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Reaction pathway analyses were conducted for three mechanisms (designated as the Pitsch, Utah, and
Lawrence Livermore National Lab) for a normal heptane premixed fladne=(1.9) and a normal heptane
opposed diffusion flame, in order to identify the relative importance of the major fuel consumption pathways
in the two flame classes. In premixed flames, hydrogen abstraction is found to be the major fuel consumption
route although it is surpassed by thermal decomposition when the flame temperature exceed$0aaQ.

At the higher temperatures, however, little fuel remains in a premixed flame so that thermal decomposition
provides a minor pathway for overall fuel decomposition. The principal abstractor is the hydrogen radical in
all three mechanisms with the hydroxyl radical having a secondary role. In opposed diffusion flames, thermal
decomposition competes with hydrogen abstraction in providing the major pathway for fuel consumption.
Thermal decomposition becomes important when a large fraction of the fuel reaches the high-temperature
zone in a flame. By understanding the relative importance of competing fuel consumption pathways, mechanisms
can be tailored to each specific application by eliminating or lumping insignificant reactions. The results obtained
in this study fom-heptane may be used to guide the reduction of existing mechanisms for a particular application
or the generation of mechanisms for the combustion of larger paraffins that are major components of liquid
aviation and transportation fuels.

Introduction marized in Tables 1 and 2. The combustionndfieptane and
other largen-paraffins includes a low-temperature region, in
which alkylperoxy radical chemistry dominates, and a high-
mperature region controlled by fuel and large radical pyrolysis
and oxidation that generate intermediates that react rapidly to
produce G—C, species. Dagaut et aidentified 750 K as the
temperature separating the low- and high-temperature regimes

Heptane combustion chemistry provides the foundation for
mechanisms of higher hydrocarbon species such as decan
dodecane, and cetane found in commercial fuels. Detailed
mechanisms of large paraffins are of formidable sizes that are
difficult to apply in modeling efforts of practical flames. In order
to guide the simplification of an existing reaction mechanism
or the generation of a new mechanism for a higher hydrocarbon,  (5) Doute, C.; Delfau, J. L.; Akrich, R.; Vovelle, C. Experimental study
it is useful to identify the reaction classes of greatest importance, of the chemical structure of low-pressure premixeteptane-O2—Ar and

i ; ; jsooctane-O2—Ar flames.Combust. Sci. Techndl997, 124, 249.
and their dependence on combustion environments. As the best® (6) Seiser, R.; Truett, L.; Trees, D.; Seshadri, K. Structure and extinction

StUdieq Iarge.paraffim—heptane. is selected for r.eaCtion pathway  of non-premixech-heptane flamesProc. Combust. InstL998 27, 649.
analysis to discover the most important reaction routes for fuel  (7) El Bakali, A; Delfau, J. L.; Vovelle, C. Experimental study of 1
decomposition, formation, and consumption of olefins, evolution ?te”;ﬂf]gr%%g'ﬂh P%%mlxeﬂhemane and iso-octane flam&mmbust. Sci.
of 'ntermedllates’ .and formation of major produ'cts'.. . (8) El Bakali, A.; Delfau, J. L.; Vovelle, C. Kinetic modeling of a rich,

Heptane is a primary reference fuel for spark ignition engines atmospheric pressure, premixadheptane/O2/N2 flameCombust. Flame
and has been studied exhaustively. Some recent experifnéatal 1999 118 381.

13 91 ) . _ (9) Ingemarsson, A. T.; Pedersen, J. R.; Olsson, J. O. Oxidation of
and modeling*~2! results onn-heptane combustion are sum n-heptane in a premixed laminar flamk.Phys. Chem. A999 103 (41),

8222.
* Corresponding author. E-mail: westshanghai@yahoo.com. (10) Colket, M. B., lll; Spadaccini, L. J. Scramjet fuels autoignition study.
(1) Burcat, A.; Farmer, R. C.; Matula, R. Rroc. 13th Int. Symp. Shock  J. Prop. Power2001, 17, 315.
Tubes Shock Wes 1981, 13, 826. (11) Vovelle, C. Personal communication, 2001.

(2) Dagaut, P.; Reuillon, M.; Cathonnet, M. Experimental study of the (12) McEnally, C. S.; Ciuparu, D. M.; Pfefferle, L. D. Experimental study
oxidation ofn-heptane in a jet stirred reactor from low to high temperature of fuel decomposition and hydrocarbon growth processes for practical fuel

and pressures up to 40 at@ombust. Flame 995 101, 132. components: heptaneSombust. Flam&003 134 (4), 339-353.
(3) Simon, Y.; Scacchi, G.; Baronnet, F. Studies on the oxidation (13) Lindstedt, R. P.; Maurice, L. Q. Detailed kinetic modeling of
reactions ofn-heptane and isooctan€an. J. Chem1996 74, 1391. n-heptane combustio@ombust. Sci. Techndl995 107 (4—6), 317—353.

(4) Minetti, R.; Carlier, M.; Ribaucour, M.; Therssen, E.; Sochet, L. R. (14) Bollig, M.; Pitsch, H.; Hewson, J. C.; Seshadri, K. Reduced
Comparison of oxidation and autoignition of the two primary reference fuels n-heptane mechanism for non-premixed combustion with emphasis on
by rapid compressiorProc. Combust. Instl996 26, 747. pollutant-relevant intermediate speciBsoc. Combust. InstL996 26, 729.
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Table 1. Experimental Results onn-Heptane Oxidation
investigators apparatus exp conditions measurement
Burcat et ak shock tube =1 ignition delay
Dagaut et af. well stirred reactor high pressufé= 550-1150 K, 50 species
®=1,71=01-2s
Simon et aP well stirred reactor subatmospheric= 923 K, 16 species
7=0.1-09s
Minetti et al? rapid compression machine T=645-890 K concentration of intermediates and
ignition delay
Doute et aP premixed flame P=6 kPa,® =0.7-2.0 species profiles
Seiser et af. counter-flow diffusion non-premixed extinction and a dozen species
El Bakali et al” premixed flame 760 Torp = 1.9 two dozen species
El Bakali et al® premixed flame 760 Torp = 1.9 two dozen species, including isomers
Ingemarsson et &l. premixed flame 760 Torp =1 18 species
Colket and Spadaccii shock tube T=1100-1500 K,P = 3—8 atm, ignition delay
®=05-15
Vovelle et al*t premixed flame 760 Torp = 1.0, 1.5 two dozen species

McEnally et al'2 coflowing flame

non-premixed methane flames
doped with heptanes

soot volume fraction,
species concentrations

Table 2. Models for n-Heptane Oxidation

investigators rxns species systems modeled classes of compounds comment
Lindstedt 659 109  counter-flow diffusion flame, olefin, alkane, benzene well predicted species concentrations
and Mauricé? stirred reactor, and and flame temperatures; abstraction
premixed flame and thermal decomposition are major
fuel consumption pathways in diffusion flames
Pitsch et al* 77 38  counter-flow diffusion flame olefin, alkane determined that thermal decomposition
can account for 30% af-heptane consumption
Held et al'® 266 39 flow reactor, stirred reactor, olefin, alkane, found to provide best fit of laminar flame
shock tube, propyne, benzene speed by Davis and La#;found to provide
premixed flame speed the best agreement with Davidson etal.
ignition delay measurement at
reflected shock waves
Ranzi et al® 7000 260 premixed flames olefin, alkane, alkyne, dieneymped reactions used; each reaction
aromatics, PAH, can have multiple reactants and products;
carbonyl compound verified for n-heptane, iso-octarté,and
kerosen& flames
Curran et af? 2500 561 rapid compression machine, olefin, alkane, alkyne, detailed low-temperature chemistry, and
shock tubes, well stirred reactor, diene, carbonyl compound extensively tested in low-temperature
high-pressure flow reactor applications
Doute et ak! 550 65  four 6 kPa and one olefin, alkane, alkyne, most stable species were well predicted;

atmospheric premixed flame

diene, benzene

the model was also able to predict the
concentrations of active radicals for rich flames

based on their high-pressure, jet stirred reactor experiments oftion reaction paths are usually considered to have little influence

n-heptane oxidation, and most experimental and kinetic model-
ing studies, such as that of Ciezki and Adonéigbserve a
transition between the high- and low-temperature regimes
between about 700 and 850 K. While the low-temperature
oxidation regime has a considerable impact on fuel autoigattion
and phenomena including engine knock, low-temperature oxida-

(15) Held, T. J.; Marchese, A. J.; Dryer, F. L. A semi-empirical reaction
mechanism fon-heptane oxidation and pyrolysi€ombust. Sci. Technol.
1997 123 107.

(16) Davis, S. G.; Law, C. K. Laminar flame speeds and oxidation
kinetics of iso-octaneair andn-heptane-air flames.Proc. Combust. Inst
1998 27, 521.

(17) Davidson, D. F.; Horning, D. C.; Hanson, R. K.; Hitch, B. Shock
tube ignition time measurements for n-heptane/O2/Ar with and without
additives. Presented at the 22nd International Symposium on Shock Waves
London, July 18-23, 1999; paper 360.

(18) Ranzi, E.; Faravelli, T.; Gaffuri, P.; Sogaro, A.; Danna, A.; Ciajolo,
A. A wide-range modeling study of iso-octane oxidati@umbust. Flame
1997 108 24.

(19) Violi, A.; Yan, S.; Eddings, E. G.; Sarofim, A. F.; Granata, S.;
Faravelli, T.; Ranzi, E. Experimental formulation and kinetic model for
JP-8 surrogate mixture€ombust. Sci. Technd2002 174, 399.

(20) Curran, H. J.; Gaffuri, P.; Pitz, W. J.; Westbrook, C. K. A
comprehensive modeling study ofheptane oxidationCombust. Flame
199§ 114 149.

(21) Doute, C.; Delfau, J. L.; Vovelle, C. Detailed reaction mechanisms
for low pressure premixer-heptane flamesCombust. Sci. Techndl 999
147, 61.

(22) Ciezki, H. K.; Adomeit, G. Shock-Tube Investigation of Self-Ignition
of n-Heptane-Air Mixtures under Engine Relevant ConditioSombust.
Flame 1993 93, 421-433.

on premixed or non-premixed flame properties. One goal of

this paper is to compare flame models with and without these

low-temperature reaction pathways, in order to assess their role
and importance and the impacts of ignoring them in reduced

kinetic models for flame propagation.

In this paper, the combustion of normal heptane will be
investigated in both premixed and diffusion flames. Because
of the chemical similarity between species in a homologous
series such as-alkanes, understanding the major reaction
classes of heptane and the major reaction product distributions
should suggest a universal pattern of combustion chemistry for
longern-paraffins. Use of the information obtained from reaction
pathway analysis im-heptane for mechanism reduction in any

large n-alkane will also be discussed.

In order to evaluate the importance of reaction pathways, three
differentn-heptane mechanisms were selected for study. While
all three mechanisms were produced by selectively reducing a
large, extremely detailed kinetic mechanism, their reductions
were chosen to accomplish different objectives, and all three
have been reduced by different amounts. Comparisons are made
between all three mechanisms with selected experimental
premixed and opposed flow diffusion flame data in the literature
to provide a benchmarking of the models. The major intent of
the study is not to select the “best” model but to use the different

(23) Westbrook, C. K. Chemical Kinetics of Hydrocarbon Ignition in
Practical System®2roc. Combust. Ins00Q 28, 1563-1577.
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models to obtain insights on the dominant reaction pathways three of the mechanisms above were used to simulate the premixed

predicted by each model to assist in mechanism reduction.

Experimental Data and Numerical Models

flame, and the opposed-flow diffusion flame was modeled using
the Pitsch mechanism. The Pitsch mechanism was selected because
of its ability to fit the major features of product formation and fuel
consumption with a relatively small set of reactions.

The three mechanisms chosen for the pathway analyses are the The numerical model used for this study was CHEMKIN?3AI,

following:

e LLNL mechanismA detailed heptane mechanidhreduced
from a complete set proposed by Curran ef®aht Lawrence
Livermore National Laboratory (LLNL) that includes approximately

and the thermodynamic data were obtained from the CHEMKIN
thermodynamic databa$er estimated by THERGASemploying
Benson’s group additivity theord?. The transport properties of
species were obtained from the CHEMKIN transport dataSase

160 species and 1500 reactions for both low- and high-temperatureestimated from the transport properties of similar species.

chemistry.

« Pitsch mechanisnA smaller PitscP n-heptane model extended
from an earlier publicatioft with both high-temperature oxidation
and low-temperature peroxy radical reactions. This remarkably

efficient mechanism with only 112 reactions and 44 species requires

much less resources to run than its larger LLNL counterpart.
o Utah mechanismA relatively small mechanism compiled at

the University of Utah with 187 species and 932 reactions based

on submodules of hydrogeh,acetyleneé’~2° acetylene set with
vinyl and aromatic radical®, ethylene3! propane®2 propylene3?
n-butane3* benzene formatioff toluene and benzene oxidatiéh,
n-heptané! and isooctané’ The compilation is named the Utah

Comparative Mechanism Reaction Pathway Analysis

The computed predictions of fuel and oxygen consumption
rates were compared with the experimental values and used in
this study to adjust temperature profiles, using techniques that
were discussed in an earlier publicattdnThe resulting
predicted concentration profiles of the fuel, oxidant, and major
gaseous products in the premixedtheptane/@N, flame (@ =
1.9) of El Bakali et af are shown in Figure 1. Additional
comparisons of concentrations of selected olefins with measured

heptane mechanism; it is the core mechanism that has been extendeeixperimental profiles of the samme-heptane flame were

to build up a JP8 mechanism in our recent publicatfon.

All three reduced mechanisms were tested using experimental
data of two very different types of flames, in order to evaluate the
effects of flame type on the important kinetic reaction pathways.
The experiments included a laminar, atmospheric-pressure, pre
mixed n-heptane flame with an equivalence ratio of 4.8nd a
non-premixed, atmospheric-pressurédieptane, opposed-flow dif-
fusion flamé with a strain rate of 150 1/s (fuel side 15%heptane
and 85% N at 338 K, 34.2 cm/s; air side at 298 K, 37.5 cm/s). All

(24) Seiser, R.; Pitsch, H.; Seshadri, K.; Pitz, W. J.; Curran, H. J.
Extinction and autoignition afi-heptane in counterflow configuratioRroc.
Combust. Inst200Q 28, 2029.

(25) Liu, S.; Hewson, J. C.; Chen, J. H.; Pitsch, H. Effects of strain rate
on high-pressure nonpremixeatheptane autoignition in counterflow.
Combust. Flam&004 137 (3), 320-339.

(26) Marinov, N. M.; Westbrook, C. K.; Pitz, W. J. Detailed and global
kinetics model for hydrogen. ransport Phenomena in Combusti@han,

S. H., Ed.; Taylor & Francis: Washington, DC, 1996; Vol. 1, pp +18
129.

(27) Hwang, S. M.; Gardiner, W. C., Jr.; Frenklach, M.; Hidaka, Y.
Introduction zone exothermicity of acetylene igniti@ombust. Flamé&986
67, 65.

(28) Miller, J. A.; Mitchell, R. E.; Smooke, M. D.; Kee, R. J. Toward a

presented in an earlier studyAll three mechanisms are able
Ito reproduce the measured concentration profiles of most major
gaseous products. The predicted concentration profiles of
selected major species in the opposed diffusion ffaoséng

“the Pitsch mechanism are illustrated in Figure 2. The model
gives good agreement with the measured rates of fuel consump-
tion and major product formation.

Two major reaction classes are responsible for the consump-
tion of n-heptane in these flames: one reaction class is thermal
decomposition of the-alkane fuel molecule, which forms two
alkyl radicals after the rupture of a<€C o bond; the other is
hydrogen abstraction from timealkane fuel by a radical species,
which breaks a €H o bond to form a conjugate alkyl radical.
The alkyl radicals produced via both reaction classes then
decompose vi@ scission to form a smaller alkyl radical plus
an olefin species. In the low-temperature oxidation regime, alkyl
radicals can react via addition of molecular oxygen to produce
alkylperoxy radicals which lead to so-called “cool flames”, but
these processes do not contribute to the flame structure of any
of the flames examined in this study, although they do have

comprehensive chemical kinetic mechanism for the oxidation of acetylenes some impact on predicted OH radical levels, as discussed below.

comparison of model predictions with results from flame and shock tube
experimentsProc. Combust. Inst1982 19, 181.

(29) Westbrook, C. K. Chemical kinetics of hydrocarbon oxidation in
gaseous detonation€ombust. Flamé 982 46, 191.

(30) Wang, H.; Frenklach, M. Calculations of rate coefficients for the
chemically activated reactions of acetylene with vinylic and aromatic
radicals.J. Phys. Cheml994 2, 11465.

(31) Marinov, N. M.; Malte, P. C. Ethylene oxidation in a well-stirred
reactor.Int. J. Chem. Kinet1995 27, 957.

(32) Tsang, W. Chemical kinetics data base for combustion chemistry.
Part 2. Propanel. Phys. Chem. Ref. Date988 17, 887.

(33) Tsang, W. Chemical kinetics data base for combustion chemistry.
Part 5. Propenel. Phys. Chem. Ref. Date991 20, 221.

(34) Pitz, W. J.; Westbrook, C. K.; Leppard, W. Kutoignition chemistry
of C4 olefins under motored engine conditions: a comparison of experi-
mental and modeling resuitSAE paper no. 912315, Society of Automotive
Engineers, Warrendale, Pa, 1991.

(35) Miller, J. A.; Melius, C. F. Kinetic and thermodynamic issues in
the formation of aromatic compounds in flames of aliphatic fuesmbust.
Flame 1992 91, 21.

(36) Emdee, J.; Brezinsky, K.; Glassman, |. A Kinetic model for the
oxidation of toluene near 1200 K. Phys. Chem1992 96, 2151.

In the following sections, the reaction pathways for hydrogen
abstraction and thermal decomposition are compared for the
three different mechanisms. The resulting information will
identify the dominant pathways for fuel consumption and will

(39) Kee, R. J.; Rupley, F. M.; Miller, J. A.; Coltrin, M. E.; Grcar, J. F.;
Meeks, E.; Moffat, H. K.; Lutz, A. E.; Dixon-Lewis, G.; Smooke, M. D;
Warnatz, J.; Evans, G. H.; Larson, R. S.; Mitchell, R. E.; Petzold, L. R.;
Reynolds, W. C.; Caracotsios, M.; Stewart, W. E.; Glarborg, P.; Wang, C.;
Adigun, O.; Houf, W. G.; Chou, C. P.; Miller, S. Ehemkin collection
release 3.7.1; Reaction Design, Inc: San Diego, CA, 2003.

(40) Kee, R. J.; Rupley, F. M.; Miller, J. At/he Chemkin thermodynamic
database Sandia Report #SAND 87-8215B, 1993.

(41) Muller, C.; Michel, V.; Scacchi, G.; Goe, G. M. THERGAS: a
computer program for the evaluation of thermochemical data of molecules
and free radicals in the gas phageChim. Phys1995 92, 1154.

(42) Benson, S. W.; Cruickshank, F. R.; Golden, D. M.; Haugen, G. R;
O’Neal, H. E.; Rodgers, A. S.; Shaw, R.; Walsh,Ghem. Re. 1969 69,

279.
(43) Kee, R. J.; Dixon-Lewis, G.; Warnatz, J.; Coltrin, M. E.; Miller, J.

(37) Pitsch, H.; Peters, N.; Seshadri, K. Numerical and asymptotic studies A. The Chemkin transport databaseandia Report #SAND 86-8246, 1986.

of the structure of premixed isooctane flamBsoc. Combust. InstL996
26, 763.

(38) Zhang, H. R.; Eddings, E. G.; Sarofim, A. F. Criteria for Selection
of Components for Surrogate of Natural Gas and Transportation Rrets.
Combust. Inst2007, 31, 401—409.

(44) Zhang, H. R.; Eddings, E. G.; Sarofim, A. F. Combustion Reactions
of Paraffin Components in Liquid Transportation Fuels Using Generic Rates.
Combust. Sci. Technd?007, 179 (1-2), 61—89.

(45) Zhang, H. R.; Eddings, E. G.; Sarofim, A. F. Olefin Chemistry in
a Premixed Heptane FlamEnergy Fuel2007, 21 (2), 677-685.
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Figure 1. Comparison between numerical results and experimental data for the fuel, oxidant, and major gaseous products of the-pegrtaxed
flame @ = 1.9)8 using the LLNL reduced mechanism (heavy solid lines), the Utah heptane mechanism (light solid lines), and the Pitsch mechanism
(dotted lines).

0.25 1 r 2000 n-heptyl radical isomers, the primary (PXds) and the
secondary (SX@His). The more detailed mechanisms, the

L LLNL and the Utah mechanisms, distinguish all four possible
n-heptyl radical isomers denoted by the primary isomgi &
1, and the @H;5-2, G/H153, and GHi5-4 secondary isomers.
As seen in Figure 3, the formation rate of bothHgs-2 or
C7H15-3 (for structural reasons, the formation rates of these two
isomers are exactly the same) is greater than those of the other
two isomers. GHis-1 and PXGHjs are minor products as a
result of the stronger primary-€H bonds.

The production rates of the different heptyl radicals are
- 400 influenced by the temperature and multiplicity of H atoms at
each type of site. As the temperature increases, it becomes
relatively easier to abstract primary H atoms with their higher
bond energies. However, the increasing contribution of the
primary radical formation occurs at high enough temperatures
that its importance is displaced by the growing rates of thermal
decomposition of the parent fuel via breaking-C bonds, a

[¢
0.2

1200

Mole Fraction
o
e
(6}
ot

r 800

Temperature (K)

0.2 0.4 0.6 0.8
Distance from the Fuel Outlet (cm)
Figure 2. Comparison between experimental data (symbol) and
simulation results (line with a corresponding symbol) for selected

species of the opposed diffusion flafe. competing fuel consumption pathway that will be discussed
below.
contribute to the product-distribution weighted technique for ~ The LLNL mechanism gives unique bimodal rate profiles
mechanism reduction. with one peak at 700 K (minor) and another at 1275 K (major).
Fuel Consumption via Hydrogen Abstraction Hydrogen In contrast to the Utah mEChanism, the formation rateﬂlel

Abstraction in Premixed Flame3he n-heptane fuel consists IS the lowest of those of heptyl radicals for the LLNL
structurally of a long, straight chain of seven C atoms. The two Mechanism, only surpassing that ofHes-4 at 1410 K, and
ends of the molecule have methyl (§Hadicals, with a series ~ C7His-1 formation never dominates at high temperatures. The

of five CH, groups in the center region. The—& bond peak at 700 K is due to the inclusion of low-temperature reaction
strengths are stronger in the ggtoups than in the Cigroups; pathways in the LLNL mechanism.
the C—H bonds in the methyl radical are called “primary*&i Hydrogen Abstraction in Opposed Diffusion Flamksorder

bonds, and the corresponding bonds in the Gidup are called  to study the major fuel consumption pathways for different
“secondary” G-H bonds?® The heptyl radicals that are produced combustion configurations, the Pitsch mechanism was used to
by abstracting an H atom from a primary bond can be called model ann-heptane, opposed-flow diffusion flarfieds seen
“primary heptyl radicals”, and those produced by abstracting in Figure 2, the flame reaches its highest temperatures at-0.58
an H atom from a secondary bond are collectively called 0.61 cm from the fuel outlet and the most fuel is consumed on
“secondary heptyl radicals”. There is only one heptyl radical the fuel side of the temperature peak. Figure 4 demonstrates
that can be termed a primary heptyl radical, but there are threestriking differences of the major fuel consumption pathways
structurally distinct secondary heptyl radicals. The magnitudes between opposed diffusion and premixed flames (Figure 3) in
of the rates of hydrogen abstraction reactions in the premixedterms of thermal decomposition (to be discussed later) and
flame of Figure 1 are illustrated in Figure 3, as well as the primary heptyl radical formation. The primary heptyl radical is
reaction fluxes of carbon atoms through each heptyl radical formed at a maximum rate of 1.04 10~* mol/(mL s) compared
isomer. The Pitsch mechanism has been simplified by combiningto that of the secondary radical formation of 1,40.0~* mol/

all of the secondary heptyl radicals, so it considers only two (mL s) using the Pitsch mechanism. The net formation rate of
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Figure 3. Rates of hydrogen abstraction (first row), thermal decomposition (second row) reactions forming different heptyl radicals in the premixed
flame, and their contributions in the fuel consumption process (third row). Share of fuel burned is defined to be the reaction rate of a hydrogen
abstraction or a thermal pathway over the total fuel consumption rate that includes both hydrogen abstraction and thermal decomposition.

1.6E-04 NXC7H16+X= tion are important factors in reduction of large mechanisms of
PXC7H15+XH paraffinic fuels. For further reduced and beyond skeletal
NXC7H16+X= mechanisms, even the contribution of H and OH radicals is

SXC7H15+XH

1.2E-04 critically examined.

Each mechanism employs a different set of hydrogen abstrac-
tors. Of the four abstractors used in the Pitsch mechanism, H
and OH are most important (Figure 5) reacting at rateg 2
orders of magnitude faster in both flame configurations than
the other two abstractors, H@nd Q, except at temperatures
lower than 900 K where hydrogen abstraction reactions by HO
radicals are the fastest, because concentrations of &©®
greatest at lower temperatures. Hydrogen abstraction reactions

0.0E+00 by OH radicals are the fastest at low temperatures but are

042 0.45 0.48 0.51 overtaken by reactions by H radicals when the temperature

Distance from the Fuel Outlet (cm) exceeds 1100 K. OH radicals abstract a secondary hydrogen

Figure 4. Reaction rates for hydrogen abstraction and thermal three times faster than a primary one for the Pitsch mechanism.
decomposition reactions in the opposed diffusion flame. If an H radical is the abstractor, a secondary hydrogen atom is

the secondary radical is only 40% higher than that of the primary abstracted at a rate 30% faster than a primary one. In contrast
radical compared to it being 88% higher in premixed flames to premixed flames, the important contribution of abstraction
using the Pitsch mechanism (Figure 3). reactions by OH radicals toward the formation rate of the

Hydrogen AbstractorsThe contributions of H, OH, and other  secondary heptyl radical is not seen in the opposed-flow
radicals in the fuel consumption process via hydrogen abstrac-diffusion flame. Under all conditions examined, hydrogen
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importance in premixed flame, however, needs to be critically
examined. The rates of thermal decomposition in the premixed
flame are plotted in Figure 3, as well as the product distribution
for each decomposition pathway. The Pitsch, Utah, and LLNL
mechanisms include one (leading taHg-1 + n-C3H7), two
(C4H9-1 + n-C3H7 and Q,Hll-l + C2H5), and three (GHg-l +
n-CsH;, CsHip-1 + CoHs and GHizl + CHz) thermal
decomposition reactions, respectively. The inclusion of one extra
reaction gives a net rate of thermal decomposition in the Utah
mechanism twice that given in the Pitsch mechanism. The minor
reaction route €+ Cg accounts for only 5% of the net rate of
decomposition reactions in the LLNL mechanism, a route that
leads to methyl radical formation. The temperatures at which
the net rate of thermal decomposition exceeds that of hydrogen
abstraction are 1400 K for the Utah, 1500 K for the Pitsch, and
1600 K for the LLNL mechanisms. At those high temperatures,
however, less than 1% of theheptane fuel in the feed gas
remains in the reaction mixture as seen in Table 3. The thermal
decomposition accounts for 4%, 8%, and 0.4% of the total fuel
consumption using the Pitsch, Utah, and LLNL mechanisms.
Thermal Decomposition in Opposed Diffusion FlamEse
numerical results using the Pitsch mechanism in a diffusion

Figure 5. Hydrogen abstraction reaction rates in the premixed flame flame are much different. At the flame front, the thermal
(first row) and the opposed diffusion flame (second row) using the decomposition rate matches those of hydrogen abstraction, as
Pitsch mechanism. H and OH radicals are the major hydrogen shown in Figure 4; i.e., the thermal decomposition rate of C
abstractors. + C4 exceeds the net formation rate of the primary heptyl radical
) ) ] via hydrogen abstraction (sum of four reactions with a peak of
abstraction reactions by H radicals are the fastest, an order ofy g1 % 104 mol/(c? s)) at the position 0.46 cm from the fuel
magnitude higher than those by OH radicals. These results pointgtjet (1300 K) and reaches a maximum rate (1x050-4 mol/
out the conditions in the very richl( = 1.9) premixed flame.  (cn@ s)) only 25% lower than the net formation rate (four
The overall rate of hydrogen abstraction reactions in the Utah reactions, 1.40< 104 mol/(cn? s)) of the secondary heptyl
heptane mechanism is determined mainly by the reactions of H radical. The three major fuel consumption pathways (hydrogen
radicals (Figure 6) in contrast to the Pitsch mechanism, in which gpstraction to the primary radical, hydrogen abstraction to the
to the total rate of hydrogen abstraction. The hydrogen abstrac-youghly 30/46-45/25-30% distribution of the fuel consumption
tion reactions by H radicals are one order of magnitude faster gt the flame front (0.450.48 cm from the fuel outlet). On the
than those by OH, O, and GHadicals. fuel side of the flame front, hydrogen abstraction is the principal
The LLNL reduced mechanism includes 13 abstractors for fye| consumption route due to the low temperatures; on the
hydrogen abstraction reactions, and the rates of abstractionoxidant side, hydrogen abstraction still dominates the fuel

reactions for the premixed flame by the three most active consumption due to higher abstractor concentrations.
abstractors are shown in Figure 6. The most powerful abstractor

is again the H radical, due to the rich conditions. The OH radical
also contributes significantly to the overall rate of hydrogen
abstraction. Other abstractors, O, £HO,, CoHs, C,H3, CH30,

Discussion

The competing pathways of fuel consumption are dominated
Oy, CH30,, C/H1500-1, GH1500-2, and GH31500-3, in order by hydrogen abstraction and thermal decomposition. Hydrogen
of their relative importance, contribute little toward the overall abstraction is the dominant fuel consumption route in premixed
rate of hydrogen abstraction. A distinguishing feature of the flames, only overtaken by thermal decomposition at tempera-
LLNL mechanism is the abstraction reaction by the OH radical, tures higher than 14681500 K, where fuel concentrations are
the rates of which reach their maxima earlier in the flame, at a quite small. The principal abstractor is the H radical in all three
position where the temperature is around 800 K compared to mechanisms followed by OH and O radicals and other abstrac-
1270 K using either the Utah or the Pitsch mechanism. The tors. Fuel consumption by thermal decomposition is insignificant
earlier peak is the result of the bimodal shape of the OH radical in premixed flames due to the fuel depletion prior to reaching
profile as shown in Figure 7, although the concentration of OH the decomposition temperature. Note that these conclusions
radicals reaches its maximum later at 1570 K. Further studiesdepend on the very rich equivalence ratio and the premixed
indicate that the minor OH peak at 800 K is formed mainly by nature of the flame; it is very likely that reactions with OH
the low-temperature alkylperoxy chemistry, which will be would be the most important for flames close to stoichiometric
discussed later and is a unique feature of the LLNL mechanism. conditions. In this sense, the reaction pathways depend on the
The low-temperature chemistry in the LLNL mechanism is equivalence ratio as well as the other important factors.
needed to capture the negative temperature coefficient (NTC) The LLNL mechanism shows a bimodal shape of hydrogen
regime of hydrocarbon combustion. The first OH peak corre- abstraction rates (Figure 6) because its OH profile features a
sponds to the initiation of the NTC. minor peak at 800 K and a major peak near 1600 K (Figure 7).
Fuel Consumption via Thermal Decomposition Thermal The OH concentration is about 5 orders of magnitude higher at
Decomposition in Premixed Flame§hermal decomposition 800 K using the LLNL mechanism than those obtained using
provides an important fuel consumption route in addition to the Pitsch and the Utah heptane mechanisms, which have little
hydrogen abstraction, especially for diffusion flantdts or no characterization of the low-temperature reactions. The
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Figure 6. Hydrogen abstraction reaction rates in the premixed flame using the Utah (first row) and LLNL (second row) mechanisms. H, OH, O,
and CH are the hydrogen abstractors.
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Figure 7. Concentration profiles of principal abstractors of hydrogen abstraction reactions in the premixed flame.

local OH peak concentration at 800 K results from the low- the importance of different pathways for the Utah mechanism.
temperature peroxy chemistry, involving two decomposition At heights above the burner (HAB) of 0.175 and 0.200 cm, the
reactions of hydroperoxy alkyl radicals and hydroperoxy alkyl percentages of fuel remaining are 31.53% and 10.51%, respec-
peroxy radicals (using notations in the LLNL mechanism, tjvely. The amount of fuel consumed in the interval HAB of
CiH2mOOH,-—y = CrHamOx—y + OH and GHamOOH,-,O, = 0.175-0.200 cm is 31.5310.51%= 21.02%. From Figure 8,
nCrkety + OH). Details of the low-temperature chemistry are e fraction of the fuel consumed by hydrogen abstraction to
summarized elsewhefé. _ _ yield C/H;5-1 is 21.4% at HAB 0.200 cm. The corresponding
Major fuel consumption pathways in the premixed normal |51ye at HAB 0.175 cm (not provided) is 22.8%. The fractional
heptane flame via thermal decomposition and hydrogen abstrac-.,ribution to the fuel consumption to formyi@s1 in the
tion at 0.2 cm above the burner surface are elaborated in FigureHAB interval of 0.175-0.200 cm is therefore 21.02% (22.8%

8, which also includes major isomerization reactions between + 21.4%)/2= 4.65%. The integrated contribution of various

conjugate alkyl radicals and their consecutige scission h | £ all " is al ted. and th dd
reactions for the formation of olefins. The isomerization gnd channe’s, as sums of all SECLons, 1S aiso reported, and they a
up to 92.27% for the Utah mechanism which is equal to the

scission reactions were discussed in detail in an earlier publica- - Y "
tion#5 Hydrogen abstraction dominates the fuel consumption prediction by the mechanism for the fuel at the burner surface

(80.6%) in comparison with thermal decomposition (19.3%). (92.33%). The deviation from the unity is due to experimental
The formation rate of the primary radical (21.4%) is approaching and simulation uncertainties and molecular diffusion. The gap,
that of the secondary radicals (23.1% foiHzs-2/3 and 13.0% however, is not large. Therefore, a normalized distribution of
for C;H15-4) at a higher temperature (1270 K). different channels is also reported in Table 3. The thermal
A more complete data set is presented in Table 3, which decomposition pathways accounts for only 4%, 8%, and 0.4%
reports average fuel consumption distributions for the premixed of the total fuel consumption in the Pitsch, Utah, and LLNL
flame for each spatial section. Let us examine as an examplemechanisms. The primary radical formation accounts for 20
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Table 3. Percentage of Fuel Consumption for Different Product Channels

Pitsch Mechanism Utah Mechanism
HAB?2 fuelb C7H15-1 (2,3"1‘ 4) -C7H15 C3+ C4 fuelb C7H15-1 C7H15-2 C7H15-3 C7H15-4 C2 + C5 C3+ C4
0.000 92.74% 92.33%
0.025 89.42 0.52% 2.80% 0% 88.91 0.47% 1.16% 1.16% 0.62% 0.00% 0.00%
0.050 85.16 0.74 3.52 0 84.65 0.67 1.42 1.42 0.75 0.00 0.00
0.075 79.77 1.06 4.33 0 79.36 0.91 1.73 1.73 0.92 0.00 0.00
0.100 72.88 1.56 5.33 0 72.61 1.23 2.18 2.18 1.16 0.00 0.00
0.125 63.73 2.28 6.86 0.02 63.53 1.76 2.88 2.88 1.53 0.01 0.01
0.150 51.05 3.45 9.08 0.16 50.54 2.72 3.96 3.96 2.12 0.12 0.10
0.175 33.26 5.27 11.83 0.68 31.53 4.25 5.40 5.40 2.93 0.58 0.44
0.200 12.20 6.67 12.89 151 10.51 4.65 5.28 5.28 2.93 1.66 1.21
0.225 1.00 3.71 6.28 1.22 0.91 1.81 1.88 1.88 1.07 1.74 1.23
0.250 0.01 0.31 0.47 0.21 0.01 0.11 0.11 0.11 0.06 0.31 0.21
sum 25.56 63.39 3.80 18.58 26.00 26.00 14.08 4.41 3.20
normalized sum 27.56 68.34 4.09 20.14 28.18 28.18 15.26 4.78 3.46
LLNL Mechanism
HAB?2 fuelP C7H15—1 C7H15-2 C7H15-3 C7H15-4 C1+ Ce C2+ C5 C3+ C4

0.000 95.43%

0.025 92.73 0.22% 0.99% 0.99% 0.50% 0.00% 0.00% 0.00%

0.050 88.59 0.41 1.49 1.49 0.75 0.00 0.00 0.00

0.075 82.16 0.77 2.27 2.27 1.13 0.00 0.00 0.00

0.100 71.88 1.47 3.53 3.53 1.76 0.00 0.00 0.00

0.125 56.65 2.43 5.12 5.12 2.56 0.00 0.00 0.00

0.150 41.11 2.49 5.23 5.23 2.61 0.00 0.00 0.00

0.175 26.71 2.19 4.89 4.89 2.44 0.00 0.00 0.00

0.200 11.33 2.24 5.26 5.26 2.62 0.00 0.00 0.00

0.225 0.48 1.59 3.56 3.56 1.78 0.02 0.18 0.15

0.250 0.00 0.07 0.14 0.14 0.07 0.00 0.03 0.02

sum 13.88 32.49 32.49 16.22 0.02 0.20 0.17

normalized sum 14.53 34.03 34.03 16.99 0.02 0.21 0.18

aHeight above burner in centimetePsPercent of the fuel remaining.

28% of the fuel consumption in the Pitsch and Utah mechanismsincreasing from 5086800 K at the burner surface to 1660
compared to 15% using the LLNL mechanism. 2000 K in the postflame zone, thermal decomposition is still of
Hydrogen Abstraction in Opposed Diffusion Flames.The secondary importance (Table 3) relative to competing hydrogen
features of hydrogen abstraction in opposed diffusion flames abstraction since little fuel is left in the later flame zone where
can also be explained by the abstractor concentrations shownt is significant. However, this high-temperature reaction class
in Figure 9. The hydrogen radical reaches its maximum may find its importance in many other applications. For
concentration at 0.53 cm from the fuel outlet (corresponding to example, in opposed diffusion flames, the fuel travels along
a temperature of 1590 K), the OH radical, at 0.56 cm (1710 the gas stream without significant decomposition until it
K), and the HQ radical (not shown), at 0.65 cm (1070 K).  approaches the flame front where the extensive heat released
Hydrogen abstraction rates reach their maximum at the flame from the combustion makes thermal decomposition one of the
front around 0.48 cm from the fuel outlet (Figure 4), where the principal consumption pathways of the fuel. It is the abundance
H radical concentration is 3840 times that of the OH radical.  of the fuel in the high-temperature region that is responsible
The higher concentration of H radical in the flame zone for the importance of thermal decomposition that is comparable
determines its domln_ant role to form both the primary an_d to hydrogen abstraction.
secondary radicals (Figure 5). In contrast, hydrogen abstraction
by OH in premixed flames is more important than in opposed . . X . )
diffusion flames as shown in Figure 5 as a consequence of thecals.The_ rea_ctlon pathway analysis also prc_)wdes_ insights into
lower H/OH ratio, having values around eight. In the opposed the relayve importance of OH and H radlgals_ln hydroggn
diffusion flame, the maximum rates of abstraction reactions abstraction. At '9‘” temperaturgs, the OH radical is more active
occur at 1390 K, 1086150 K higher than those in the premixed than th? H radical as seenl in Figures 5 and 6. Hydrqgen
flame: therefore, the hydrogen abstraction reactions yielding the 20Straction rates by OH radicals exceed those by H radicals
primary radical give a greater contribution to the fuel consump- When the temperature is lower than 1000 K in the Utah
tion with a net rate only 30% (Figure 4) lower than that of the Mechanism or lower than 1100 K in the Pitsch model. At high
secondary radical formation compared to 50% lower in the temperatures, the OH radical is usually of _secondarylmporte_mce
premixed flame (Figure 3) as a result of the enhanced formation t© the H radical. Thus, hydrogen abstraction by the OH radical
rate Of the primary rad|ca| at h|gher temperatures_ n hlgh-temperature app|lcatl0nS may be neglected or |umped
Relative Importance of Different Reaction ClassesRela- into fewer reactions without significant impacts on the overall
tive Importance of Thermal DecompositidBne contribution fuel consumption rate. Examination of the H/OH concentration
of this study is to clarify the importance of thermal decomposi- ratio is the key in determining the relative importance of H and
tion in combustion of normal paraffins. These highly endot- OH radicals, especially when H and OH radicals reach their
hermic reactions gain importance only at high temperatures maxima at different locations (Figure 9). Note that this conclu-
(1300-1400 K in premixed flames and around 1150 K in sion depends very sensitively on the equivalence ratio of the
opposed diffusion flames). Thus, it is acceptable for these flame. In the present case, the abstraction reactions with H atoms
reactions to be excluded from mechanisms for low-temperatureare dominant, but for flames closer to being stoichiometric,
applications. Even in premixed flames, with temperatures hydrogen abstractions via OH radicals are most important. This

Relative Importance of Hydrogen Abstraction by OH Radi-
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plus a smaller alkyl radical via cascadifigscission reactions.
Sincef scission of large primary alkyl radicals is not a major
formation pathway for ethylerf®,the elimination of reactions
forming conjugated primary radicals has even less impact on
major species concentrations.

Mechanism Reduction.Reaction pathway analysis provides
insights into the relative importance of competing reaction
classes and provides a tool for tailoring mechanisms to specific
applications. Insignificant reactions are eliminated or lumped
into fewer reactions to facilitate faster numerical convergence
and to make the model more applicable to a variety of simulation
needs.

Figure 8 presents the product distribution for heptane
decomposition in a premixed flame. The formation and con-
sumption of the conjugate heptyl radicals at 0.2 cm above the
burner surface are balanced, because the hydrogen abstraction
step is controlling. For example, in Figure 8, the formation of
the GHi5-3 radical accounts for 23.1% of the total fuel
consumption, and this amount is distributed among the formation
of C6H12-1 + CH3 (17.1%) and Q‘|g-l + NC3H7 (15.3%) via
S scission and the formation of;814-3 via abstraction (0.1%).
The decomposition of the8;5-3 radical reflects an overcon-
sumption of the @H;5-3 radical (32.5%) of three pathways. The
gap (-9.4%) between the consumption and the formation via
hydrogen abstraction from the fuel (23.1%) is filled by isomer-
ization from GHy51 (9.1%) and @H;5-2 (0.5%). The decom-
position of GHjs radicals, their balancing, and isomerization
are discussed elsewhéfe.

The balance between the formation and consumption of each
conjugate alkyl radical provides a technique of mechanism
reduction by lumping the two steps of hydrogen abstraction and

Pitsch, OPPDIF consecutive decomposition into one reaction, engs;Hig +

5.E-03 - 0.25 X = HX + C4Hg-1 + n-CsH7. Generic rates of hydrogen
c abstraction, e.g., that of propaffaistinguished by primary and
§4E-03* 0.20 _ secondary carbons and adapted for the number of possible
2 2 reaction sites, were used in many mechanisms. Such an
2 3.B-03 1 015 & approach, however, is not able to take into account isomerization
= o reactions that may significantly shift the product distribution.
3 2.E-03 0.10 2 An increase of the formation rate of;E:s-3 by as much as
2 ) 50% is possible with isomerizatidh Therefore, a more accurate
& 1.E-03 - 0.05 > . .
T product-distribution weighted approach is needed for better

0 E+00 | 0.00 reproduction of olefin formation, which is critical for the
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Figure 9. Concentration profiles of principal abstractors in hydrogen
abstraction reactions in the opposed diffusion flame.

formation of many soot precursors. Table 3 and its extension
for scission product channels provide the necessary information
for this approach as the formation rate of each product channel
can be assigned as the total fuel consumption rate multiplying
a weight function of product distribution. The total fuel

reinforces the point that mechanism reduction and reaction consumption rate is the sum of rates via thermal decomposition,
pathways are strong functions of the combustion equivalence hydrogen abstraction for the primary radical, and hydrogen
ratios. abstraction for the secondary radicals. The weight function is a
Relatie Importance of Primary Alkyl Radical Formatiofor regression fit of the temperature-dependent normalized product
some applications requiring small mechanisms, especially underdistribution for each channel, and the details of the reduction
low-temperature conditions, hydrogen abstraction forming con- Mmethodology will be presented in a future publication.
jugate primary radicals of the fuel may be neglected since those Itis important to understand that reaction pathways and major
reactions are usually less important than those of secondaryproduct analysis depends quite sensitively on the conditions
radicals. The temperature profile is the key in determining the under which the fuel is burned. The differences observed above
importance of primary radical formation. If hydrogen abstraction between premixed and non-premixed conditions depend con-
reaches its maximum rate at higher temperatures, primary radicalsiderably on the fact that fuel consumption in these two types
formation becomes more important, such as in Figure 4 for of flames occurs under different kinetic regimes. The present
opposed diffusion flames. Another reason to neglect primary premixed flame used for illustration is very rich, which
radical pathways is the relative abundance of secondary carbonemphasizes hydrogen abstraction reactions by H atoms. For

especially in higher paraffins such asdecane (secondary/
primary = 16/6),n-dodecane (20/6), antthexadecane (28/6).

flames close to being stoichiometric, abstractions by OH radicals
are known to be much more important, and the resulting

Furthermore, primary radicals decompose to ethylene moleculesopportunities for mechanism reduction will therefore be much
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different from those identified in the present rich combustion fully general reaction mechanism is an important tool from
environment. which reduced mechanisms can be generated, depending on the
One observation that is important here is that the fully specific conditions being studied.
detailed, very extensive reaction mechanism is intended to
describe all known conditions of fuel oxidation. This is the intent Conclusion
of the Curran et a8 mechanism; as a result, that kind of o ) . . .
mechanism should be capable of simulating any set of conditions Pathway analysis is a useful tool in searching major reaction
that can be used. Any type of mechanism reduction involves a Pathways in normal heptane flames. Hydrogen abstraction is
suitable reduction in the set of conditions that can be describedidentified to be the major fuel consumption pathway in premixed
by the reduced mechanism, with the corresponding benefit of a flames, and H and OH radicals are found to be the major
reduction in the computational cost and complexity of the abstractors. In determining the decomposition products, such
reaction mechanism and a lower computational cost of the &S those shown in Figure 8, isomerization is important. The study
model. Some reduction is simple, due to many reaction pathwaysunderlines the greater importance of obtaining product distribu-
that are never as important as others, and these can generallfion than kinetics of higher alkanes. The competing fuel
be eliminated at little cost or risk. consumption pathway via thermal decomposition becomes
Other reductions depend on the operating conditions of the ImPortant at higher temperatures and makes a comparable
specific application of interest. Such conditions include the local contribution to the fuel consumption in opposed diffusion
equivalence ratio and operating temperatures and pressures. Afl@mes. Understanding the relative importance of competing
shown above, the mechanism reduction suitable for diffusion Pathways is an important step in mechanism reduction and
flames might be much different from the reduction to accom- 9eneration.
modate premixed flames. The present work is intended to show
how the reaction path analylsis tool is a very general type of Acknowledgment. This research was funded by the University
analysis, but it can motivate and limit the subsequent type of of Utah (C-SAFE), through a contract with the Department of
mechanism reduction that would be most appropriate for the EN€"9Y. Lawrence Livermore National Laboratory (B341493).
conditions being studied. In general terms, it suggests that theEF060092Z



