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a b s t r a c t

Using surrogate fuels in lieu of real fuels is an appealing concept for combustion studies. A major limita-
tion however, is the capability to design compact and reliable kinetic models that capture all the speci-
ficities of the simpler, but still multi-component surrogates. This task is further complicated by the fairly
large nature of the hydrocarbons commonly considered as potential surrogate components, since they
typically result in large detailed reaction schemes. Towards addressing this challenge, the present work
proposes a single, compact, and reliable chemical mechanism, that can accurately describe the oxidation
of a wide range of fuels, which are important components of surrogate fuels. A well-characterized mech-
anism appropriate for the oxidation of smaller hydrocarbon species [G. Blanquart, P. Pepiot-Desjardins, H.
Pitsch, Chemical mechanism for high temperature combustion of engine relevant fuels with emphasis on
soot precursors, Combust. Flame 156 (2009) 588–607], and several substituted aromatic species [K.
Narayanaswamy, G. Blanquart, H. Pitsch, A consistent chemical mechanism for the oxidation of substi-
tuted aromatic species, Combust. Flame 157 (10) (2010) 1879–1898], ideally suited as a base to model
surrogates, has now been extended to describe the oxidation of n-dodecane, a representative of the par-
affin class, which is often used in diesel and jet fuel surrogates. To ensure compactness of the kinetic
scheme, a short mechanism for the low to high temperature oxidation of n-dodecane is extracted from
the detailed scheme of Sarathy et al. [S. M. Sarathy, C. K.Westbrook, M. Mehl, W. J. Pitz, C. Togbe, P.
Dagaut, H. Wang, M. A. Oehlschlaeger, U. Niemann, K. Seshadri, Comprehensive chemical kinetic model-
ing of the oxidation of 2-methylalkanes from C7 to C20, Combust. Flame 158 (12) (2011) 2338–2357] and
integrated in a systematic way into the base model. Rate changes based on recent rate recommendations
from literature are introduced to the resulting chemical mechanism in a consistent manner, which
improve the model predictions. Extensive validation of the revised kinetic model is performed using a
wide range of experimental conditions and data sets.

! 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Computational combustion studies in engines typically use sur-
rogates to model real fuels. However, it is challenging to develop
kinetic models that describe the oxidation of all individual compo-
nents in multi-component surrogates accurately. Further, the nat-
ure of the hydrocarbons commonly considered as surrogate
components often leads to extremely large reaction schemes for
surrogate mixtures, owing to the large detailed reaction schemes
for the individual component description. As a result, designing
compact kinetic models is yet another formidable task. It is our
objective to meet these challenges, by developing a single, consis-
tent, reliable, and compact chemical mechanism, that can describe

the oxidation of essential components of transportation fuel surro-
gates, and the present work makes a contribution towards achiev-
ing this goal.

In a recent work, a single chemical mechanism describing the
oxidation of a wide range of hydrocarbon species, from C1 to C8

species was proposed and validated extensively against experi-
mental data for the oxidation of several compounds [1], with
emphasis on detailed soot modeling and surrogate fuel formula-
tions. In addition to smaller hydrocarbons, which are well consid-
ered in that model, jet fuels consist of up to 16–18% of aromatic
compounds [2,3], and these play a crucial role in soot formation.
Accordingly, the mechanism was extended in a consistent manner
to describe the moderate to high temperature oxidation of several
aromatics, viz. toluene, ethylbenzene, styrene, m-xylene, and a-
methylnaphthalene [4]. The resulting scheme was validated thor-
oughly against available experimental data for the substituted
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aromatics under consideration. The purpose of this work is to ex-
tend this mechanism, ideally suited as a base to model surrogate
blends, to include the low to high temperature oxidation pathways
of a representative of the paraffin class, important in engine fuels.

Longer chain alkanes, such as n-decane, n-dodecane, and n-
tetradecane, are potential candidates to represent the paraffin class
in transportation fuel surrogates. Out of these normal alkanes, n-
dodecane could be interesting as a surrogate component [5,6],
and has been identified as a good compromise between a longer
straight chain alkane, typical for transportation fuels, and a reason-
able size of the molecule [7]. Following this, n-dodecane is chosen
as the paraffin representative for this work.

Few detailed mechanisms for n-dodecane exist in the literature.
A detailed reaction scheme to describe the pyrolysis of n-dodecane
was developed by Dahm et al. [8], and later improved and extended
by Herbinet et al. [9]. Their improved model was used to predict the
results of pyrolysis experiments and thermal decomposition in a jet-
stirred reactor at low to moderate temperatures (773–1073 K). Biet
et al. [10] suggested improvements to the rate rules used in the EX-
GAS software for better modeling of low temperature oxidation of
large linear alkanes (>C10). They proposed a semi-detailed kinetic
model applicable at low through intermediate temperatures (550–
1100 K), and modeled pressurized flow reactor data for n-dodecane
using their kinetic model. Ranzi et al. [11] proposed a lumped mech-
anism for n-alkanes including n-dodecane for low to high tempera-
ture oxidation and validated their model against pressurized flow
reactor data and in counter flow flame configurations. Recently, a
detailed kinetic scheme to describe the low to high temperature
kinetics of n-undecane and n-dodecane was developed by Mzé-
Ahmed et al. [12]. The proposed scheme was validated against their
jet stirred reactor data for n-dodecane, and their model predictions
have been compared against ignition delays and species profile mea-
surements for n-dodecane.

Of particular interest to this work are the chemical models for
alkane oxidation developed by the kinetics group at Lawrence Liv-
ermore National Laboratories (LLNL). Westbrook et al. [13] pro-
posed a detailed kinetic scheme to describe the pyrolysis and
oxidation of several n-alkanes up to n-hexadecane. This reaction
mechanism includes high and low temperature oxidation path-
ways. Sarathy et al. [14] improved this detailed model for normal
alkanes, further extending it to methyl alkanes from C8 to C20. Spe-
cifically, the C0–C5 sub-mechanism was updated based on Healy
et al. [15], and new reaction pathways such as the concerted elim-
ination pathway to form alkene and HO2 from the alkyl peroxy rad-
ical were introduced to the normal alkane chemistry. The reaction
rates for H-abstraction from alkenes were updated, and the activa-
tion energies for alkenyl decompositions were modified. These
reaction schemes are built in a modular approach, based on well-
established reaction classes, and associated rate rules originally
developed for n-heptane by Curran et al. [16,17], and further up-
dated as per the Mehl et al. mechanism [18] for gasoline surrogate.

Considering moderate and high temperature oxidation, You
et al. [19] proposed a kinetic model for normal alkanes up to n-
dodecane applicable above 850 K. The reaction mechanism in-
cludes the high temperature pyrolysis and oxidation of normal al-
kanes (C5–C12), and a global 4-species, 12-step reaction set
appended to this captures some of the intermediate temperature
chemistry. They validated their kinetic model against fuel pyrolysis
in plug flow and jet-stirred reactors, laminar flame speeds, and
ignition delays behind reflected shock waves, with n-dodecane
being the emphasis. This reaction scheme forms the basis for the
n-dodecane sub-mechanism in JetSurF [20], which is an ongoing
effort towards a jet fuel surrogate mechanism. The JetSurF mecha-
nism includes some revisions to the previous You et al. model, and
has been tested more widely against experimental data at moder-
ate to high temperatures.

In summary, among the several reaction mechanisms that have
been proposed for n-dodecane oxidation, these models [10–14]
have the capability to describe low through high temperature
chemistry, which is of interest to this work. It should also be noted
that the relevance of n-dodecane as a component of jet fuel surro-
gates has attracted a number of experimental studies in the last
couple of years, thus widening the experimental database on n-
dodecane oxidation [12,21–29]. A vast majority of these experi-
mental data were obtained after the development of the above
mentioned kinetic models, and in some cases, those reaction mech-
anisms were not validated against all existing data, for example,
species profile measurements. There is therefore a rich experimen-
tal database that is yet to be fully utilized for model evaluation and
improvement.

The prime objective of the present work is to (i) leverage this re-
cent experimental knowledge to develop and extensively validate a
model for low through high temperature oxidation of n-dodecane,
(ii) ensure that the proposed reaction scheme retains a compact
size, which is amenable to comprehensive kinetic analysis, and
(iii) progress towards a single chemical mechanism that can accu-
rately describe the oxidation of a wide range of fuels, which are
important surrogate components. The present model is built as
an additional module on an existing well-validated model, whose
base chemistry has been treated consistently [1,4], and thereby en-
sures kinetic compatibility between the various individual compo-
nents included in the multi-component scheme by construction.
Also, great care is taken to ensure that the oxidation of n-heptane,
iso-octane, and aromatics, well described in this base model, is lit-
tle impacted by the introduction of the n-dodecane model.

In extending the base model of Ref. [4] to include the low
through high temperature oxidation pathways of n-dodecane, it
is desired to introduce only the necessary kinetics to ensure the
compactness of the model. Therefore, in the present approach,
mechanism reduction techniques developed previously by Pepiot
and Pitsch [30,31] are employed to first obtain a reduced reaction
scheme applicable to low through high temperature oxidation of n-
dodecane from a reference mechanism, which is then incorporated
into the base model. In this reduction technique, each reduction
step, i.e. elimination of species, elimination of additional reactions,
and lumping, is performed in one sweep with a single evaluation of
source terms at the considered conditions. This technique there-
fore avoids reduction by cancelation of errors by only neglecting
species and reactions that have truly a small influence on the reac-
tion fluxes. Since the chemical mechanisms being combined are
small in size, the risk of introducing truncated paths or involun-
tarily duplicating reaction pathways in the combined mechanism
is best circumvented by this approach.

Considering the choice of the reference mechanism, while much
effort has gone into developing the JetSurF [20] model that de-
scribes the oxidation of n-dodecane, since low temperature chem-
istry is also of interest here, for consistency, it is found best to start
with a reaction mechanism that already includes these pathways.
The recent detailed reaction scheme proposed by Sarathy et al.
[14] is chosen as the reference mechanism for the present work.
This kinetic scheme describes the low through high temperature
chemistry of normal alkanes (including n-dodecane) and is con-
structed from elementary reactions, which is more consistent with
our base model and the aforementioned mechanism reduction ap-
proach than the Biet et al. [10] and Ranzi et al. [11] models, which
are semi-lumped in nature. The reaction mechanism of Sarathy
et al. [14] also takes into account the recent knowledge on newer
reaction pathways, for instance, the concerted elimination path-
way, as well as a better description of auto-ignition, compared to
the Mzé-Ahmed et al. [12] model.

Note that the reduction techniques referred above involve
chemical lumping of isomer species, which contributes signifi-
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cantly to the reduction in model size. Therefore, the incremental n-
dodecane module added to the base model involves reactions
among some lumped species as well. This imposes certain restric-
tions on the modifications of reaction rate data that could be intro-
duced in this combined reaction mechanism. For instance, it is not
possible as such to introduce rate changes for reactions involving
single isomer species that exist as lumped species in the combined
model. However, owing to the large size of the reference mecha-
nism, the alternative approach of combining the reference n-dode-
cane mechanism with the base model, and then introducing rate
changes and validating the combined model, followed by model
reduction is nearly impossible. The huge size of the combined
mechanism prior to model reduction discourages reaction flux
analysis and sensitivity studies, which are often used to identify
deficiencies in the reaction mechanism, such as missing pathways
and incorrect reaction rates, thereby pointing to changes required
to improve the description of the underlying kinetics.

The approach adopted in this work wins on this front, and has
the advantages of simplicity, by minimizing the kinetic incompat-
ibilities required to be dealt with when merging kinetic modules
from different sources, and assures a quick turn around time to ar-
rive at a reliable chemical model. In the event that an elementary
reaction rate needs to be updated for a single isomer species that
exists as a lumped species in the combined model, the rate change
could be introduced in the reference mechanism, the automatic
reduction procedure could be repeated easily, and the revised re-
duced mechanism combined with the base model to give the final
updated model in a short time.

The methodology involved in arriving at a reduced skeletal level
model from the reference n-dodecane mechanism is described in
Section 2.1. This is followed by a discussion on incorporating the
reaction pathways in the condensed scheme into the base model
in Section 2.2. A few reaction rate changes are introduced to the
combined model based on recent theoretical and experimental
studies, and these help achieve improved model predictions. These
changes, described in Section 2.3, have been consistently incorpo-
rated by treating all C4–C12 alkane derivatives in a similar manner.
A demonstration of the performance of the revised reaction model
for different targets follows in Section 3. The article is then con-
cluded by summarizing the capabilities of this model in describing
low through high temperature oxidation of n-dodecane.

2. Mechanism development

2.1. Skeletal mechanism for n-dodecane

The detailed mechanism for n-dodecane oxidation from Sarathy
et al. [14], chosen here as the reference model, and referred to be-
low as the LLNL mechanism, has tens of thousands of reactions
among !1480 species, not counting the sub-mechanisms for the
larger alkanes (C13–C16) and the 2-methyl alkanes (C8–C20), which
are also described in the reference model. First, this extensive
mechanism is reduced to a skeletal level using a multi-stage reduc-
tion strategy put forth by Pepiot and Pitsch, involving automatic
species and reaction elimination using the DRGEP approach [30],
and chemical lumping of species [31]. The database used to carry
out the reduction includes homogeneous, adiabatic, isobaric and
isochoric reactor configurations at low to high temperatures
(T = 600–1500 K), pressures ranging from P = 1–40 atm, and equiv-
alence ratios spanning lean to rich conditions (/ = 0.5–1.5). The
concentrations of fuel, oxidizer, and major combustion products,
and ignition delays, where the ignition time is determined by
locating the time instant of steepest rise in simulated temperature
profile and extrapolating back in time to the pre-ignition baseline,
are used as targets in the reduction process.

The reduced reaction mechanism obtained after performing
species and reaction elimination on the reference mechanism con-
sists of 294 species and 1365 reactions. Lumping isomer species
into a smaller number of representative species is essential to ob-
tain compact schemes for large alkane oxidation. The choice of iso-
mers to be lumped together was found to be crucial to correctly
reproduce the ignition delay times at T < 1000 K. As proposed by
Ahmed et al. [32], and used in Pepiot and Pitsch [31], the isomers
of species important at these lower temperatures have been
grouped here according to the size of the ring involved in the tran-
sition state of the corresponding isomerization reactions. For in-
stance, the hydroperoxy dodecyl radical isomers (C12H24OOH)
involving 5-member, 6-member, and 7-member ring transition
states are grouped separately. A similar grouping was extended
to other species important at lower temperatures, namely the cyc-
lic ether isomers (C12H24O), peroxy hydroperoxy dodecyl isomers
(O2C12H24OOH), and the ketohydroperoxide (C12KET) isomers.

While large isomers usually have similar production and con-
sumption routes (thus justifying lumping these isomers together),
this is not the case for smaller molecules, and lumping these is not
justified chemically. Therefore, isomers of smaller species (<C4)
have been retained as individual species in this work. Also, those
isomers in the detailed model that exist as individual species in
the base model are not lumped to ensure kinetic compatibility be-
tween the two models. Upon chemical isomer lumping, a reduced
reaction mechanism consisting of 188 species and 1025 reactions
is obtained. With a further step of species and reaction elimination
performed on this reaction mechanism, the final skeletal level
mechanism is obtained.

The skeletal mechanism for n-dodecane thus obtained consists
of 876 reactions among 164 species. The reduction procedure pro-
vides an accurate skeletal level model, the maximum error in igni-
tion delays being !18% at the lowest temperature point
considered, with an average error of !5%, the time integrated error
in major species concentrations being <4%, and the maximum error
in final concentrations being !8%, compared to the reference de-
tailed mechanism. In Fig. 1(a), a comparison between the ignition
delays computed using the detailed and skeletal schemes for lean,
stoichiometric, and rich n-dodecane/air mixtures at P = 20 atm
shows very good agreement over the entire temperature range,
spanning low through high temperatures. The skeletal mechanism
also reproduces the OH time histories obtained using the detailed
reaction mechanism in Fig. 1(b). Further, the laminar flame speeds
computed using the reduced mechanisms at different stages of
reduction in Fig. 1(c) show a good agreement (a maximum differ-
ence of 4% at lean conditions), thereby demonstrating the high
accuracy retained throughout the reduction procedure.

A high reduction in size (!90%) is achieved in the skeletal level
mechanism with small errors in ignition delays, species time histo-
ries, laminar flame speeds (see Fig. 1), and concentration profiles in
flow reactor configurations (not shown here) compared to the de-
tailed kinetic mechanism. This skeletal scheme is used in the sub-
sequent mechanism development steps.

2.2. Combined mechanism

The merging of the skeletal level n-dodecane model with the
base model is accomplished using an interactive tool [33] that
automatically identifies common species and reactions from the
different mechanisms, and incompatibilities between the kinetic
data sets. The resulting combined mechanism includes the oxida-
tion pathways of n-dodecane at low through high temperatures
in addition to several hydrocarbons already described in the base
mechanism. The additional reaction set also includes the low and
intermediate temperature chemistry of C1–C4 species, which was
absent in the base model, since the base model chemistry was
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mainly developed to address high temperature oxidation. These in-
clude reactions of species: HOCH2O, OCHO, HOCHO, O2CHO, HO2-

CHO, CH3CO3, CH3CO2, CH3OCO, CH3CO3H, and CH3COCH2, to
mention a few.

The incremental n-dodecane module consists of 496 reactions
among 96 species. A sketch of the main oxidation pathways of
the fuel (n-dodecane) and its C12 derivatives in this incremental
reaction set is outlined in Fig. 2. The reaction pathways of n-dode-
cane belonging to the different reaction classes identified as impor-
tant for the low through high temperature oxidation of normal
alkanes in the detailed mechanism, are retained in this combined
model. Note that the dodecyl radicals, peroxy, and hydroperoxy
dodecyl species are present as lumped species in this reaction
set. In contrast to this, for the smaller C5–C11 alkyl derivatives,
the reduction procedure retains only the most important isomer
species in this incremental reaction set. These include the corre-
sponding 1-alkene, the lumped alkenyl radical (also appearing as
a lumped species in the detailed mechanism), the 1-peroxy radical,
the 1-3-hydroperoxy alkyl radical (6-member ring in the transition
state, CnH2nOOH), the 1-3-peroxy hydroperoxy alkyl radical, and
the 1-3-ketohydroperoxide. The 1-3-hydroperoxy alkyl derivatives
of all C5–C11 alkanes form OH, CH2O, and the corresponding smal-
ler 1-alkene as

1-3CnH2nOOH! OHþ CH2Oþ Cn#1H2n#2: ð1Þ

The cyclic ether formation reactions from these smaller carbon
hydroperoxy alkyl species were discarded during the model reduc-
tion step.

The steps below have been followed to insure a smooth and
consistent merging. Rate conflicts detected during the merging
were always resolved in favor of the thoroughly validated base
model, therefore leaving this mechanism virtually unchanged.
Duplicate reaction pathways in the combined model coming from
the incremental dodecane reaction scheme were identified and re-
moved appropriately. Finally, the validation tests for the substi-
tuted aromatics presented in our earlier work [4] were repeated
using the combined mechanism, and only minor changes were ob-
served in the model predictions.

Figure 3 compares the ignition delay time predictions using the
detailed model, the skeletal level model, and the combined model
at / = 1.0 and P = 20 atm. As discussed previously, the skeletal
mechanism retains the same level of accuracy for ignition delay
predictions as the detailed mechanism. The combined model clo-
sely follows the ignition delay time predictions of the skeletal
model at temperatures T < 1100 K. At higher temperatures, the
combined model predicts shorter ignition delays owing to the dif-
ference in the C1–C4 high temperature chemistry between the skel-
etal model and the base model.

2.2.1. Need for an improved model
Ignition delays at low through high temperatures, and species

profiles measured in shock tube experiments are two of the targets
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Fig. 2. Main oxidation pathways of n-dodecane and its C12 derivatives in the
combined model, which is the reaction mechanism obtained by merging the
skeletal level n-dodecane mechanism with the base model (see text for details). The
reaction pathways present in the detailed model, that are important for the low
through high temperature oxidation of n-dodecane, are retained here.
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that the model should be able to predict. The ignition delays of
stoichiometric n-dodecane/air mixtures measured by Vasu et al.
[21] at pressures, P = 18–28 atm, have been scaled to P = 20 atm,
according to P#1 scaling law adopted in their work, and plotted
in Fig. 3. Comparing the ignition delays from the skeletal model
and the combined model in conjunction with the experimental
data, one could argue that the shorter ignition delays predicted
by the combined model at higher temperatures (T > 1100 K) are
closer to the experimental ignition delays at these temperatures,
even though the agreement is far from satisfactory. However, at
temperatures T < 1100 K (1000/T > 0.9 K#1), the skeletal model,
and therefore the combined model, capture neither the slope of
the ignition delay times in the Negative Temperature Coefficient
(NTC) region, nor the magnitudes of the ignition delays. The igni-
tion delay time predictions need to be improved: predicted igni-
tion delays should be shorter at higher temperatures
(T > 1000 K), and longer in the NTC region, to obtain better agree-
ment with experimental measurements.

Vasu et al. [21] also measured OH time histories during the oxi-
dation of n-dodecane/O2/argon mixtures at a pressure of
P = 15 atm and / = 0.5. The OH profiles computed using the com-
bined model are compared with this experimental data set at
two different temperatures in Fig. 4. The peak values of OH concen-
trations are over-predicted by about 20%, and the time at which
the OH profile rises is delayed in the computations, albeit an earlier
rise compared to the skeletal mechanism predictions (see OH pro-
files at T = 1158 K in Fig. 1(b)). This again calls for improvements to
the underlying reaction model.

Starting from the combined model described above, which will
be called CPM model (for combined, prior to modifications) in the
following, a small number of reaction rate changes have been
introduced to improve the predictive capability of the model and
to simply update the model to more recent kinetic rate data. These
updates are guided by sensitivity studies, and the following sub-
section discusses these in detail. Note that the sensitivity study is
itself greatly facilitated and the rate changes are easy to incorpo-
rate in the combined model owing to the now compact set of n-
dodecane oxidation reactions considered. The updates to the rate
parameters are primarily based on theoretical calculations and rate
recommendations available in literature. The revised model results
in improved predictions for the various idealized configurations.

2.3. Modifications to the reaction mechanism

2.3.1. H2/O2 chemistry
First, the H2=O2 chemistry of the underlying base model has

been updated based on the recent Burke et al. [34] reaction mech-
anism. This change impacts the ignition delay results at
800 K < T < 1100 K, making ignition delays longer, as seen from
Fig. 5(a). The difference is predominantly due to the rate assigned

to the H2O2 (+M) ? 2 OH (+M) reaction, which is particularly
important for ignition in the NTC regime of ignition. Burke et al.
obtained the rate of this reaction from the recent calculations per-
formed by Troe [35], which allows an appropriate fall off treatment
for the pressure dependence of this reaction rate.

A sensitivity analysis was carried out at P = 20 atm, / = 1.0, and
T ! 850 K in the NTC ignition regime and T ! 1000 K in the regime
where the ignition behavior transitions into high temperature igni-
tion, to reveal the reactions that are important for ignition delay
predictions. The reactions among C12 derivatives that show large
sensitivities at these temperatures are summarized in Fig. 6. Reac-
tions showing positive sensitivity factors make ignition delays
longer, and those showing negative sensitivity factors result in fas-
ter ignition.

2.3.2. Formation of ketohydroperoxide and OH
The significance of peroxy hydroperoxy dodecyl radical (O2C12-

H24OOH) forming ketohydroperoxide and OH for ignition delay
predictions in the NTC ignition regime can be seen from Fig. 6(a)
(fourth highest sensitivity factor). The rates of the analogous reac-
tions for smaller alkane derivatives,

CnH2nOOH1-3O2 ! CnKET1-3þ OH; ð2Þ

where 4 < n < 11, also have an impact on the ignition delays at these
moderate temperatures. The slower these reaction rates, the longer
the ignition delays will be in the NTC region. Note that these smaller
carbon derivatives (<C12) exist as individual species in the incre-
mental n-dodecane reaction set. The above reaction (2) involves
the migration of an H atom bound to the primary carbon (attached
to the –OOH group) in CnH2nOOH1-3O2, to the peroxy radical site
on the carbon third from the terminal carbon: in short, a 1-5p
H-migration. This is followed by a release of an OH radical, and
the ketohydroperoxide formation, which is considered to be a fast
process.

The detailed model of Sarathy et al. [14] treats the ketohydrop-
eroxide formation reactions similarly to the corresponding peroxy
alkyl isomerization reactions,

CnH2nþ1O2-3$ CnH2nOOH3-1: ð3Þ

They assign the rate constant of reaction (3) to reaction (2), with the
pre-exponential factor modified to account for the number of H
atoms available for migration, and with the activation energy re-
duced by 3 kcal/mol, to account for the weakened C–H bond in
the peroxy hydroperoxy alkyl radical owing to the presence of the
#OOH group. While this reduction in activation energy, which al-
lows the intramolecular H-migration in the case of reaction (2) to
take place faster than that for reaction (3), is agreeable, the magni-
tude of the reduction has been revisited in the present work. Shar-
ma et al. [36] considered intramolecular H-migration reactions of
RO2 and O2QOOH radicals for small carbon systems in their quan-
tum chemical calculations. In particular, they found the activation
energy for 1-5p H-migration in CH3CH(OO)CH2CH2OOH to be
0.9 kcal/mol less than that for CH3CH(OO)CH2CH3. In accordance
with this study, in the present work, the activation energies for
reaction (2), which involve a 1-5p H-migration, have been reduced
from their corresponding peroxy radical isomerization reactions by
0.9 kcal/mol consistently for all such reactions involving smaller
carbons in the range of C5–C10. Note that this does not warrant a
change to the corresponding C12 reaction rates, since the secondary
H atom migrations dominate the C12 chemistry.

Sharma et al. [36] have also considered the migration of a sec-
ondary H atom involving a 6-membered ring transition state, i.e.
a 1-5s migration, in RO2 and O2QOOH radicals. According to their
study, the activation energy of 1-5s H-migration in peroxy hydro-
peroxy pentyl radical is found to be 1 kcal/mol lower than that for
the corresponding peroxy radical. However, from the calculations
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of Asatryan and Bozzelli [37] at the same level of theory as Sharma
et al. and a recent study by Cord et al. [38], this difference in ener-
gies could be derived as 4 kcal/mol and 2.7 kcal/mol respectively.
Considering that the reduction in Eact used in the reference Sarathy
et al. [14] model for 1-5s migration in RO2 and O2QOOH radicals,
equal to 3 kcal/mol, falls within the variability of the calculations
reported in Refs. [37,38], this reaction rate has not been modified
in the present work.

2.3.3. H-abstraction from n-dodecane by HO2

The changes mentioned above bring the ignition delays at
750 K < T < 900 K closer to the experimental data (see Fig. 5(b)).
However, faster ignition is still required at the temperatures where
the transition from the NTC to the high temperature ignition re-
gime takes place. The sensitivity analysis at T ! 1000 K in
Fig. 6(b) particularly reveals that the rate of H-abstraction from
the fuel by HO2 is key in determining ignition delays around
1000 K:

n-C12H26 þHO2 ! C12H25 þH2O2: ð4Þ

HO2 behaves as a relatively stable species in the NTC region, show-
ing little reactivity, and therefore, ignition delays at these tempera-
tures show mild sensitivity to the above reaction rate, as seen in
Fig. 6(a). However at higher temperatures, the formation of H2O2,
and the subsequent production of OH radicals is responsible for
the transition to the high temperature ignition regime.

The importance of additional pathways producing or consum-
ing HO2 has been examined. Alkene plus HO2 reactions were inves-

tigated and found to have negligible effect on the ignition delays at
T ! 1000 K. The reaction of H-abstraction by oxygen molecule from
dodecyl radical,

C12H25 þ O2 ! C12H24 þHO2; ð5Þ

was also explored. This reaction class is absent in the detailed mod-
el of Sarathy et al. [14], but is now considered for all C4–C12 alkyl
radicals in the present model. An activation energy of 39.7 kJ/mol
for reaction (5) is taken from a theoretical study of oxygen addition
to n-butyl systems by Du et al. [39], and a pre-exponential factor of
1 ' 1011 cm3/mol s is chosen based on the rate recommended by
Tsang et al. [40] for propane systems. The same reaction rate is used
for all C4–C12 alkyl radical reactions that belong to this reaction
class. However, these reactions were found to have little influence
on the ignition delays at the experimental conditions of interest
here, consistent with the slow rate that Westbrook et al. [13] as-
signs to this reaction class. Therefore, this reaction set is not re-
tained in the present model. Further, the reaction of dodecyl
peroxy radical with HO2, to give C12H25O, OH and O2 was investi-
gated, and ignition delays were found to be not very sensitive to this
reaction at these temperatures. It seems therefore unlikely that the
model is missing any significant consumption/production pathways
involving HO2, thus prompting a more thorough investigation of
reaction (4).

While a direct evaluation of the H-abstraction rate from n-
dodecane by HO2 is unavailable in the literature, it can be esti-
mated from kinetic studies available for smaller alkanes. Carsten-
sen et al. [41] and Aguilera-Iparraguirre et al. [42] performed
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quantum chemistry calculations of H-abstraction reactions from n-
butane, thus providing the reaction rates for H-abstraction by HO2

from primary and secondary carbons in n-butane. Rate constants
for reaction (4) can be obtained from Refs. [41,42] by scaling the
n-butane rates to account for the number of primary and second-
ary carbons in n-dodecane, as compared to n-butane. These rates
vary over a factor of 3–8 at different temperatures (the rate derived
from Carstensen et al. being higher), attributed to the different ap-
proaches to reaction barrier computations [42]. The uncertainty
associated with the calculations of Carstensen et al. is estimated
to be a factor of !4, and those of Aguilera-Iparraguirre et al. to
be a factor of !2 (estimated based on the accuracy of the reaction
barriers, equal to !4 kJ/mol [42]). For best agreement with exper-
imental ignition delay data, a reaction rate which is 2.1 times that
suggested by Aguilera-Iparraguirre et al., well within the variabil-
ity of the rate constants reported (indicated above) for this reac-
tion, is chosen here (see Fig. 5(c)). The rate of abstraction of H
atom from n-dodecane by CH3O2, has also been increased by the
same factor to ensure consistent treatment. Note that the original
rates for these reactions in the detailed kinetic scheme of Sarathy
et al. [14] were based on the Healy et al. [15] model for n-butane,
where the H-abstraction rate by HO2 was obtained from Aguilera-
Iparraguirre et al., and the rate for H-abstraction by CH3O2 was ob-
tained by reducing the rate calculated by Carstensen et al. for this
reaction. Therefore, the aforementioned changes take the reaction
rates closer to those prescribed by Carstensen et al. for these
reactions.

It was found in the discussion above that the CPM model (com-
bined, prior to modifications model) predicts delayed OH profile
rise, which is closely related to the point of ignition, when com-
pared to experimental concentration profiles obtained in shock
tubes at high temperatures (T > 1100 K). Among reactions that
influence the time of sharp OH rise at the experimental conditions
of Vasu et al. [21], the unimolecular decomposition of alkenyl rad-
icals into smaller radicals and alkenes is of particular interest here.

2.3.4. H-abstraction, unimolecular decomposition of alkenes
Recognizing that the H-abstraction from alkenes, mainly by H

and OH, leads to the formation of the alkenyl radicals, these reac-
tions are first considered here. The detailed model of Sarathy et al.
[14] treats the abstraction reactions from larger alkenes (C8–C12) in
a simplified manner, assuming the products to lead to a single
lumped alkenyl radical. The reaction rates assigned are those of
secondary H-abstraction from an alkane, multiplied by the number
of abstractable H atoms in the alkene. However, the alkenyl radi-
cals arising from C6 and C7 alkenes have been treated separately
depending on the nature of the H atom abstracted, with some of
the rates higher than those expected from the aforementioned rate
assignment rule. In our present work, in order to ensure a consis-
tent treatment for H-abstraction reactions from all alkenes, these
reaction rates for C6 and C7 alkenes are treated in an analogous
manner to the higher carbon alkenes. Correspondingly, the rates
assigned are those of the secondary H-abstraction from an alkane,
now multiplied by 12 and 14, to account for the number of abs-
tractable H atoms in C6H12 and C7H14 respectively, following the
rate assignment rule from Sarathy et al. [14]. The pre-exponential
factor of the rate constants assigned to the H-abstraction reactions
from C12H24 isomers by OH in the detailed mechanism of Sarathy
et al., was found to be an order of magnitude smaller than that sug-
gested by their rate rules for this reaction class. This reaction rate
has been corrected here as per their rate rule recommendations.

Also, the rate rule for the alkene decomposition reaction to form
allyl radical and a smaller alkyl radical, proposed in the detailed
reaction scheme of Sarathy et al. for higher carbon alkenes (> C7),
has now been extended to C6 and C7 systems as well, by which
an increased pre-exponential factor is assigned to these decompo-

sition reactions. While the changes to the reaction rates of H-
abstractions from alkenes resulted in little changes to the OH time
histories overall, the modified alkene decomposition rates resulted
in an early rise of OH profile, bringing the model predictions in bet-
ter agreement with the experimentally measured profiles.

2.3.5. Unimolecular decomposition of alkenyl radicals
At high temperatures (T > 1100 K), the decomposition reactions

of alkenyl radicals to give smaller radicals like C2H3, allyl (A-C3H5),
C4H7, and C5H9, along with the formation of smaller alkenes, are
important in determining the ignition delay times. For instance,
the decomposition of an alkenyl radical to produce an allyl radical
is given by

CnH2n#1 ! A-C3H5 þ Cn#3H2ðn#3Þ; ð6Þ

where 5 < n 6 12. The allyl radicals and the CH3 radicals formed
from the unimolecular decomposition of C5H9 radicals compete
for HO2 with the H atom according to

A-C3H5 þHO2 $ C3H5Oþ OH; ð7Þ
CH3 þHO2 $ CH3Oþ OH; ð8Þ
HþHO2 $ OHþ OH; ð9Þ

and thereby delay the time instant of rapid rise in OH profile. The
detailed mechanism of Sarathy et al. [14] assigns an Eact of
25 kcal/mol for decomposition reactions leading to allyl (A-C3H5)
radicals, while the ones leading to C5H9 products are assigned an
Eact of 30 kcal/mol, and those leading to all other products are as-
signed an activation energy of 35 kcal/mol. The alkenyl decomposi-
tion rates leading to the formation of allyl radicals, such as in
reaction (6), have been modified in the present work to the rate
of C8 H15 radical forming allyl and 1-pentene used in the recent
Malewicki and Brezinsky [43] model, originally coming from
Olchanski and Burcat [44]. The updated reaction rate has an activa-
tion energy of 30 kcal/mol, and a pre-exponential factor that is
about 10 times smaller than that prescribed by Sarathy et al. for this
reaction. In the present work, these rate constants have been as-
signed for all alkenyl decomposition reactions, irrespective of the
products. This change results in a faster ignition due to an earlier
OH rise at high temperatures, and better agreement with the exper-
imentally measured OH time histories, as will be demonstrated in
Section 3.2.

2.3.6. Ensuring consistency within the reaction mechanism
In the detailed model of Sarathy et al. [14], there are a few rate

rules pertaining to the larger carbon systems (>C6), which have not
been applied to the smaller ones (C4–C6). The rate rules for these
reactions: (a) the concerted elimination pathway forming HO2

and an alkene from the peroxy alkyl radical, and (b) the decompo-
sition of ketohydroperoxide reactions, have now been extended to
the smaller carbon systems (C4–C6) as well. While these changes
do not significantly impact the validation test results presented
in this work, they have been updated in the present model to en-
sure that the reactions belonging to a specific reaction class are
treated similarly for all carbon systems.

Figure 5(d) shows a faster ignition at higher temperatures
(T > 1100 K) resulting from the changes to the alkenyl/alkene
decomposition and H-abstraction rates. The ignition delays com-
puted using the final revised mechanism ( in Fig. 5(d)) show
an improved agreement with the experimental data compared to
the CPM model ( in Fig. 5(a)) at all temperatures.

Note that most of the changes described in this section have
been introduced in the incremental n-dodecane reaction set, with
little change to the base model, namely, the heptene and heptenyl
decomposition and H-abstraction rates, which have been updated
to ensure consistency, and the update to the H2/O2 chemistry
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based on Burke et al. [34]. This further re-enforces the reliability of
the base model upon which the present mechanism is built. The
validation tests for the potential surrogate fuel components con-
sidered in the previous works [1,4], viz. n-heptane, iso-octane, tol-
uene, ethylbenzene, styrene, a-methyl naphthalene, and m-xylene
have been repeated using the present reaction mechanism and
made available with the Supporting materials (Figs. S8–S23).

This reaction mechanism, which now describes the low to high
temperature oxidation of n-dodecane, in addition to the fuels val-
idated in our previous works [1,4], consists of 255 species and 2289
reactions counted forward and reverse separately, among which
823 reactions are reversible. The mechanism files in chemkin and
FlameMaster format can be obtained from the Supporting materi-
als. Where listed, the forward and reverse reactions are consistent
with thermodynamic data when they involve all individual (not
lumped) species. When a lumped species is involved in a reaction,
the reaction cannot be considered as elementary anymore. The for-
ward and reverse rates are obtained from the lumping procedure,
and are not related by the equilibrium constant of the reaction
[31]. A list of the individual isomers represented by each of the
lumped species present in the n-dodecane sub-mechanism is pro-
vided with the Supporting materials (Tables S1–S3).

The thermodynamic and transport properties for the proposed
reaction mechanism have also been provided with the Supporting
materials. These parameters for the base model remain the same as
that provided in the previous works [1,4], with updates to the
properties of species involved in H2/O2 chemistry based on Burke
et al. [34]. For the new species added to the base model, belonging
to the incremental n-dodecane reaction set, these properties have
been obtained from that of Sarathy et al. [14]. This approach re-
mains valid for the lumped species in the reaction mechanism as
well, since only chemical isomers have been lumped together in
the reduction process, which typically have similar thermody-
namic and transport properties [31].

3. Validation tests

Having discussed the changes introduced to the reaction model,
this section evaluates the ability of this revised mechanism to pre-
dict targets for different idealized configurations of interest, by
comparing the simulated results against several experimental data
sets. The validation cases focus on oxidation environments, and in-
clude (i) ignition delays spanning wide ranges of temperatures and
pressures, (ii) species time histories measured in shock tubes, (iii)
concentration profiles of fuel, major intermediates, and products,
measured in shock tubes and pressurized flow reactors at low
through high temperatures, and (iv) laminar flame speeds obtained
at different pressures. In addition, species concentrations obtained
in a recent pyrolysis experiment by Malewicki and Brezinsky [43]
have also been considered for model evaluation, while leaving out
other configurations in which kinetics is strongly coupled with dif-
fusion, such as counterflow diffusion flame experiments, as the fo-
cus of the present work is mainly on the kinetics aspect. Table 1
summarizes the list of all experimental data relevant to n-dode-
cane, which have been considered in the present work. A few igni-

tion delay and laminar flame speed measurements of normal
alkanes, smaller than C12 have also been used to assess the kinetic
model, by taking advantage of the similarity exhibited by the nor-
mal alkanes in these configurations.

Shock tube experiments are modeled using a constant volume
homogeneous reactor configuration. Constant pressure simulations
under adiabatic conditions are used to model the pressurized flow
reactor experiments. Laminar flame speeds have been calculated in
a manner similar to that described in Narayanaswamy et al. [4].
The simulation results discussed in this section have been com-
puted using the present reaction mechanism, as it stands at the
end of Section 2.3, unless stated otherwise. All numerical calcula-
tions have been performed using the FlameMaster code (version
3.3.9, [47]).

In addition to the test cases listed in Table 1, the simulation re-
sults have also been compared against experimental data from
Refs. [8,12,48,49]. Further, mixtures of n-dodecane with toluene
and m-xylene have been tested against laminar flame speeds and
ignition delays. These results have been provided with the Sup-
porting materials (Figs. S4–S7 and Figs. S24–S26) for the sake of
reference.

3.1. Ignition delay times

3.1.1. High temperature ignition (above 1200 K)
The computed results are compared here against the ignition

delays of lean n-dodecane/O2/argon mixtures measured by David-
son et al. [23] and Vasu et al. [21], at high temperatures and differ-
ent pressures. Another set of ignition delay data [24] obtained at
similar conditions for stoichiometric mixtures is considered to-
gether with the corresponding species profile measurements in
Section 3.2.

First, the ignition delays measured in a high pressure shock tube
by Vasu et al. [21] at P = 15 atm, and low fuel concentrations of
Xn#C12H26 ¼ 1000 ppm, 750 ppm, and 514 ppm, XO2 ¼ 2—4%, at /
= 0.5, and T = 1250–1400 K, are discussed. Figure 7 shows the com-
puted ignition delays in comparison to this experimental data set.
To complement the small number of experimental data points for
n-dodecane, it is of interest to consider ignition delays of other n-
alkane/O2/argon mixtures at comparable conditions, since these
are expected to show similar ignition characteristics [13,22,50–52].

In order to make a valid comparison with other n-alkane igni-
tion data, the correlation developed by Horning et al. [50] for igni-
tion delay times of lean and stoichiometric n-alkane/O2/argon
mixtures can be used:

s ¼ 9:4' 10#6P#0:55X#0:63
O2

C#0:50 expð46550=RTÞ; ð10Þ

where ignition delay (s) is in microseconds, pressure (P) is in atmo-
spheres, XO2 is the oxygen mole fraction, C is the number of carbons
in the fuel molecule, and the activation energy is in cal/mole. This
correlation was obtained from their experimental data for stoichi-
ometric propane, n-butane, n-heptane, and n-decane mixtures, at
P = 1–6 atm, T = 1315–1560 K, and XO2 ¼ 2–20%, and was found to
be applicable for lean equivalence ratios and pressures up to

Table 1
List of validation cases considered in the present work for n-dodecane. The ignition delay and laminar flame speed measurements of normal alkanes smaller than n-dodecane,
which have also been used to assess the kinetic model, are not listed here.

Shock tube data Pressurized flow reactors Burning velocity

Ignition delay and species time history Oxidation and pyrolysis

Vasu et al. [21] Malewicki and Brezinsky [43] Kurman et al. [26] Ji et al. [28]
Shen et al. [22] Veloo et al. [27] Kumar and Sung [45]
Davidson et al. [23,24] Hui and Sung [46]
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15 atm as well. Using the correlation given by Eq. (10), the ignition
delays of lean n-heptane/O2/argon mixtures (/ = 0.5) measured by
several groups [50,53,54] at different experimental conditions con-
sidered in the study of Horning et al. [50] have been scaled to the
experimental conditions of Vasu et al. [21] (i.e. P = 15 atm and
XO2 ¼ 2–4%), according to P#0.55 and X#0:63

O2
, and included in Fig. 7.

A comparison of the computed ignition delays with those mea-
sured by Vasu et al. [21] in Fig. 7 shows good agreement wherever
data are available, except for an over-prediction at 1000/
T ! 0.7 K#1 in Fig. 7(a). Nonetheless, when appraising the com-
puted results together with the scaled ignition data for n-heptane,
it can be concluded that the slopes of the computed ignition delays
are consistent with the least square fit (not shown here) of the
scaled data, for all fuel concentrations. At lower pressures,
P = 6.7 atm, ignition delays of lean n-dodecane/O2/argon mixtures
were measured by Davidson et al. [23] in an aerosol shock tube
facility, at / = 0.5, and T = 1050–1330 K. In Fig. 8, the computed
ignition delays of n-dodecane show good agreement with the
experimental data at temperatures, 1000/T > 0.9 K#1, although
predicting faster ignition times at higher temperatures. However,
following the similar lines as above, considering the simulations
and the ignition delay data for n-dodecane, together with the data
sets for n-heptane [50,53,54] scaled to the experimental conditions
of Davidson et al. [23] (i.e. P = 6.7 atm and XO2 ¼ 21%), using the
correlation given by Eq. (10), a few comments can be made.

First, the ignition delays for n-alkanes are expected to show
similar behavior and at best shorten as the size of the alkane in-
creases [13,22,50–52], which is not true with the n-dodecane data
points at temperatures where both n-alkane ignition delay mea-
surements are available. The computed ignition delays of n-dode-
cane nonetheless are faster than the scaled ignition delay data of
n-heptane throughout the high temperature region, in accordance
with the anticipated behavior. Second, the slope of the computed
ignition delays is consistent with the scaled data of n-heptane,
which is not true with the n-dodecane data points (least square
fit to data points shown in Fig. 8). While these factors remain, con-
sidering the uncertainties associated with the scaling law and the
resulting scaled ignition delay times invoked in this discussion, it
appears that further information is needed to ascertain the ability
of the model to predict the ignition delays at the experimental con-
ditions of Davidson et al. [23]. Nevertheless, from the consistency
checks performed here, it can be concluded that the present model
predicts the ignition delays of n-dodecane satisfactorily at high
temperatures.

3.1.2. Moderate temperature ignition: 750 K < T < 1200 K
Ignition delays for n-dodecane mixtures measured by Vasu et al.

[21] at P = 18–28 atm, for lean (/ = 0.5) and stoichiometric fuel/air
ratios are considered here. Figure 9 shows a comparison of the
computed ignition delays with their data scaled to P = 20 atm
according to the P#1 scaling used in their study. The agreement be-
tween the predicted ignition delays and the experiments has im-
proved significantly throughout the entire temperature range
compared to the CPM model. The rate changes introduced in the
present reaction mechanism, summarized in that section, contrib-
ute together to result in better ignition delay predictions, as shown
in Fig. 5.

The faster ignition at higher temperatures (T > 1100 K) com-
pared to the CPM model comes mainly from the changes intro-
duced to the alkenyl decomposition reactions. The enhanced H-
abstraction rate by HO2 from n-dodecane is primarily responsible
for the improved ignition delay predictions at 950 K < T < 1100 K.
The predicted high temperature ignition delays follow the experi-
mental data closely at / = 0.5 and lie within the experimental scat-
ter at / = 1.0.

The ignition delays computed using the present reaction
scheme are also able to capture the slope suggested by the
experimental data in the NTC region at moderate temperatures
(750 K < T < 950 K) at both lean and stoichiometric mixture con-
ditions. The ignition delays at the lower end of this range (750–
850 K) are longer compared to the CPM model, and in better
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agreement with the experimental data due to the changes to the
ketohydroperoxide formation reaction rates discussed in Sec-
tion 2.3. At the higher end of this temperature range (850–
950 K), the ignition delays are influenced by the rate changes
introduced to the ketohydroperoxide formation and the rate of
H-abstraction from the fuel by HO2. At low temperatures,
T < 750 K, compared to the experimental data, the simulations
predicts slower ignition at / = 1.0, while reproducing the exper-
iments at / = 0.5 satisfactorily. This will be reconsidered in con-
junction with low temperature ignition data for other normal
alkanes in Section 3.1.4.

Ignition delays for n-dodecane/air mixtures were also measured
by Shen et al. [22] at P = 12–18 atm and P = 38–46 atm, and / = 0.5
and 1.0, at moderate to high temperatures. In Fig. 10, a comparison
of the ignition delays between simulations and experimental data
scaled according to P#1 used in their study, shows good agreement
at temperatures ranging, T = 1050–1250 K, while some differences
are observed in all cases at lower temperatures, with an over-pre-
diction at 14 atm, and under-prediction at 40 atm. A point by point
comparison of the ignition delays simulated at the exact pressure,
temperature, and mixture conditions of Shen et al. with these
experimental data in Fig. S2 also leads to the same conclusions.

A more comprehensive comparison can be achieved by consid-
ering the ignition delay times of n-dodecane measured by Vasu
et al. [21], which was discussed above, in conjunction with the
simulation results and the experimental data from Shen et al.
[22]. In order to accomplish this, it is essential to consider pressure
scaling laws appropriate at different temperature ranges. Note that
both the groups, Vasu et al. and Shen et al., have scaled their igni-
tion delay data to their respective nominal pressures using P#1 at

all temperatures, and this can be assumed to be valid considering
the small range of pressures which the individual experimental
data sets span. However, the inverse pressure scaling would cease
to be appropriate at temperatures in the NTC regime of ignition,
which corresponds to temperatures, T 1000 K, in Fig. 10. A pressure
scaling in the NTC region would involve a stronger relation, !P#a,
where a > 1 [55], due to the strong dependence of ignition delays
in the NTC regime on the low temperature peroxy pathways. Gau-
thier et al. [56] have obtained a pressure scaling in the NTC ignition
regime, that follows s / P#1.64, by comparing the values of the
peaks of the quadratic fits to the ignition delays of stoichiometric
n-heptane/air mixtures at P = 15–25 atm. This is a simplified repre-
sentation in which the dependence on temperature has been ne-
glected as noted in Gauthier et al. In the absence of additional
information to consider the variation in temperature, the above
relationship is used to scale the ignition delays throughout the
NTC regime of ignition.

Using the above scaling law, the ignition delay data from Vasu
et al. [21] at pressures P = 18–28 atm has been scaled down to
P = 14 and up to 40 atm, according to P#1.64 for T < 1000 K, and
P#1 for T > 1000 K, and included in Fig. 10. Considering these data
sets together reveals some potential scatter between them, as well
as discrepancies associated with the peak values of the ignition delay
curve, at which ignition process transitions from the NTC regime of
ignition to the high temperature ignition. The simulations agree clo-
sely with the scaled data of Vasu et al. in the NTC regime of ignition,
T K 1000 K , and this lends confidence to the ability of the present
reaction mechanism to capture the pressure dependence in the
NTC regime of ignition. Nevertheless, this aspect needs to be revisited
when more information becomes available.
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3.1.3. Low temperature ignition: T < 750 K
Experimentally measured ignition delay time data for

n-dodecane at low temperatures are scarce, and therefore, it
would be appropriate to consider corresponding ignition data
for other normal alkanes, which show similar ignition
characteristics. Particularly, the low temperature ignition of n-
heptane and n-decane have been the object of several shock tube
[55,57] and rapid compression machine (RCM)
studies [58,25]. Sarathy et al. [14] also measured ignition delays
of n-octane/air mixtures at T < 750 K in a heated high-pressure
shock tube.

When considering these experimental data sets together,
some differences pertaining to the nature of the pressure scaling
of ignition delays at low temperatures crop up. For instance, the
ignition delays measured at low temperatures in the shock tube
studies of Ciezki and Adomeit [55] for n-heptane, and Pfahl et al.
[57] for n-decane (not shown here), exhibit no dependence on
pressure. This is also supported by the analytical solutions for
ignition delays in the low temperature ignition regime provided
by Peters et al. [59] for n-heptane. On the contrary, Kumar et al.
[25] report a P#1.14 scaling to collapse their ignition delay data
for n-decane measured in an RCM at low temperatures.

The experimental data from Kumar et al. [25] obtained at /
= 0.8 and different pressures are shown in Fig. 11. The ignition
delays of n-dodecane simulated at these experimental conditions
are also shown in the same plot. The computations agree with the
measurements at the lowest pressure examined, while predicting
longer ignition delays compared to the data at higher pressures,
which was also observed in the original Westbrook et al. [13]
model. The predicted temperature dependence on ignition delays
(i.e. the slope ds/dT) follows the experimental data at all pres-
sures. However, they do not exhibit the strong dependence of
ignition delays with variation in pressure shown by the experi-
mental data. The negligible impact due to pressure change at
these low temperatures depicted by the simulations, is in agree-
ment with the observations made in the aforementioned studies
[55,57,59].

Nonetheless, it appears that the variation of ignition delays with
pressure cannot be entirely ruled out, and needs to be further
investigated when a clear understanding emerges. It might be
essential to incorporate a pressure dependent treatment of reac-
tions important for ignition at these low temperatures, such as
the unimolecular decomposition of the peroxy hydroperoxy dode-
cyl radical (O2C12H24OOH) and ketohydroperoxide (C12KET) radi-
cal, to reproduce the pressure scaling of ignition delays
appropriately.

3.1.4. Remarks on ignition delay predictions
In order to summarize the ability of the present reaction mech-

anism to predict ignition delays, the experimental ignition delay
data for several normal alkanes/air mixtures obtained at pressures
ranging from 7–30 atm, are scaled to 20 atm according to the P#1

scaling at all temperatures, for both lean (/ = 0.5) and stoichiome-
tric alkane/air mixture conditions, and plotted in Fig. 12. These
data sets at varied pressures are considered here merely for the
sake of reference, and only qualitative comparisons are invoked,
which allows the simplistic inverse pressure scaling law used
above to be adequate for the following discussion. The ignition de-
lays of n-dodecane/air mixtures computed using the present reac-
tion mechanism (depicted by ) and the simulation results
obtained using the detailed model of Sarathy et al. [14] (depicted
by ) have also been included in Fig. 12.

As is evident from these plots, and as discussed in Section 3.1.2,
the ignition delays obtained using the present reaction scheme clo-
sely follow the experimental data for n-dodecane at T > 750 K. As a
consequence, they also fall well within the variability of the scaled
experimental data at these temperatures. The computations dis-
play better predictions compared to the detailed model simula-
tions at temperatures, T > 750 K, while at lower temperatures,
these ignition delay predictions are identical to those of the de-
tailed model, as seen from Fig. 12.

The slopes of the computed ignition delays at low temperatures
are close to those suggested by the experiments at both equiva-
lence ratios. Nevertheless, the agreement of these ignition delay
predictions with the scaled RCM data from Kumar et al. [25] at
/ = 0.5 in Fig. 12(a) seems fortuitous in light of the observations
made from Fig. 11, as well as the uncertainty prevailing in the pres-
sure scaling at these low temperatures. Note that the simulations
have been performed here using a constant UV model (shown by

), while a background pressure rise is often observed in experi-
ments. A pressure gradient of dP/dt = 1–3%/ms was reported in
the shock tube study of n-octane/air by Sarathy et al. [14], and a
rise rate of dP/dt = 1–10%/ms was observed by Vasu et al. [21] dur-
ing similar experiments for n-dodecane/air mixtures. It is therefore
relevant to examine the effect of the background pressure rise rate
in our simulated results.

Accordingly, the FlameMaster code [47] was modified by
including a compression term in the temperature equation, as de-
scribed in Pepiot [33]:

@T
@t
¼ #

_xT

qcv
þ 1

qcp

dP
dt
; where

_xT ¼
XNspecies

i¼1

hi #
RT
Wi

! "
_xi;

The notations hi, _xi, and Wi, denote the enthalpy, production rate,
and molecular weight of species i, respectively. The ignition delays
recomputed using a constant dP/dt = 3%/ms in our calculations
(shown by ) are also included in Fig. 12. Including the pressure
rise rate is found to result in <10% decrease in ignition delay times
at temperatures, T > 750 K, for both equivalence ratios considered.
In contrast, at lower temperatures, the influence of the pressure rise
rate is much larger; the slope of the ignition delay time curve de-
creases, and the ignition time shortens for both fuel/air ratios. As
a consequence, including the pressure rise rate in our calculations
also results in better agreement between the simulations and the
shock tube data of Sarathy et al. [14], especially at the lean equiva-
lence ratio in Fig. 12(a).

3.2. Time histories of species profiles

In addition to the ignition delay time which is a global param-
eter, detailed measurements of the time histories of various species
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dodecane/air mixtures computed using the present reaction mechanism, following
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this is not seen in the computations. However, the predicted trend is in agreement
with the findings from other studies [55,57,59].
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(OH, C2H4 etc.) serve as useful kinetic targets in assessing the indi-
vidual rate parameters used in the reaction mechanism. First, the
present model predictions are compared against the OH time his-
tories measured in shock tubes by Vasu et al. [21] during the oxi-
dation of n-dodecane/O2/argon mixtures at P = 15 atm and / = 0.5.
In Fig. 13, the computed OH profiles closely follow the measured
rise of OH, displaying improved predictions compared to those of
the CPM model, which is the combined model prior to the modifi-
cations introduced in Section 2.3 (see Fig. 4). Also the decay rate of
OH is accurately predicted at all temperatures.

A reaction flux analysis was carried out to understand the con-
sumption routes of OH at the experimental conditions of Vasu et al.
[21] and T = 1230 K. As the reaction progresses to the ignition
point, the OH radicals are initially consumed mainly by the H-
abstraction by OH from the fuel, n-dodecane, to form the dodecyl
radical and H2O. The dodecyl radical further breaks up into smaller
radicals and alkenes, and thereafter, the reactions of smaller alke-
nes + OH start contributing to the depletion of OH radicals. The
decomposition of the radicals further produces C2H4 and C3H6,
which then dominate the consumption of OH radicals among other
alkenes. With the depletion of ethene and propene, the OH radical
concentration builds up rapidly, eventually leading to ignition.

The importance of reactions involving smaller alkenes and their
derivatives for predicting OH concentration is evident from the
above discussion. The OH profiles at these experimental conditions
are mostly influenced by the changes introduced in the present

model to the rates of (i) alkene decomposition reactions, and (ii)
alkenyl decomposition reactions, especially those forming A-C3H5

and C5H9 products, as described in Section 2.3. These rate changes
result in an earlier rise in OH compared to the CPM model, and are
crucial to capture the time instant of measured rise of OH concen-
tration. The accompanied faster ignition also results in improved
agreement with the ignition delay data corresponding to these
experimental conditions, as evident from Fig. 7.

Davidson et al. [24] measured concentration profiles of different
classes of species: reactant (n–C12H26), stable intermediate (C2H4),
small radical pool representative (OH), reaction progress marker
(H2O) and products (CO2) during the oxidation of stoichiometric
n-dodecane/O2/argon mixtures at P = 2.25 atm. In Fig. 14, the spe-
cies profiles computed at these conditions agree well with the
experiments for a major part of the studied time interval.

The fuel decay approximately follows the experimental data
at the temperatures investigated in Fig. 14(a), although differ-
ences can be seen with the time scales of complete fuel deple-
tion. The agreement of the predicted yields of the intermediate
species C2H4 with the experimental data in Fig. 14(b) suggests
that the branching ratios of the major decomposition pathways
of n-dodecane to smaller alkyl radicals, which eventually lead
to C2H4 in the products, are appropriate. The discrepancies be-
tween the simulated results and the experiments for C2H4 con-
centrations at early times are consistent with the fuel decay
profiles shown in Fig. 14(a), where a faster fuel depletion rate
at T = 1390 K leading to better agreement with the experiments,
would result in a corresponding early rise in C2H4 concentration.
The predicted time scales for C2H4 consumption are longer com-
pared to the experiments.

In Fig. 14(c), the plateaus shown in the experimental OH pro-
files are observed in the simulations as well. The predicted post
ignition levels of CO2 and H2 O in Fig. 14(d) and (e) respectively,
are in agreement with the experimental data. The rise of CO2 oc-
curs largely as suggested by the experiments, and the predicted
H2O profile closely follows the experiments, an indication that
the reaction progress is described accurately by the present reac-
tion scheme.

Ignition delay measurements and sensitivity analysis
Davidson et al. [24] also reported ignition delay times at the

same conditions as those discussed above, based on the time to
reach 50% peak OH concentration. The simulation results are com-
pared against these experimental data in Fig. 15. The computed
ignition delays are longer compared to the measurements at
T < 1500 K, while closely agreeing with the experimental data at
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higher temperatures. This can also be inferred from the OH profile
comparisons, where the rise of OH concentration at 1545 K follows
the experimental measurements closely, while the computed rise
of OH at 1407 K occurs later than the experiments in Fig. 14(c).
At these higher temperatures, T > 1400 K, the OH profiles are little
impacted by the rate changes involving alkene and alkenyl decom-
position reactions described in Section 2.3, owing to the faster
rates of these reactions at the higher temperatures.

In order to understand the differences in the time scales be-
tween the simulations and the experiments, a sensitivity analysis
study was carried out to identify the reactions important to predict
the ignition delays at T ! 1400 K. The results of this analysis are
summarized in Fig. 16. The importance of reactions involving pro-
pene, allyl, and allene is evident from this diagram. The reactions
among smaller radicals and HO2, such as reactions (7) and (8) dis-
cussed in Section 2.3, are not significant at these experimental con-
ditions, which are at lower pressures and higher temperatures
compared to those of Vasu et al. [21], due to the dominance of
the branching reaction, H + O2 ? OH + O, over the recombination
reaction, H + O2 + M ? HO2 + M.

Considering the reactions among alkenes in Fig. 16, the ignition
delays at these experimental conditions are sensitive to the rate of
reversible reaction of allyl forming allene and H atom, as

A-C3H5 $ A-C3H4 þH: ð11Þ

Allene further forms acetylene and methyl radicals upon H atom
addition, given by

A-C3H4 þH$ C2H2 þ CH3: ð12Þ

In addition to reaction (11), the detailed reaction mechanism of Sar-
athy et al. [14] also includes a reaction whose reverse forms methyl
and acetylene from allyl radicals directly, as

A-C3H5 ! C2H2 þ CH3: ð13Þ

The reaction rate used in the detailed model is similar to that
recommended by the theoretical study of Diau et al. [61]. The ele-
mentary reactions (11)–(13) were considered in a later RRKM cal-
culation by Davis et al. [62], and these authors prescribed a rate for
reaction (13) that is five orders smaller than the Diau et al. recom-
mendation at T > 1300 K. The discrepancy was due to the fact that
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the allyl dissociation to A-C3H4 and H atom, given by reaction (11),
had not been accounted for in the Diau et al. calculations, while
including this was found to have a significant influence on the rate
coefficients of reaction (13) determined in the Davis et al. study.
We found that incorporating the higher rate for reaction (13) used
in the Sarathy et al. [14] model instead of the Davis et al. rate
makes ignition time shorter, thus reproducing adequately the
experimental C2H4 fall off time scales. This is because the pathway
(13) above competes with the major consumption channel of A-
C3H5, the addition of H atom to form C3H6, as

A-C3H5 þH! C3H6: ð14Þ
Therefore, with the enhanced rate for reaction (13), the amount of
A-C3H5 consumption that proceeds via reaction (14) is reduced,
and it can be readily observed from the sensitivity analysis shown
in Fig. 16, that an effective decrease in the rate of this reaction
would decrease the time to ignite.

Nevertheless, following the more complete calculations of Davis
et al. [62], since some uncertainty remains in the rate calculated by
Diau et al. [61] for reaction (13), the present reaction mechanism
does not incorporate reaction pathway (13), and the species profile
and ignition delay time predictions remain unchanged from Figs. 14
and 15, respectively. The authors believe that improvement to the
time scales associated with the species profile predictions requires
more accurate rate determinations of the reactions among the C3

species identified here as important from sensitivity analysis.

3.3. Oxidation and pyrolysis in shock tubes

Mole fractions of the stable species produced during the oxida-
tion and pyrolysis of n-dodecane were measured by Malewicki and
Brezinsky [43] in a heated high pressure single pulse shock tube, at
fixed reaction times, as a function of reactor temperature. Their
experimental data was obtained for n-dodecane/O2/argon mixtures
at moderate to high temperatures, T = 867–1739 K, varied pres-
sures, P = 19–74 atm, and equivalence ratios, / = 0.46, 1.06, 2.05,
and 1. The reaction time at which the mole fractions were re-
ported is defined as the time duration between the initial pressure
rise due to the incident shock reflection and the time to reach 80%
of the maximum pressure rise, and varied between 1.15–3.47 ms at
different temperatures.

The experimental set up is modeled here using constant vol-
ume simulations at the exact fuel/O2/argon compositions, pres-
sures, temperatures, and reaction times, reported in the data
sets. No ignition is observed in the present simulations as well
as the experiments even though the reaction times reported
are longer than the typical ignition delays at these temperatures
since the mixtures that were investigated are dilute with
Xfuel < 100 ppm.

The results of the computations are shown in Fig. 17 for lean
n-dodecane oxidation at pressures 41.0–61.2 atm (nominal pres-
sure, PNOM = 50 atm) along with the experimental data. The sim-

ulations at stoichiometric and rich conditions also showed
similar comparisons with the corresponding measurements. The
simulations follow the fuel decay accurately in Fig. 17(a). At
T ! 900 K, little reactivity is observed, and as the initial temper-
ature is increased above T ! 1040 K in Fig. 17(a), the fuel decay
occurs rapidly. The fuel is completely consumed, and CO and CO2

begin to form in Fig. 17(b) at temperatures T ! 1100 K. The
changes introduced to the rates of H-abstraction from the fuel
by HO2, and the decomposition reactions of alkenes and alkenyl
radicals, described in Section 2.3, advance the temperature at
which fuel decay begins by about 40 K, thereby improving the
agreement between the simulated fuel decay profile and the
experimental data. Similarly improved predictions in the rise of
CO, ethane, and smaller alkenes profiles, in Fig. 17(b)–(d), also
result from these modifications to the present model. The pre-
dicted oxidizer concentrations in Fig. 17(a) agree with the exper-
iments at temperatures below 1200 K and above 1400 K, while
showing slower consumption rates than the experimental data
at the temperatures in between.

A reaction flux analysis was performed to investigate the fuel
decay pathways at different temperatures. At the highest temper-
atures, T ! 1600 K, the fuel is consumed at short time scales by
oxygen-free pathways. These involve (i) unimolecular fuel decom-
position pathways that produce smaller radicals, which in turn,
generate H atoms, and (ii) subsequent H-abstractions by H atoms
from the fuel, resulting in a rapid decay of the fuel. At tempera-
tures, T < 1400 K, in addition to the H-abstractions by H atoms,
the H-abstractions by OH radicals also contribute to a significant
portion of the fuel decay, and dominate over the H-abstractions
by H atoms as a major fuel decay route at lower temperatures,
T ! 1050 K. However, due to the dilute fuel/oxidizer mixture, there
is little oxidizer (<4%) that is used up to generate the OH radicals
required to consume the fuel. This is particularly evident at
T < 1100 K in Fig. 17(a), where there is almost negligible consump-
tion of the oxidizer accompanied with the fuel decay. The signifi-
cant consumption of the oxidizer seen at T > 1100 K, occurs only
at later times, after the fuel has been consumed entirely.

In Fig. 17(d), the concentrations of ethylene and propene
build up simultaneously as the fuel decays at T ! 1040 K, via
the unimolecular decomposition pathways of the fuel and the
break up of the resulting smaller radical products. This is also
accompanied by the production of smaller alkanes, ethane and
methane, as the radical pool continues to build up, as seen from
Fig. 17(c). The decay of C2H4 contributes to the formation of
acetylene in Fig. 17(d) at T ! 1200 K. The predicted alkene and
alkane concentrations fall within the uncertainty in the experi-
mental data at temperatures where their concentrations in-
crease. A shift is seen in their predicted decay profiles
compared to the experimental data at higher temperatures in
Fig. 17(c) and (d). A similar shift is also seen in Fig. 17(b), with
regard to the predicted CO and CO2 profiles compared to the
experiments at higher temperatures.
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Malewicki and Brezinsky [43] also measured species concentra-
tions at pyrolytic conditions and nominal pressures of P = 22 and
50 atm. A comparison between the predicted species concentra-
tions and the measurements at pressures ranging from P = 19.5–
26.6 atm is shown in Fig. 18. The decay of the fuel is well captured
by the simulation results in Fig. 18(a). The pathways that govern
the fuel consumption are the same as the oxygen-free decomposi-
tion routes discussed earlier in connection with the oxidation case.
The contributions of the unimolecular fuel decomposition path-
ways dominate over the H-abstraction reactions by H atoms as
the major fuel decay route at the higher temperatures
(T ! 1600 K), while the reverse is true at the lower temperatures
(T ! 1050 K).

The computed ethane concentrations in Fig. 18(a) show excel-
lent agreement with the experimental data. While the predicted
concentrations of methane falls within the experimental uncer-
tainties at T < 1500 K, the concentrations are over-predicted at
higher temperatures. Similar trends are also seen with the ethene
and acetylene profiles in Fig. 18(b). The propene concentrations are
over-predicted compared to the experimental data. Nevertheless,
the comparison of the simulated results obtained using the present
reaction mechanism with the experimental measurements for the
pyrolysis and oxidation cases remains favorable.

3.4. Pressurized flow reactor studies

Kurman et al. [26] studied the oxidation of n-dodecane in a
pressurized flow reactor over the low and moderate temperature
regime (550–830 K), at a pressure of P = 8 atm, and lean equiva-
lence ratio, / = 0.23. Figure 19 shows the concentrations of fuel,
oxidizer, major intermediates, and products as a function of sample
temperature at a residence time sres = 120 ms. The NTC behavior
can be seen in Fig. 19(a) with high fuel reactivity at T ! 700 K,
and lower reactivity at higher temperatures. At the sample temper-
ature of maximum reactivity, T ! 670 K, the fuel is primarily con-
sumed via H-abstraction by OH radicals. The oxidizer profile in
Fig. 19(b) follows the fuel consumption, showing large oxygen con-
sumption when the fuel reactivity is high, and the computed oxy-
gen mole fraction shows satisfactory agreement with the
experimental data for the entire temperature range.

In Fig. 19(c), the computed H2 O profile varies in accordance to
that suggested by the experiments, however, the concentration is
under-predicted by !30% when compared to the experimental
data. This trend is consistent with the over-prediction in CO con-
centration and under-prediction in CO2 concentration, observed
in the simulations in Fig. 19(d) and (e) respectively, tied together
by an insufficient amount of OH in the reaction pool at these exper-
imental conditions.

In their chemical kinetic scheme for the oxidation of n-hep-
tane/iso-octane mixtures, Glaude et al. [63] note the importance
of secondary reactions of cyclic ethers, which involve pathways
that could contribute to CO2 at these low temperatures, in addi-
tion to the CO + OH ? CO2 + H reaction, as well as produce OH
radicals by a branching reaction. Their branching pathway is
the familiar low temperature oxidation pathway of alkanes,
now applied to a cyclic ether. In short, the lumped radical ob-
tained by H-abstraction from the cyclic ether by OH, adds an
oxygen molecule, followed by isomerization, second oxygen
addition, second isomerization, and a b-scission to form the
analoges of ketohydroperoxides. This is followed by a branching
reaction that gives OH radical and several C0–C2 species, includ-
ing CO2. This pathway was found to contribute significantly to
the CO2 predicted by their reaction mechanism at T ! 650 K in
Jet-Stirred Reactor (JSR) simulations.

In the Sarathy et al. [14] model, and therefore in the present
model, the cyclic ethers formed from hydroperoxy dodecyl radicals
upon addition with OH are assumed to decompose into a carbonyl
radical RCO, H2O, and a corresponding smaller alkene. In the pres-
ent work, the importance of the secondary reaction pathways for
cyclic ether oxidation suggested by Glaude et al. [63] was exam-
ined, by adding a set of reactions among relevant lumped species
to the present reaction mechanism. The rate constants for these
reactions were assigned analogous to the corresponding reactions
in the low temperature chemistry of alkanes. Nonetheless, these
additional pathways did not result in any difference to the species
profiles at the conditions investigated here. The simulated results
turned out to be identical to those shown in Fig. 19(a)–(e), and
therefore, these secondary pathways are not retained in the pres-
ent reaction mechanism. The differences prevailing between the
experimental data and the simulations need to be understood
better.

Veloo et al. [27] also measured CO profiles in the Princeton
variable pressure flow reactor during the oxidation of n-dode-
cane/O2/N2 mixtures at stoichiometric conditions, P = 8 atm, and
temperatures ranging from 500–1000 K. The temperature range
studied allowed for the demarcation of the two stage auto-igni-
tion characteristics of n-dodecane. The concentration profiles
were reported as a function of the initial reactor temperature,
at a fixed residence time, sres = 1 s. Only a qualitative comparison
of the simulations with the experimental data would be appro-
priate here to allow for time shift corrections, as advised by Ve-
loo et al. [27].

A comparison of the computed CO profile against the experi-
mental data is shown in Fig. 19(f). An over-prediction in CO is ob-
served at all temperatures considered here. At lower temperatures
(T < 750 K), this is consistent with the observations made previ-
ously when comparing with the Kurman et al. [26] data. At higher
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temperatures, the experimental data suggest a transition out of the
NTC regime at a temperature of 850 K, whereas the model predicts
an early transition at 825 K.

Also plotted in Fig. 19(f) are the CO concentrations computed
using the detailed mechanism of Sarathy et al. [14], which show
better agreement in terms of transition temperature compared to
the present kinetic scheme. This discrepancy can be linked to the
difference in base chemistry, especially regarding the CH2CHO + O2

pathways. In addition, the temperature at which the CO profile
rises is also influenced by some of the changes made in the present
reaction mechanism, namely the modifications to the H-abstrac-
tion rate from the fuel by HO2, and the alkenyl decomposition reac-
tion rates, discussed in Section 2.3. However, these revisions have
been introduced conforming to existing sources in literature, and
they lead to improved results for validation cases at higher temper-
atures, T > ! 1000 K, such as ignition delays, OH profiles, and major
species profiles, discussed previously in the current section. Their
influence on the present test case at T < 850 K suggests a possible
temperature dependence for these reaction rates, which would
give a better agreement for both the high as well as low tempera-
ture validation cases.

3.5. Burning velocities

3.5.1. n-dodecane/air mixtures
Kumar and Sung [45] measured laminar flame speeds of n-

dodecane/air mixtures for a range of equivalence ratios using a
counterflow twin-flame technique, at atmospheric pressure, and
pre-heat temperatures of Tu = 400 K and 470 K. Ji et al. [28] also
measured flame speeds at P = 1 atm and Tu = 403 K. Recently, an-
other set of flame speed data for n-dodecane/air mixtures, at pres-
sures of 1–3 atm and Tu = 400 K has been made available by Hui
and Sung [46].

Figure 20 shows the computed flame speeds of n-dodecane in
comparison to the experimental data. The effect of varying pre-

heat temperatures and pressures are shown in Fig. 20(a) and (b),
respectively. The computations show excellent agreement
with the more recent non-linearly extrapolated data from Hui
and Sung [46] at Tu = 400 K and varying pressures. At the higher
pre-heat temperature of Tu = 470 K, in Fig. 20(a), the simulations
agree with the experimental measurements of Kumar and Sung
[45] on the fuel lean side, while showing some differences on the
rich side.

However, upon comparing the experimental data from Kumar
and Sung at Tu = 403 K with the n-dodecane flame speeds mea-
sured by Ji et al. [28] and Hui and Sung [46] at this unburnt tem-
perature, it seems that the Kumar and Sung data are on the
higher end for rich fuel/air mixtures, especially at / > 1.2. Suppos-
ing this trend to persist at higher pre-heat temperatures, the un-
der-prediction observed in the simulated flame speeds at
Tu = 470 K compared to Kumar and Sung data for fuel rich condi-
tions, appears to be appropriate. Additional data at these higher
pre-heat temperatures are required to make conclusive remarks
about the capabilities of the model to predict laminar flame speeds
at these conditions.

3.5.2. n-alkane/air mixtures
Davis and Law [64,65] measured laminar flame speeds for small

alkanes and found the burning speeds at a given equivalence ratio
to be nearly identical for n-alkanes from C4–C7 at atmospheric
pressure. Ji et al. [28] extended this trend of similarity all the
way to n-dodecane at atmospheric pressure. Kelley et al. [29] mea-
sured laminar flame speeds for C5–C8 n-alkanes, at higher pres-
sures, and confirmed the fuel similarity to be manifest at
elevated pressures as well. To evaluate the ability of the present
model to predict laminar flame speeds at elevated pressures, and
lower pre-heat temperatures, we seek to exploit the fuel similarity
exhibited by n-alkanes.

The laminar flame speeds of n-alkanes/air mixtures measured
by Kelley et al. [29] and Ji et al. [28] at Tu = 353 K and P = 1 atm,
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and the flame speeds of n-dodecane/air mixtures computed at
these experimental conditions are shown in Fig. 21(a). At all fuel/
air ratios, the computed flame speeds lie within the band of flame
speeds suggested by the combined experimental data from Kelley
et al. and Ji et al. For lean mixtures, the computed flame speeds
agree closely with the Ji et al. data, while for rich mixtures, the
predicted flame speeds reproduce the Kelley et al. data better.
The over-prediction of computed flame speeds at Tu = 353 K com-
pared to the non-linearly extrapolated flame speed data from Ji

et al. at rich mixture conditions was also observed at Tu = 403 K,
as seen from Fig. 20(a).

Comparing the computed flame speeds against the measure-
ments made by Kelley et al. [29] at higher pressures of P = 2, 5,
and 10 atm, shown in Fig. 21(b), it can be seen that the computed
flame speeds are within the uncertainties in the experimental data
at all pressures. In addition, the agreement between the computa-
tions and the experimental data improve with increasing pressure,
a welcome trend, since the reaction mechanism developed in the
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present work is likely to be applied in engine-like elevated pres-
sure environments.

Following the analysis by Kelley et al. [29], the similarity exhib-
ited by the normal alkanes can be further explored by considering
flame speeds and species concentrations in premixed flames of n-
heptane, which is part of the base model. At P = 1 atm,
Tu = 353 K, and / = 1.0, the computed flame speeds of n-dode-
cane/air and n-heptane/air mixtures are very close, 51.5 cm/s and
52.9 cm/s, respectively. Figure 22(a) shows very similar tempera-
ture profiles for the two fuels as a function of distance along the
flame. This is also true of the CO profiles, indicative of similar heat
release for the two fuels, consistent with similar flame speeds. In
Fig. 22(b), the concentrations of C2 and C3 species whose profiles
depend on the unimolecular fuel decomposition routes from n-
heptane and n-dodecane show differences. However, the profiles
for the key radicals, H, O, and OH, shown in Fig. 22(c) for the two
fuels are virtually identical, further supporting fuel similarity and
consistency within the reaction mechanism.

4. Conclusions

With the long term objective of a kinetic model for jet fuel sur-
rogates, a reaction mechanism has been developed to describe the
oxidation of a representative paraffin molecule, n-dodecane. This
has been accomplished by starting with a chemical mechanism
proposed earlier for smaller hydrocarbons along with a few substi-
tuted aromatics [1,4] as base model, and extending this model to
include the reaction pathways of n-dodecane oxidation. Starting
with the LLNL detailed mechanism for methyl alkanes and n-al-
kanes proposed by Sarathy et al. [14], a skeletal level mechanism
for n-dodecane oxidation was obtained using reaction mechanism
reduction techniques, which was then incorporated into the previ-
ous scheme. Rate changes were introduced to this combined model
motivated by sensitivity studies and supported by recommenda-
tions from literature. The resulting revised mechanism was com-
prehensively validated for n-dodecane oxidation against various
experimental data sets.

The validation test cases included ignition delays, species time
histories, and major species concentration profiles measured in
shock tubes, laminar burning velocity measurements, and major
species profiles in a pressurized flow reactor configuration.
Similarity in ignition delays and laminar flame speeds among nor-
mal alkanes was invoked to assess the kinetic model, thereby com-
plementing the existing experimental data. The ability of the
present reaction mechanism in predicting different targets has
been discussed in detail. It is worth re-emphasizing that the pres-
ent work has undertaken for the first time an extensive validation
by comparing against a wide range of experimental data that have
become available in the last couple of years. The ability of the pres-
ent model to adequately describe the ignition behavior for low
through high temperatures is also noteworthy. The key contribu-
tion of this work is that the proposed reaction mechanism can de-
scribe the kinetics of n-dodecane, as well as that of n-heptane,
iso-octane, and substituted aromatics considered in our previous
works [1,4], which are important components of transportation
fuel surrogates.

The model described here, as well as a derived model relevant
to high temperature oxidation only, along with the corresponding
thermodynamic and transport properties have been made avail-
able as Supporting Materials. The performance of this high temper-
ature model has been verified to be similar to the complete model
at T > 1100 K. The validation cases used in this work were repeated
for this high temperature model, and are made available with the
Supporting materials (Figs. S27–S33) for the sake of completeness.
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