains a connected tree
structure of chemically activated adducts, and the tree
structure is developed on-line as the reaction mecha-
nism is constructed. When a unimolecular product is
formed from an entrance reaction, a series of proposed
subsequent unimolecular reactions is queried and con-
sidered. If determined to be possible, the reactions are
executed, analyzed, and stored in the developing tree
structure. If further unimolecular isomerization is real-
ized, then a new excited adduct is formed and is
recursively handled as an entry in the chemically
activated reaction system. A set of bimolecular products,
such as from a j3-scission reaction, form an exit channel
and are not considered further. The assumption is that
much of the chemical energy released in exothermic
reactions forming multiple products goes into the ex-
ternal rotational modes and the relative translation of
the products, so that the product species are not
themselves chemically activated. Once the entire system
has been explored and all possible energized adducts
have been formed, a complete set of overall apparent
reaction channels can be written.

An example considering a more complex multistep
chemical activation reaction is the radical addition
reaction of allyl to acetylene, which is illustrated in
Figure 2. As before, the initial reactant species are
combined to form a reactant matrix. The reaction matrix
contains three reactive atom sites: the radical site of
the attacking radical and the unsaturated carbon—
carbon bond. The addition reaction matrix is shown
above the reactant matrix and is applied to form a
carbon—carbon bond between the radical site and one
of the unsaturated acetylene carbons, reducing the order
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Figure 2. Matrix operations for the chemically activated radical addition of allyl to acetylene. The multistep chemically activated pathway
sequence of allyl + acetylene producing cyclopentadiene + H is shown. Numerous additional channels resulting from isomerization of the
intermediate energized adducts are not shown for brevity. The developing chemically activated pathway structures are used to generate
overall apparent reactions that are included in the mechanism-generation procedure.

of the bond and appropriately moving the radical site.
The product matrix to the right of the reactant matrix
in Figure 2 now contains the representation for the
energized product 1,4-pentadien-1-yl radical (the nota-
tion C=CCC=C*- is used where = represents a double
bond and - denotes the radical site). Under lower-
temperature and higher-pressure conditions, the colli-
sional stabilization of the initially formed adduct is
likely dominant, and the overall reaction would be C;H>
+ C=CC- = C=CCC=C-. This is the method used in
conventional mechanism-generation approaches. At lower
pressures and higher temperatures, however, isomer-
ization of the adduct can lead to a series of additional
reaction pathways before the radical is thermalized by
collisions with the bath gas. As before, the current
algorithm treats the formed adduct C=CCC=C*- as
energetically excited and then explores for further
isomerization or decomposition reactions.

A search of the reaction templates indicates that the
activated adduct can be collisionally quenched; decom-
pose to the initial reactants; isomerize through hydrogen
shifting; or form cyclic intermediates through intraradi-
cal addition, where the radical site can add to either
unsaturated carbon atom. Addition to the primary
carbon involves five atoms, the radical site and attached
carbon backbone terminating with an unsaturated bond,
as seen in the 1,5 intraradical addition matrix shown
at the top of Figure 2. Application of this reaction matrix
to the chemically activated matrix produces the ener-
gized cyclopenten-4-yl radical CY(C=CCC-C)*, shown
in the top right of Figure 2. This species is similarly
noted as an energized adduct, and the algorithm again
recursively explores for possible further isomerization

or decomposition reactions. This search reveals a viable
[-scission pathway, and the matrix is reorganized in the
lower right of Figure 2 to apply the given f-scission
reaction operator to the C—H site. The resulting product
matrix is shown to produce the bimolecular channel
cyclopentadiene CY(C=CCC=C) + H.

Numerous other coupled channels are computed and
included but not shown in Figure 2 for simplicity.
Hydrogen shift reactions from the C=CCC=C*- adduct
produce C=CC-C=C* and C=CCC-=C* as possible
intermediates, with vinyl radical C=C- and propadiene
(allene) C=C=C as examples of possible products.
Similarly, intraradical addition to the secondary unsat-
urated carbon forms cyclobutenylcarbinyl radical C-CY-
(CC=CC)*, a much less thermodynamically favorable
pathway relative to that shown in Figure 2. All of the
excited intermediate adducts can also be collisionally
stabilized and are included and stored in the coupled
system. It is important to note that the algorithm
captures all of the possible pathways and maintains
them in a connected tree structure for the estimation
of the reaction rate constants of the overall apparent
reactions.

Having identified the chemically activated reaction
channels for this system, we query available reaction
databases for reaction rate constant estimates of k(T,P),
as many of the kinetically important reactions for
methane pyrolysis have previously been compiled. In
the present work, we discard chemically activated
reactions whose reaction rate constants are unavailable
in the database. This implies that the pathways were
judged insignificant in the off-line manual QRRK analy-
ses used to compile the database. This approach can
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Table 1. Example Thermodynamic Predictions Obtained from the Group Additivity Estimation Procedure Coupled

Directly to the Mechanism-Generation Algorithm?

species Hf° Sfb Cp300 400 500 600 800 1000 1500
CcCccC —25.33 64.50 17.88 22.63 27.05 30.93 37.11 41.88 49.36 C3 H8
CCcC- 23.67 69.29 17.11 21.27 25.14 28.53 33.95 38.14 44.70 C3 H7
Ccc-C 21.02 70.31 16.38 20.30 23.95 27.54 33.36 37.43 44.16 C3 H7
Cccc —30.26 73.92 23.38 29.58 35.30 40.28 48.18 54.22 63.56 C4 H10
CC(C)C —32.50 70.43 23.11 29.52 35.37 40.42 48.37 54.36 63.92 C4 H10
C*CCC —-0.11 73.61 20.57 26.09 31.04 35.28 41.96 46.97 54.75 C4 H8
Ccc*CC —3.22 72.39 20.70 25.74 30.42 34.58 41.34 46.44 54.40 Cc4 H8
C*CcC-C 33.39 69.80 19.03 24.27 28.96 32.96 39.21 43.83 50.90 C4 H7
C*CCcC- 48.89 78.40 19.80 24.73 29.13 32.88 38.80 43.23 50.09 C4 H7
C*CC(C)C —6.53 80.34 25.80 32.98 39.46 44.77 53.22 59.45 69.25 C5 H10
C*CC-(C)C 24.77 76.65 24.01 30.60 36.72 41.80 49.94 55.90 65.18 C5 H9
CY(CCCCC) —18.74 70.00 19.93 28.24 35.86 42.32 52.29 59.48 70.25 C5 H10
CY(C*CCCCQC) 7.82 70.62 19.56 26.79 33.22 38.57 46.73 52.57 61.31 C5 H8
CY(C*CC*CC) 31.26 66.87 18.14 24.69 30.22 34.66 41.21 45.78 52.56 C5 H6

aData used to compute NASA coefficients for determining required temperature-dependent thermodynamic properties. Group
contribution values are taken from the NJIT Database?* of Bozzelli et al. P Units: enthalpy, kcal/mol; entropy, cal/mol/K; specific heat,

cal/mol/K.

work effectively when the database contains accurate
estimates of the important reactions, but it relies on the
accuracy of the database systems to ensure that missing
channels are unimportant.

It would certainly be better if the k(T,P) values could
be estimated during the mechanism-construction pro-
cedure. Our ongoing research is focused on directly
coupling a k(T,P) estimation procedure into the model-
construction algorithm® and will allow us to test the
reliability of the current procedure. For larger chemi-
cally activated adducts, an enormous number of isomer-
izations are possible, making it impractical to directly
and accurately compute all of the k(T,P) reaction rates.
To enable this, we have constructed a numerical screen-
ing procedure to avoid including isomers and reactions
that are negligible under the conditions of interest?? and
a criterion for determining whether k(T,P) will differ
significantly from k.(T) for a reaction through a large
adduct without requiring the full k(T,P) calculation.
These techniques will serve as effective screening
methods to enable the computation of large chemically
activated systems.

Estimation of Thermochemistry. Accurate esti-
mations of the enthalpy and entropy are critical in
obtaining accurate reaction rates estimates, obtain
proper energy balances, and ensuring reaction micro-
scopic reversibility. From a computational perspective,
this accuracy is especially important because it elimi-
nates the need for reaction rate estimate rules in both
reaction directions, thus simplifying the approach. For
reactions written identically in both directions (such as
abstractions), a preferred reaction direction is specified
on the basis of exothermicity.

The computational mechanism-generation procedure
provides challenges in that the number of species
considered can be large and the structure of the product
species cannot be determined ahead of time and might
be complex. A fast and reasonably accurate estimation
procedure is required for those species that cannot be
located in appropriate literature database libraries. This
is accomplished through coupling with an automated
group additivity approach to estimate thermochemical
and physical properties of molecules and radicals.2024
The approach utilizes a large existing database of group
contributions?* required for the accurate estimation of
radicals critical to combustion chemistry applications.
Representative examples of the thermodynamic data
utilized by the mechanism-generation procedure are

shown in Table 1. The additivity approach makes
estimates of the heat and entropy of formation and the
heat capacity at several discrete temperatures for use
with reaction rate constant estimation rules described
below. The calculation of reduced frequencies for use
with QRRK?® analyses is also automatically performed.
Estimation of Reaction Rates k«(T). The Kinetic-
model-construction process depends on the ability to
identify kinetically significant reactions for the condi-
tions of interest and to estimate their high-pressure-
limit rate constants k.(T). Reaction-identification and
rate-estimation rules of different levels of complexity
have been included for a wide variety of reaction
families important in hydrocarbon pyrolysis and oxida-
tion systems. Important reaction families include inter-
and intramolecular abstraction, intramolecular addi-
tion, recombination/dissociation, and addition/s-scission.
Rate estimates for several dozen of these reaction
families have been detailed in recent publications.?6-32
Newly developed rate-estimation rules that are used
in the current approach incorporate substantial material
from the literature and include a significant amount of
structural detail in assembling the hierarchy of rules
for reactant rate constant estimation. This information
includes examples such as the bond type and location
within the species, the effect of resonant stabilization
and bond strength, the number and effect of rotor losses
on reaction intermediates, and ring-strain in the transi-
tion state. The rate constant rules include special
estimation rules for reactions involving unique radical
species such as H, O, OH, CHj3, etc. Reactions that have
been studied with great detail and have experimental
or ab initio modeling estimates available can be re-
trieved from a reaction rate constant archive.
Automatic Generation of Species Nomenclature.
As shown earlier in Figures 1 and 2, the molecular
structure is represented as a connected graph and
decomposed iteratively into unique substituents that
can be reconstructed systematically to generate a unique
lexigraphical and parenthetical string nomenclature
used to identify species uniquely.® Simple examples of
unique molecular strings include C(H3)C(Hs) for ethane,
C[C(H2)C(H3)H] for propene, and C(H)C(H)C(H)C(H)C-
(H2) for 1,3-cyclopentadiene. Although such strings
serve the critical purpose of identifying species uniquely,
this nomenclature is extremely burdensome for the
kinetic modeler to interpret manually. To address this
problem, we have developed an automated species
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C2H5 + C2H5 => CCCC
CCCC => C2H5 + C2H5
CCCC=>CCC.C+H
CCCC =>CCCC.+H

=CC + C2H3 => C=CC. + C2H4
C=CC + CH4 => CCC. + CH3
C=CC + CH4 =>CC.C + CH3
C2H4 + C=CC => C2H5 + C.=CC
C2H4 + C=CC => C2H5 + C=C.C
C2H4 + C=CC => C2H5 + C=CC.
CCC.C=>C=CC + CH3
CCC.C=>C=CCC+H
CCC.C + CH3 => C=CCC + CH4
CCC.C +H=>C=CCC + H2

Figure 3. Representative output of generated elementary reactions and overall apparent chemically activated reactions from the automated
chemical reaction generation algorithm. Internal matrix representations of species are translated into readable string nomenclature.
Simple common species names such as methane or hydrogen are taken from a database. Other more complex species are named using a

newly developed species-nomenclature-generation algorithm.

nomenclature generator based on the convention of
Bozzelli?* that parses arbitrary species into readable
strings. Our computer-generated nomenclature gives
CC, CC=C, and CY(C=CC=CC) for ethane, propene,
and cyclopentadiene, respectively. We maintain a check
that prevents two isomers from being assigned the same
user-readable name. Common species names are used
if defined in a database, such as the nomenclature C;Hg
and C;Hs for ethane and ethyl radical, respectively. A
short list of representative reactions is given in Figure
3, illustrating the format of the elementary reactions
generated and output of the approach, and highlights
the relative ease by which the reactions can be inter-
preted for use with manual mechanism-construction
efforts. It is our experience that the capability to
construct and output a detailed, human-readable mech-
anism transparent to differences between manual and
automated construction is a key modeling capability and
can be used as a powerful modeling tool.

Species Selection and Model Construction. A
challenging aspect of kinetic model construction is
devising species-selection and model-generation algo-
rithms that capture important species and reactions but
that avoid including unnecessary species or reactions.
In the current work, the model is constructed iteratively,
using a modified version of the rate-based algorithm.1?
Kinetically significant species (called “reacted”) appear
as reactants and products in the model, and “unreacted”
species appear only as products. To construct the
mechanism, the algorithm selects the species from the
unreacted species pool that has the largest kinetic
production rate. The algorithm then generates all pos-
sible reactions of the species with itself and with
previous reacted species, increasing the reaction model
size and adding any new unknown species to the
unreacted species pool. For each single-product reaction,
the algorithm is extended as described previously to
treat that reaction as chemically activated, and so it
undergoes an arbitrary series of unimolecular isomer-
ization reactions, terminated either by collisional quench-
ing or by the production of exit products. Once all
reactions are found, the original reactant species is then
redesignated a reacted species. The new larger reaction
scheme is solved, and the resulting temporal species

concentrations are used to repeat the entire process
until all of the remaining unreacted species are formed
at rates below user-specified tolerances. One defined
model-construction procedure convergence criterion can
be written as'?

R;(t) < €Rnar(t) Oj e{reacted species}

t,<t<t,+7 (1)

where R; is the formation rate of the jth unreacted
species computed using the current kinetic model, 7 is
the user-specified time scale of the simulation, ¢ is the
user-specified tolerance, and the symbols indicate that
species j is included from the reacted species set. In the
present work, we defined the characteristic rate Rchar
as the formation rate of the species with the maximum
current rate of production.

Note that, as the algorithm progresses and reacts
available species together to generate chemical reac-
tions, species whose production rates are initially
determined to be unimportant are continually being
reevaluated to assess whether they have evolved to be
significant. The rate-based algorithm has the important
advantage of converging to a model that includes
kinetically significant species but relatively few unim-
portant species. In contrast, most model-construction
algorithms presented in the literature do not include
any rate-based significance test and might miss impor-
tant species and reactions and include unimportant
pathways. However, tight tolerances might be required
to ensure that all of the minor species important in a
stiff nonlinear autocatalytic system are included. This
is particularly true for cases where the autocatalysis
loop involves several elementary steps, because the
kinetic importance of this loop will not become evident
until several of the species involved have been identified
as significant.

The methane pyrolysis case has such character and
provides an excellent test of the robustness of the
species-selection criterion used by the algorithm, as well
as of the importance of including the chemically acti-
vated channels. The kinetics of this system are also
extremely nonlinear during the induction phase, provid-
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Figure 4. Iterative construction of the kinetic mechanism for the
pyrolysis of methane. Species that appear as both reactants and
products (reacted) are enclosed by solid box. Edge (unreacted)
product species are continually evaluated for inclusion as reactants
in the developing model. Dashed lines indicate multistep chemi-
cally activated reactions that would be missed by conventional
model-construction algorithms. Some arrows have been omitted
for clarity.

ing a particularly stringent test of the rate-based
species-selection criterion. To illustrate the effects of
changing the tolerance € and the importance of identify-
ing the chemically activated channels, a variety of
simulations are presented in the following section.

Model Predictions and Comparison with Ex-
perimental Data. The process for mechanism con-
struction of methane pyrolysis is illustrated in Figure
4. In the first step in the top right of Figure 4, the
original neat methane has undergone C—H initiation
reactions to produce methyl radicals and H atoms. At
this point, the species lists include CH4 as a reacted
species and H and CH3; as unreacted species. After two
quick iterations, H and CH3 have been included in the
model, generating the new product species ethane, Hy,
and ethyl radical (C;Hs). The lines leading to C,Hs and
H are drawn differently to indicate that this product
set is only formed by a multistep chemically activated
reaction; conventional high-pressure-limit-based model-
generation programs would omit this step. After two
more iterations, ethane and H have been included as
reactive species, significantly improving the model.
However, in the following iteration, the ethyl radical is
incorporated into the model, and this opens up many
channels leading to new species, including several
additional chemically activated channels. The growth
to higher-molecular-weight species begins through re-
combination reactions to form propane and butane and
chemically activated routes to propyl radical and butyl
radical. At this point, a major product, ethene, is first
identified. It is clear that the numbers of generated
species and reactions grow rapidly. The mechanism-
generation process is iterated several dozen more times
before the completeness criterion of eq 1 is satisfied to
our specified precision.

The predictions of these computer-generated models
are compared with the experimental data in Figures
5—7. The operating conditions of T = 1058 K and P =
0.58 atm were selected to be consistent with available
experimental data.3334 The solid lines show the numer-
ical predictions for different product species as a func-

tion of time, and the symbols represent available
experimental data.

Figure 5 shows a comparison between numerical
predictions and experimental measurements for the
production of ethane versus time. The significant induc-
tion period, after which the production of ethane begins
to accelerate nonlinearly, can be readily seen in the
experimental data. Several numerical predictions are
shown in Figure 5. The second curve from the bottom
labeled “no chemical activation” considers only reactions
written in the high-pressure limit and ignores channels
that are chemically activated. In this case, which is
characteristic of existing computational mechanism-
generation approaches, the induction time is not cap-
tured. The ethane production growth occurs very slowly
and does not reach the levels of the experiment even
over a long time period. Several additional curves are
shown in Figure 5 that include the new capability of
incorporating chemically activated reactions. A discus-
sion of the restricted reactions (dashed) curve is post-
poned temporarily. The remaining numerical predic-
tions (solid lines) in Figure 5 vary the level of precision
selected as defined by eq 1. For the precision level of ¢
= 0.1 (larger precision level magnitudes are equivalent
to less strict tolerances in eq 1), the temporal predictions
of the ethane levels still remain in disagreement with
the experimental values, as, within this tolerance level,
the growth of the mechanism to include higher-molec-
ular-weight species has not occurred. Only a small
number of species (17) have been included in the
mechanism at this termination criterion. Numerical
tests have shown that, for a variety of systems, precision
levels usually less than 1% of the maximum species
production rate are required to adequately capture the
underlying detail of the radical chemistry. When the
tolerance used is € = 0.01, the agreement between the
predicted and experimental values improves signifi-
cantly. The acceleration of ethane is captured, as higher-
molecular-weight species have begun to be included in
the mechanism. As the tolerance is tightened further
by an order of magnitude, some additional improvement
is seen in the agreement. Further restriction of precision
results in effectively nonobservable macroscopic changes
in the results. Clearly, the agreement of the model
predictions with experiment requires the incorporation
of chemically activated channels in the mechanism-
construction procedure.

The ethylene yields obtained from each of the model
predictions are compared with experiment in Figure 6.
In the shorter time frame, the agreement between all
models is close, but neither the low-precision nor high-
pressure-limit approaches are able to capture the gradual
increase in production at later times, consistent with
the underprediction of the acceleration of ethane shown
earlier in Figure 5. Some additional improvements are
again seen in the agreement between the model and
experiment with tightening levels of precision ranging
from € = 0.1 to e = 0.001. The predicted propylene yields
are presented in Figure 7 and show gradually improving
agreement to the experimental data over ranges of
precision varying over 3 orders of magnitude from ¢ =
0.1 to ¢ = 0.001. No significant adjustment of rate
constants from our existing database was performed in
an effort to improve the fit of the data. It is also possible
that disagreements with experiment might also be
attributed to missing chemical activation pathways
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Figure 6. Model predictions vs experimental data (refs 33 and 34) for the production of ethylene from methane pyrolysis at T = 1038
K and P = 0.58 atm. Symbols are experimental data, lines are model predictions at precision levels (eq 1) ranging from ¢ = 0.1 to € =
0.001. Good agreement is observed when chemically activated reactions are included in the model construction with increasing precision
ranging from ¢ = 0.1 to 0.001. The restricted CYPD reactions calculation omits chemically activated pathways leading to cyclopentadiene.
The high-pressure-limit calculation considers reactions only in traditional high-pressure limit.

within the database. This is currently an area of
continued research.

In Figures 5—7, several reaction channels appear
responsible for the difference in the predictions between
the chemically activated and high-pressure-limit mech-
anism-construction cases. The first, noted earlier, is the
direct production of ethyl radical and hydrogen atom
from methyl recombination, with the overall reaction
written as CH; + CH3 = CyHs + H. This accelerates
the overall conversion of methane by providing a radical
chain-propagation step that competes with the chain-
terminating recombination to form ethane. A second
important chemically activated reaction is that il-
lustrated earlier for the addition of allyl to acetylene,
whose products include the unimolecular channels C=

CCC=C-, C=CC-C=C, C=CCC-=C(C, CY(C=CcCcC-C), and
C-CY(CC=CCQC), plus the bimolecular channels CY(C=
CC=CC) + H and C=C- + C=C=C-. The algorithm is
capable of identifying the important chemically acti-
vated reaction pathways such as these by constructing
them from a combination of several elementary steps.
The k(T,P) values are then obtained from available
database values.

The decomposition of cyclopentadiene eventually be-
comes an important source of radicals in this system,
consistent with previous findings.’® This was verified
through both flux and sensitivity analyses. The impor-
tant chemically activated reaction pathways found
computationally are those for the direct production of
cyclized radical species from activated linear adducts.
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Several reactions provide various routes leading to
cyclopentadiene, which subsequently forms cyclopenta-
dienyl radical by either unimolecular dissociation or
hydrogen abstraction. These reactions serve effectively
as chain-branching steps that result in rapidly increased
ethane production after a significant induction time for
the accumulation of required species. To show the
importance of this process, the numerical algorithm was
modified to disregard chemically activated pathways
leading to cyclopentadiene and instead to consider the
entrance reaction to the chemically activated system to
be in the high-pressure limit. The numerical results are
given by the dashed curves labeled “restricted CYPD
reactions” in Figures 5—7. In Figure 5, the acceleration
of the ethane production occurs substantially more
slowly, intermediate between the high-precision chemi-
cal activation results and the high-pressure-limit case.
The differences in the results with the high-pressure-
limit case illustrate the contribution of other chemically
activated reactions to the process, and the differences
with the high-precision numerical calculations illustrate
the importance of the cyclopentadiene production and
subsequent cyclopentadienyl pathways. Similar results
can be noted for the restricted channel results (dashed
lines) in Figures 6 and 7, where the omitted pathway
reactions result in substantial disagreement with the
experimental data.

The current problem is a decidedly nonlinear process,
as some of the key species are initially insignificant, but
the rate-based algorithm correctly identifies these spe-
cies as becoming important several minutes into the
pyrolysis when a sufficiently tight tolerance is used.
This indicates the algorithm is capable of identifying
as significant minor species that undergo a complex
series of reactions only by considering the instantaneous
species production rates. This approach appears to work
even if the overall system kinetics are significantly
nonlinear and have a broad range of important time
scales.

The excellent agreement between the computer-
generated model and the experimental data suggests
that the model-construction algorithm has captured

most important reaction paths. The rate-based species-
selection procedure appears to be quite robust, correctly
capturing low-concentration Kkinetically significant spe-
cies and identifying chemically activated reaction paths
that lead to autocatalysis. The computations reported
here are good tests of the ability of our mechanism-
generation algorithm to correctly identify the important
species and reaction pathways, assuming that one can
compute the corresponding rates and molecular proper-
ties. Methane pyrolysis is a favorable case, where many
of the required rate constant estimates already exist and
can be recalled from rate parameter databases. For this
case, however, the algorithm identified many chemically
activated reaction channels that were assumed negli-
gible and discarded them because no chemically acti-
vated reaction rate constants were available from the
QRRK database analyses. Current research underway
is developing automated routines for accurately comput-
ing any unknown chemically activated rates [k(T,P)]
during the mechanism-construction process to fill in the
gaps in the reaction libraries.’®> Similar problems arise
with respect to thermochemical and physical param-
eters and high-pressure-limit rate constants ke(T). It
is clear that improved and expanded reaction rate
constant estimation rules will be required before ac-
curate detailed models of the chemistry of practical fuels
become practical.

Conclusions

The current work has illustrated the application of
automated computational mechanism generation to
develop models to predict the products of methane
pyrolysis at moderate temperature and pressure. The
computer-generated kinetic model, which reflects the
highly nonlinear kinetics of this autocatalytic process,
is shown to agree well with available experimental data
for several product species. Key to the success of the
approach is the newly developed capability of the
mechanism-generation algorithm to consider pressure-
dependent chemically activated reactions. The rate-
based species-selection methodology used to determine
kinetically significant species is here demonstrated to



recognize low concentration but Kinetically significant
species under extremely nonlinear temporal production
conditions.

The new algorithm provides increased confidence that
the predictions are not in error because particular
species or reactions were arbitrarily left out. The
algorithm is capable of identifying significant species
by considering the instantaneous species production rate
as a function of time even if its concentration is small
and the overall kinetics are significantly nonlinear. The
algorithm monitors species that are numerically sig-
nificant and solves the system of differential equations
to a user-specified level of precision. Essentially, the
user need only input the initial concentrations, the
desired degree of conversion and precision, and a set of
estimation rules, and the computer will generate the
set of significant reactions, intermediates, and products
and their concentrations as a function of time.

A critical aspect of the calculations is the accuracy to
which species thermochemistry and reaction rate con-
stant values can be assigned. Many of these values are
unknown or have significant uncertainty, and these are
undoubtedly the largest sources of error. Our ability to
guantitatively predict overall Kinetics is limited now
primarily by the accuracy with which the individual rate
parameters are known or can be estimated, rather than
other computational modeling issues. The advent of
general-purpose reaction-scheme-generation programs
places a renewed emphasis on the importance of devel-
oping accurate rate-estimation techniques and provides
an efficient way to use those rate-estimation rules that
are already available. It is hoped that improved empiri-
cal and theoretical estimates for k(T,P) will soon be
developed for additional reaction systems, allowing
construction of more accurate chemical kinetic models
for a broader range of application.
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