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Kinetic Modeling of Heptane Combustion and PAH Formation

V. 1. Babushok* and W. Tsang®
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

A kinetic model for high-temperature oxidation and pyrolysis of heptane has been developed. This model is based
on new results for heptane decomposition, decomposition and isomerization of heptyl radicals, and decomposition
of olefins and olefinic radicals. It is combined with kinetic data from Grimech-3.0 model on the reactions of C;-C;
species. The subset on C3-C4 chemistry is based on the works of Marinov et al. (1998) and Laskin et al. (2000). The
database for PAH formation is based on the results from kinetic models on heptane suitably modified from various
soot formation models. The model was validated against experimental data on burning velocity, ignition delays,
and OH time history during heptane ignition behind shock wave. The reactions determining burning velocity were
established through sensitivity analysis. The main reactions determining burning velocity of heptane are similar to
the reactions determining burning velocity of C{-C4 hydrocarbons. The influence of product distribution of heptyl
radical decomposition on PAH production was analyzed.

1. Introduction

HE aim of this work was to develop a complete kinetic model

of heptane combustion including new data on the cracking
of heptane. This involves the kinetics of heptane decomposition,
heptyl radical decomposition and isomerization, and decomposition
of olefins and olefinic radicals. The intention was to combine it
with C,-C, species reactions from Grimech-3.0 mechanism* and the
reaction subset of C3-C4 chemistry based on the works of Marinov
etal.! and Laskin et al.> With the use of this model, we will analyze
reaction pathways for polyaromatic hydrocarbon (PAH) formation
during heptane combustion. The PAH reaction subset was assembled
from the data bases of Marinov et al.,' Appel et al.,? Richter et al.*
(also Richter, H., personal communication, 2002) and recent kinetic
data on PAH formation from several sources.’~’ The purpose of PAH
formation modeling was to investigate in more detail the dependence
of PAH formation on the product distribution from heptyl radical
decomposition.

We will present two versions of the suggested kinetic model.
First is the detailed kinetic model for high-temperature heptane ox-
idation, mentioned earlier. Analysis of the decomposition kinetics
of heptyl radicals and results of high-temperature modeling of hep-
tane oxidation demonstrates that reactions involving formation and
consumption of heptyl radicals can be represented by overall pro-
cesses as a result of the large reaction rates of their decomposi-
tion in comparison with other reaction processes. It was shown that
temperature dependencies of branching ratios for decomposition of
heptyl radicals can be represented by typical Arrhenius temperature
dependence.? This leads to some simplification of the kinetic model
and elimination of several species from the model through overall
representation of heptane consumption reactions leading directly to
C,-C¢ products. Combination of these overall heptane consumption
reactions with detailed kinetic model for C;-Cs species represents
the second version of kinetic model.

We will begin with a short review of kinetic models for hep-
tane combustion and available data on the burning velocity. Next
we will describe in detail the construction of a kinetic database
for heptane combustion. Comparison of modeling results with ex-
perimental data on burning velocity will be the specific target
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of this part. In the second part of paper, the results of kinetic
modeling of PAH production during heptane combustion will be
presented.

II. Background

Development of comprehensive kinetic models for the combus-
tion of hydrocarbon fuels is of interest for detailed modeling of
processes in engines and for studies of the emission of toxic com-
bustion byproducts, soot formation, and effects of different additives
on the combustion process. Modeling of heptane combustion is of
particular interest. Heptane is a reference fuel for the determination
of a fuel’s tendency to knock. It is a liquid fuel and can undergo
many of the same types of reactions as larger alkanes. Heptane rep-
resents a model fuel for the alkane component of practical fuels.
As was the case with smaller hydrocarbons, there is a plethora of
models with their individual databases.

A. Kinetic Models of Heptane Combustion

Earlier kinetics databases for modeling of heptane combustion
are summarized in Table 1. The first kinetic model of heptane com-
bustion was developed by Coats and Williams.*! Comprehensive ki-
netic models for heptane combustion were developed by Warnatz5
and Westbrook et al.!! These models served as a basis for further
development and improvement of kinetic mechanisms of heptane
oxidation.

More recent kinetics databases of heptane combustion are dis-
cussed next. Curran et al.'* developed a comprehensive kinetic
model that included reactions important to high- and low-
temperature heptane oxidation. The model is based on previous
kinetic models developed by Westbrook et al.!' Older data were
brought up to date, and new classes of reactions were added. Special
attention was paid to the low-temperature heptane oxidation. This
is important for the modeling of negative temperature coefficient
(NTC) phenomenon and cool flame oxidation. Under 900 K, the
primary reaction of alkyl radicals is the addition of oxygen caused
by the high activation energy of beta-scission of alkyl radicals. It
was found that reactions of ketohydroperoxides are important for the
modeling two-stage low-temperature ignition. Recently, Westbrook
et al.%%" extended this model to combustion of different heptane
isomers.

Seiser et al.'"* simplified the model of Curran et al.'* for sim-
ulations of heptane ignition and combustion in counterflow, non-
premixed systems. Some modifications of rate constants (alkyl
radical addition to oxygen and reactions of RO, radical) and ther-
modynamic parameters (peroxy radicals) were made. The model
was validated against experimental data on ignition delays in the
low temperature range and experimental data on heptane ignition in
a counterflow nonpremixed system from authors’ experiments.
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Table 1 Comparison of modeling results on heptane combustion with experimental data using reference numbers

Burning Opposite Flame Static Rapid

Model Ignition delay velocity diffusion flame structure Stirred reactor ~ Flow reactor ~ reactor ~ compression machine

Ref. 9 _ Refs. 32, 33 _ _ _ _ _

Ref. 10 Refs. 34, 35 Refs. 32, 33 —_— —_— _— —_— —_—

Ref. 11 Refs. 31, 36, 38, 39 —_— — — Ref. 58 Refs. 26, 59-63

Ref. 12 Ref. 37 —_— —_— —_— —_— —_— Ref. 64

Ref. 13 Refs. 31, 34, 36 E— E— Refs. 53, 54 Refs. 26, 57 e Refs. 59, 61-63

Ref. 14 Ref. 34 e Ref. 14 —_ —_ Ref. 59

Ref. 15 —_— Ref. 33 Refs. 45-48 Ref. 24 —_— —_— —_—

Ref. 16 R —_— —_— Ref. 55 —_— —_— —_—

Ref. 17 — — —_— Refs. 24, 53 — —_— —

Ref. 18 — — o Ref. 56 o — e

Ref. 19 —_— Ref. 33 — Refs. 19, 51 e e e e

Ref. 20 —_— — —_— Ref. 52 — —_— —_— —_—

Ref. 21 Ref. 34 — —_— —_— — —_— —

Ref. 22 —_— —_— Refs. 46, 49, 50 — — — —

Ref. 23 —_— —_— Refs. 49, 50 —_— —_— —_— —_—

Ref. 24 Refs. 31, 38, 39 E— Ref. 24 e e E—

Ref. 25 Ref. 34 e —_— Refs. 53, 54 —_— —_— —_—

Ref. 26 —_— —_— —_— Ref. 26 —_— Ref. 26

Ref. 27 E— E— Ref. 27 e —_— —_— —_—

Ref. 28 Ref. 36 Refs. 32, 33 —_— Ref. 24 Ref. 28 —_— —

Ref. 29 —_— —_— Ref. 29 —_— —_— —_— —_—

Ref. 30 Ref. 39-44 e e e e e e

Ref. 31 Ref. 31 — —_— — —_— —_— —_—

Lindstedt and Maurice'® assembled a heptane combustion model L S — N e Bakalital®
based on the works of Chakir et al.,’*%% Dagaut et al.,’*~7 " - Lindstedtatal'®
Foelsche et al.,”® Tsang,’*7 and Westbrook et al.!'*’® The assem- 40 etz

bled model was optimized by comparisons with experimental data
from diffusion flames, combustion in stirred reactors, and premixed
flames. The authors simulated the dependence of burning velocity on
the equivalence ratio. It was indicated that the modeling results agree
with the experimental values determined by Gibbs and Calcote,?
but for rich flames the computed values of the burning velocity were
too high in comparison with the experimental data.

Bakali et al.'” developed a heptane kinetic database for the anal-
ysis of heptane flame structure. The mechanism was based on a
previously developed kinetic model for the combustion of rich
acetylene-oxygen-argon flame. Simulated burning velocities of n-
heptane-air mixtures at 298 K were compared with experimental
data of Gibbs and Calcote.** The authors indicated that the maxi-
mum burning velocity was in reasonable agreement. However, over-
prediction for rich mixtures in comparison with experimental data
was also observed.

B. Experimental Data

Experimental data on heptane combustion cover measurements
of ignition delays; experiments in jet stirred, static, and plug flow
reactors; and measurements of concentration and temperature pro-
files for laminar premixed and opposed flow diffusion flames, burn-
ing velocity determinations, measurements in rapid compression
machines, and measurements in shock tubes. Data cover overall
process characteristics (burning velocity, ignition delay, overall re-
action rate, effective activation energy, extinction strain rate) and
detailed characteristics of heptane oxidation (flame structure, con-
centrations for stirred and plug flow reactors). Table 1 contains a
summary of the separate models and the various experimental data
used for validation of these models.

There is a general tendency to cover only a limited set of exper-
imental results. The earlier studies can be grouped in terms of two
different types of applications. The first involves the simulation of
high-temperature behavior and is applicable to premixed and dif-
fusion flames. A second group of studies cover the simulation of
lower-temperature behavior (cool flames, two-stage ignition, nega-
tive temperature coefficient) and the related phenomenon—engine
knock. Division of models between high- and low-temperature mod-
els is limited. It is related to alkylperoxy radical kinetics, which
is important for low and intermediate temperatures. Inclusion of
alkylperoxy radical reactions leads to a substantial increase of ki-
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Fig. 1 Burning velocity dependence on equivalence ratio of heptane/
air mixtures: m, O, ®, X, experimental data’3793233;
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netic models in the number of considered species and reactions.
In general these reactions are not important for flame processes
and high-temperature ignition behind shock waves (for tempera-
tures more than 1200-1300 K). Note that models developed for
simulation of low-temperature range phenomena contain reactions
important for modeling of high-temperature kinetics, for example, a
recent kinetic model'® with detailed description of alkylperoxy radi-
cal kinetics was validated against high-temperature heptane ignition
delays behind shock waves.

The first group of models (high-temperature range) was validated
against data on burning velocity, measurements for opposite diffu-
sion flames, flame structure data, results obtained for jet stirred reac-
tors, and measurements in shock tubes. The basis for validation of the
second group of models are measurements of autoignition delays,
measurements in jet stirred reactors, rapid compression machines
(ignition delay), and data obtained for plug and static reactors.

C. Burning Velocity Data

Figure 1 contains available data on experimental measurements
of equivalence ratio dependence of burning velocity. The early mea-
surements of heptane burning velocity are those of Gerstein et al.,*
Heimel and Weast,”” and Gibbs and Calcote.’®> Recent measure-
ments have been performed by Davis and Law’® using the counter-
flow twin-flame procedure. In addition, Fig. 1 contains experimental
data of Takahashi et al.”’ Babkin et al.** and Ryan and Leste®' mea-
sured pressure and temperature dependencies of heptane burning
velocity using a constant volume bomb procedure. Also included
are the results on the calculated flame velocities.!>!%:28:63 It can be
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Table 2 Kinetic models used in this work

Kinetic model Year Hydrocarbon
Curran et al.'3 1998 C7Hi6
Seiser et al. model'* 2000 C7Hi6
Reduced Seiser et al. model, !4 present work e C7Hy6
Lindstedt and Maurice model'? 1995 C7Hy6
Bakali et al.!® 1999 C;Hi
Model based on Grimech-3.0,* present work —_— C7H6
Kinetic model of heptane combustion, present work —_ C7H6
Kinetic model of heptane combustion, including PAH formation reactions, present work —_ C7H;6, PAH
Kinetic model of heptane combustion with lumped heptyl radical kinetics, present work e C7Hj6
Grimech 3.0* 2000 CHy (C1-Cp)
Optimized C;-C3 model of Qin et al.’¢ 2000 C-C3
1,3-butadiene oxidation model of Laskin et al.2 2000 1,3-butadiene oxidation
Marinov et al.! 1998 Butane, PAH
Appel et al3 2000 C;-C,, PAH, soot
PAH formation model of Richter et al. (Ref. 4)° 1999, 2002 PAH

Data available online at http://www.me.berkeley.edu/gri_mech. °See also Richter, H., personal communication, 2002.

seen that there is arather large disagreement with the more recent and
presumably more accurate determinations of Davis and Law.”® The
difference between predicted and experimental values is as much
as 10 cm/s. This is particularly the case with rich mixtures. Clearly,
there is a problem. Although the overall discrepancy might not ap-
pear to be large in an absolute sense, the difference is a suggestion
that there is a problem with the kinetic model and (or perhaps) the
experimental measurements. However, it should be taken into ac-
count that to some degree this disagreement reflects the continuous
refinement of experimental measurements of heptane burning ve-
locity and continuous refinement of kinetic data.

D. Hierarchical Structure of Kinetic Models
of Hydrocarbon Combustion

Because of the hierarchical structure of kinetic models of hy-
drocarbon combustion, kinetic models for oxidation of larger hy-
drocabons include models of oxidation of smaller hydrocarbons as
submodels. It is natural to assume that kinetics of C;-C, hydrocar-
bons is well presented by the Grimech 3.0 mechanism because this
database was tested against numerous experimental results.” As a
first step of model development, we consider the Grimech-3.0 mech-
anism as the main C,-C, reaction subset of the heptane combustion
kinetic model.

There exist alternative kinetic databases for C,-C, hydrocarbon
combustion, for example, model.?? This was developed by Hughes
et al.%? and validated through comparisons with various experimen-
tal data on hydrogen, carbon monoxide, methane, and ethane com-
bustion. The principal difference between the databases™*? is that
the set of rate constants from the Grimech 3.0 model is based on an
optimization procedure that compared simulation and experimental
data for different reaction systems, whereas the model®? is largely
based on a set of recommended kinetic data.®3

In this work we will consider the sensitivity of global property—
the flame velocity, to the reactions in the kinetic model. Of particular
interest will be the modeling of freely propagating heptane flame
and the dependence of burning velocity on the equivalence ratio,
for which disagreement of modeling results with recent experimen-
tal measurements is observed. We will conclude with an analysis
of PAH formation in heptane flames. Specific target will be the in-
fluence of product distribution of heptyl radical decomposition on
PAH production. We will analyze the reaction pathways leading to
the formation of aromatic compounds.

III. Kinetic Model of High-Temperature
Heptane Combustion

The first step in this project was to develop reaction pathways for
the high-temperature degradation of heptane to C;-C, species. This
will then serve as inputs to the Grimech-3.0 kinetic model combined

*Data available online at http://www.me.berkeley.edu/gri_mech.
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Fig. 2 Contributions of decomposition reactions and radical reactions
to heptane consumption (jet stirred reactor, 1650 K, 0.1 MPa, residence
time 0.0057 s).

with well-tested kinetic models representing combustion of C;-Cy4
hydrocarbons. The construction of heptane kinetic models includes
the following steps: 1) determination of decomposition rates of hep-
tane; 2) consideration of heptyl radical formation through hydrogen
atom abstraction by radicals; 3) determination of decomposition and
isomerization reaction rates of heptyl radicals; 4) determination of
rates of hydrogen atom abstraction from olefins formed during hep-
tyl radical decomposition; 5) analysis of decomposition of olefins
and olefinic radicals (Cg, Cs and C,); 6) assembling of submodel for
C3-C4 species based on the models of Marinov et al.,! Laskinetal.,?
Curran et al.,"* and Richter (personal communication, 2002); and
7) inclusion of Grimech 3.0 as submodel presenting C;-C, species
reactions. Kinetic models used in this work are presented in Table 2.
Heptane kinetic models analyzed are the kinetic model of Curran
et al.,' Seiser et al. model,'* Lidstedt et al. model,'> and model of
Bakali et al.'” Details of the model development are presented next.

A. Decomposition Rates of n-Heptane

Bakali et al.'® indicated that decomposition reactions of n-heptane
affect the production of benzene, allene, and propyne. They found
that exclusion of decomposition channels involving C,Hs and
1-CsH;; products leads to changes in the maximum concentrations
of benzene and allene in flame zone by 20%. Similar conclusions
concerning the effects of the decomposition reactions of heptane
were made by Lindstedt and Maurice.' It was necessary to include
both pyrolysis and radical attack reactions in order to accurately
predict intermediate species profiles. Furthermore, the distribution
of intermediate species is highly sensitive to the rates of pyrolysis
steps. Our calculations of rich heptane combustion indicate that with
increase of equivalence ratio contribution of heptane decomposition
reactions to overall heptane consumption increases. Figure 2 con-
tains dependencies of contributions of decomposition and radical
abstraction reactions to heptane consumption on equivalence ratio.
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Table 3 Rate constants of heptane decomposition
reactions (mol, s, cm, K)

Reaction log A n E/R
nC7H;6 = C2Hs + CsHy,
P =0.1 MPa 130.877 —32.851 77,855
P =1MPa 106.605 —25.716 71,273
King 25.935 —2.6401 44273
nC7H;¢ = CgHi3 + CH3
P =0.1 MPa 132.618 —33.37 79,642
P =1MPa 108.604 —26.284 73,312
Kint 24.629 —2.2489 45,796
nC7H;6 =nC3H7 +nCyHy
P =0.1 MPa 129.502 —32.451 77,142
P =1MPa 105.229 —25.322 70,525
Kinf 25.885 —2.623 44,443

Ethylene + 1-pentyl — Propene + 1-butyl

N

Heptyl-1 quee—p Heptyl-2
P~
Heptyl-4 5  Heptyl-3
d N

Pentene-1+ethyl Hexene-1+ methyl

Butene-1 + propyl

Fig. 3 Reaction pathways of decomposition of heptyl radicals.

It can be seen that at equivalence ratio of 3 heptane consumption in
decomposition reactions constitutes approximately 35% of overall
consumption rate.

Table 3 contains results of calculations for C-C bond split in
heptane. There are three types of C-C bonds in heptane. They are

C7H;6=CH; + 1-CsHy3
C;H,6 = CHs + 1-CsHy,
C;Hi = C3H; + 1-C4Hyg

For calculations “Chemrate” program, which has been recently
developed to determine energy transfer effects in unimolecular
decompositions,®* was used. The calculations demonstrate that the
three reactions all have pressure dependence even at 1 MPa pres-
sure. These results are based on single-pulse shock-tube studies on
the decomposition of related hydrocarbons at 1100 K and analogous
data for combination of alkyl radicals at room temperatures.

B. Hydrogen Atom Abstraction

Analysis of reaction pathways for heptane consumption shows
that the main mechanism for heptane consumption in the flame
zone involves the formation of heptyl radicals through hydrogen
atom abstraction reactions with H and OH radicals for lean and
near-stoichiometric mixtures. Increase of equivalence ratio leads to
increasing contributions from heptane decomposition reactions. Re-
cently, Westbrook et al.°®® summarized data for H-atom abstraction
from primary, secondary, and tertiary sites in hydrocarbons by dif-
ferent radicals. Rates of hydrogen atom abstraction from heptane
by radicals were assumed in accord with the data of this work.

C. Heptyl Radical Isomerization and Decomposition
Decomposition of heptyl radicals in flame leads to a variety of
products. The general mechanism is outlined in Fig. 3. 1-C;H;s
radical decomposes with formation of C,H, and 1-CsH;;, mostly.
2-C;H;5 radical forms 1-C4Hg and C3Hg species. 3-C;H;s radical

Table 4 High-pressure rate expressions for the
decomposition of heptyl radicals (mol, s, cm, K)

Reactions log A n E/R

C7H;5-1=CyH4 +nCsHy; 11.07 0.614 13,358
C7H5-2 =C3Hg +nCy4Hy 11.94 0.431 13,702
C7Hy5-3=1-C4Hg +nC3H; 1191 0.434 13,674
C7H;5-3=CH3 + 1-C¢H12 11.94 0.44 14,748
C7H5-4=1-CsH;o+CoHs 11.35 0.68 13,397

C7H;5-2=C7H;5-1 2721 2.429 8,599.3
C7H;5-3=C7H;5-1 3.647 2362  8,862.6
C7Hi5-4 =C7H)5-1 5.805 1.961 12,509.7
C7H;5-2=C7H;5-3 5291 2117 10,854.8
C7H;5-1=C7H;5-2 3473 2205  7,1853
C7H;5-1=C7H;5-3 426 2211 7,504.9
C7H;5-1=C7H;5-4 6.592 1.734 11,1363
C7H;5-3=C7H;5-2 5.438 2.042 10,841.2

has two decomposition channels: 1-C4;Hg +nCs;H; and 1-C¢Hy, +
CH;. The main products of 4-C;H;s radical decomposition are
C,Hs and 1-CsH, species. The essential differences in the kinetic
models'®!>1 are the different reaction rates assigned to heptane
reactions with radicals and decomposition reactions of heptyl rad-
icals. Roughly, the different rates of heptane with radicals used in
kinetic models lead to formation of different distributions of heptyl
radicals in the flame zone. Different description of isomerization
and decomposition reactions of heptyl radicals increases the differ-
ences in the concentrations of heptyl radicals and the products of
its decomposition during heptane consumption. The rate constants
assigned for these processes will dictate the branching ratio for the
formation of the olefins that can be formed. The nature of the dis-
tribution of products can obviously have a very strong effect on
the subsequent decomposition process and may have impact on the
initiation of soot formation.

We have recently obtained the following high pressure rate ex-
pressions for the relevant processes (Table 4). These data represent
the first complete set of experimentally based rate expressions for
these processes. They are important because they lead to a spe-
cific distribution of the smaller compounds that are the inputs to
the other modules in the database. Furthermore the heptyl radical
decomposition processes are competitive with their oxidation reac-
tions (heptyl + O,). The consequence is that at the lowest tempera-
tures the oxidation process will predominate and the decomposition
processes will not be important. At the highest temperatures de-
composition will become the sole reaction and the distribution of
products will be of key importance. This leads to possibility of lump-
ing of decomposition and isomerization reactions of heptyl radicals
and presentation of these reactions as the lumped hydrogen atom
abstraction reactions for heptane with corresponding branching ra-
tios. At the intermediate temperatures the differences between rate
constants for oxidation and decomposition can play a key role in the
subsequent behavior of the system. We estimate that this intermedi-
ate region ranges from 800 to 1000 K for a stoichiometric mixture.
This is not an important temperature range for the present applica-
tion. Thus the branching ratios are sufficient for most applications.
Table 5 summarizes the calculated branching ratios.

D. Olefin Kinetics

The products of heptane and heptyl radical decomposition include
olefins (1-CgH;», 1-CsH;o and 1-C4Hg) and olefinic radicals. Pre-
vious kinetic models of heptane combustion treated the formation
of olefinic radicals from olefins in terms of lumped species (C4H7,
CsHoy, CgH;;). We include reactions of hydrogen atom abstraction
from olefins leading to the formation of the following radicals:
1-C4H;-3, 1-C4H7-4, 1-CsHy-3, 1-CsHo-4, 1-CsHy-5, 1-C¢H,;-3,
1-C¢Hy;-4, 1-CgH; -5, and 1-C¢H,;-6. Rate constants for these pro-
cesses are based on recent results of Sumathi et al.3> For H-atom ab-
straction from olefins by radicals different from the hydrogen atom,
the overall rate constants suggested by Curran et al.'* with branch-
ing coefficients for abstraction by hydrogen atom® are used as a
first approximation. Kinetic data for decomposition of olefins and
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Table 5 Branching ratios for decomposition of heptyl radical®

the optimized C;-C; kinetics database that was calibrated to fit the
burning velocity dependencies of C,-C; hydrocarbons on the equiv-

alence ratio and temperature dependence of ignition delay.®® This

represents an extended version of the Grimech 3.0 mechanism* and
constitutes the basic set of reactions of C;-Cj species in the heptane
kinetic model. More detailed discussion concerning the modifica-
tion of rates for some reactions of Grimech-3.0 model is given in
the section on laminar premixed flame modeling.

F. Kinetics of PAH Growing Process

For modeling of PAH growing process, the kinetic submodel was
assembled using the kinetic databases of Marinov et al.,! Appel
et al.,> and Richter et al.* (also Richter, H., personal communica-

tion, 2002). Additional reactions and updates of rate constants were
included from several recent sources.’~’ The model was extended
by analogy to include reactions of PAH formation up to ovalene.
Additionally, calculations were conducted with the use of PAH for-

mation database of Marinov et al.! and Appel et al.® as published

for comparison purposes.

The overall kinetic database includes 1745 reactions with
species. Thermochemical data were from standard
134613155 (also Richter, H., personal communication,

use of National Institute of Standards and Technology Structures
and Properties program®’ and through the use of the group additivity
procedure.® 8 The Chemkin-2 package was used for the simulation

work.”0

IV. Comparison with Experimental Data

Different parts of the database have been tested in the original
investigations. For example, the optimized C3 mechanism,®® which

is based on Grimech model,* was tested against numerous experi-

mental data for C;-C; hydrocarbon systems. Marinov et al.! tested

their model of PAH formation against experimental data on flame

structure for propane and butane flames. Comparison of modeling

*Data available online at http://www.me.berkeley.edu/gri_mech.

Initial radical Decomposition reactions log A n E/R, K
C7H5-1 C7H;5-1=> CH4 +nCsHy; —1.09 —0.345 1824
C7Hj5 —2=> C3Hg +nCysHy 9.82 3.195 1988
C7Hy5 — 3 => 1-C4Hg +nC3Hy 9.05 2.83 2183
C7H;5-3=> CH3 + 1-C¢H» 5.62 1.869 2069
C7Hi5s —4=> 1-CsH9 + C,H5 —3.66 0.935 291
C7H;5-2 C7H5-1=> CyH4 +nCsHy, 3.128 1.384 1274
C7H|5s — 2 => C3Hg +nCyHy 0.364 0.121 399
C7Hi5 — 3 => 1-C4Hg +nC3H7 0.277 0.375 —392.8
C7H;5-3=> CH3 + 1-CgH» —-2.93 —0.523 —452
Cy7His —4=> 1-CsH¢ + C,H5 1.458 1.045 69.7
C7H;5-3 C7H5-1=> CyH4 +nCsHy; 4.36 1.646 1838
C7H;5 — 2 => C3Hg +nC4Hyg 1.33 0.724 —287.2
C7H;5 —3=> 1-C4Hg +nCsHy 1.2 0.415 482.1
C7H5-3=> CH3 + 1-C¢H2 —2.875 —0.733 187.8
C7Hy5 —4=> 1-CsH9 + C2H5 2.98 1.375 785.6
C7H;5-4 C7H;5-1=> CH4 +nCsH; —7.86 —1.91 153.5
C7H;5 —2=> C3Hg +nC4Hg 2.56 1.46 493.5
C7H;5 —3=> 1-C4Hg +nC3Hy 3.28 1.52 1154
C7H5-3=> CH3 + 1-C¢H2 0.1148 0.632 1100.4
C7H5 —4=> 1-CsH 9 + C,H5 0.124 0.0413 38.1
“Expressions are in the form of A*(1/T)"exp(—E/RT).
olefinic radicals were in accord with the results of Tsang.® The incor- o 1-0E-03 ¢
poration of this block of reactions into the model provides a more ac- < E
curate kinetic description of decomposition/oxidation pathways of P L »
olefins, which are important for PAH and soot formation modeling. 2 1.0E-04
(=] F
E. C1-C4 Reaction Block 'E I /
The submodel of C3-C, species reactions was mainly assembled 2 1.0E-05 w w w
from the models of Laskin et al.,> Marinov et al.,! Curran et al.,'? 0.625 0.675 0.725 0.775
and H. Richter (personal communication, 2002). The model includes 1000/T, K

Fig. 4 Temperature dependence of heptane ignition delay behind
shock wave (2.5% heptane, 27.5%0,, 70%Ar): m, experimental data,”!
0.19-0.26 MPa; , this work, 0.23 atm.

results on heptane combustion with experimental data was con-
ducted for the following set of experimental data: dependence of
burning velocity of heptane/air on equivalence ratio (next section),
temperature dependence of ignition delay of heptane/oxygen mix-
tures behind shock wave, and OH time history during ignition behind
shock wave.

Vermeer et a studied high-temperature ignition of hep-
tane/oxygen mixtures behind reflected shock waves for pressure
range 1-4 atm and temperatures 1200-1700 K. Results are sum-
marized in Fig. 4 and are in a good agreement with the calculated
temperature dependence of the ignition delay. The calculated ig-
nition delay was taken as the time to achieve maximum concen-
tration of the CH radical. The simulations show that heptane is
decomposed before ignition. Thus ignition occurs in the presence
of significant amount of the decomposition products (C;H4, C3Hg,
1-C4Hg, 1-C¢Hj,, 1-CsHj, and associated radicals). The ignition
process can be characterized in terms of two-stage process, where
the heptane decomposition is the first stage and the second stage
corresponds to ignition of decomposition products of heptane.

Horning et al.”> have studied ignition of n-heptane behind re-
flected shock waves over the temperature range of 1300-1700 K
and for 0.1-0.6 MPa pressure range. Figure 5 contains comparisons
of modeling results of temperature dependencies of ignition delays
for lean, stoichiometric and rich heptane/oxygen mixtures at 1 bar.
The ignition time was defined as before.®? It can be seen that calcu-
lated ignition delays are about 20—30% shorter than experimentally
determined ones for all three mixture compositions depending on
the initial temperature.

Davidson et al.”> measured OH radical concentration evolution
behind reflected shock waves in the oxidation of n-heptane. Initial
conditions of these measurements were 1360—-1780 K and 0.202—
0.38 MPa. Experiments were performed for equivalence ratios
0.8—1.2 and concentration of fuel in mixture 200-300 ppm. Figure 6

1.91
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Fig. 5 Temperature dependence of heptane ignition delay for different
equivalence ratios (0.5, 1, 2; 0.4% heptane), pressure 0.1 MPa: A, m,

experimental data®?; ——, this work.
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Fig. 6 OH concentration for different temperatures: ——, experi-

mental data®3; &, m, A, this work [300 ppm C;Hj¢, heptane/O2/Ar,
equivalence ratio 1; 1551 K (0.214 MPa); 1640 K (0.204 MPa), 1784 K
(0.212 MPa)].

contains experimental and modeling results for three different tem-
peratures and stoichiometric mixtures. There is reasonable agree-
ment for OH evolutions measured at different temperatures.

V. Burning Velocity of Heptane Combustion

Figure 7 illustrates the dependence of the laminar burning ve-
locity on equivalence ratio and demonstrates that detailed kinetic
models'>!® overpredict burning velocity in comparison with exper-
imental data of Davis and Law.”® Calculations were also conducted
using a combination of Grimech 3.0 with the reduced Seiser et al.
model.'* Reduction of Seiser et al. model involved the exclusion
of reactions with hydrocarbon peroxides and hydroperoxy radicals.
These reactions are important for low-temperature range and con-
ditions typical for NTC conditions. As before, this combined model
substantially overpredicts burning velocity in comparison with the
data.”®

We have also made calculations using a combination of the
Grimech-3.0 database® on C;-C, species kinetics with those of
Lindstedt and Maurice'> and Bakali et al.'” for the larger species.
This is similar in spirit with the combined model of Seiser et al.'*
The calculated burning velocities (the range of equivalence ratio was
0.8-1.2) deviated from each other by less than 3—5%. This demon-
strates that the main reactions contributing to the burning velocity
correspond to reactions in the C;-C, system, with the inclusion of
some reactions of the C; species. As was the case with the combined
Seiser et al. database,'* the burning velocity was overpredicted when
compared with the latest experiments.

A. Sensitivity Analysis

Figures 8—10 contain results of calculations on the sensitivity of
flame velocity to the reactions in the combined reduced model of
Seiser et al.'"* with Grimech 3.0 (Ref. 74), Bakali et al. model,"
and Lindstedt and Maurice model.'> In general, the models demon-
strate that reactions controlling the heat-release kinetics in heptane
flames are similar to reactions of C;-C4 hydrocarbon flames.!%* Nev-
ertheless, they have different patterns of sensitivity coefficients. For
example the results of Lindstedt and Maurice'> show that the flame

*Data available online at http://www.me.berkeley.edu/gri_mech.

Table 6 Normalized sensitivity coefficients for heptane/air
flame (dependence on equivalence ratio)

Reaction/equivalence ratio 0.8 1 1.4
H+0,=0H+0 0.205 0.23 0.703
CH3; +H+M=CHy + M —0.0198  —0.0249  —0.262
HCO+M=H+CO+M 0.0435 0.042 0.0846
OH+CO=CO;+H 0.143 0.0857 0.032
H+ 0, +M=HO,+M —0.0838  —0.040 —0.019
H+aC3Hs+M=C3Hs+M —0.053 —0.043 —0.11
H+CHs +M=CHs +M 0.00971 0.00965 0.03

50
@
§ 40
§". e Davis and Law /8
g present work
T>> — — Lindstedt and Maurice!5
o - - - - Bakalietal'®
£ 30
c
S
>
1]

20 T T T T 1

0.6 0.8 1 1.2 1.4 1.6

Equivalence ratio

Fig. 7 Dependence of heptane burning velocity on equivalence ratio;
e, experimental data’;——, ——— . . . ., results of calculations (Refs. 15,
19, and present work).

velocity is more sensitive to the rate constant of HCO radical de-
composition than those of the reactions HCO + H=H, + CO and
CHj; + CH; = C,Hs + H. Calculations from the database in the work
of Bakali et al.!"” demonstrate that the flame velocity is equally de-
pendent on the rate constants for the three reactions.

Sensitivity calculations reveal that the main reactions determining
burning velocity are the reactions H4 O, =H+ OH, CO+ OH =
CO,+0, H4+0,+M=HO,+M, HCO+M=H+CO+M,
H + HCO — CO + H2, CH3 + CH3 = C2H5 —|— H, C2H5 = C2H4 —|—
H, and H+ aC3;Hs; = C3Hg. In all cases, the influence of reac-
tions involving the Cs-C; species on burning velocity is small
or less than 2-4% of the sensitivity level for the chain branch-
ing reaction H+ O, =0OH+ O. Within these small limits, the
following reactions involving heptane make the most contri-
butions: C7H16 +OH= 2-C7H15 + HzO, C7H16 +H= C7H15 + Hz,
C;Hy6 +OH=3-C;H;5 + H,O, and heptyl radical decompo-
sition 1-C7H15 = aC5H11 + C2H4, 2-C7H15 = aC4H9 + C3H6, 1-
C;H;5 =2-C;H,s. OH attack is particularly important for lean and
stoichiometric flames. The model of Seiser et al.!* shows that the
most important reactions of C7 species with respect to the flame
velocity correspond to the reactions of heptane with H and OH rad-
icals. On the other hand, the models of Lindstedt and Maurice'?
and Bakali et al.’® demonstrate some sensitivity to the rate constant
for the decomposition of heptyl radical 1-C;H;s = 1-CsHy; + CoHy
and 2—C7H15 = C3H6 + p—C4H9.

Table 6 contains calculated sensitivity coefficients of the main
reactions for lean, stoichiometric, and rich mixtures. In all cases the
flame velocity was most sensitive to the reactions of C1-C2 hydro-
carbon species. With increasing equivalence ratio, the sensitivity
of burning velocity to the rate constant of CH; + H+ M =CH, +
M reaction increases substantially. Burning velocity of lean mix-
ture compositions is more sensitive to the reactions H+ O, + M=
HO; +M and CO + OH = CO, + H. Increase of equivalence ra-
tio decreases sensitivity to these reactions. The sensitivity to rate
constants of C3-C4 species reactions remains approximately at the
same level with the change of equivalence ratio. It is of interest that
most of reactions with positive sensitivities correspond to reactions,
which produce hydrogen atom. Negative sensitivity coefficients cor-
respond to reactions mainly consuming hydrogen atom.
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B. Modification of Grimech-3.0 Model

The simulation results show that modification of the kinetic model
for the reactions involving C;-Cs species is required if the agree-
ment is to be achieved between simulation and experimental results
on the relation between burning velocity and equivalence ratio. Sen-
sitivity analysis does not reveal reactions with the relatively large
sensitivity coefficients from Cs-C; reaction sub-system. The main
reactions influencing burning velocity are the reactions of C;-C;
hydrocarbon species and they are general part of the Grimech-3.0
model. Unfortunately this means that some aspects of the well tested
Grimech-3.0* database dealing with the C,-C, reaction subset must
be adjusted.

Recently Qin et al.3® developed a kinetic database for propane
combustion using Grimech 3.0 mechanism as a basis for the C;-C,
reaction subset. It was found that the first version of the mechanism
also substantially overpredicts the burning velocity of propane. The
authors® concluded that for fitting experimental data on burning
velocities and ignition delay modifications of the rate constants for
the base model—methane combustion—is required. A reasonable
match to experimental data on burning velocity and ignition delays
for C,-C; hydrocarbons was obtained by reoptimizing of nine rate
constants of the Grimech 3.0 kinetic model.

Table 7 contains the set of reactions whose rate constants were
adjusted to fit calculations and experiments for propane combustion
in the original publication.®® Also included are the set of reactions

*Data available online at http://www.me.berkeley.edu/gri_mech.

modified in this work in such a manner as to provide agreement with
the experimental data on burning velocity of Davis and Law.”® This
set is based on sensitivity analysis, effects arising from variations
of rate constant, and analysis of available data on rate constant for
various processes. It includes four reactions from Grimech-3.0 ki-
netic model compared to nine reactions suggested by Qin et al.%
Two of these reactions correspond to the set of reactions of Qin
et al.% Other suggested reactions correspond to C; reaction subsys-
tem. Most of these reactions involve the formation and consumption
of allyl radical.

Propene is an important product from heptyl radical decompo-
sition. It is also formed during the decomposition of olefins and
olefinyl radicals. Allyl radicals are very stable and can therefore in-
hibit chain processes by combination with radicals. They are also an
important precursor for aromatic formation. This is readily demon-
strated from sensitivity calculations. Increasing the reaction rates
of channels with allyl radical formation leads to burning velocity
decreases, as a result of inhibition sequence of reactions involving
allyl radical:

C3H6 +H (O, OH) = aC3H5 +H, (OH, Hzo)
aC3H5 +H+M=C3H6+M
Recombination of allyl radical with hydrogen leads to propene for-
mation and permits through hydrogen atom attack some cycling

and catalytical recombination of H atom, thus decreasing burning
velocity.
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Table 7 Set of reactions used to fit experimental data

Set of reactions
determined in this work

Set of reactions used for
optimization by Qin et al.8¢

CyH4 + OH = C,H3 + HO (%)? —_—

CyHy4 + O =H+ CH,CHO (*) —_—
C,H4 + O =CHj3 +HCO (%) _—
H+CHs+M=CHs+M (*) H+CyHs+M=CHs+ M (*)
CyH3 + 0, =0+ CH,CHO (%) CoH3 + 02 => (%)
CoH; +H=H; + CHy (%) —_—

CH3 + HO,; = CH30 4+ OH (¥) —_—

HO; + H=OH + OH (*) —_—

HO; +H=H; + 0, (%) —

—_— H+CH3; + M=CHy+ M (¥)
—_— HCO+M=H+CO+M (¥)
C3Hg + H=aC3Hs + H, C3Hg +H=aC3Hs +H2
C3Hg + OH =aC3Hs5 + H,O C3Hg + OH =aC3Hs5 + H,O
CsHg +H=CyH4 + CH3 E—

aC3Hs + H+ M =C3Hg + M aC3Hs + H+M=C3Hg + M
—_ aC3Hs + O=>

e C3Hg + O =aC3Hs + OH
e aC3Hy + HtM =aC3Hs + M
e CH;z + CoHy + M =a-C3Hs + M

4(*) denotes reactions considered in the Grimech-3.0 model. (Data available
online at http://www.me.berkeley.edu/gri_mech.)

As a first approach to developing of heptane combustion model,
we follow suggestions of Qin et al.’¢ It is of interest to indicate
that optimization of the C;-C3 model®® was conducted without
taking into account constraints determined by branching ratios,
for example, data for process H+ HO, => products were modi-
fied without taking into account that there exist certain branch-
ing ratio for the channels of this reaction, which is important
for modeling of self-ignition processes and ignition in the inter-
mediate temperature range. Also, data for reactions of formation
aC3Hs in the radical reactions with C3Hg were modified without
corresponding corrections for other channels of these processes.
Thus, future additional justification of these modifications will be
needed.

C. Effect of C;Hj3 + O3 Reaction

The reaction of vinyl and O, is another high sensitivity reac-
tion. Reaction of vinyl radical with oxygen was analyzed in several
works.”*~=% It is one of the main reactions that determine the level
of conversion of C2 species into those with one carbon atom. The
following channels were considered in the kinetic model for this
multichannel process:

a) C2H3 + 02 = C2H2 + H02
b) C,H; + 0, =HCO + CH,O
C) C2H3 + 02 = O + CH2CHO

Calculations demonstrate that burning velocity is sensitive to the
channel c) with O + CH,CHO products, which is the chain branch-
ing process. It was noted that channel b) leading to the formation of
CH,0 + HCO is most important at low temperatures. As the temper-
ature is increased, channel a) with C,H, + HO, formation becomes
important.$?#3%4 It was indicated that in order to have reasonable
prediction of ignition delays in ethane/O,/Ar mixtures it is necessary
to have the HO, 4+ C,H, channel despite the lack of experimental
evidence for it.>%* The reaction of C,H; with O, has to be assumed
to have the products HO, and C,H; at high temperature, in contrast
to low-temperature measurements where the products are HCO and
CH,O0. Otherwise no reasonable results for ignition delay times and
burning velocities are possible.3283

Mebel et al.”® have analyzed this reaction theoretically and
computed rate constants for all three channels. They concluded
that in the temperature range 500-900 K the channel a) forming
CHO + CH,0O dominates. With increasing temperature (7 > 900 K)

the chain branching c) process becomes more important. It is only
at the highest temperatures (T > 2500 K) that the channel yield-
ing C,H, + HO, products begin to make contributions.’® These rate
constants were used in Grimech 3.0 model. Marinov et al.! used dif-
ferent ratio of rate constants, based on the work of Westmoreland®?
and calculations of Melius for reaction b) (Marinov, N. M., per-
sonal communication, 2001). The rate constant for chain branching
channel c¢) obtained by Wesmoreland®> was increased by Marinov
et al.! (see also Marinov, N. M., personal communication, 2001)
because of the necessity to match experimental data for acetylene
concentrations in rich flames. Recently Carriere et al.”® concluded
that the channel with CH,CHO + O products does not make con-
tribution until ~2300 K. Our results confirm the claim that the rate
constant assigned in Grimech-3.0 model for this channel is too high
if agreement between simulations and experimental data on burning
velocity is to be achieved.

The overall rate constant was measured by Fahr and Laufer®
and Knyazev and Slagle.'” Based on these measurements, Baulch
et al.}3 recommended temperature-independent value 5.42 x 10'?
for overall rate constant. This value was used for channel a) in
the model®? to represent the reaction C,H; 4 O2. Note that in the
Grimech 2.11 model reaction of vinyl radical with oxygen was rep-
resented by channel b) only. Qin et al.¥® decreased the rate constant
for chain branching channel by a factor of 0.4. The decreased rate
constant coincides with the data used by Marinov et al.! at temper-
ature approximately 1380 K, but the temperature dependencies are
different.

VI. Influence of Product Distribution of Heptyl
Radical Decomposition on PAH Formation

The values of the rate constants assigned to the formation,
isomerization, and decomposition of heptyl radicals determine
the level and distribution of the PAHs. The main stable prod-
ucts from heptyl radicals are CH,, C,H,, C3Hg, 1,3-C4Hg, 1-
CsHjyg, and 1-C¢Hj,. Calculated distribution of hydrocarbon prod-
ucts from heptane oxidative decomposition at the maximum of C3Hg
and 1,3-C4Hg concentrations is CH4:C,H,:C,H4:CyHg:C3Hqg:1,3-
C4Hg =2.4:1.3:12:1.2:2.6:1 for an equivalence ratio 2 in a jet stirred
reactor. This ratio approximately coincides with the product dis-
tribution for stoichiometric mixtures at the position of maximum
concentrations of C3Hg and 1,3-C4Hg. Details of PAH growing
processes at high temperatures were analyzed through the mod-
eling of combustion process in jet stirred reactor. Calculations of
freely propagating heptane flames with kinetic model including
PAH formation processes require large times of computer pro-
cessor. Figure 11 contains dependencies of intermediate prod-
ucts of high-temperature heptane combustion on residence time
in a jet stirred reactor. It shows the changes in the branching ra-
tio of heptane products with the residence time during heptane
consumption.

Figures 12 contains the results of calculations of PAH yields for
the combustion of a variety of hydrocarbons (CHy4, C,Hg, C;Hy,
C,H,, C3Hg, C3Hg, C4Hy, 1-C4Hg, 1,3-C4Hg, and heptane) at the
same equivalence ratio. The lowest production of C¢Hg, CjoHsg,
phenanthrene, and pyrene correspond to methane combustion. The
maximum yield corresponds to 1,3-butadiene. In terms of propen-
sity for PAH production, the 1,3-butadiene is followed by propylene

—o—CH4

1.E-01 —a-C2H2

1.E-02 = o
1.E-03 it B
1E-04 CARTTRX 8 —m—C4Hg-1
= X /y '\A\k —e—CaHe
1.E-05 X\ii —x—C5H10-1
C6H12-1
1.E-06 T T :nC?HﬂS
1.E-07 1.E-06 1.E-05 1.E-04
Residence time, s

Molar fraction

Fig. 11 Dependence of intermediate products of heptane combustion
on residence time (equivalence ratio 2, 1650 K, 0.1 MPa).
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Fig. 13 Consumption pathways of ethylene (equivalence ratios 1 and
2.5, 1650 K, residence time 0.0057 s, 0.1 MPa).
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Fig. 14 Major reaction routes of propargyl radical and benzene for-
mation for propylene combustion (equivalence ratio 2; 1650 K, 0.0057 s,
0.1 MPa).

and 1-C4Hg. Heptane is comparable with ethylene in the production
of pyrene. Figure 12 demonstrates the increasing of PAH production
with the number of carbon atoms in the alkanes. These results cor-
relate with experimental data on critical sooting equivalence ratio
for premixed hydrocarbon flames.'®!

Figure 13 contains major reaction pathways of propargyl radical
and benzene formation for ethylene combustion. Note that ethylene
represents the main product of decomposition of heptyl radicals.
Propargyl radicals are formed in the reactions of CH, and 'CH,
with acetylene. Hydrogen atom abstraction from pC;H, is a mi-
nor channel. Benzene formation is largely a result of reactions of
propargyl radical combination. Figure 14 contains reaction path-

- |

l

CH2CHCCH2

l -----.. liﬂi! ........‘ l

\—
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Fig. 15 Major reaction routes of propargyl radical and benzene for-
mation for 1,3-butadiene combustion (equivalence ratio 2; 1650 K,
0.0057 s, 0.1 MPa).
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Fig. 16 Major reaction routes of propargyl radical and benzene for-
mation for heptane combustion (equivalence ratio 2; 1650 K, 0.0057 s,
0.1 MPa).

ways of propargyl radical and benzene formation for propylene
combustion. Our mechanism highlights the route to propargyl rad-
ical formation through allyl radical and successive hydrogen atom
abstraction. The reaction pathways of benzene formation in C3Hg
combustion were discussed by Pope and Miller,'” and they are
in accord with our conclusions. Figure 15 presents reaction path-
ways of propargyl and benzene formation for combustion of 1,3-
butadiene. For 1,3-butadiene the following reaction pathway pro-
vides additional contributions to the formation of propargyl radical
and benzene: 1,3-C4H¢ +H(OH)=CH,CHCCH, +H, (H,0);
CI{2CI{CCI{2::CPECX:CPE; CP&(X:C}b—+I{::CBI{3+—C}{y
and CH;CCCH; + C;H, = C¢Hg + H. Figure 16 contains simplified
reaction pathways of propargyl and benzene formation for combus-
tion of heptane in jet stirred reactor. It demonstrates that forma-
tion of ring compounds for heptane combustion represents some
combination of reaction pathways of benzene and propargyl radi-
cal, formation for ethylene and propylene combustion at analyzed
conditions of reaction proceeding. Formation of ethylene, 1-C,Hg,
1-CsHjp, pC4Hyg, C3Hg, nC3H;, C,Hs as the result of decomposition
and isomerization reactions of heptyl radicals leads to two major re-
action routes in the generation of propargyl radicals and benzene.
First route includes formation aCsHjs radical, which leads to forma-
tion of aC;H,/pCsHy and C,Hj species. Reactions of aC3H, and
pC3Hy4 lead to the formation of C3Hj. Second pathway incorporates
formation of ethylene from C,Hs and nC;Hj; radicals, which leads
to propargyl radical through formation of C;H; and C,H,.
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VII. Conclusions

We have studied the kinetics of heptane combustion at high tem-
peratures through numerical modeling. A kinetic model of high-
temperature heptane combustion was constructed. The model is
based on new kinetic data for decomposition of heptane, olefins,
heptyl and olefinic radicals. The model includes four major blocks
of reactions: C;-C, chemistry, which is based on Grimech-3.0
model®®*; block of C;-Cy4 reactions based on the models!? (see
also Richter, H., personal communication, 2002); and block of C4-
C; reactions, which is based on new results and previous heptane
combustion models.®13=13-66 A block of reactions of PAH forma-
tion was assembled based on the models of Marinov et al.,! Richter
(personal communication, 2002), and ABF model.? The modeling of
heptane combustion was concentrated on the simulation of burning
velocity dependence on equivalence ratio and temperature depen-
dence of ignition delay at high temperatures. Comparison of model-
ing results with experimental data on burning velocity of Davis and
Law,”® ignition delay of Vermeer et al.’! and Horning et al.,”* and
OH kinetics behind shock waves®> demonstrates reasonable agree-
ment. Rate constants for heptane decomposition were calculated.
It was demonstrated that for 0.1 and 1 MPa pressures decompo-
sition of n-heptane proceeds in fall-off region and rate constants
are pressure dependent. The reactions determining burning velocity
were established through sensitivity analysis. The main reactions
determining burning velocity are similar to reactions determining
burning velocity of C1-C4 hydrocarbons. Sensitivity of burning ve-
locity to reactions of C5-C7 species is relatively small. Modeling of
influence of product distribution of heptyl radical decomposition on
PAH formation demonstrates that reaction pathway of formation of
first aromatic compounds represents some combination of reaction
pathways of benzene and propargyl radical formation in ethylene
and propylene combustion.
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