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Abstract

A series of shock tube experiments was conducted to measure the ignition delay of homogeneous me
(CH4/air) mixtures at moderate temperatures (1000 to 1350 K) and elevated pressures (16–40 atm). The
lence ratios of the test mixtures were varied from 0.7 to 1.3 with the focus on the slightly lean-to-stoichio
region, which is most relevant to internal combustion (IC) engine conditions. Transitions from mild to stro
nition were observed at lower temperatures with increasing pressure. An analytical study of methane o
under the above conditions was conducted using a detailed chemical kinetic mechanism proposed by
et al. The mechanism was modified and extended in this work, based on the experimental results and
reviews. The current model improves the agreement between the calculated ignition delay time and exp
tal data. Sensitivity and reaction flow analyses show that the oxidation of methyl (to form methoxy radic
a main rate-limiting step in pre-ignition reactions for stoichiometric methane/air mixtures at 1250 K. At
temperatures, the activation energy decreases due to a rapid rise in the rates of reactions CH3 + O2⇔ CH3O2
and CH3O2 + CH3 ⇔ 2CH3O, which effectively promotes ignition. At still lower temperatures (below 1100
the depletion of methyl and hydroxyl radicals becomes increasingly rate-limiting and leads to a re-incr
the activation energy. Further study of chemical kinetics for methane oxidation at high pressures, particu
fuel-lean mixtures, is suggested to improve the agreement between the model and experiments.
 2003 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The increasing popularity of natural-gas-fueled
ternal combustion engines [1–3] raises the importa
of predicting autoignition of natural gas under va
ious operating conditions. Early experimental m
surements of the ignition delay of methane, a ma
component of natural gas, were mostly conduc
under low-pressure (0.5–15 atm), high temperat
(1200–2500 K) [4–9], and/or highly dilute condition

* Corresponding author.
E-mail address:jhuang@mech.ubc.ca (J. Huang).
0010-2180/$ – see front matter 2003 The Combustion Institut
doi:10.1016/j.combustflame.2003.09.002
(with over 90% Ar) [10]. Recent experimental shoc
tube studies and kinetic modeling conducted by
tersen et al. [11–13] show that the ignition delays
methane/oxygen/argon and methane/oxygen/nitro
mixtures under high-pressure, moderate-tempera
conditions with low dilution levels are conside
ably different from those under low-pressure, hig
temperature and high-dilution-ratio conditions. Spe
ically, they report a significantly reduction in the a
tivation energy for temperatures below 1300 K. F
experimental data are available for the ignition de
time of methane/air mixtures under typical, engin
relevant conditions, that is, for initial pressures abo
e. Published by Elsevier Inc. All rights reserved.
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Table 1
Experimental conditions and empirical coefficients for the ignition delay of methane reported in the literature

Pressure (atm) Temperature (K) x y A s(cm3/mol)x+y Ea (kcal/mol)

Seery and Bowman [4] 1.5–4 1300–1900 0.4 −1.6 7.65E− 18 51.4
Lifshitz et al. [5] 2–10 1500–2150 0.33 −1.03 3.62E− 14 46.5
Tsuboi and Wagner [6] 2–3 1200–2100 0.32 −1.02 2.50E− 15 53.0
Cheng and Oppenheim [7] 1–3 1600–2200 0.48 −1.94 1.19E− 18 46.3
Grillo and Slack [8] 1–6 1640–2150 0.33 −1.03 4.40E− 15 52.3
Petersen et al. [12,13] 40–260 >1300 −0.02 −1.20 1.26E− 14 32.7
Petersen et al. [12,13] 40–260 <1300 −0.38 −1.31 4.99E− 14 19.0
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16 atm, temperatures below 1400 K, and equivale
ratios from 0.7 to 1.3.

Because the lack of experimental data in t
regime has prevented development of adequate ch
ical kinetic mechanisms, the primary objective of t
current study was to measure the ignition delay
methane under engine-relevant conditions. The res
ing experimental data have been compared with
calculations using detailed chemical kinetic mec
nisms (with appropriate modifications where nec
sary) to obtain a deeper understanding of methane
idation/ignition under conditions relevant to practic
devices such as natural-gas-fueled engines or h
pressure gas turbines.

The current experiments were conducted in
high-pressure, stainless-steel shock tube. Unlike
other experimental methods, the temperature
pressure rises behind a shock wave are virtually
stantaneous; this minimizes the effects of surf
reactions or processes occurring at intermediate t
peratures [14]. The quiescent state of the driven
behind the reflected shock further simplifies the sit
tion by reducing the gasdynamic effects. These me
make the shock tube an ideal tool for the curr
study.

The criteria commonly used to define the onse
ignition include sudden changes in temperature (h
transfer) and pressure, a certain radical concentra
or sudden change in density of the mixture. Zhou a
Karim [15] examine the different criteria numerical
using a detailed reaction mechanism, and find li
difference between results of using different crite
for ignition delay at low temperatures (< 1100 K),
but relatively large differences at higher temperatu
They recommend criteria based on sudden chang
pressure and temperature because ignition delay t
measured by such methods generally lie between
results obtained using other criteria.

Many of the early experimental results of metha
oxygen ignition delay were correlated with initi
conditions using an Arrhenius-type, parametric f
mula given by

(1)τ = Aexp

(
E

)
[O2]x [CH4]y,
RT
where coefficientsA, E, x, andy are obtained by fit-
ting the experimental data using regression meth
Some of the values reported for these coefficient
the literature are given in Table 1 along with their e
perimental conditions. Extrapolating these equati
to the conditions studied in this work generates a w
scatter in predicted ignition delay time. Applicatio
of these empirical equations beyond the range wh
they were derived (and particularly under engin
relevant conditions) is not justified.

The correlation formula shown in Eq. (1) indicat
that the type of dilution gas has a negligible effect
ignition delay. Petersen et al. [12] observed no sig
icant difference in measured ignition delay time wh
the dilution gas was changed from argon to nit
gen, which suggests that ignition is primarily bas
on CH4/O2 kinetics rather than on thermal effect
however, in detailed chemical kinetic mechanis
such as GRI-Mech 3.0 [16], third-body reactions
volving nitrogen do possess rate coefficients diff
ent from those involving argon; meanwhile, nitr
gen has a higher enhancement coefficient in press
dependent reactions (such as the combination CH3 to
form C2H6). Furthermore, the formation of some n
trocompounds under high-temperature, high-pres
conditions may also affect the ignition delay tim
[17,18]. In the study reported herein, air was used
best simulate IC engine conditions.

2. Experimental

A schematic of the shock tube used in the c
rent study is given in Fig. 1. The inner diameter
the shock tube is 59 mm. The lengths of the dri
and driven sections are 3.18 and 4.25 m, respectiv
The shock tube has been designed and hydraulic
tested to withstand a maximum pressure of 200 a
The initial pressure in the driver section was m
sured with an Eclipse static pressure transducer.
initial driven pressure was measured using an Au
Tran 851D differential pressure transducer. The in
dent shock velocity was measured using five flu
mounted PCB 112B11 piezoelectric pressure tra
ducers with a minimum response time of 3 µs. T
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Fig. 1. Schematics of the shock tube and attached equipment.
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outputs were connected to a 12-bit IOtech Wavebo
512 data acquisition system sampling at a total
quency of 1 MHz.

The temperatures and pressures behind refle
shocks were calculated by solving conservation eq
tions across the shock front using measured incid
shock velocities. The temperature-dependent ther
chemical properties of the test gases were ca
lated using polynomial coefficients from the sta
dard databases of GRI-Mech [16], which includes
NASA-Lewis and Technion archives [19,20]. For
driven gas with low dilution ratio (or diatomic dilu
tion gas such as nitrogen), non-ideal shock reflec
results from shock-wave/boundary-layer interactio
[21–24], which lead to shock bifurcation. The tem
perature of the driven gas after passing theλ foot of
the reflected shock and the time for the cooling fl
to reach the endwall were examined using a mo
proposed by Mark [23] and Davies [24]. The pe
turbation originating from the contact surface [2
was also investigated and found to be less imp
tant given the range ofρ5/ρ6 (the ratio between the
driven and driver pressure behind the reflected sho
in the current experiments. The uncertainty of
calculated temperatureT5 in the current study, aris
ing from the uncertainty in the velocity measureme
and non-ideal shock reflection, is around 14 K. T
value agrees with the calculation based on the
flected shock speed measured at the end of the dr
section using the method suggested by Skinner [2

The location of ignition measurements reported
the literature varies from zero to several centimet
from the end plate of the driven section. Frenkla
and Bornside [26] found that the ignition delay tim
measured at the end plate is significantly differ
from that measured 6.6 cm away. Petersen et al.
reported no noticeable difference for the results m
sured at 1 or 2 cm away from the end, but sugges
correcting measured ignition delay data for strong
nitions if the measurement is not at the endwall [1
For an ideal reflection, the driven gas behind the
flected shock is in a quiescent state. Heat transfe
the driven gas occurs mainly in the form of diffusio
so that the thickness of the thermal layer develo
from the end plate can be estimated asd = √

αt ,
whereα is the thermal diffusivity andt is the time
after reflection. This is a very thin layer given th
shortness of the total experimental time. Fiewe
et al. [27] have observed experimentally that ig
tions behind reflected shocks start close to the
plate where the driven gas is exposed to the temp
ture behind the reflected shock from the earliest tim
therefore, all ignition delays in the current study we
measured using the pressure signal detected at th
plate of the driven section. This eliminates the u
certainties arising from correcting ignition data f
a moving blast wave when a side-wall measurem
is used [12]. The onset of ignition was defined
extrapolating the maximum rate of pressure cha
(dp/dt ) back to the pressure right behind the reflec
shock. The same method was used in many ea
studies [4,11,12].

The compositions of gas mixtures in the cu
rent study are presented in Table 2. The range
equivalence ratios (0.7–1.3) was selected to repre
the most typical conditions in IC engines. The t
gases—methane (99.95%) and air (99.9%; 21%2,
79% N2)—were obtained from Praxair. Before ea
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Table 2
Test gas composition

Mixture CH4 Mole fractions Φ

O2 N2

1 0.095 0.192 0.715 1
2 0.068 0.196 0.736 0.7
3 0.120 0.185 0.695 1.3

test, the driven section of the shock tube was clea
and vacuum-pumped to an absolute pressure be
7.5 × 10−3 mbar. The vacuum was kept for abo
20 min and the driven section was flushed with p
air and re-evacuated. This process removes wate
pors and other possible impurities released from
wall of the shock tube at low pressures. The leak
combined with the degas rate of the driven sect
is below 0.25 mbar/h. The maximum uncertainty o
the test-gas composition before shock heating is
than 0.2%. Methane and air were injected alter
tively through three spaced ports from high-press
storage vessels into the driven section. A 1-hr mix
time was allowed before each run to guarantee c
plete mixing of fuel and oxidizer. No gas mixer w
used in the current experiment to avoid introduc
secondary contamination from the intermediate s
age vessel. To investigate the effects of finite mix
time and uncertainties in the initial mixture comp
sition, 12 repeatability tests were conducted us
mixture No. 1 at initial conditions of 40 atm an
1200 K. The residence time of the initial gas m
ture in the driven section before each run was var
from 15 min to 4 hrs; four of the tests used mixtur
pre-prepared in a high-pressure, stainless-steel ve
12 hrs before the experiments. Both purified bott
air and untreated room air were used as the oxid
for comparison (room air represents the air com
sition in IC engines). The standard deviation of t
measured ignition delay in above tests was less t
10% without correcting for the slight difference
initial temperatures behind reflected shocks (that
less than the relative uncertainty in temperature m
surement); the maximum deviation of an individu
test from the mean delay time is about 25%. Th
results suggest that under the conditions discusse
this work, the uncertainties resulting from the curre
experimental method have been controlled in an
ceptable range of experimental error.

To obtain an experimental time comparable to
induction time scale in IC engines, tailored-interfa
conditions [14,21] were achieved in the current stu
by adjusting the helium/air ratio of the driver ga
The experimental time was extended to 4 to 5 ms
tailored-interface conditions, which is significant
longer than the 1-ms duration for non-tailored co
ditions.
l

3. Results and discussions

3.1. Gas dynamic features and strong ignition limi

Typical pressure histories recorded at the endw
of the shock tube are presented in Fig. 2. For tem
atures between 1000 and 1200 K, methane igni
causes a mild pressure rise and a clearly distinguis
pressure peak. The increase in pressure is more r
with increasing temperature and pressure.

A noticeable change in the pressure trace occ
when the temperature is raised over a threshold
tween 1200 and 1300 K depending on the initial pr
sure. The ignition appears to be less ordered: spe
cally, a unique pressure maximum is no longer se
In some cases, a sharp, secondary pressure pe
whose magnitude can exceed that of the first on
starts to appear.

With further increase in temperature, strong ig
tions—characterized by sudden increases of pres
followed by violent pressure oscillations—are foun
The peak pressure of a strong ignition can be 1.5
times higher than that of a mild ignition. In extrem
cases, the high velocity blast wave formed in the ig
tion can catch up with the reflected shock and form
detonation front.

The transition from weak to strong ignition ha
pens within a short temperature range that is p
sure dependent. There is no obvious variation in
magnitude of peak pressures as the temperature
proaches the strong ignition limit. Similar observ
tion of this rapid transition for various fuels was r
ported in the literature [7,27–29]. Fieweger et al. [2
showed that the mild ignition observed at low te
peratures originates from one or more hot spots
the experimental area and proceeds heterogeneo
In a homogeneously charged engine, mild ignitio
which evolve primarily into deflagrations, cause on
moderate pressure rises and thus do not pose a t

Fig. 2. Pressure history of ignition behind reflected sh
(P5 = 23 atm).
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; open
Fig. 3. Strong ignition limit of mixture No. 1 at different pressures. Filled symbols designate measured mild ignitions
symbols designate measured strong ignition.
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to the engine. In contrast, a strong ignition that for
the detonation-like pressure rise commonly term
“knock” [27] may cause severe damage to the
gine.

Cheng and Oppenheim [7] attributed the cau
of strong ignition to “coherence in the exothe
mic processes,” which produces a sufficiently stro
power per unit mass to generate a blast wave. T
found that a “crucial factor” in establishing the stro
ignition limit is the sensitivity of the induction time
to temperature variation, i.e., the value of(∂τ/∂T )p .
At a given pressure, when(∂τ/∂T )p is small, which
means the ignition delay is less sensitive to the s
dard deviation of the temperature field, “coherenc
of ignition is more likely to occur, which will lead to
a strong ignition.

Figure 3 shows the P-T conditions at which stro
and mild ignitions were measured in mixture No.
For the stoichiometric mixture investigated, the v
ues of(∂τ/∂T )p derived from fitting the experimen
tal data (which correspond to the measured strong
nition limit from 1220 to 1110 K with the initial pres
sure rising from 16 to 40 atm) changes from−4.0 to
−6.0 µs/K. They are lower than the−1.5 to−2 µs/K
reported by Cheng and Oppenheim based on their
periments conducted at 1 to 3 atm. It is readily und
stood that for a higher reactant concentration, the
ergy released by the ignition of per unit volume of g
mixture is higher. The requirement for the cohere
exothermal process is lower. This allows a strong
nition to occur at a relatively lower(∂τ/∂T )p value.
For mixture No. 2 (Φ = 0.7), the temperature limi
measured is 1300 K at 16 atm and 1240 K at 40 a
and the value of(∂τ/∂T )p increases to−2.5 and
−3.1 µs/K, respectively, which is a result of the re
duced energy density in the lean mixtures.
3.2. Ignition delay

The ignition delay times obtained in the curre
experiments are summarized in Table 3. The m
sured ignition delay times at initial pressures fro
16 to 40 atm in mixtures No. 1 and No. 2 are plo
ted in Figs. 4 and 5. The differences in ignition del
time measured at various pressures are more sig
icant at lower temperatures than that at higher te
peratures. Under the current conditions, the glo
activation energy, which is mainly a measuremen
the temperature dependence of ignition delay t
(there is also a weaker concentration dependence
a given pressure), shows a trend of reduction with
creasing temperature; however, for temperatures
low 1100 K, a noticeable re-increase in the activat
energy is observed. For temperatures between 1
and 1200 K, the activation energy obtained by fitti
the experimental data is 16 kcal/mol; it reduces to 13
kcal/mol for temperatures between 1200 and 1100
but it rises to 18 kcal/mol for temperatures below
1100 K. In general,Ea in the current study is signifi
cantly lower than the typical values (43–52 kcal/mol)
reported in the literature [4–9] for high-temperatu
and low-pressure conditions. Such a reduction in a
vation energy in the intermediate-to-low temperat
range was reported in several earlier studies. Co
and Lefebvre’s experiment [30] conducted at temp
atures below 1000 K and pressures between 7 an
atm in a flow reactor yielded 25 kcal/mol. Walker
et al. [9] reported that for stoichiometric methane/
mixtures at 960 to 1605 K and 1.5 to 15 atm, t
global activation energy was 20 kcal/mol. Karim and
Zhou [15] used a detailed mechanism to simul
the ignition process of methane and suggested u
three different values (37, 21, 18 kcal/mol decreasing
with temperature) for the activation energy in diffe
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Table 3
Summary of experimental results

Φ Mixture T5 (K) P5 (atm) τ (µs)

1 1 1024 37.5 2712
1 1 1047 39.3 2217
1 1 1061 41.6 1212
1 1 1096 37.7 1080
1 1 1116 39.7 978
1 1 1152 38.9 714
1 1 1153 40.2 696
1 1 1171 40.8 660
1 1 1174 41.4 651
1 1 1175 39.9 612
1 1 1177 37.1 624
1 1 1213 40.3 612
1 1 1295 36.5 395
1 1 1035 31.2 2166
1 1 1062 31.4 1434
1 1 1090 30.5 1080
1 1 1121 30.6 1050
1 1 1184 30.5 888
1 1 1220 29.8 684
1 1 1296 29.6 414
1 1 1032 26.1 2343
1 1 1043 22.9 1698
1 1 1122 21.0 1560
1 1 1162 26.0 1164
1 1 1187 25.2 1149
1 1 1165 22.5 1000
1 1 1250 20.9 624
1 1 1309 25.2 489
1 1 1292 23.6 460
1 1 1038 15.9 3378
1 1 1084 16.2 1998
1 1 1082 16.0 2172
1 1 1122 15.3 1923
1 1 1127 17.0 1536
1 1 1181 14.1 1428
1 1 1188 17.4 1530
1 1 1226 17.0 1056
1 1 1275 16.4 600
1 1 1348 17.0 414
1 1 1343 17.9 444
0.7 2 1004 37.9 1728
0.7 2 1030 37.6 1668
0.7 2 1029 38.7 1548
0.7 2 1057 37.6 1416
0.7 2 1114 39.1 1050
0.7 2 1233 38.8 798
0.7 2 1288 39.1 694
0.7 2 1329 39.1 534
0.7 2 1370 38.8 456
0.7 2 1059 31.1 2154
0.7 2 1085 31.7 1422
0.7 2 1084 31.6 1392
0.7 2 1114 32.3 1362
0.7 2 1116 31.2 1464
0.7 2 1147 30.5 1176
0.7 2 1180 30.7 1092
0.7 2 1213 30.4 822
Table 3 (Continued)

Φ Mixture T5 (K) P5 (atm) τ (µs)

0.7 2 1286 31.0 714
0.7 2 1143 16.0 2022
0.7 2 1180 16.4 1482
0.7 2 1208 16.8 1158
0.7 2 1213 14.9 984
0.7 2 1304 15.7 690
1.3 3 1068 39.4 2028
1.3 3 1128 37.7 972
1.3 3 1193 39.2 930
1.3 3 1229 38.6 708
1.3 3 1266 36.0 612
1.3 3 1290 38.4 506

ent temperature ranges. Petersen et al. [31] repo
that the activation energy for highly diluted CH4–
O2 mixtures over a temperature range from 1175
1880 K was 47.0 kcal/mol; for lesser diluted mixture
[12,13], they found that the activation energy chang
from 32.7 kcal/mol for temperatures over 1300 K t
19 kcal/mol for temperatures below. The reverse
‘S’-shape characteristic observed in the current st
and a negative temperature-dependent region are
shown in the results of Petersen et al. [12,13] for r
methane/oxygen/argon mixtures. The current res
seem to agree with the low values of the activat
energy reported in above studies.

Figures 6 and 7 plot the effects of equivalence
tio on the ignition delay time at different pressure
At 16 atm, the increase of activation energy in the le
mixture occurs at a higher temperature than in the
ichiometric mixture; however, the situation revers
when the initial pressure is increased to 40 atm, wh
the ignition delay of mixture No. 2 appears to
least sensitive to the temperature change—no sig
cant variation in the activation energy is found in t
temperature range investigated. At low temperatu
(T < 1050 K), the lean mixture shows a considera
shorter ignition delay time than do stoichiometric a
rich mixtures. For temperatures above 1200 K, ig
tion occurs slower in the lean mixture than in the r
and stoichiometric mixtures.

Given the varying activation energy at differe
temperatures and pressures in the current study
found it difficult to correlate measured ignition d
lay times with initial conditions using any one-ste
parametric equation. Analyses of detailed chem
kinetic models are necessary to obtain a better
derstanding of methane oxidation under current
conditions.

3.3. Kinetic modeling

Most of the existing detailed reaction mechanis
[14,32–35] for methane oxidation were optimiz
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Fig. 4. Measured ignition delay time in mixture No. 1 (stoichiometric) at different initial pressures.

Fig. 5. Measured ignition delay time in mixture No. 2 (lean) at different initial pressures.

Fig. 6. Comparison of ignition delay for mixtures No. 1 and 2 at 16 atm.
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Fig. 7. Comparison of ignition delay for mixtures No. 1, 2, and 3 at 40 atm.
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and validated for high-temperature and low-press
autoignition; few were developed for applications u
der conditions pertinent to the current study. Hig
pressure mechanisms for methane ignition were
cently reported by Li and Williams [36] and Peters
et al. [13]. The Li and Williams [36] mechanism
contains 30 species and 127 reactions (24- and
step reduced mechanisms are also presented).
reduction in activation energy at temperatures
low 1300 K is attributed to the decreased sign
cance of methane decomposition step—CH4(+M) ⇔
CH3 + H(+M)—at intermediate temperatures. T
mechanism does not show a re-increase in act
tion energy at lower temperatures as observed
the current study. The kinetic mechanism dev
oped by Petersen et al. [13] contains 38 species
190 reaction steps with its core mechanism ta
from GRI-Mech 1.2 [37]. Species that are impo
tant in low-temperature methane oxidation, inclu
ing CH3O2, CH3O2H, C2H5O, C2H5O2, C2H5O2H,
and CH3CO, were added to the mechanism. It sho
be noted that the addition of some of these spec
especially CH3O2, is also presented in some recen
published mechanisms [38–40] for high-pressu
low-temperature oxidation of higher hydrocarbon
The Petersen et al. [13] mechanism was valida
with the ignition delay data [11,12] for CH4/O2/Ar
and CH4/O2/N2 mixtures at high pressures (40–2
atm) and intermediate temperatures (1040–1500
The experiments below 1200 K were mostly focus
on fuel-rich conditions with equivalence ratios ran
ing from 3 or 6. The model presents a significan
improved agreement with the experimental data
the present study compared to the core mechan
(GRI-Mech 1.2). However, a relatively large devi
tion from the experimental results is observed at
lowest temperatures (< 1100 K); a similar increase
in the disagreement is also seen in results of Li a
Williams [36]. No analytical or experimental resul
were presented for stoichiometric methane/air m
tures under engine-relevant conditions using eithe
these mechanisms. In the current study, the Pete
et al. mechanism [13] was taken as the base me
nism for kinetic modeling.

To improve the performance of the mechanis
important elementary reactions were identified
comparing kinetic and thermal contributions of e
ementary reactions throughout the induction per
at various initial conditions. This technique is com
monly used in mechanism reduction [41–43]. S
lected values of rate coefficients obtained from
literature were tested for key reactions to impro
the agreement between the model and the exp
mental results, particularly at the lowest temperatu
(< 1100 K). As a result, the following modification
to the original mechanism were implemented:

1. Reaction 157 was replaced by its reve
reaction—HO2 + CH4 ⇔ CH3 + H2O2—whose re-
action rate coefficients were taken from the metha
oxidation mechanism suggested by Hunter et al. [4
Their mechanism was optimized to match the spe
profile in a flow reactor at moderate temperatures (
to 1000 K) and elevated pressures (6 to 10 atm).

2. The rate coefficients of reaction 179 were mo
ified using values from Tsang and Hampson [45],
the rate constant was reduced by a factor of 4 to ma
the current experimental results better. As was poin
out by Petersen et al. [13], there remains a large un
tainty in rate of this reaction. No direct measurem
of the reaction rate in the current temperature ra
was found in our review. The above adjustment of
rate coefficient is well within the uncertainty of th
data reported in the literature [45–47].

3. Two extra reactions involving CH3O2 were
added:

CH3O2 + HO2 ⇔ CH3O2H + O2 (R191)

and
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Table 4
Modified or extended reactions and reaction rate coefficients (based on Petersen et al. [13] mechanism)

No. Reaction A n E (cal/mol) Ref.

R157 HO2 + CH4 ⇔ CH3 + H2O2 4.48E+ 13 0.0 24629.0 [44]
R179 CH3 + O2 ⇔ CH3O2 2.13E+ 58 −15.0 17018.0 [45]
R191 CH3O2 + HO2 ⇔ CH3O2H+O2 4.60E+ 10 0.0 2600.0 [40]
R192 CH3O2 + CH3O2 ⇔ O2 + 2CH3O 3.70E+ 11 0.0 2200.0 [40]

Table 5
Comparison of thermochemical properties of CH3O2 from different sources

Source of database �Hf,298 Cp,298 Cp,1000 S298
(kcal/mol) (cal/(mol K)) (cal/(mol K)) (cal/(mol K))

Petersen et al. [13] 5.66 17.55 24.55 60.35
Burcat [42] 2.14 12.76 24.18 64.39
Curran [46] 4.295 13.88 22.60 66.28
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CH3O2 + CH3O2 ⇔ O2 + CH3O+ CH3O (R192)

were taken from the DME mechanism developed
Curran et al. [38]. The mechanism has been valida
with species-profile as well as ignition-delay da
measured at high pressure (10–40 atm) and low
moderate temperatures (800–1300 K). The react
rate analysis shows the relative importance of th
two reactions under the current experimental c
ditions. A summary of elementary reactions mo
fied/added in the current study is given Table 4.

The thermochemical properties for the species
included in GRI-Mech (CH3O2, CH3O2H, C2H5O,
C2H5O2, C2H5O2H, and CH3CO) were taken eithe
from the latest database of Burcat [48] or from th
provided by Curran et al. [38]. It should be not
that some data used in the current modeling are
nificantly different from those used by Petersen
al. [13]. Comparisons of the standard enthalpy of f
mation and constant-pressure specific heat for CH3O2
from different sources are presented in Table 5. It
be seen that at 1000 K, values of enthalpy and
for CH3O2 used by Petersen et al. [13] are sign
cantly higher than those reported by Burcat [48] a
Curran et al. [38]. This leads to a higher calculated
verse rate of R179 as a result of a smaller equilibri
constant [49] and, consequently, a lower format
rate of CH3O2. It is thus important to clarify tha
the “base mechanism” (that is, the original mec
nism prior to the modification just described) in t
following discussion is not the same as the “Peter
et al. [13] mechanism” due to the difference in t
thermochemistry—the resulting ignition delay tim
can be varied by a factor of 2 using different therm
dynamic data under the same conditions.

The current calculation was performed usi
ideal-gas Chemkin [50]. Petersen et al. [13] show
that the difference between using the ideal-gas s
equation and real-gas state equation was belo
to 5% even for initial pressures above 200 a
The constant-volume, adiabatic boundary conditio
which were adopted by several previous researc
[4,14,26], were used in the current calculation. T
stiff ODE system composed of species mass con
vation and energy conservation equations was so
using VODE—a variable-coefficient ODE solver d
veloped by Brown et al. [51]. The ignition was defin
using the same pressure criterion as aforementio
in the experiment.

3.4. Numerical results

Comparisons between the predicted ignition
lay time from the current model and the experime
tal measurements are presented in Figs. 8 to 12.
agreement between the model and the experime
generally good. For stoichiometric methane/air m
tures, the model correctly reproduces the reductio
activation energy with decreasing temperature up
1150 K. For temperatures below 1100 K, the mo
predicts the re-increase in the activation energy, wh
was observed in the experiment. As a comparison,
ignition delay times predicted by the base mechan
and the latest version of the GRI mechanism—G
Mech 3.0—are also presented. The current mo
shows a significant improvement in performance r
ative to the base mechanism. The results from
GRI mechanism, which was not designed for lo
temperature reactions, appear to deviate significa
from the experimental data with decreasing temp
ature. The mechanism fails to predict the chan
in the activation energy under the current con
tions.

In Figs. 11 and 12, the model is compared to
experiment for the ignition delay in the lean mixtu
(mixture No. 2). The change in activation energy
the lean mixture is less prominent than that for
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Fig. 8. Comparison of model-predicted and experimental ignition delay in mixture No. 1 (stoichiometric) at 16 and 40 atm.
Symbols are experimental data from the current study: squares, data at 16 atm; diamonds, data at 40 atm.

Fig. 9. Comparison of model-predicted and experimental ignition delay in mixture No. 1 (stoichiometric) at 23 atm. Symbols
are experimental data from the current study.

Fig. 10. Comparison of model-predicted and experimental ignition delay in mixture No. 3 (rich) at 40 atm. Symbols are experi-
mental data from the current study.
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experi-

experi-
Fig. 11. Comparison of model-predicted and experimental ignition delay in mixture No. 2 (lean) at 16 atm. Symbols are
mental data from the current study.

Fig. 12. Comparison of model-predicted and experimental ignition delay in mixture No. 2 (lean) at 40 atm. Symbols are
mental data from the current study.
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stoichiometric mixtures. The agreement between
model and experiment is good at 16 atm; however,
model over-predicts the activation energy at 40 a
while the experimental data show that the ignition
less sensitive to temperature at high pressures.

For rich methane/air and methane/oxygen/arg
mixtures, the model was compared with the curr
results as well as the measurement reported by
tersen et al. [12] (Figs. 13 and 14). A satisfacto
agreement is also achieved, although the model
pears to under-predict the ignition delay time of m
ture No. 3 slightly. The maximum deviation of th
model results from the experimental data is less t
20%.

Figure 15 presents the ignition delay time p
dicted by the current model under high-temperat
and low-pressure conditions. They are compared w
the experimental results reported by Seery and B
man [4]. It can be seen that the current modificat
does not significantly affect the precision of the or
inal mechanism in the region where it has been o
mized and extensively validated.

3.5. Reaction flow and sensitivity analysis

Integral reaction flow analyses [49] were co
ducted to identify the main reaction path for t
oxidation of methane in mixture No. 1 during the i
duction period for initial temperatures of 1050 a
1250 K respectively. The integration was carried
to approximately 11% fuel conversion. Hunter
al. [52] used this criterion and found that it repr
sented the pre-ignition reactions well. As presen
in Fig. 16, the most important intermediate spec
and the sequence of oxidation for the stoichiom
ric mixture are very similar to those of rich mixture
shown by Petersen et al. [13]. During the inducti
period at 1250 K, a majority of methane is conver
to methyl though the attack of OH radicals. A smal
fraction of methane is consumed in reactions w
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Fig. 13. Comparison of model-predicted and experimental ignition delay for a 0.20CH4/0.133O2/0.667Ar mixture at 40 and 170
atm. Symbols are experimental data from Petersen et al. [12].

Fig. 14. Comparison of model-predicted and experimental ignition delay for a 0.273CH4/0.182O2/0.545N2 mixture at 130 atm.
Symbols are experimental data from Petersen et al. [12].

Fig. 15. Comparison of model-predicted and experimental ignition delay under low-pressure and high-temperature conditions.
Symbols are experimental data from Seery and Bowman [4].
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ntheses
Fig. 16. Main reaction pathways for methane oxidation in mixture No. 1 at 1250 and 1050 K (40 atm). Numbers in pare
are mole percentages of species consumed in specified reactions.
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HO2, H, and O radicals. But the subsequent oxidat
of methyl to form methoxy, CH3O, is mainly through
reacting with HO2 radicals in

HO2 + CH3 ⇔ OH+ CH3O (R119).

This is followed by a rapid oxidation of methoxy in

H + CH2O(+M) ⇔ CH3O(+M) (R57)

and

CH3O+ O2 ⇔ HO2 + CH2O (R170).

The above two reactions have larger rates than R
This is evident in the species concentration hist
shown in Fig. 17. The concentration of formald
hyde during the induction period is higher than th
of methoxy by nearly 4 orders of magnitude. A qua
steady state approximation applies to such a si
tion [49], in which the overall reaction rate is dete
mined by the rate of R119.

A parallel path with the above reactions for t
formation of formaldehyde is through

CH3 + O2 ⇔ OH+ CH2O (R156).

It can be seen from Fig. 18 that the rate of R1
increases rapidly during the initial stage of the indu
tion period, but it slows down relative to R119 wi
the shift of equilibrium due to the increasing CH2O
concentration. Another main reaction that consum
methyl radicals is

CH3 + CH3 ⇔ C2H6 (R158),

which is a well-known chain-termination reaction d
cussed in many previous works [14,53–55]. At 12
K, nearly 36% of methyl radicals are consumed
R158, making it a main ignition-inhibiting step. Th
lower branch of C2 oxidation is less significant in
low-temperature methane-oxidation reactions an
usually not included in reduced mechanisms [36,5

The lower part of the oxidation path, as show
by Frenklach and Bornside [26], is an autocataly
process. The oxidation of CH2O proceeds through re
actions with OH in

OH+ CH2O⇔ HCO+ H2O (R101)

and with CH3 in

CH3 + CH2O ⇔ HCO+ CH4 (R161).

This is followed by the oxidation of HCO via R16
and R168:

HCO+ M ⇔ H + CO+ M (R167),

HCO+ O2 ⇔ HO2 + CO (R168).

Reactions R167 and R168 restore the concentratio
active radicals, i.e., H, HO2; these two reactions ar
also highly exothermic, which makes them efficie
in promoting ignition.
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Fig. 17. Species concentration history for mixture No. 1 at 1250 K and 40 atm.

Fig. 18. Reaction rates during the induction period of mixture No. 1 at 1250 K and 40 atm.
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Two of the most important active radicals f
methane oxidation are OH and HO2. OH is formed
mainly through

H2O2(+M) ⇔ 2OH(+M) (R85)

and R119, while HO2 radicals are mostly generate
in R168, R170 and

H + O2 + N2 ⇔ HO2 + N2 (R36).

Because R119 is important in both consuming met
and generating hydroxyl radicals, its relatively slo
rate makes it a main rate-limiting reaction for metha
ignition at 1250 K.

The most prominent difference between low
temperature and higher-temperature methane ox
tion is the increasing significance of CH3O2 as a
chain carrier. A parallel pathway to R119 in gen
ating CH3O from CH3 is through

CH3 + O2 ⇔ CH3O2 (R179)
and

CH3O2 + CH3 ⇔ 2CH3O (R184).

At 1050 K, although most of the methyl radica
are still consumed via R119, the reaction-rate plo
Fig. 19 shows that R184 actually dominates the fi
half of the induction period in converting methyl
methoxy. The fraction of methyl destroyed throu
recombination in R158 is significantly reduced a
result of the competition from R179 and R184. T
increasing significance of CH3O2 chemistry at lower
temperatures is attributed to the rapid rise of the
of R179, which is accompanied by the reduction
the global activation energy as presented in Fig.
For a temperature increase from 1050 to 1250 K,
rate of reaction R179 increases by nearly a factor o

Figure 21 shows the sensitivity of the ignition d
lay time to the change of forward rate constants
elementary reactions. It is interesting to notice t
although the rate of reaction R179 is high at low te
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tm.
Fig. 19. Reaction rates during the induction period of mixture No. 1 at 1050 K and 40 atm.

Fig. 20. Change in reaction rate constants of R179 with temperature and corresponding ignition delay time at 40 a
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peratures, the ignition delay time is more sensitive
the change ink179 at 1250 K than it is at 1050 K
For the latter, the ignition delay is more sensitive
R157 and R85. Also, the sensitivity to the rate
R98, a main methyl-generating reaction, changes
sign from rate-limiting to rate-promoting with the re
duction of temperature. The reduced promotion e
ciency of CH3O2 radicals at low temperatures su
gests a shift of the rate-limiting reactions from tho
consuming methyl radicals (e.g., R119) to those g
erating methyl and hydroxyl radicals (R98, R85) w
the rise of R179 and R184; in other words, with
higher rate of R179 at lower temperatures, the ove
reaction rate is increasingly limited by the depleti
of methyl and hydroxyl radicals. This is evident in
comparison of methyl and hydroxyl concentrations
1050 K with those at 1250 K (see Fig. 22). The
duced concentration of hydroxyl at 1050 K is main
a consequence of the competition between R119
R179 for methyl radicals. This leads to the reduct
in the rate of R98 and slows down the chain init
tion step. The shift of the rate-limiting steps accou
for the re-increase of the activation energy at the lo
est temperatures in both experimental and numer
results.

It should be noted that R184 favors fuel-rich a
stoichiometric mixtures where the concentration
CH3 is higher than that in lean mixtures. This is cle
from the calculated ignition delay times of lean m
tures, which are significantly longer than those
richer mixtures. Although the current model demo
strates an improved agreement between nume
and experimental results, the fact that the model d
not predict accurately the ignition delay time of le
mixtures at the highest pressures indicates the ne
sity for further kinetic studies. Large uncertainties
main in some important elementary reactions. R1
for example, is a bimolecular reaction in its curre
form; however, third body effects were considered
kinetic models of some recent studies [38–40];
enhancement coefficients for different species incl
ing oxygen for this reaction have not been thoroug
studied.
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Fig. 21. Brute force sensitivity for ignition delay time at 40 atm(k × 2).

Fig. 22. Comparison of hydroxyl and methyl concentrations at 1050 and 1250 K during the induction period.
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4. Summary and conclusions

Shock-tube experiments on CH4/air ignition were
conducted under engine-relevant conditions. T
strong ignition limit was measured. High reacta
concentrations are found to favor strong ignitions a
cause an increase in the critical value of(∂τ/∂T )p
at the strong ignition limit. A nonlinear behavior o
measured ignition delay time in the Arrhenius re
resentation under the current conditions is observ
The global activation energy decreases with decre
ing initial temperature up to 1150 K, but increases
temperatures below 1100 K. The nonlinearity is m
pronounced in stoichiometric mixtures than it is
lean mixtures.

A detailed chemical kinetic model based on t
Petersen et al. [13] mechanism containing 38 spe
and 192 reactions was used to study pre-ignition re
tions. A good agreement is achieved between mo
predicted and experimental ignition delay for st
chiometric and rich mixtures. The model correc
reproduces the reversed-‘S’-shape characteristic
the ignition delay data. However, relatively large d
viations are found when the model is used to p
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dict the ignition delay time of lean mixtures at th
highest pressures. Sensitivity and integral reac
flow analyses were carried out to study the oxidat
path of methane. For stoichiometric methane/air m
tures at 40 atm and 1250 K, the oxidation is mai
rate-limited by reactions consuming methyl radica
At lower temperatures, the rate of CH3 + O2 ⇔
CH3O2 increases rapidly; this reaction, together w
CH3O2 + CH3 ⇔ 2CH3O, opens an effective, para
lel channel in converting methyl to methoxy, whic
significantly promotes the ignition and leads to t
reduction in the activation energy. At still lower tem
peratures, the depletion of methyl and hydroxyl ra
icals becomes increasingly rate-limiting and cau
the activation energy to re-increase even though
formation rate of CH3O2 radicals is high.
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