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Ignition Delays of Heptane/O,/Ar Mixtures in the 1300-1600 K
Temperature Range

Bruno Imbert,* Laurent Catoire,” Nabiha Chaumeix,* and Claude Paillard®
Centre National de la Recherche Scientifique, and University of Orleans, F-45071 Orléans CEDEX 2, France

Ignition time measurements of lean, stoichiometric, and rich n-heptane/oxygen/argon mixtures have been studied
behind reflected shock waves in the temperature range 1300-1600 K and pressure range 2—4 atm. The experimental
data were compared to previously published results and have been found to be consistent with them. The experi-
mental data were compared to ignition delay predicted using some of the kinetic models available in the literature.
Discrepancies have been interpreted kinetically, thus leading to a slightly modified detailed kinetic model able to
predict accurately high-temperature ignition delay such as encountered in the heptane/oxygen detonation wave.

Introduction

HE self-sustained detonation regime of heptane-air gaseous

mixtures has never been studied. However, recent study reports
that these mixtures can exhibit detonation-like regimes.! This is of
interest, fundamentally, for safety reasons and also for applications
such as the pulsed-detonation engines (PDE) because heptane is a
product of decomposition of some fuels considered for applications
because some aviation fuels and other propellants include fraction
of liquid heptane and also because heptane is a reference fuel for en-
gine knock rating in spark-ignition engines. Detonation properties
of hydrocarbon/air or hydrocarbon/O, gas mixtures have been re-
ported by several authors: Tieszen et al.,> Smirnov and Tyurnikov,?
Sochet et al.,* Nettleton,” Beeson et al..® Gelfand et al.,” Austin
and Shepherd,® and Kaneshige and Shepherd,’ among others. The
Chapman—Jouguet detonation velocity can be calculated easily, but
the detonation sensitivity can only be known through experiments
because the Zeldovich, von Neumann, Doring (ZND) detonation
model does not predict the proportionality factor A between the
cell size A and A, the induction distance in the detonation wave.
The estimation of the induction distance A needs, in the frame of
the ZND detonation model or a simplified form of it, reliable esti-
mations of the high-temperature ignition delays, in the detonation
wave, at the von Neumann temperature and pressure. Typical von
Neumann temperature for a stoichiometric heptane/air mixture is
1540 K. These ignition delays at the von Neumann conditions can be
estimated by using empirical ignition delays correlations (but in that
case the chemistry is frozen) or, more efficiently, by using detailed
kinetic model. Several investigators have studied high-temperature
ignition delays of heptane/O,/Ar mixtures.!~!> Several ignition de-
lays correlations have been reported to represent the experimental
results.! =13 Horning et al.'? discussed recently all of these correla-
tions and their respective interests. As well, several kinetic models,
detailed, semidetailed, global or reduced,'®~%" have been proposed
to explain the ignition delays of heptane/O, based mixtures. The
aims of this study are as follows: 1) to obtain new experimental
high-temperature ignition delay data; 2) to enlarge the limit of va-
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lidity of the existing empirical correlations; 3) to compare these
new experimental data with the predictions of some of the existing
chemical kinetic models, detailed or reduced; 4) to suggest some
kinetic ways to improve the predictive ability of the existing chemi-
cal kinetic models for accurate estimations of the ignition delays in
the detonation wave; and 5) to perform a preliminary experimental
study of the detonation properties of heptane/oxygen mixtures to
assess both the interest of the present study and the possibility to
use heptane for PDE engines.

Experimental Setup

Heptane is a liquid with a relatively low vapor pressure. Gaseous
mixtures are prepared by the partial pressure method at ambient tem-
perature. Liquid heptane (provided by ACROS ORGANICS) has a
purity of 99%. The operating stainless-steel shock tube (78 mm i.d.)
has a 1-m-long driver section filled with helium and a test section,
about 4.50 m long, in which the test mixtures are introduced at
ambient temperature 7; and total pressure P;. Several diagnostic
instruments are located in the second half of the driven section: four
piezoelectric pressure transducers, mounted flush with the inside
wall, for shock wave and detonation velocity measurements, and a
pair of calcium fluoride optical windows mounted at 10 mm from
the end of the tube, associated with a monochromator, for following
OH emission at 306 nm from which the ignition delays are deduced.
The values of AT /T and AP /P behind the reflected shock wave
are estimated to be about 1.5 and 2%, respectively. The overall un-
certainty for the ignition delays is £10 us.

Results and Discussion

Qualitative and Quantitative Comparisons Between Experimental
Ignition Delays Presented Here and Literature

About 70 ignitions delays have been obtained in the 1293—-1597 K
temperature range and in the 269—717 kPa pressure range for equiv-
alence ratios equal to 0.5, 1, and 1.5. The proportions of heptane
in the mixture are 0.08-1 mol%. Most of the experimental points
are around 450 kPa. Mixtures studied are given in Table 1. About
all of the ignition delays t determined experimentally are given in
Fig. 1. For this figure, the ignition delays are defined as the time
interval between the passing of the reflected shock and the initial
rapid rise of OH emission (see Fig. 2). Other criteria exist (see fol-
lowing discussion and Figs. 2 and 3). Figure 1 also shows the effect
of temperature, pressure, equivalence ratio, and mole fractions on
the ignition delays. These effects are as observed by others. These
delays can be expressed, by least-squares multiregression, without
constraint, as

7(uus) = 1.206 x 10~ [Heptane] ***2[0,] 4! [Ar] 00>/
)]
with an average accuracy of 25%. This expression has been ob-
tained with the ignition delays defined against the initial rapid rise
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Table 1 Heptane/oxygen/Ar mixtures studied in this work

Mol% Mol% Mol% Equivalence Temperature Pressure range, Number
Mixture heptane oxygen argon ratio range, K bars of points
A 0.08 0.92 99 1 1470-1593 4.03-4.89 27
B 0.6 44 95 1.5 1430-1597 4.09-4.78 13
C 0.42 4.58 95 1 1379-1480 4.48-4.87 10
D 0.22 4.78 95 0.5 1397-1497 4.14-4.58 5
E 0.42 4.58 95 1 1408-1521 2.55-2.85 7
F 0.42 4.58 95 1 1377 7.17 1
G 0.2 2.1 97.7 1 1422 4.59 1
H 1 11 88 1 1293-1380 4.60-4.86 5
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Fig. 1 Heptane/oxygen/argon ignition delays obtained experimentally T Q
(mixtures A-E). Ignition delays are defined here against the initial OH 100% é
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Ar, ¢ =1.5,4.09 < P (bars) < 4.78; +, mixture 0.0042 heptane + 0.0458 O,
in Ar, ¢ =1, 4.48 <P (bars) <4.87; O, mixture 0.0022 heptane + 0.0478
0, in Ar, ¢ =0.5, 4.14<P (bars) <4.58; and @, mixture 0.0042 hep-
tane + 0.0458 O; in Ar, ¢ =1, 2.55 <P (bars) < 2.85.
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Fig. 2 Simultaneous records of OH emission signal and pressure sig-
nals. Mixture: 0.08 mol % heptane + 0.92 mol% O3 + 99 mol % Ar, initial
T =1593 K, and initial P =4.33 bars. 7, not measurable; 7; = 58 us; Ton
50% =70 ps; and Tog 100% =94 us.

Fig. 3 Simultaneous records of OH emission signal and pressure sig-
nals. Mixture: 1 mol% heptane + 11 mol% O, +88 mol% Ar; initial
T =1354 K; and initial P =4.86 bars. 7,, ignition delay defined against
the pressure profile =150 us; 75, ignition delay defined against the ini-
tial rapid rise in OH emission =145 us; Tog 50%, ignition delay de-
fined =155 ps; and Top 100 %, ignition delay defined as =165 us.

of OH emission for all of the experiments (mixtures A—G), except
five of them for which the ignition delay has been defined against
the initial rapid rise of pressure signal (mixture H). However, ex-
periments show that, for the less-diluted mixtures, both definitions
lead to about the same ignition delay value (see Fig. 3). The con-
centrations are in moles m~>. The units of T and T are Kelvins and
microseconds, respectively. The corresponding best-fit linear cor-
relation (full line) is given in Fig. 4 with the experimental values
(symbols). This correlation is given here mostly for its practical in-
terest in its validity ranges. Outside the validity ranges of Eq. (1),
the use of a detailed kinetic model is recommended. As usual for hy-
drocarbons/oxygen/diluant mixtures, correlations exhibit generally
a small positive power dependence on the concentration of argon.
Previous ignition time correlations are given in Table 2. Our cor-
relation is qualitatively more consistent with the one proposed by
Horning et al.!?> However, the individual value of each ignition de-
lay cannot be compared quantitatively as is with the value estimated
from the expression given in Table 2 because the ignition delays
have been defined, in some occasions, against other criteria than the
one taken here. Horning et al.'? defined their ignition delays against
the peak CH emission signal as either the maximum rate increase
in the CH emission signal or the maximum of the CH emission sig-
nal. It is probably the case that both definitions lead to about the
same value of the ignition delay. The question whether the peak
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Table 2 Previous ignition delay data (concentrations are in moles per cubic centimeter)

Molar fraction Equivalence
Correlation P, atm T, K of heptane ratio References
7(s) =3.2 x 1072 [Heptane] 0-20[0y] = 10[Ar] +0-60 o 17765/T 2-12 11001700 0.5-3 0.5-2 13
7(s) =6.76 x 10~ *[Heptane] 104°[0,] - 2[Ar]® (20211/T 4-8 1200-1400 0.2 05,1 11
7(s) =4.54 x 10~ [Heptane] 1095[0,] 138 [Ar]® (22647/T 1-6 1300-1700 0.2-1.8 0.5-2 12
10 — Table 3 Comparisons between activation energies experimentally
| observed and deduced from the kinetic models of Curran et al. and
Golovitchev for mixtures A-E
8 Experimental Computed E with Computed E with
h activation the model of the model of
> 6 energy E, Curran et al., Golovitchev,
Mixture kcal mol ™! kcal mol ! kcal mol ™!
A 70.0 64.8 34.1
4 — B 66.1 42.6 27.5
| C 61.5 45.4 28.6
D 63.4 49.7 34.1
2 — T E 429 46.5 30.3
0.6 0.64 0.68 0.72 0.76 0.8
-1
1000/T (K-') 1000 —
Fig. 4 Best-fit correlation obtained for experimental ignition delays
7; in heptane/oxygen/Ar (mixtures A—H). Y =¢n (r; [Heptane] "2
[0,17141 [Ar]—009), — 1000
’01? -
CH emission signal and the peak OH emission signal lead to the e l ®
same ignition delay value remains questionable. Nothing has been & 2
found in the literature concerning the experimental comparisons of g 100 I ‘é’.
the CH and OH emission signals. Studies performed by Davidson c - o
et al.?® with iso-octane/oxygen mixtures show that the maximum in 2 2
CH emission correspond approximately to about 50% of the max- 5 - .S
imum OH absorption. On pressure profile and CH emission signal - =
. : S . =)
profile given by Horning et al.!? for ignition delays in butane/O,/ar -
mixtures, it appears that the abrupt rise in pressure is consistent with
the initial rapid rise in CH emission. This tends to show that in fact - 100
the initial rapid rise in CH emission and the initial rapid rise in OH 10 L . RN S R B

emission should occur at about the same time. It is then possible
to compare the ignition delays defined against the initial rapid rise
in OH emission presented here with the corresponding estimated
values according to the expression given by Horning et al.'? (see
Table 2).

Figure 5 shows that the experimental ignition delays defined
against the initial rapid rise in OH emission are consistent with
the predicted ignition delays with the expression of Horning et al.'?
Figure 5 includes the ignition delays obtained for the highly diluted
mixture (mixture A) that was not considered for the establishment
of the expression of Horning et al.'> The agreement is generally bet-
ter at higher temperatures than at lower temperature. The statement
that the initial rapid rises in CH emission and in OH emission occur
about at the same time appears to be reliable. The average activation
temperature obtained in this study is around 27,000 K. This results in
an activation energy of about 53 kcal mol~'. Horning et al.'?> found
an activation energy of 45 kcal mol~', whereas the correlations of
Colket and Spadaccini,'' Burcat et al.,'> and Vermeer et al.'” ex-
hibit activation energies of 40.16 kcal mol~!, 35.3 kcal mol~! and
46.35 kcal mol~!, respectively. The explanations for the discrepancy
lead in the facts that the highly diluted experimental points (mixture
A) are consistent with an activation energy of about 70 kcal mol~!
(see Table 3). The mixture 0.08% heptane + 0.9% O, in Ar (mixture
A) is not included in the previously reported correlations for which
the lowest amount in heptane was 0.2%. Once mixture A removed
(42 remaining points), it is also possible to fit conveniently (average
accuracy of 24%) the present ignition delays with an expression for
which all of the exponents and the activation energy are constrained
with the values deduced by Horning et al., that is, 0.95 for the expo-
nent on heptane, —1.58 for the exponent on O,, 0 for the exponent
on argon and 22647 K for the activation temperature (see Fig. 6).

062 064 066 068 07 072 074
1000/T (K)

Fig. 5 Comparison between experimental ignitions delays (——, best
fit) and predicted ignition delays (- - - -, best fit) with the expression of
Horning et al.'?; symbol and corresponding best fits are to be read
on the right axis; X and corresponding best fits are to be read on the
left axis: ®, mixture 0.0008 heptane +0.0092 O; in Ar, ¢=1, 4.03<P
(bars) < 4.89; ¢, mixture 0.006 heptane + 0.044 O, in Ar, p =1.5,4.09 <P
(bars) < 4.78;0, mixture 0.0042 heptane + 0.0458 O, in Ar,¢»=1,4.48 <P
(bars) <4.87; A, mixture 0.0022 heptane + 0.0478 O, in Ar, ¢=0.5,
4.14 < P (bars) < 4.58; and ¥, mixture 0.0042 heptane + 0.0458 O, in Ar,
¢ =1,2.55<P (bars) < 2.85.
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Fig. 6 Correlation obtained with the ignition delays presented here
for mixtures B-H by constraining the activation energy and all of the
exponents on concentrations to the one observed by Horning et al. Y = £n
(7 [Heptane] %% [0,17158 [Ar]").
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Comparison Between the Experimental and Computed Ignition Delays

Several kinetic models, detailed, semi-empirical or more and less
reduced,'*~%" have been proposed to explain the ignition sequence
of heptane/oxygen/diluent mixtures. The agreement between ig-
nition delays and model predictions at high temperature (roughly
above 1300 K) are found to be poor (with the experiments of Ver-
meer et al.'®) or good (with the experiments of Coats and Williams)
by Curran et al.'® with their detailed kinetic model. Since then,
Curran et al. modified and updated their heptane/oxygen/argon ki-
netic model.” This result in a better agreement between the calcu-
lations and the experiments of Vermeer et al.!” The experiments of
Burcat et al.'® and Colket and Spadaccini'' have not been considered
by Curran et al.'®?° Horning et al.'?> found a good agreement (gen-
erally better than a factor of two) between their high-temperature
experimental data and the predictions of the model of Curran et al.
Horning et al.'? also found good agreement between their high-
temperature experimental data and the predictions of the model of
Lindstedt and Maurice,?? although this kinetic model was not ini-
tially devoted to the simulations of ignition delays. The predictions
of the semi-empirical model of Held et al."” are less accurate, but
the agreement between predictions and the high-temperature ex-
periments of Horning et al.'? is generally better than a factor of
three, and Colket and Spadaccini!! found that the agreement be-
tween experimental data (Refs. 10, 11, 13, etc.) and the predictions
is generally better than a factor of two. The agreement is gener-
ally worse when reduced kinetic models are used. Montgomery
et al.!” show that more than about 25 species are needed to simulate
high-temperature n-heptane/O, ignition delays. The reduced kinetic
model of Kim et al.!® and the reduced kinetic model of Rente et al.?>
have been validated only with ignition delays obtained in the Neg-
ative Temperature Coefficient (NTC) region, and therefore further
validation is needed at high-temperature.

In this study, our experimental data are compared to the pre-
dictions of the updated model of Curran et al.!®% and to the pre-
dictions of the reduced models of Rente et al.>> and Montgomery
et al.!'” Several other models can be considered, but it is beyond
the scope of this study to decide which of the existing models is
the most reliable. Moreover, Horning et al.'? addressed this ques-
tion recently. The model of Curran et al. is here considered as it
is the most detailed one, and also the most widely validated, and
therefore the most interesting to be confronted to new experimental
data. Moreover, an other interesting experimental feature predicted
by the model of Curran et al. is the high-temperature two-step ig-
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Fig. 7 OH emission signal showing a two-step ignition for high-
temperature heptane/oxygen/argon ignition delays. Mixture: 0.08 mol %
heptane + 0.92 mol% O; in Ar; T =1518 K; and P =4.60 bars.

nition process of heptane. Figure 7 shows that a two-step ignition
is observed at high temperature. According to Peters et al.,”’ in the
high-temperature regime there should be no two-step ignition pro-
cess (and therefore no first-stage ignition). Indeed, for the mixtures
containing more than 0.2 mol% heptane in the mixture no first-
stage ignition is observed in this study (as observed by others for
such mixtures), and this first-stage ignition is only observed here
for mixture containing 0.08 mol% heptane. Although it is beyond
the scope of the present paper, a chemical kinetic interpretation of
this phenomenon is possible as, interestingly, the model of Curran
et al. reproduces this phenomenon, at least qualitatively, whereas
the reduced model of Rente et al.>* does not reproduce this observa-
tion (see Fig. 8). The model of Montgomery et al.'” also reproduces
these experimental features, but the second-stage ignition appears to
be considerably delayed (see Fig. 8). Therefore the model of Curran
et al. will be considered to study further the chemical kinetics of the
high-temperature ignition of the heptane/oxygen system.

Nevertheless, the reduced model of Montgomery et al.!” remains
interesting because it is devoted to the high-temperature chemistry,
the one of interest here. The model consists of 105 species and
808 reactions and has been found to predict correctly some of the
experimental ignition delays of Vermeer et al.'°

The reduced kinetic model of Rente et al.? is also interesting as
it is obtained from the detailed kinetic model of Curran et al. As it
consists of 60 species and 602 reactions, it can be considered, at least
tentatively, as a reliably predictive reduced kinetic model following
the statement of Montgomery et al.'” concerning the number of
species to be included in the reduced kinetic model. The SENKIN
code® was used to compute the kinetic models. In all computations,
the mixture is assumed to be at a constant volume over its reaction
time. Comparisons between experiments and models are given in
Table 4 for mixture H and in Figs. 9-11 for mixtures A—G. Basically,
the updated model of Curran et al.'®? predicts ignition delays a

Table 4 Comparison between experimental ignition delays 7ex)
(mixture H), predicted ignition delays Tpreq With the expression of
Burecat et al.,!3 and computed ignition delays Tcomp by using the
detailed kinetic model of Curran et al. (mixture: 1 mol %
heptane + 11 mol% O + 88 mol% Ar)

Temperature, K Pressure, bars Texps S Tpred» 1S Tcomps MS
1354 4.86 187 136 128
1356 4.76 218 134 127
1362 4.60 161 128 122
1380 4.70 145 108 97
1293 4.73 582 251 284

OH mole fraction

— T T T 1
0 0.0002 0.0004 0.0006 0.0008 0.001
Time (s)

Fig. 8 Comparison between OH profiles predicted by different models.
Mixture: 0.08 mol% heptane +0.92 mol% O in Ar; initial 7 = 1518 K;
and initial P =4.60 bars: ——, detailed kinetic model of Curran et al.;
———, reduced kinetic model of Golovitchev; and ——, reduced Kinetic
model of Montgomery et al.
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Fig. 9 Comparison between experimental ignitions delays ( , best
fit) and computed ignition delays (———, best fit) with the kinetic model
of Curran et al.: ®, mixture 0.0008 heptane + 0.0092 O in Ar, ¢p=1,
4.03 < P (bars) < 4.89; ¢, mixture 0.006 heptane + 0.044 O; in Ar, ¢ = 1.5,
4.09 < P (bars) < 4.78;0, mixture 0.0042 heptane + 0.0458 O, in Ar,¢p =1,
4.48 <P (bars)<4.87; A, mixture 0.0022 heptane +0.0478 O, in Ar,
¢ =0.5,4.14 <P (bars) <4.58; and ¥, mixture 0.0042 heptane +0.0458
03 in Ar, ¢ =1, 2.55<P (bars) <2.85.
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Fig. 10 Comparison between experimental ignitions delays (——, best

fit) and computed ignition delays (-——, best fit) with the reduced ki-
netic model of Golovitchev: ®, mixture 0.0008 heptane + 0.0092 O, in
Ar, ¢ =1, 4.03 <P (bars) < 4.89; ¢, mixture 0.006 heptane + 0.044 O; in
Ar, ¢ =1.5,4.09 < P (bars) <4.78; O, mixture 0.0042 heptane + 0.0458 O,
in Ar, ¢ =1, 4.48 < P (bars) <4.87; A, mixture 0.0022 heptane + 0.0478
0, in Ar, ¢=0.5, 4.14<P (bars) <4.58; and ¥, mixture 0.0042 hep-
tane + 0.0458 O, in Ar, ¢ =1, 2.55 <P (bars) < 2.85.

factor of two (average value) shorter than observed for all of the
mixtures whatever the temperature and pressure are in the validity
ranges of the experiments presented here (see Fig. 9 and Table 4).
This trend is also noticeable with the experiments performed by
Horning et al.'? (see Figs. 912 of the paper of Horning et al.). This
led us to the conclusion that this systematic underprediction might
be interpreted kinetically. It might be that the extrapolation of some
rate constants from the low temperature region (7' < 1100 K) up to
the 1400-1600 K temperature region has to be reconsidered.
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Fig. 11 Comparison between experimental ignitions delays (: , best
fit) and computed ignition delays (———, best fit) with the reduced kinetic
model of Montgomery et al.: ®, mixture 0.0008 heptane + 0.0092 O, in
Ar, ¢ =1, 4.03 <P (bars) < 4.89; ¢, mixture 0.006 heptane + 0.044 O, in
Ar, ¢ =1.5,4.09 < P (bars) < 4.78; 0, mixture 0.0042 heptane + 0.0458 O,
in Ar, ¢ =1, 4.48 <P (bars) <4.87; A, mixture 0.0022 heptane + 0.0478
0, in Ar, ¢=0.5, 4.14 <P (bars) <4.58; and X, mixture 0.0042 hep-
tane + 0.0458 O; in Ar, ¢ =1, 2.55 <P (bars) < 2.85.

The predictions of the model of Rente et al.> are better on average
when comparing individual values as, except some ignition delays,
most of them are within a factor of two (see Fig. 10). However, when
comparing the activation energies for each mixture the situation
appears more complex as the activation energy predicted by the
model of Curran et al. is closer to the experimental ones (see Table 3).
This is probably because some unimportant reactions for the NTC
region, logically removed by Golovitchev, are probably important
at high temperature. The predictions of the model of Montgomery
et al. are quite comparable with the predictions of Golovitchev et al.
except for the highly diluted mixture (0.08 mol% heptane) for which
the predicted ignition delays are too long (see Fig. 11).

Sensitivity Analyses

A reduced kinetic model has been built from the model of Curran
et al. to simulate the OH profiles of the high-temperature oxidation
chemistry of heptane/oxygen mixtures. It consists of 70 species and
243 reactions. The agreement between the model of Curran et al.
and the reduced model is shown in Fig. 12 for the OH profile for
seven mixtures (mixtures A—E, mixture H, and one of the mixtures
studied by Vermeer et al.). The reduced model also simulates the
two-step ignition just described. It is however not stated here that
this reduced kinetic model is a validated kinetic model for all of the
species profiles. To tentatively explain the discrepancy between our
experimental results and the predictions of the model of Curran, a
first-order sensitivity analysis has been performed against OH radi-
cals to focus on the reactions of importance for the OH profiles for
the mixtures of Fig. 12. This reduced kinetic model is used here for
the sensitivity analysis because such a study is too computationally
expensive with the detailed kinetic model of Curran et al. As ob-
served for hydrocarbons/oxygen ignition, H+ O, =0+ OH (R1)
exhibits the greatest sensitivity for all mixtures whatever the equiv-
alence ratio, the dilution, the temperature, and the pressure. Then
sensitivities have to be examined for each class of mixtures sepa-
rately. Other reactions than (R1), which exhibit significant sensitiv-
ity against OH radicals, are reported in Table 5 for various mixtures
studied here or studied by Vermeer et al.

Once the reactions sensitive to the OH radicals are known, rate
constants and their respective uncertainty factors have to be con-
sidered to find a set of rate constants able to explain all of the
experimental results. In fact, a huge number of sets can be found,
and approaches have to be followed to limit the search.
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Table 5 Sensitivity analyses against OH radicals [for each mixture, (R1)
is the most sensitive reaction]

Mixtures Reactions
Mixture studied by Vermeer et al.10 C,H3 + 0, =CH,CHO + O (R2)
and less diluted mixtures studied here CH3 +HO, =CH30 + OH (R3)
[mixture H (see Table 1)] C,H4 + OH=C,H3 + H,O (R4)
NC;H;g+H=C7H;5s—2+H> (RS)
NC;Hi;s+H=C;H|5s —3+H; (R6)
CH3z+CH3; +M=CHs+M (R7)
CyH3 + 0, =CyH; + HOy (RS8)
Rich mixture studied here (mixture B) (R2), (R3), (R4), (R5), (R8)
C3Hg =C,H3 + CH3 (R9)
HCO+M=H+CO+M (R10)
C3Hg=C3Hs —a+H (R11)
Lean mixture studied here (mixture D) (R2), (R3), (R4)
HCO+M=H+CO+M (R10)
C3Hg=C3Hs —a+H (R11)
HCO + 0, =CO+HO, (R12)
HO, + OH=H;0+ 0O, (R13)
OH+H; =H+H;0 (R14)
Stoichiometric mixtures studied here (R2) (R9) (R11) (R14)
99 mol% Ar (mixture A) CH;+H+M=CHy +M (R15)
C,H4 +O=CHj3 +HCO (R16)
CH,(S)+0,=CO+OH+H (R17)
CHj3 4+ OH = CH,(S) + H,O (R18)

Stoichiometric mixtures studied here
95 mol% Ar (mixtures C and E)

(R2), (R3), (R4), (R8), (R10),
(R11), (R12), (R13)
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a) 0.08 mol% heptane +0.92 mol% O, in Ar, T =1475 K,
P =4.43 bar (mixture A)

4

b) 0.6 mol% heptane + 4.4 mol% O, in Ar, T =1453 K,
P =4.09 bar (mixture B)
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d) 0.22 mol % heptane +4.78 mol% O; in Ar, T =1415 K,

¢) 0.42 mol% heptane +4.58 mol% O in Ar, 7'=1449 K,
P =4.30 bar (mixture D)

P =4.49 bar (mixture C)
Fig. 12 Comparison between the computed ignition delays with the detailed kinetic model of Curran et al. (——) and the reduced kinetic model
(——-) established for this study to allow computationally efficient sensitivity analyses.
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e) 0.42 mol% heptane +4.58 mol% O in Ar, T = 1408 K,
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f) 1 mol% heptane + 11 mol% O in Ar, T =1380 K,

P =4.70 bar (mixture H)
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|
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g) 2.5 mol% heptane +27.5 mol% O, in Ar, T =1415 K,
P =2.31 bar (mixture of Vermeer et al.)

Fig. 12 Comparison between the computed ignition delays with the detailed kinetic model of Curran et al. (——) and the reduced kinetic model
(——-) established for this study to allow computationally efficient sensitivity analyses (continued).
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a) 0.08 mol% heptane +0.92 mol% O; in Ar, T =1475 K,
P =4.43 bar, Texp =238 (1S, Teurran = 126 ps, b) 0.6 mol % heptane + 4.4 mol% O in Ar, T = 1453 K, P =4.09 bar,
Teurranmodl = 258 s (mixture A) Texp = 255 pS, Teurran = 110 (1S, Teurranmod1 = 142 ps (mixture B)
Fig. 13 Comparison between predicted ignition delays Tcyrran With the detailed kinetic model of Curran et al. (——) and predicted ignition delays

Teurranmodl (——=) with the detailed kinetic model of Curran et al. for which rate constants of reactions (R10), (R12), (R13), (R15), and (R17) have been
comprehensively changed (see text for details). Experimental ignition delays are noted Tex.
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d) 0.22 mol% heptane +4.78 mol% O in Ar, T =1415 K, P =4.30

¢) 0.42 mol% heptane+4.58 mol% O in Ar, T=1449 K, .
bar, Texp = 154 ps, Teurran =70 pS, Teurranmodi = 117 ps (mixture D)

P =4.49 bar, Texp = 195 s, Teurran =77 S, Teurranmod1 =105 ps
(mixture C)
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e) 0.42 mol% heptane + 4.58 mol% O; in Ar, T=1408 K, P =2.70
bar, Texp = 304 18, Teurran = 160 1S, Teurranmod1 =212 s
(mixture E)
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f) 1 mol% heptane + 11 mol% O; in Ar, T=1380 K, P =4.70
bar, Texp = 145 ps, Teurran =97 US, Teurranmod1 = 108 s
(mixture H)
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g) 2.5 mol% heptane +27.5 mol% O; in Ar, T =1415 K, P =2.31 bar,
Texp = 80 1S, Teurran =67 1S, Teurranmod1 = 72 s (mixture of Vermeer et al.)

Fig. 13 Comparison between predicted ignition delays Tcyrran With the detailed kinetic model of Curran et al. (——) and predicted ignition delays
Teurranmodl (———) with the detailed kinetic model of Curran et al. for which rate constants of reactions (R10), (R12), (R13), (R15), and (R17) have been
comprehensively changed (see text for details). Experimental ignition delays are noted 7exp (continued).
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Elementary Kinetics

One approach is to consider reactions other than (R1) to (R8)
because the model of Curran et al. predicts reliable ignition de-
lays for the less diluted mixtures (experiments of Vermeer et al.'°
and our experiments given in Table 4). The source for the uncer-
tainty factors is the compilation of Baulch et al.>! Therefore, rate
constants will be modified such as the value retained is both con-
sistent with the rate constant of Curran et al. and with the one of
Baulch et al.?! in the limit of the uncertainty factor recommended by
Baulch.3! Reactions for which rate constants taken by Curran et al.
and recommended by Baulch et al. are not consistent will be let as
given by Curran et al.

For all of the remaining mixtures, except the highly diluted one,
reaction (R10) HCO +M = H + CO + M seems to be one of the key
reactions in this context. Curran et al.? considered a rate constant
kO (cm® mol™! s71)=1.86 x 10'7 x T~! x exp(—17000 cal/RT),
whereas Baulch et al. recommend in the 600-2500 K temper-
ature range, with error limits A log k =0.5, k0 (cm’® mol™!
s™1)=1.56 x 10" x exp (—15757 cal/RT). The rate constant taken
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a) 0.08 mol% heptane +0.92 mol% O, in Ar, T=1475 K, P=

4.43 bar, Texp =238 1S, Teurran = » Teurranmod2 = 290 s (mixture A)
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¢) 0.42 mol % heptane + 4.58 mol% O in Ar, T = 1449 K, P = 4.49 bar,
Texp = 195 ps, Teurran =77 1S, Teurranmod2 = 170 ps (mixture C)

by Curran et al. is therefore a factor of about two lower, in the 1400—
1600 K temperature range, than the one recommended by Baulch
et al. If one consider the error limit of A log k given by Baulch,
this means that the range of values of £ encompassed by these error
limits can be found by multiplication and division of k by a factor
three and that the rate constant of Curran et al. can be multiplied by
a maximum factor of six or divided by a maximum factor of 1.5 to
be consistent with the rate constant recommended by Baulch et al.
once its uncertainty factor included in the analysis.

One other reaction potentially able to explain partially the dis-
crepancies is reaction (R13) HO, + OH =H,0 + O,, which is in-
fluential for all of the mixtures except the highly diluted one and
the rich one. The rate constant taken in the model of Curran et al.
for this reaction is exactly the same as the one recommended in
the 3002000 K temperature range by Baulch et al. Error limits
given by Baulch et al. are A log k = =40.2 at 300 K rising to +0.5
at 2000 K. In our temperature range (roughly 1300-1600 K), error
limits of A log k =30.4 are therefore tenable. This represents an
uncertainty factor of 2.5.
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b) 0.6 mol% heptane + 4.4 mol% O; in Ar, T =1453 K, P =4.09 bar,
Texp = 255 ps, Teurran = 110 pS, Teurranmodz = 230 ps (mixture B)
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d) 0.22 mol % heptane + 4.78 mol% O, in Ar, T = 1415 K, P =4.30 bar,
Texp = 154 ps, Teurran = 70 pS; Teurranmod2 = 180 us (mixture D)

Fig. 14 Comparison between predicted ignition delays Tcyrran With the detailed kinetic model of Curran et al. (——) and predicted ignition delays
Teurranmod2 (———) with the detailed kinetic model of Curran et al. for which rate constants of reactions (R1), (R3), (R4), (R10), and (R13) have been
comprehensively changed (see text for details). Experimental ignition delays are noted Tep.
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e) 0.42 mol% heptane +4.58 mol% O; in Ar, T=1408 K, P=2.70
bar, Texp = 304 ps, Teurran = 160 (1S, Teurranmod2 = 348 us (mixture E)
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g) 2.5 mol% heptane +27.5 mol% O; in Ar, T=1415 K, P=2.31
bar, Texp =80 uS, Teurran =67 S, Teurranmod2 =127 ps (mixture of
Vermeer et al.)
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f) 1 mol% heptane + 11 mol% O, in Ar, T=1380 K, P=4.70 bar,

Texp = 145 ps, Teurran =97 pS, Teurranmodz = 187 s (mixture H)
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h) 2.5 mol% heptane +27.5 mol% O in Ar, T=1270 K, P =2.95 bar,
Texp = 385 1S, Teurran =322 {8, Teurranmod1 = 333 1S, Teurranmod2 = 533 ps
(mixture of Vermeer et al.)

Fig. 14 Comparison between predicted ignition delays Tcyrran With the detailed kinetic model of Curran et al. (——) and predicted ignition delays
Teurranmod2 (———) with the detailed kinetic model of Curran et al. for which rate constants of reactions (R1), (R3), (R4), (R10), and (R13) have been
comprehensively changed (see text for details). Experimental ignition delays are noted Texp (continued).

Specific to the lean mixture, reaction (R12) HCO+ O, =
CO + HO; can potentially play a role. Baulch et al. in their recom-
mendations only give a rate constant for the reaction HCO + O, —
products with an uncertainty factor of two.

Reactions able to play specifically a role for the highly diluted
mixture studied are as follows:

CH; +H+M=CH; +M (R15)
C,H, + O = CH; + HCO (R16)
CH,(S) + 0, = CO + OH + H R17)
CH; + OH = CH,(S) 4+ H,0 (R18)

Baulch et al.3! recommended an uncertainty factor of three for the
k0 and an uncertainty factor of two for the koo for reaction (R15).
Baulch et al. recommended a rate constant for reaction (R16) with an
uncertainty factor of two, and there is however a factor four between

the rate constant taken by Curran et al. and the recommendation of
Baulch et al.

Baulch et al. only recommended a global rate constant for
CH,(S)+ 0O, — products in the 300-1000 K temperature range
with an uncertainty factor of three at 1000 K. The rate constant
taken by Curran et al. for (R17) is about equal with the one recom-
mended by Baulch et al. for the global reaction.

Curran et al. take a rate constant a factor of three different with
the rate constant recommended by Baulch et al. for reaction (R18),
this rate constant being recommended with an uncertainty factor of
three.

Figure 13 shows the effect of modifications for five of the rate
constants (only five on a total of 2538 in the detailed kinetic model
of Curran et al.). The rate constants (R10) and (R17) have been
divided (both forward and reverse) by a factor 1.5 and 2, respec-
tively, whereas the forward and reverse rate constants (R12), (R13),
and (R15) have been multiplied by a factor of 2. Figure 13 shows
that it is possible to increase the computed ignition delays for the
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mixtures we studied without changing too much the predictions for
the less-diluted mixtures studied by Vermeer et al. for which good
agreement with the model of Curran et al. has been already demon-
strated.

Another approach, among many others, is to modify, in their un-
certainty limits, some of the most important reactions for ignition for
all of the reactions studied, namely (R1), (R3), and (R4). For reac-
tion (R1) H+ O, = OH + O, the rate constant taken by Curran et al.
in their detailed kinetic model is k£ (cm® mol~! s71)=1.97 x 104
exp (—16540/RT) with R = 1.987 cal K~! mol~'. However, Baulch
et al. recommend an error limit of A log k comprised between 0.1
(at 300 K) and £0.5 (at 5000 K) depending on the temperature
(A log k= =£0.2 at 2500 K). If one considers the lowest error limit
of A log k, this means that the range of values of k encompassed by
these error limits can be found by multiplication and division of £
by a factor of 1.25.

For reaction (R3) CH; 4+ HO, =CH;3;0 + OH in the model of
Curran et al., a temperature-independent rate constant of 1.1 x 10"
cm?® mol~! s~! is considered. Baulch et al. reccommended about the
same value (1.8 x 10'3 cm® mol~' s™!) in the 3002500 K tempera-
ture range. However the recommended error limit given by Baulch
et al. for this rate constant is A log k = 0.7 whatever the tempera-
ture is. This means that the values of k encompassed by these error
limits can be found by multiplication and division of k£ by a factor
of 5.

The forward rate constant taken for reaction (R4) C,H; + OH =
C,H; 4+ H,0 by Curran et al. is exactly the same as the one rec-
ommended by Baulch et al. in the 650-1500 K temperature range.
Error limits of A log k ==+0.5 are given by Baulch et al. for this
reaction. This represents an uncertainty factor of 3.

Much more complicated appears the case of reaction (R2)
C,H; + O, =CH,CHO + O. In fact, Baulch et al. give no recom-
mendation for this reaction as several channels are globally re-
sponsible for the reaction C;H; + O, — Products. Recent the-
oretical calculations®? give a rate constant for the title reaction
of k (cm® mol™' s71)=3.03 x 10" x T*%?° exp(—10 cal/RT)
for the 300-3500 K temperature range, whereas Curran et al.?’
report a value of k& (cm® mol™! s7')=3.5x 10" x T06! x
exp(—5260 cal/RT). In the 1400-1600 K temperature range, the
rate constant taken by Curran et al. is a factor 3.4 up to 3.9 lower
than the rate constant theoretically calculated. In fact, the two rate
constants, at a given temperature, are quite consistent if one consid-
ers an uncertainty factor of 3. No direct experimental determination
of the rate constant C;Hz + O, = CH,CHO + O exists, and therefore
the rate constant for reaction (R2) is let here as given by Curran et al.

Figure 14 shows the effect of modifications for five of the rate
constants (only five on a total of 2538 in the detailed kinetic model
of Curran et al.). In the detailed kinetic model of Curran et al.,
rate constants for reactions (R1), (R3), (R4), (R10), and (R13) have
been replaced by the recommendation of Baulch et al. This does
not change the predictions of the model. Then, the rate constants
(R1), (R3), (R4), and (R10) have been divided by a factor 1.25, 5,
3, and 3, respectively, whereas the rate constant (R13) is multiplied
by a factor of 2. Figure 14 shows that it is possible to increase the
computed ignition delays for the mixtures we studied such as to
obtain a very good agreement between the detailed model and all of
the experiments performed for this study. This agreement is obtained
furthermore without changing too much the predictions for the less
diluted mixtures studied by Vermeer et al. (see Fig. 14g) and the
one presented in this study (see Fig. 14f). However, for the lowest
temperatures the set of changes just presented can induce too long
ignition delays as shown in Fig. 14h, whereas the first set of changes
presented predicts about the same ignition delay as the detailed
model of Curran et al. Nevertheless, the predicted delays, although
too long, always agree with the experiments within a factor of 2.

Detonation of Heptane/Oxygen Mixtures Behind
an Incident Shock Wave

The conditions for the onset of a detonation wave behind an inci-
dent shock wave have been preliminarily examined. Figure 15 shows
the variation of the experimental wave velocity V vs P, for the stoi-
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Fig. 15 Shock wave and detonation velocity vs helium pressure P4
in the driver section for the stoichiometric heptane/oxygen mixture at
an initial pressure Py =2 kPa. Chapman-Jouguet detonation velocity
Dc_y is 2172 m s~! (-—-) and experimental detonation velocity D is
2097 ms~! (—).

chiometric mixture heptane/oxygen at an initial pressure P =2 kPa,
where P, is the pressure of helium in the driver section. For a crit-
ical value, named P,c, the wave velocity suddenly increases, cor-
responding to the onset of the coupling between the incident shock
wave and the reaction zone, which is the onset of detonation. In the
critical zone, the wave velocity can reach very high values (here
about 4.5 km s'), leading to a very unstable detonation. Once P; is
increased past this critical zone, the wave tends to be a stable self-
sustained detonation, with a constant velocity value D (here about
2.1 km s71), slightly lower than the theoretical Chapman—Jouguet
detonation velocity. The Chapman—Jouguet detonation velocity has
been calculated with the EQUIL code.

Conclusions

This study shows the following:

1) A two-step ignition process also exists at high temperatures
for the mixture 0.08 mol% heptane/0.92 mol% oxygen/99 mol%
argon, and this two-step ignition process does not exist for the other
mixtures studied.

2) The experimental results presented here are in reasonable
agreement with the previous results reported in the literature.

3) The high-temperature ignition delays predicted by the model
of Curran et al. are about a factor of 2 shorter on average that the
ignition delays experimentally observed.

4) Some smooth, physically meaningful, modifications (approach
number 1) of the detailed chemical kinetic mechanism are able to
explain conveniently all of the (past and present, highly or less di-
luted mixtures, rich, lean or stoichiometric mixtures) experimental
high-temperature ignition delay data. Itis also shown that other mod-
ifications (approach number 2) are also possible. Although approach
number 2 is physically realistic, approach number 1 is preferred. It
can be concluded that the only way to go further in that way is to
use an optimization procedure.

5) There is a lack for elementary kinetic data for some important
reactions here such as, for instance, CH; + HO, = CH;30 + OH.

6) The modifications proposed here do not alter the predictions
at low temperature because the changes suggested are only devoted
to temperatures above about 1250 K.

7) Self-sustained detonations can propagate in heptane/O,
mixtures.
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