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A general-purpose rate-based algorithm for the construction of chemical kinetic models for systems with
hundreds or thousands of reacting species is presented. The algorithm comprehensively works out the details
of the chemistry implied by given reaction rate estimation rules, identifies the species and reactions that are
numerically significant, and solves the resulting system of differential equations to compute the concentrations
of the significant species as a function of time. A key innovation is a definition and numerical test for the
“completeness” of the kinetic scheme. This approach obviates the need to arbitrarily neglect certain species
and reactions in order to keep reaction schemes small enough to be manageable and allows chemical kinetic
modelers to focus on the chemistry rather than on the computational details. Examples of hydrocarbon pyrolysis
and combustion applications are presented, where the computer evaluates the importance of nearly 100 000

reactions in the process of identifying the few hundred species that are kinetically significant. The new
algorithm, given reliable rate estimation rules, provides a framework for systematically constructing kinetic
schemes including all of the numerically significant species, even for systems involving so many reactions
that they could not be handled manually.

I. Introduction mechanism of interest. One conventional approach involves
the engineering technique of lumping product and reactant
molecules into convenient pseudospecies and connecting them
through a reaction scheme by parameter estimdttorsince
these types of models are generated through data fitting, there
is little transferrability or extrapolation to related systems.
Another approach, often taken by the kineticist, is to make
approximations as to which species and reactions are significant
in an attempt to shorten the kinetic scheme. However, these

ling chemistry. Kinetic models lie at the heart of chemistry, S . . .
since they allow chemists to make testable predictions for approximations are not easily tested, and important steps in the
mechanism may be left out. In fact, the literature is full of

systems of real interest based on measurements made in highly | hero | want i q . iahored
simplified laboratory conditions. The award of the 1995 Nobel examples where important reactions and Species were ignored.

Prize in Chemistry to Crutzen, Sherwood, and Molina for Techniques are needed for including the important species and
developing and using an accurate model of ozone layer depletion'€2ctions, while excluding the unimportant ones. Complex

kinetics testifies to the scientific importance of these sorts of reactmg systems suph as hydrocarbon melYS'S a"‘,’ o>.<|.dat|on
predictive models. chemistry can consist of thousands of kinetically significant

Models for important industrial processes are so valuable that SPECIES. Mar!ually assembling the chgmlstry into a kinetic
companies often invest millions of dollars in their development. model is formidable, a_nd the only practical way to construct
Governments routinely make major public policy decisions 2nd use large models is on the computer.
based on kinetic models, for example, of the ozone layer and Considerable activity in recent years has focused on the
urban airsheds. Models of significant complexity represent development of algorithms to computationally generate reaction
substantial investments of time and manpower, since historically mechanism$=*® We are building on the computer-generated
they have required tedious manual construckiériThe advent ~ reaction mechanism NetGen program of Broadbelt, Stark, and
of tools for computer construction of kinetic models has made Klein.1*~ The original version of NetGen contains a species
them more flexible and dramatically reduced the time for their rank-based criterion for the rational halt of the generating
development. Computer-generated models become even morénechanism so that an infinite reaction network does not resuit.
valuable as competitive and regulatory pressures increase whileAs with other published termination approaches, NetGen's
computing power is readily available. termination criteria have the potential for missing important

A major problem in constructing a chemical kinetic model species and may include many insignificant species. Because
is the very large, sometimes infinite, number of possible we would like to develop accurate models for complicated
reactions, products, and reaction intermediates involved. Theprocesses of technological importance, we need a near-optimal
number of species usually grows exponentially with the number reaction scheme generator. This generator must include all the
of reaction steps one takes from the initial reactants. Severalimportant species and should leave out the unimportant ones.
approaches are taken in an attempt to reduce the size of thdn some cases, the number of chemically significant species (the
number of differential equations required) may®g.0%), and
€ Abstract published ilAdvance ACS Abstractdfay 1, 1997. solving additional unnecessary kinetic equations may overtax

The demand for detailed kinetic models is increasing as
economic needs and environmental legislation require more
explicit accounting of the composition of product streams.
Kinetic models not only provide a basis for reactor design but
also process improvement through facile exploration of diverse
processing scenarios. They also provide a starting point for
drawing inferences about the fundamental underlying, control-
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our computer hardware. In all cases, it is desirable to keep the
kinetic scheme as small as feasible to improve our chances of
understanding the system. Also, a small scheme is desirable
for coupling the kinetic equations with computationally de-
manding tasks such as fluid-flow modeling and process opti-
mization. Therefore, the challenge is to incorporate strategies
for keeping the reaction scheme as small as possible into an

algorithm capable of generating a comprehensive mechanism. \  Reacted I

N

- ~ ~
\H /4———> CzH;\> \CH

~
\3\\

\

Our solution to the mechanism size and termination problem '
is to modify NetGen to use rate and concentration information
in its reaction scheme generation algorithm. In this algorithm
we add the most important species and reactions first, guided
by a user-specified precision level, which sets the boundary
between “significant” and “insignificant” species. This precision
criterion gives the user the flexibility to decide how detailed
and, therefore, how large a mechanism is required. In some
cases one is interested in only the major species, so a small
reaction scheme will suffice, while in other situations one might
need to predict all of the detectable products.

The purpose of this paper is to explain and demonstrate the Reacted
new rate-based algorithm that has been incorporated into NetGen
and to present various tests of its accuracy and efficiency. A
second improvement to NetGen that is discussed is the
incorporation of improved thermochemistry by accessing the
Structure & Properties database program developed by RAST.
Of course, a kinetic model can’'t be more accurate than the rate
constants it employs. This truth is brought into sharper focus
in this work, where the size of the kinetic scheme and the choice
of species included in the scheme depend on the rate estimates.
As explained within, we have used reasonable rate constant
estimates so the models are in qualitative accord with expecta-
tions. However, a large amount of work remains to be done to
formulate the more detailed reaction rate estimation rules that
will be required to quantitatively match experiment.

Il. Overview of NetGen Reacted

The NetGen program has previously been described in the
literaturel®-1° The key elements of the current modified
program include a reaction scheme generator, rate estimation
rules for various types of reactions, an interface to a stiff
differential equation solver (DASSI%,an interface to NIST’s
Structures & Properties progrdfrand MOPAG? for thermo-
chemistry estimates, routines that manipulate various representa-
tions of molecules (including routines that generate new
molecules from reactions of existing molecules), and a set of
algorithms for testing species’ uniqueness based on planar graph
theory17.23

The core of the program is the reaction scheme generatorFigure 1. (a, top) Example of an initial pool for ethane pyrolysis,
that generates all of the possible reactions of a given speciesllustrating the set of “unreacted” and “reacted” species. (b, middle)
At any given point during the process of constructing the Initially “unreacted” CH from the initial pool of part a becomes

. h h ial . h . f all th “reacted”, generating additional reactions and expanding the “reacted”
reaction scheme, the partial reaction scheme consists of all thegpecies set. (c, bottom) Initially “unreacted;HG; from the initial pool

possible reactions involvinly species as reactants; see Figure of part a is the second species to become “reacted”, generating a network
1. A number,M, of other species have been identified as of several new reactions and new “unreacted” species.

products of those “reacted” species, but the computer has not

yet generated any reactions where these “unreacted” species arthis sequential way, the number of reactions grows, forming
reactants. To build the reaction mechanism, NetGen selects onghe reaction mechanism. This process is illustrated for ethane
of the M “unreacted” species, call it Y, to become a reactant pyrolysis in Figure 1. On going from part a to part b of Figure
and generates all possible reactions involving Y, either alone 1, CH, has become a “reacted” species, generating a few
or reacting with one of thé\ “reacted” species. These new additional reactions. In the next iteration, going from part b to
reactions generata new product species, previously unknown part c of Figure 1, gH, becomes a “reacted” species, generating
to the program, which are added to the list of “unreacted” several new reactions and new “unreacted” species.

species. The selected species Y is then moved from the The set of “all possible reactions” in NetGen is determined
“unreacted” species list to become thB+1)th “reacted” by the reaction rate estimation rules provided by the user. For
species. At the next iteration, one of thet-m—1 species on some reaction chemistries this iterative algorithm results in a
the “unreacted” list is selected, and the process is repeated. Inmanageable, compact reaction mechanism; that is, repetitive
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application of the possible reactions to all reacting species (Generate ntal species pool )
ultimately results in convergence. For example, if 2-methyl-
1-hexene is the initial reactant, and the reaction rules include
only bond migration, 1,2-methyl shifts, and hydrogenation, the —»Gouve reaction mechanism until Xp is achievea)<——
reaction mechanism, consisting of all heptyl species, converges
and results in a compact reaction mechanism. In contrast, the
reaction rules appropriate for free radical chemistry usually allow
unlimited molecular weight growth, resulting in reaction ‘ e menix
schemes that do not naturally converge, and extra termination (Se,ectumeac,ed component with largest formation rate RDl 3
criteria must be implemented to halt the generating mechanism
so that an infinite network does not result.

( Calculate minimum significant rate Ry )

In previous versions of NetGen, various restrictions were @ No IsXPX@
applied to limit the number of species and reactions generated.
They included limitations on the rank of the products (the order Yes Yes

in which they appear as products in the mechanism) and on the Generate all reactions of species i . -
size of the radicals that could undergo reaction. Even with the and add to mechanism @m”ha“'sm ge"e'a‘@

implementation of these restrictive termination criteria, huge Figure 2. Flow diagram illustrating the iterative reaction scheme
mechanisms resulted; in some cases more than 83% of thegegneratidn_ g 9
species were kinetically insignificant when compared with

experimental dat¥# The limitations of these termination criteria  «;nreacted” species list; the unknown species lying outside the

motivated the present work aimed at developing a more naturaljng of “unreacted” species can only be formed via one of the

ending point for the growing mechanism. “unreacted”species. So if all the “unreacted” species are formed
) ) at negligible rates, we can be confident that all the “unknown”
lll. The New Rate-Based Scheme Generation Algorithm species are also formed at negligible rates. At convergence,

all the reactions leading to “unreacted” species, the dashed
nRITows in Figure 1, are negligible, and we are justified in
ignoring them and keeping only the reactions connecting the
“reacted” species with each other in the final mechanism.

The externally defined rate criterioRyn, is set to be a user-

Our new rate-based termination algorithm exploits the
capability of NetGen to estimate rate constants as the mechanis
is generated, allowing the partial mechanisms to be solved to
estimate the concentration vs time profiles. These concentration

vs time profiles are then used to evaluate those “unreacted” ified sion itiolied b h L
species, Figure 1, that are most significant. The process SPecified precision factor multiplied by a characteristic g

continues iteratively, as a growing reaction mechanism is of the system. Reactions very much slower than the charac-

alternatively generated and solved. Quantitative evaluation of teristic rate are consider_ed insignificar!t. In simpl_e cases where
the formation rates of a set of species during the mechanism-the focus is on the uniform conversion of a single primary
building process determines the next species allowed to undergd€actant, we take the characteristic rate
reaction. When the estimated production rate of all possible
new byproducts has become small, relative to some criterion, Renar= (@mount of reactant converted)/
Rmin, We assume that the reaction scheme is complete. (time it takes for conversion)
The formation rates of the “unreacted” species are estimated ] ) )
by solving the differential equations corresponding to the current The user must also Sp_eCIfy the time scale qf interest. |p most
reaction scheme. Since the program does not include consumpSases this is better.achlleved by settlng a de3|req conversion level
tion reactions of the species it considers “unreacted”, Figure 1, than a particular time in seconds, since the time scale of the
their rates of formation are all positive. The decision to allow Simulation may vary in unpredictable ways until the kinetically
an “unreacted” species to become “reacted” is based on its ratelmportant species have been included in the reaction scheme.
of formation. If the rate of formation of each of the “unreacted” . .
species is less than a minimal raRyin, the current reaction V- Details of the Rate-Based Algorithm
scheme is considered adequately complete and the program The rate-based strategy builds the mechanism iteratively, as
terminates. Otherwise, the program selects the “unreacted”a growing reaction mechanism is alternately generated and
species with the largest formation rate, generates the reactionssolved. The reaction scheme generator builds the reaction
where the selected species is a reactant, and promotes it to benechanism by appending reactions, and at any point in its
a “reacted” species in the scheme. The new products formedgeneration, the mechanism can be solved. Rate constants are
from this new reactant are added to the “unreacted” list and the assigned to each of the reactions using the thermochemical or
program iterates. guantum mechanical data as described below, and differential
The behavior of this algorithm is somewhat unpredictable in equations are set up for each of the “reacted” species. These
the early stages when the “reacted” species list may be missingequations are solved using DASSL. After solution for the
kinetically important species, but in the later stages, when the concentrations of the “reacted” species, algebraic evaluation of
scheme is substantially complete, each additional species doeshe formation rates for the set of “unreacted” species determines
not change the overall kinetics much and the algorithm the next species allowed to undergo reaction.
converges smoothly. The problem of finding all the kinetically =~ The logic used to build the reaction mechanism iteratively is
significant species and reactions is in principle rather difficult, revealed in Figure 2. The first step is to generate an initial
since there are an infinite number of species unknown to the pool of species, the size of which is directed by the user. Either
computer that lie outside the ring of “unreacted” species in a maximum product rank, a maximum heavy atom count, or a
Figure 1. The reaction rates leading from the “unreacted” maximum number of species in the initial pool is specified. At
species to these “unknown” species are also unknown. The keythis point, the pool consists of “reacted” and “unreacted” species.
reason why the rate-based algorithm can work is that all the An example of a minimal initial pool for ethane pyrolysis is
possible products of the “reacted” species are included in the shown in Figure la.
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The mechanism describing the reactant/product relationships Another quantity that we calculate is the overall concentration
of the initial pool species is solved, incrementing time in regular of “unreacted” species produced using the current mechanism,
intervals until a particular reactant conversiofa, is achieved eq 3, where the sums run over tinetime steps and thé
at timez. During solution, the maximum net rate of formation, *“unreacted” species:

Ri.max for each “unreacted” speciégor the interval 0<t < 7

is determined and stored. Note that tRenax values for the “unreacted” concentratiosr zZR(tn)Atn 3)
“unreacted” species are always positive since these species are

not consumed by any reactions. The “unreacted” species with The quantity computed in eq 3 is analogous to a mass-balance
the largestR max is chosen as the next species to become discrepancy in analytical chemistry, since it is an approximate
“reacted” if its value is greater or equal to a minimum significant Upper bound on the total production of molecules not included
rate Rmin. This species’ reactions are added to the existing explicitly in the final model.

mechanism, generating a new mechanism that is solved starting In the early stages of the mechanism generation, where the
from time zero. mechanism is quite incomplete, the rate of formation of

The minimum ratéRyi, is derived from user-specified values ~ “Unreacteds” may be relatively large and the corresponding
and is governed by the kinetics of reactant conversion. The overall “unreacted” concentration relatively large as well. For
user specifies the desired percent conversion of the initial €xample, in the rudimentary mechanism illustrated in Figure
speciesXamax Initially the conversion level for mechanism 1a, nearly 100% of the converted ethane ends up as “unreacted”
generation is set to a smaller valig, and incremented as the ~ Species such as methane, ethylene, and hydrogen. As the
mechanism gets larger. The logic behind this is that small iterations continue, Figures 1b,c, the most important of these
mechanisms are expected to be accurate only for small conver-Species are no longer considered “unreacted” but are incorpo-

sions. The characteristic disappearance rate of the reactant i¢ated into the mechanism, the mechanism becomes more
given by eq 1, complete, and we expect that the overall “unreacted” yield will

decrease. Eventually the “unreacted” rates and concentrations
har=[Cao — CA(@V/T = X,Cpol7 (1) will be insignificant, and the mechanism will naturally terminate.

. N ) ) V. Species on the “Edge” of the Kinetic Model
whereCyo is the initial concentration of the reactafity is the

concentration of the reactant at the particular converign In our approach, the “reacted” species in the center of Figure
andx is the time required to achieve this conversion. The user 1 are treated more or less exactly: all their reactions with each

also specifies a precision level, related to the accuracy of the other are included, and inside this set of species all reactions
detection of minor speciesl The precision level is used to sca|eare reversible. The double-headed solid arrows indicate that

the reactant disappearance rate yieldRg,, the minimum there are reversible reactions connecting the species. It is less
formation rate of a significant product: clear how to deal with the “unreacted” species, for which only
a very incomplete set of reactions are known (the dashed lines
R... = (desired precision levely R, ) in Figure 1), none of which involve the “unreacted” species as

reactants.

It is important to note that the classification of the species as
“unreacted” or “reacted” dramatically reduces the computational
burden required to solve the differential equations. By defini-
tion, the “unreacted” species are not reactants, so their concen-
trations do not appear on the right-hand side of the differential

Rnin provides a relevant scale to which rates of formation of
other species can be compared. Thus wWRgkx > Rmin, the
“unreacted” specie$ is added to the list of the significant,
“reacted” species. Clearly, as the precision tighteRgin
decreases proportionally, and the number of species with

. . : equations:

formation rates large enough that they must be included in the
mechanism increases. The mechanism generator iterates at a de/dt = f(Ci) 4)
particular conversion level through the inner loop of the logic
diagram in Figure 2 until no species haRanax values greater R =dC/dt = g(cj) (5)
than theRnmin.

The user-specified maximum conversiofy, max Ultimately where allj are “reacted” species and dllare “unreacted”
halts mechanism generation. Once iteration through the innerspecies.
loop at a currenXa value is completeXa is compared to the Therefore, the differential equations of the “unreacted” species

maximum conversion. [Ka < Xamax, Xa is incremented and  are decoupled from those of the “reacted” species. It is only
the iteration based on the reactant rates is carried out. Reactiomecessary to solve the differential equations corresponding to
to higher conversions provides the opportunity for additional the “reacted” species to yield the concentration prof@gt) of
species to react, as thdé¥rmax values may now be greater than the “reacted” species. These concentration profiles are then used
Rmin-  When no “unreacted” species meet the minimum rate to calculate the rates of formatidt of the “unreacted” species,
criterion andXa max has been reached, mechanism generation which are needed to decide whether they are significant. In
halts. the examples presented, we observe that the number of “reacted”
There are alternative definitions B, that would be more species is much smaller than the total number of species. In
appropriate for more complicated situations where the kinetics solving the differential equations only for the small subset of
dramatically change with time or there is more than one main “reacted” species, the computational requirements are much less
reactant. We use the instantane®($) as our criteria rather  than for solving all the equations simultaneously.
than a time-averaged value to properly account for the kinetic  To further reduce the computational effort, we only include
significance of species that may only be important for a short reactions where all the species involved are on the “reacted”
period of time (e.g. during ignition). We don’t believe there species list when constructing the differential equations for the
would be much advantage to adding more than one species td‘'reacted” species’ concentrations. This amounts to neglecting
the “reacted” species list at each iteration, but we have not testedthe effects of reactions that cross the boundary between the
this possibility. “reacted” and “unreacted” species, Figure 1, while estimating
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the “reacted” species’ concentration profilggt). TheseCi(t) TABLE 1: Rate Estimation Rules Used, See Egs 6 and®7

are then used to estimate the rate of formation of the “unreacted” A E o reaction family
species. _ _ T — o1

Any treatment of the reactions that “cross the boundary” is qsg-: 0 1 [ —C—O— — —C* +"O—
bound to be problematic, since the reaction scheme is always -0-0—— -0 +°0—

incomplete, and the subsequent behavior of the “unreacted” 10" 14 05 Rr+H-Re—Ri-H+'R;

species formed is unknown at this stage. However, when the3.2 x 101 12 0.5{ R+C=C—~R-C-C
algorithm approaches convergence and the reaction scheme is R+ —C=C——R-C=C—
substantially complete, the rates of all the reactions across the R-C-C— R:J“ Cic
g 104 g1 12 05! RRO—C—R +0=C
boundary are very small and these reactions are only a small R-C—O — R* 4+ C=0
perturbation on the overall reaction rates of the system. We R-O—-O"—R+ 0O
have tried other methods for accounting for these reactions ;y. 0 0 { R+ Ry —Ri—R;
“across the boundary” (e.g. treating them reversibly or as ROC + R,00 # RLOOOOR
irreversible sinks). All approaches give substantially identical H-C-C'+R —RH+C=C
results at tight precisions. The approximation we chose is 32x102 o o { H-O-C+R—RH+0O=C
significantly faster than the alternatives, since there are often ::8:8,1 E:E:i?fo
100 times as many reactions that cross the boundary as there , CCoH4+ O —Cr 4 Hozo-
are reactions involving only “reacted” species. Using this 3 x 10t 5 { R—O—H+E)2—>RO+HOO‘
approximation, it is possible to generate reaction schemes to O+ 0y —COO
much higher precisions than would be feasible with other 5 x 10% 00 { ;.
o hes RO + O, — ROOO
pproaches. . H—C=0—H:+CO
1077 51 { ~C—C=0—~C' 4+ CO

\E/I.t'Ratt? Constant and Thermochemical Property 3.2x 102 0 0 1OO 4100 — 1O + 10 + O,
stimation 5x 10251 41 05 1,2 H-shift, e.g.,

i ion i H-C—-0O"—*C-O-H
The rate constants assigned to each elementary reaction N 2 g1 40 05 1.3H-shif eg.

the mechanism are calculated from linear free energy relation- HeC—O—0r — *C—0—0O—H
ships that are often referred to as “Evaif®olanyi equations”. 2x10%st 19 05 1,4 H-shift,e.g.,
The linear free energy relationship is a semiempirical relation- H-0-0-C-C*—*0-0—-C-C—H
ship that relates the activation energy to the heat of reaction: 10* 0 0 H-C-0-0+r00 —~~C=0+rOH+ 0O,
13x10°T3 -08 0 *OH+ CO—H"+CO;
_ 2 x 104 1680 H +0,—~0O+"0OH
Ea= Eo T aAH,, ®) 100 0 0 OO +r,00 — 000 + 1,0

The rate constants are then calculated from the Arrhenius ®The units ofA are cn¥/(mols) unless otherwise state; is in
equation: kcal/mol.

_ performed to obtain the necessary heat of formation information.

k(T) = Aexp(-E/RT) @) To perform the MOPAC calculation, an initial guess at the three-

dimensional geometry is needed; this is provided by the
Converter program distributed by Molecular Simulatiéhghe
heat of formation values obtained from the MOPAC calculation
{are scaled for agreement with experimental data:

Table 1 lists the linear free energy relationship parameters
and the Arrhenius frequency factors used to compute the rate
constants, with each reaction type having a unique set of
parameters. These rate estimation rules are roughly correct, bu
omit certain reactions and details that would be important if AH; = AHy,qpac —3.7 kcal/mol

one’s purpose were to develop a model that quantitatively for closed-shell molecules (8)
matched an experiment rather than to develop a new algorithm _
as in the present work. For example, the rules presented in AH; = AHyopac + 10.7 kcal/mol  for radicals  (9)

Table 1 neglect intramolecular addition reactions and the reverse . B ., .
intramoleculars-scissions, which are thought to be important T©r radicals, we used the "DOUBLET” keyword in MOPAC.

for the formation of cyclic species and eventually coke. The Since we are.typi.cally considering about 10 000 species, and
form used assumes that the reactions are all in the high-pressurd€ Predicted kinetics are often quite sensitive to the heats of

limit, and neglects complications such as heat-capacity correc-ormation used, the speed and accuracy with which the program
tions to AHnm and non-Arrhenius temperature dependence. can estimate the thermochemical values for new molecules are

These reaction rate estimation rules are not exactly consistentdUite important. To accelerate the calculations, we added
with the relationAGyn = —RTIn Keg since they do not include several thermochemical groups to th(_e NIST database, drawing
the dependence hSyn. In the future, more complicated rate  N€@Vily on results from THERM? This greatly reduced the
expression(T,P) will be incorporated into NetGen. number of time-consuming MOPAC calculations required qnd
The heat of formation for a given species is retrieved from Probably increased the accuracy of the results as well, since
the NIST Structures and Properties thermochemical databasd1® 9roup additivity estimates are usually more accurate than
progran® or calculated using MOPA@ As each new species ~ €ats of formation calculated using MOPAC.
is produced during the mechanism generation, the NIST databas
is first searched for the heat of formation value for the given
species. This heat of formation is usually calculated using group A. Ethane Pyrolysis. 1. Results with the New Rate-Based
additivity, but may also be stored as an experimentally derived Algorithm. Several runs for ethane pyrolysis at 1200 K at
value?° If the heat of formation for the species cannot be various precision levels were carried out for a rank zero initial
determined by the NIST program, a library containing heat of species pool. “Rank” distinguishes primary products from
formation values calculated from MOPAC is searched. If the secondary products; the exact definition of “rank” used is given
species data are not in the library, a MOPAC calculation is then in ref 18. Rank zero is the small, nine species, initial pool in

S Examples
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Figure 3. Ethane pyrolysis mechanism complexity, increasing dramati- 10" 102 10° 10*
cally with increasing precision. Precision
1.0E-6 Figure 5. Total “unreacted” concentration, a measure of the truncation
—=—ethane error (eq 3), for the ethane pyrolysis mechanism, which decreases as
——methane i et
—— the precision is tightened.
7.5E-7 ethylene
o~ hydrogen unnecessary unless one is concerned with minor species. As
~e—acetylene y p i

expected for substantially complete mechanisms, the total
“unreacted” concentration, computed from eq 3, decreases
smoothly as the precision is tightened, Figure 5. The rate-based
algorithm naturally decided those reactions and species neces-
sary for describing the 70% conversion of ethane.

2. Comparison with Other Approaches. The rate-based

' . scheme generation algorithm of the present work was contrasted

] 0.01 0.02 0.03 with the carbon count and rank-based termination criteria used
Time (s) in earlier versions of NetGéfr1° by comparing the predictions
of the various models generated. The carbon count- and rank-
based models are designated hymcwhere radicals with a
number of carbon atoms greater thaand all species with a
Figure la consisting of the initial reagent, ethane, and the product rank greater tham are not allowed to react. Models
radicals that can be formed from it; the primary products are were constructed allowing for the formation of primaryr,
placed in the “unreacted” species list. The initial ethane secondary (g1, car1), tertiary (grz), and quaternary §c)
concentration was 1@ mol/cr®, and the conversion target was  products. The same reaction conditions and thermochemical
70%. The precisions ranged from 0.5 to 0.0001. As illustrated and rate estimation parameters were used in all cases.
in Figure 3, the ethane mechanism complexity increases rapidly The model results are compared at a reaction time of 30 ms
with increasing precision. For this range of precisions, the in Table 2. The number of “reacted” species and therefore the
number of reactions considered while generating the mechanismnumber of differential equations solved are also reported. The
ranges from 92 to 99 644, and the total number of species model allowing for formation of only primary products is clearly
considered ranges from 16 to 27 076. However, the increaseinadequate. Acetylene, a product with a predicted selectivity
in the number of “reacted” species (the resulting number of as high as 7.5%, is not formed, and there is significant deviation
differential equations that must be solved) is not as dramatic; of the major product yields from the predictions of the other
these range from 8 to 180. models at longer reaction times. The predictions of the rate of

The relatively slow rise in the number of “reacted” species ethane disappearance from the two models allowing for the
makes it feasible to solve the decoupled differential equations formation of secondary products agree within 3% with the rate-
for large mechanisms. However, our goal is to utilize as small based (0.0001 precision) and more comprehensigeand Gr»
a mechanism as possible, whereby we include important speciesnodels. However, a 12% deviation in major product yields is
and reactions while excluding unimportant ones. To evaluate observed. As the plot of the temporal variations of ethylene
how large a mechanism is necessary, we compare concentratiofiormation shown in Figure 6 reveals, it is difficult to distinguish
profiles for the major species ethane, methane, ethylene,the results of the rate-based angt;cmodels by eye. The
hydrogen, and acetylene, calculated at the various precisionpredictions differ by less than 2% for most important products
levels. We find that they are very close for mechanisms and by less than 9% for the relatively minor product acetylene.
generated using 0.01 and 0.0001 precisions; the largest deviatiortHowever, the comprehensive rank and carbon count-based
between the concentrations calculated using these two mechamodels include a significantly larger number of species in the
nisms at 30 ms is less than 2% for the major species. Thesemodel which are not required for a numerically precise
concentration profiles are shown in Figure 4 for a precision of description of the dominant chemistry. For example, thre ¢
0.0001. The concentration profiles are considerably different model, which gives results similar to the rate-based model,
from the profiles generated using a precision parameter of 0.5.involves 4 times as many differential equations and species (691
We can conclude that the rate-based mechanism generation hags 169); that is, at least 75% of the species in thre model
produced a suitably complete mechanism at 0.1 precision, are apparently insignificant. The rate-based model is capable
including all the necessary 16 “reacted” species and the 203of including important higher rank species such as propadiene
reactions involving them. The larger mechanisms generated (allene), a tertiary product, without including a large number
using tighter precisions include reactions and species that areof insignificant species of the same rank.

Concentration (moles/cm®)
_’0 [4.]
[} [=]
m m
N S

2

0.0E+0

Figure 4. Predicted concentration profiles of major species of ethane
pyrolysis at 0.0001 precision.
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TABLE 2: Comparison between Rank-Based and Rate-Based Models for Ethane Pyrolysis

ethane methane ethylene hydrogen acetylene no. of species

model (10" mol/cre) (1077 mol/cn¥) (1077 mol/cn¥) (107 mol/cn?) (107 mol/crr?) in model
c2r0 3.23 5.03 4.24 1.72 9
c3rl 3.03 5.27 3.26 2.27 0.595 29
c4rl 3.03 5.27 3.26 2.28 0.593 49
c3r2 2.97 5.57 3.07 2.28 0.508 144
c3r3 2.95 5.61 3.06 2.26 0.502 691
rate-based 2.93 5.66 3.05 2.27 0.468 169
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Figure 8. Predicted concentration profiles of major species of butane

Figure 6. Concentration profiles for ethylene generated using rate- pyrolysis at 0.0001 precision.

based and rank-based termination criteria, virtually identical for the
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Figure 7. Butane pyrolysis mechanism complexity, increasing dramati- Precision
cally with increasing precision. Figure 9. Total “unreacted” concentration, a measure of the truncation

error (eq 3), for the butane pyrolysis mechanism, decreasing as the

B. Butane Pyrolysis. Butane pyrolysis runs were carried precision is tightened.
out at 1200 K at precision levels of 6-D.0001 for a rank zero
initial species pool consisting of 25 species. The initial butane another order of magnitude, moving the most important of these
concentration was 1@ mol/cn®, and the conversion level was  minor species into the mechanism, we expect that there will be
70%. From Figure 7, we see that the butane mechanisma similar drop in the rate of formation of the remaining
complexity increases with increasing precision as in the case“unreacted” species, Figure 9, and that we will add another
of ethane. significant digit to our calculated major species concentrations.

Figure 8 shows the concentration profiles for the major Alternatively, if we neglect reactions with rates that are a few
species butane, methane, ethylene, hydrogen, ethane, angercent of the characteristic reaction rate of the systmy
1-propene calculated at the 0.0001 precision level. Thesewe cannot expect any of our predictions will be accurate to better
profiles are very close for precisions 6:0.0001; the predicted than a few percent. We therefore expect that once the kinetic
concentrations at 3 ms change by less than 1% on going to themodel is substantially complete, the predicted concentrations
tighter precisions. The total “unreacted” concentration, com- of the major species should lie within or close to the range (1
puted from eq 3, decreases smoothly as the precision is=+ precisionCcompletsWhereCeompleteiS the concentration predic-
tightened, Figure 9. These data suggest that the rate-basedion if the calculation were carried to infinitely tight precision.
mechanism generation has produced a suitably complete mech¥igure 10a shows the concentrations of butane at 2 ms for butane
anism at 0.1 precision, including all of the necessary 14 reactive pyrolysis, plotted along with the expected precision limits
species and the 260 reactions involving them. (presuming the 0.0001 precision level calculation is essentially

1. Expected Precision LimitsAs we approach the tight exact). In this case, most of the major species concentrations
precision limit, the mechanism will be essentially correct, and actually converge more rapidly than we would expect, but the
there will typically be many thousands of very minor species least important of the major products, acetylene, lies slightly
in the “unreacted” species list. If we tighten the precision by outside the expected precision limits in some cases; see Figure
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33E7 T TABLE 3: Dependence of Butane Pyrolysis Mechanisms on
o 3287 D Initial Pool Size
§ 31E-7 4 pool no. of rxns no. of species no. of species no. of rxns
T precision size considered considered in model in model
£ 3.0E7
'§ % . 0.01 25 1328 222 24 732
£ E29ET T 0.01 39 1328 222 24 741
£ 2874 0.01 55 1799 222 27 1240
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o 27E7 0.01 104 3550 254 35 2765
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Figure 10. (a, top) Computed butane concentrations at 2 ms, lying
within the expected precision limits. (b, bottom) Computed acetylene

concentrations at 2 ms, lying just outside the expected precision limits. Figure 11. Residual butane concentrations at 2 ms vs the initial pool
size at the 0.01 and 0.0001 precisions. Butane shows a small sensitivity

10b. Note that acetylene is considered insignificant at the 0.1 to the smaller pools at 0.01 precision and is insensitive to the pool at
precision level. 0.0001 precision.

The minimum rate criteria we use is only indirectly related
to the minor species concentrations. The models typically generation algorithm for a more complex chemical system. An
include only a few hundred species, so we are implicitly initial ethane concentration of 2 107 mol/cn®, an initial
assuming the concentrations of all other species are zero. Foroxygen concentration of & 10~ mol/cn®, and a constant
minor species in the model, we expect that errors could be ontemperature of 1200 K were used. When the NIST program
the order oft(precisionRenat, Which may be larger than the  was unable to estimate a needed heat of formation, due to
predicted concentrations of these species. This is the situationmissing thermochemical groups, MOPAC was used to make
for acetylene in the 0.1 precision model disussed above. that estimate.

In some cases (e.g. catalysis with poisoning or long-chain  The rate-based strategy was used to construct six mechanisms
free radical reactions) the overall reaction rate can be very for ethane combustion using precision levels ranging from 1.0
sensitive to errors in certain minor species concentrations; into 0.0001. The initial species pool was constructed allowing
those cases higher precisions are required to achieve converfor generation of primary products only and restricting the
gence for the major species. Systems with long induction “reacted” species to the subset of the first 50 species with a
periods or poisoning times, and where these effects involve rank less than 1. The maximum conversion with respect to the
several sequential reactions of minor species, may be difficult reactant ethane was set to 0.75.
to converge, since they would require such high precisions that The characteristics of the models generated are summarized
the computer resources could be exhausted during modelin Table 4 as a function of the precision level. The residual
construction. We are currently testing these limits on systems reactant concentration and the concentrations of the major
that are known to be highly nonlinear in certain minor byproduct products, ethylene and acetylene, are reported at a reaction time
concentrations. of 10 ms. For precision levels poorer than 0.1, the models were

2. Effects of Initial Pool SizeWe created rank 1 generated almost identical. As discussed below, these poor-precision
pools of varying sizes and propagated them out to 0.01 precisionmodels are sensitive to the size of the initial pool. As the
to study the effects of the initial pool size on the mechanism precision level was tightened from 0.1 to 0.0001, the total
generated, Table 3. number of species considered increased dramatically from 191

A plot of residual butane concentrations vs pool size for the to 10 400. However, as was true for the pyrolysis studies, the
0.01 precision level, Figure 11, suggests that the concentrationnumber of “reacted” species included in the final model
profiles of the major species at this level are only slightly increases more gradually, from 30 to 142.
sensitive to the initial pool size. The calculations become It is clear from the results summarized in Table 4 that the
insensitive to pool size once they contain enough of the mechanism is substantially complete at a precision level of
important molecules and radicals to efficiently produce a suitably 1.0: tightening the precision by 4 orders of magnitude changes
complete mechanism. At high precisions the rate-based mech-the major product concentrations at 10 ms by less than 1% and
anism generation algorithm is not sensitive to the initial the residual ethane concentration by less than 5%.
mechanism since it is able to determine the important reactions The effect of varying the initial species pool was also
and species itself: it does not require a very good initial guess. examined for ethane combustion. The parameter controlling

C. Ethane Combustionlsothermal “combustion” of ethane  the number of species permitted to react in the initial pool had
was studied in order to evaluate the rate-based mechanisma clear effect on the mechanisms generated with loose precisions

Initial Pool Size
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TABLE 4: Model Characteristics and Major Species Concentrations at 10 ms for Ethane Combustion Mechanisms as a
Function of the User-Defined Precision Level

precision ethane ethylene acetylene no. of species no. of species “unreacted” species
level (1078 mol/cn?) (1078 mol/cn?) (1078 mol/cn?) considered in model (1078 mol/cn?)
1.0 1.233 8.992 7.206 191 28 2.742
5.0x 107 1.233 8.992 7.205 191 29 0.829
1.0x 101 1.233 8.992 7.206 196 30 0.444
1.0x 1072 1.192 8.966 7.196 629 43 0.085
1.0x 103 1.179 8.941 7.232 1597 65 0.024
1.0x 10 1.176 8.933 7.238 10 400 142 0.006

(1.0, 0.5, 0.1); for small initial pools, mechanisms generated to  In the course of this work, we performed calculations on
these precisions gave concentrations at 10 ms more than 10%several systems using slightly different thermochemistry and
different than those reported in Table 4. In each of the deficient rate estimation parameters. Both the size of the required
mechanisms, ethyl peroxyl radical was formed, but not permitted reaction mechanism and the calculated concentration vs time
to react. Evidently, this species is crucial to the overall profiles were found to be sensitive to the values of some of the
chemistry, but is formed slowly enough that it is not picked up parameters; changes of only a few kcal/mol in some key
with a precision level of 0.1. Three strategies were used to parameters can drastically alter the predictions. These results
successfully overcome this exclusion: (1) the precision was will not be surprising to thermochemical kineticists, but they
tightened, so ethyl peroxyl was considered a significant speciesdo highlight the need for accurate methods to estimate thermo-
and permitted to react; (2) ethyl peroxyl was input as a reactant; chemistry and rate constants, based on solid experimental data.
(3) alarger initial pool was used. The results reported in Table |t would appear to be relatively straightforward to compute the

4 were computed using the third approach. sensitivity of the predictions to uncertainties in the thermo-
) chemical and rate parameters using this program. A key point
Conclusions is that the number of parameters in the rate and thermoestimation

Using the new algorithm, it is now possible to generate routines is very much smaller than the number of species
kinetically complete reaction schemes for cases much more considered in constructing the model. Sensitivity calculations
complex than ever before. The computer will precisely follow are, therefore, feasible even for systems containing large
out the implications of rate estimation rules of any complexity. numbers of species.

Essentially, the user need only input the initial concentrations, A problem with virtually all chemical kinetic models is that
the desired degree of conversion, and desired precision, ancthey are only complete for a limited range of conditions (initial
the computer will generate all the significant reactions, inter- concentrations, temperatures, pressures, time scale). Usually
mediates, and products, and their concentrations as a functionthe modeler selects which reactions to include and which to
of time. Kineticists can therefore focus on the rate estimation exclude by making assumptions about whether or not they will
rules, rather than on the computational details and bookkeepingpe significant in the range of interest. The range of applicability
required to keep track of thousands of species and soIVe of the models is rarely known exactly. Sensitivity analysis can
thousands of differential equations. In many cases, there is nope ysed to get a feel for the range of applicability, but this can
longer a need to make untested approximations such aspe misleading since the sensitivity analysis itself depends on
neglecting species or reactioms priori, using steady-state  he jnitial conditions, and it is only valid in the range where
approximations, or lumping species together. The computer canye kinetic model is adequately complete. Our rate-based
handle the whole problem precisely. There are limits to the algorithm explictly checks which reactions are numerically
complexity that modern computers can handle, however, andg;qpificant for particular initial conditions, so one can be quite
we believe that it would t_)e very dlfflcult_to handl_e a System infigent that our models are complete for those initial
with more than 10 000 S|gn|f|cant reactive species with our conditions. To construct a model that is adequately complete
approach on currently available hardware. over a range of initial conditions, the computer can generate

The program allows one to' be certam_ that the pr§d|ct|ons models for several different initial conditions and then construct
are not in error because particular species or reactions were

oo . ) a grand model that is the union of these sets of chemical
arbitrarily left out. The estimate of the total concentration of . -
“unreacted” species (i.e. all the species not included in the reactions. Slncg the computer can.generate mpdels much faster
kinetic model) formed gives a quantitative measure of the error than a h'uman, it is perfectly feasible tp ask it FO ge”efa.“? a
one is making by using a partial kinetic scheme instead of dozep_ dlffe_rent models, each appropriate to different initial
including all possible reactions and species. If this estimated ::ondltlons, n Iqrd?r to C?PTSUUC'[ a mo&e genetraltﬁrand rgg(tje(lj.
concentration is very small, one can be confident that the kinetic N some applications, the user really wanis ine predicte

scheme involving only “reacted” species adequately representsconcen_tration profiles, nqt the kinetic model, as outpu_t; in these
the full system. In the three cases studied, the algorithm cases it may be appropriate to generate and immediately solve

converges smoothly as one tightens the precision. However,2 "W kinetic model for every different initial condition specified

all the concentration vs time calculations rely on thermochemical PY the user.

and rate constant estimates, which are undoubtedly the largest A very significant limitation of the current program is that it
sources of error. Our ability to quantitatively predict reactions does not consider inhomogeneity or transport issues. Current
is now limited by how well we know the chemistry (i.e. the 3-D reactive fluid dynamic simulations can typically handle less
rate constants) and not by computational issues, freeing thethan a dozen distinct speci&swhile 0-dimensional simulations
chemical kinetic modeler to focus solely on the chemistry rather are now feasible with more than 1000 reactive species, and in
than on the computational details. The computer keeps trackmany cases more than 100 species are found to be significant
of all species that are numerically significant and solves the by NetGen. A posteriorischeme reduction may allow some
system of differential equations to a user-specified level of reduction in the number of species, but it is unlikely to
precision. completely bridge the gap between the need for detailed
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tion Institute: Pittsburgh, PA, 1992; pp 9301.

(12) Blurock, E. SJ. Chem. Inf. Comput. Sc1995 35, 607—16.

(13) Nehse, M.; Warnatz, J.; Chevalier, Twenty-Sixth Symposium
(International) on CombustigrThe Combustion Institute: Pittsburgh, PA,

chemistry and the capabilities of computational fluid dynamics.
A major challenge for the future is to couple chemistry and
flow together without losing needed precision, in order to
accurately simulate the often multiphase, reacting flows impor-
tant in combustion, refining, and chemical processing. {

The advgnt of general-purpose reaction scheme (‘:_jenerationIn ‘(){%S'Ranzi, E.. Faravelli, T.; Gaffuri, P.; Sogaro, Gombust. Flame
programs like NetGen places a renewed emphasis on thei99s 102 179-92.
importance of developing accurate rate estimation techniques _(15) Ranzi, E.; Sogaro, A.; Gaffuri, P.; Pennati, G.; Westbrook, C. K.;
and provides an efficient way to use those rate estimation ruIesP'tfig’)V '}glir?lfem%mg F:ﬁ”é?g:cfbg% 2|_01J_1,$|'e chanism Reduction during
that are already available. It is hoped that in the near future, computer Generation of Compact Reaction Mod&IChE J, in press.

empirical and theoretical estimates #¢T,P) will be developed

(17) Broadbelt, L. J.; Stark, S. M.; Klein, M. Tomput. Chem. Eng.

for additional classes of reactions, allowing construction of more 1996 20, 113-129.

(18) Broadbelt, L. J.; Stark, S. M.; Klein, M. Tnd. Eng. Chem. Res.

accurate chemical kinetic models for a broader range of systems.jgg5 34 2566-73.
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