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Ignition delays of lean mixtures of methane–hydrogen with various hydrogen volumetric contents were
experimentally studied in a shock tube together with modeling analysis. Results show that the ignition
behavior of the methane–hydrogen mixture depending on pressure resembles that of methane for hydro-
gen fraction less than 40%, with the ignition delays decreasing with increasing pressure. For the hydrogen
fraction equal 60%, a negligible promoted effect of pressure on the ignition of the methane–hydrogen
mixture is exhibited. For hydrogen fractions equal or greater than 80%, however, the ignition response
resembles that of hydrogen in that the ignition delay exhibits a complex dependence on pressure and
two-step transition in the global activation energy. Compared with calculated values using four available
mechanisms, the NUI Galway mechanism yielded the closest agreement, and was adopted in the sensi-
tivity analysis of the ignition kinetics. The sensitivity analysis well explained the experimental results
which the ignition delay decreases with increasing temperature regardless of whether methane (typical
fuel 80%CH4/20%H2) or hydrogen (typical fuel 20%CH4/80%H2) dominates the ignition process. Rate of
production analysis shows that the promoted effect of the hydrogen on the oxidation of the methane
is mainly due to the concentrations of the free radicals such as H, O and OH increase with increasing
hydrogen fraction, and lead to the total reaction rate is enhanced. Consumption of methane is mainly
through these reactions in which the active free radicals participate.

� 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
0. Introduction

Natural gas is been widely used in the automobile engines due
to its high octane number, high anti-knock capability and low pol-
lutant emissions [1–4]. However, it also has some unfavorable
combustion characteristics, such as low auto-ignition temperature
and low flame propagation speed at lean mixture and poor lean
burn capability, due to its high C–H bond energy. These could lead
to an increased cycle-to-cycle variations, reduced thermal effi-
ciency, reduced power output and increased HC emission under
lean-mixture combustion in spark ignition engines. Hydrogen,
which has the fastest flame speed among practical fuels, can be
mixed in natural gas and/or methane to increase the overall flame
speed, extend the lean burn limit and increase the fraction of
exhaust gas recirculation. This approach has been reported in spark
ignition engines and homogeneous charge ignition engines [5–12].
It is well known that the tendency to knock increases with the
hydrogen addition. The knocking combustion in spark ignited en-
gine is closely related to auto-ignition of the unburned gas. There-
fore, the auto-ignition delay of the methane–hydrogen mixtures
ion Institute. Published by Elsevier
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should be clearly understood. Furthermore, Utilization of
methane–hydrogen mixture can also serve as a transitional mea-
sure before pure hydrogen is utilized in engines.

A number of fundamental combustion studies of methane–
hydrogen mixtures have been conducted on laminar burning
velocities [13–18], radical concentrations [19,20] and simulation
[21–24]. However, there have been few experimental investiga-
tions on the ignition characteristics and chemistry for methane–
hydrogen mixtures. Fotache et al. [25] experimentally studied
the ignition of hydrogen addition to methane in nonpremixed,
counterflow jets at pressures from 0.02 to 0.8 MPa with pres-
sure-weighted strain rates from 150 to 350 s�1 and hydrogen frac-
tion from 0% to 60% in volume. Three ignition regimes depending
on the hydrogen fraction were found. Gersen et al. [26] measured
the ignition delay of methane/hydrogen mixtures in a rapid com-
pression machine under stoichiometric conditions at pressures
from 1.5 to 7.0 MPa, temperatures from 950 to 1060 K, and hydro-
gen mole fractions from 0% to 100%. Their results showed that the
promoted effect of hydrogen is only marginal for hydrogen frac-
tion below 20%, while the ignition delay decreased remarkably
when the hydrogen fraction is over 50%. Furthermore, the facili-
tated ignition is enhanced with increasing temperature and is re-
duced with increasing pressure. Lifshitz et al. [27] investigated
Inc. All rights reserved.
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the high-temperature ignition characteristics of methane/hydro-
gen/oxygen mixtures using a shock tube. The conditions behind
the reflected shock waves cover the temperature range from
1597 to 1805 K under the pressure of 185 Torr. The effect of hydro-
gen addition on ignition was interpreted based on thermal consid-
eration. Cheng and Oppenheim [28] experimentally measured the
ignition delays and found a strong ignition limit of methane/
hydrogen/oxygen mixtures in shock tube at pressures from 0.1
to 0.3 MPa and temperatures from 800 to 2400 K. They proposed
the following Arrhenius-type correlation based on methane/oxy-
gen and hydrogen/oxygen:

s ¼ sð1�fÞ
CH4

sf
H2

where f is the mole fraction of hydrogen in the fuel blend, and sCH4

and sH2 are the ignition delays of methane and hydrogen respec-
tively. Huang et al. [29] conducted both experimental and numeri-
cal studies for two stoichiometric methane–hydrogen mixtures in a
shock tube at pressures from 1.6 to 4.0 MPa and temperatures from
1000 to 1300 K, and hydrogen mole fractions from 15% to 35%. Their
results showed that a promoted effect of hydrogen addition on the
reduction of ignition delays, and the reduction rate is decreased
with decreasing temperature at 35% hydrogen fraction. Chaumeix
et al. [30] measured the ignition delays and investigated the deto-
nation properties of methane/hydrogen/oxygen mixtures, using ar-
gon as the diluted gas. The experimental conditions cover the
temperatures from 1250 to 2000 K and pressures from 0.15 to
1.6 MPa behind the reflected shock waves. The detonation speed
and cell size were determined, and the ignition delays were com-
pared to the predicted values from four models. It was found that
the Konnov’s model agrees well with the experimental data. They
suggested that methane might significantly inhibit the detonation
processes of the combustible mixtures. Petersen et al. [31] experi-
mentally measured the ignition delays of methane/hydrogen mix-
tures in a shock tube. The experimental temperatures range from
1141 to 1533 K at pressure of 2.1 MPa with hydrogen fractions of
20% and 40%. Their results showed that hydrogen addition could de-
crease the ignition delays significantly, and the effectiveness is in-
creased with the increasing of hydrogen fraction. They suggested
that hydrogen addition did not shift the dominant kinetic regimes
at the chosen experimental conditions. In other words, the global
activation energy of the methane/hydrogen mixtures does not
change. Herzler and Naumann [32] measured the ignition delays
of methane/ethane/hydrogen mixtures with hydrogen fraction of
0%, 40%, 80% and 100% in a shock tube at temperatures range from
900 to 1800 K and pressures range from 0.1 to 1.6 MPa. They sug-
gested that the current mechanisms could not well represent the
Fig. 1. Schematic of
reduction of the global activation energy at low temperatures for
the mixtures whose ignition is dominated by hydrogen kinetics.

Recognizing the limited amount of experimental and computa-
tional studies on the ignition delays of methane–hydrogen mix-
tures, we have performed such a study on the ignition delays for
lean methane–hydrogen mixtures, with particular interest on
understanding on the effects of hydrogen addition and the mecha-
nism of hydrogen enriched combustion. Thus, in the experiment,
the hydrogen fractions in the methane–hydrogen blend are 0%,
20%, 40%, 60%, 80% and 100%. The experimental conditions behind
reflected shock waves cover the temperatures range from 1000 and
2000 K, and pressures range from 0.5 and 2.0 MPa. Argon is used as
the diluted gas. The NUI Galway model [33] is used to simulate the
ignition delays behind the reflected shock wave. Meanwhile,
the sensitivity analysis, rate of production and consumption of
the main radicals and concentration of the free radicals H, O and
OH in the ignition process of methane–hydrogen mixtures are ana-
lyzed. Experimental and simulated results are used to explain the
mechanisms of hydrogen addition and varied hydrogen fractions
on the enhancement of methane ignition.

1. Experimental setup and procedures

1.1. Experimental setup

Schematic of the shock tube facility is shown in Fig. 1. The shock
tube consists of a 4 m driver section separated from a 4.8 m driven
section with a large diameter of 11.5 cm by a double diaphragm.
Helium and nitrogen mixtures were used as the driver gases. Four
fast-response piezoelectric pressure transducers, which triggered
the time interval counters, were located at fixed intervals along
the driven section. The chemical equilibrium software Gaseq [34]
was used to calculate the temperature and pressure behind the re-
flected shock wave. The uncertainty of experimental temperature
was calculated using a standard error analysis procedure based
[35] on the uncertainty in the shock attenuation and non-ideal
shock reflection from the interactions between shock wave and
boundary layer [36,37]. Uncertainty of temperature behind the re-
flected shock waves is 25 K.

Fuel mixtures were prepared in advance in a tank according to
Dalton’s law of partial pressure, and the prepared mixture was al-
lowed to settle 12 h to ensure sufficient mixing.

Ignition was monitored by the reflected shock pressure and OH⁄

emission. The reflected shock pressure was traced by a piezoelectric
pressure transducer with acceleration compensation which was
located at 20 mm from the end wall of the shock tube. OH⁄ emission
the shock tube.
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with the wavelength of 307 nm was obtained with a photomulti-
plier through a narrow band pass filter. Previous studies showed
that the emission signal is the simplest and the most reliable meth-
od to diagnose the ignition of the combustible mixture [31,38]. The
tailored interface conditions were used to obtain longer effective
testing time at relatively low temperature by regulating the ratio
of helium and nitrogen in the driver gases [39]. This implies that
only a Mach wave was generated at the contacting surface when
the reflected shock wave arrives, and the conditions in the experi-
mental region remained unchanged until the rarefaction wave ar-
rived. The longest effective testing time was reached about 12 ms.

1.2. Ignition delay

Ignition delays of methane–hydrogen mixtures with hydrogen
fractions in volume of 0%, 20%, 40%, 60%, 80% and 100% were mea-
sured. Detailed compositions of test mixtures in this study are gi-
ven in Table 1. In order to obtain a reasonable and accurate ignition
delay, two methods was used to derive the ignition delays at two
ignition regimes. For the strong ignition mode, the ignition delay
is defined as the time interval between the arrival of the reflected
shock wave and the sudden rise in OH⁄ emission, as shown in
Fig. 2a. The pressure profile (black solid line) of pure hydrogen at
T = 1065 K and p = 1.0 MPa shows a two-step increasing due to
the incident and reflected shock waves (definition of time zero),
and a constant pressure is sustained at about 1700 ls. A steep rise
in pressure is then observed. However, the OH⁄ emission signal
(red dash line) remains almost at zero prior to this instant and in-
creases suddenly after ignition occurs. It is to be noted that a sig-
nificant pressure rise (4%/ms) due to the facility-dependent BL
(boundary layer) effect was observed from 1.5 ms behind the arri-
val of reflected shock wave, as seen in Fig. 2a. For the weak ignition
mode, like the ignition of pure methane at T = 1438.6 K and
p = 1.0 MPa in Fig. 2b, a steep increase in both pressure and OH⁄

emission is hardly distinguished. In this case, the ignition delay
is defined as the interval between arrival of the reflected shock
Table 1
Main constitutes in the test mixture (/ = 0.5 for all mixtures).

Mixtures Blend XCH4 (%) XH2 (%) XO2 (%) XAr (%)

1 100%CH4 0.998 0 3.99 95.012
2 80%CH4/20%H2 0.931 0.233 3.956 94.88
3 60%CH4/40%H2 0.837 0.558 3.907 94.698
4 40%CH4/60%H2 0.697 1.046 3.834 94.423
5 20%CH4/80%H2 0.464 1.856 3.713 93.967
6 0%CH4 0 3.471 3.471 93.058

Fig. 2. Definition of ignition delays for two ignition mode
and the interaction timing. The interaction timing is based on the
extrapolation of the maximum slope of the OH⁄ emission signal
to the zero, as shown in Fig. 2b. Both methods are reasonable
and were used widely by de Vries et al. [40,41], Horning et al.
[42] and Frenklach et al. [43]. Furthermore, effect of vibrational
relaxation can be neglected due to the highly diluted gas (over
93% Ar in the test mixtures) [44,45].

It is noted that this definition is seemly for the undiluted
fuel-air mixtures, but the effect of gas dynamic on acceleration of
ignition should be considered for the current mixtures of
methane–hydrogen with highly diluted gas at high temperature
[44]. The typical value of the uncertainty in ignition delay is
28 ls in the current study. Thus, the experimental data are only
as reference for ignition delay less than 200 ls.
2. Experimental results and analysis

2.1. Comparison with previous studies

The measured ignition delays of methane are compared with
the results in the literatures [27,31,46,47] to ensure the reliability
of the shock tube measurement and the credibility of the data pro-
cessing. Meanwhile, the experimental data are also compared with
the calculated results using four available mechanisms [33,48–50],
as shown in Fig. 3. Experimental temperatures are from 1369 to
2000 K at pressure of about 1.0 MPa and equivalence ratio of 0.5.
Argon (mole fraction from 75% to 98%) is used as the diluted gas.
Comparison shows good agreement between the current study
s. (a) Strong ignition mode, (b) weak ignition mode.

Fig. 3. Comparison on ignition delays between measured and simulated.



Fig. 6. Ignition delays and activation energies of 60%CH4/40%H2 at different
pressures.
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and previous experimental studies. The ignition delays obtained by
Lamoureux et al. [47] yield a slightly lower value. This is due to the
discrepancies in experimental conditions, methods and definition
of ignition delay. For methane combustion, the four models can
accurately reproduce the ignition delays.

2.2. Data analysis

Ignition delays of lean methane–hydrogen mixtures (equiva-
lence ratio of 0.5) with hydrogen fractions from 0% to 100% were
measured behind the reflected shock waves in the temperatures
range of 1000–2000 K and pressures range of 0.5–2.0 MPa. Effects
of pressure on the ignition delays of mixtures with various hydro-
gen fractions are shown in Figs. 4–9.

Figure 4 shows that the ignition delays of methane decreases
significantly with increasing pressure. The ignition delays at pres-
sures of 1.0 MPa and 2.0 MPa are less one-second and one-fourth
respectively to the values at pressure of 0.5 MPa at T = 1454 K. This
can be explained by using the Arrhenius-type correlation,

s ¼ A � pa/bXc
O2

exp
Ea

RT
ð1Þ

Generally, the pressure exponential a gives the negative value
for the typical hydrocarbon fuel, which indicates that ignition de-
lays decreases with the increase of pressure. The global activation
energies obtained at the pressures of 0.5 MPa, 1.0 MPa and 2.0 MPa
using multiple linear regression method are 48.4 kcal/mol,
Fig. 4. Ignition delays and activation energies of methane at different pressures.

Fig. 5. Ignition delays and activation energies of 80%CH4/20%H2 at different
pressures.

Fig. 7. Ignition delays and activation energies of 40%CH4/60%H2 at different
pressures.

Fig. 8. Ignition delays and activation energies of 20%CH4/80%H2 at different
pressures.
47.2 kcal/mol and 42.8 kcal/mol, respectively (R2 > 0.965). The typ-
ical values of activation energy of methane are 46–54 kcal/mol in
literatures [27,28,31,51–53], as shown in Table 2. Huang et al.
[54] conducted an experimental study on ignition delays at rela-
tively low temperature conditions using a shock tube, where the
activation energy was less than 18 kcal/mol, and a reversed ‘‘S’’



Fig. 9. Ignition delays and activation energies of hydrogen at different pressures.

Table 2
Compression of activation energy from detailed sources at wide conditions.

Source Experimental conditions Activation
energy
(kcal/mol)

Current work T5 = 1290–2000 K, p5 = 0.5–2.0 MPa, / = 0.5,
Ar = 80%

42.8–48.4

Grillo and Slack
[51]

T5 = 1400–1850 K, p5 = 0.4 MPa, / = 2.0,
Ar = 79–96%

53.4

Seery and
Bowman [52]

T5 = 1350–1900 K, p5 = 0.15–0.4 MPa, /
= 0.2–5.0, Ar = 53.4–78.4%

52.3

Petersen et al.
[31,53]

T5 = 1410–2040 K, p5 = 0.9–48 MPa, / = 0.5–
4.0, Ar = 89–99%, N2 = 97.66%

51.8

Lifshitz et al.
[27]

T5 = 1500–2100 K, p5 = 0.2–1.0 MPa, /
= 0.5–2.0, Ar = 89–97%

51.4

Cheng and
Oppenheim
[28]

T5 = 800–2400 K, p5 = 0.1–0.3 MPa, / = 0.5–
1.5, Ar = 90%

46.4
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shape characteristic for the ignition delay was presented. How-
ever, variation of the activation energy is not observed in this
study, and the result of this study is consistent with that from
Petersen et al. [44]. Petersen et al. suggested that the elevated
temperature would not shift the kinetic regimes for the lean
methane–oxygen mixtures. The difference in activation energy
between this work and Huang et al. [54] is from the difference
in experimental conditions. The test temperature range is from
1315 to 2000 K in this study, and the those of Huang et al.
[54] is from 1000 to 1350 K. the low temperature range of this
study is consistent with high temperature range of the Huang
et al. [54]. It is well known that high temperature activation en-
ergy is higher than that of low temperature. The temperature
range of this study is closer to that of Petersen et al. [44], which
gives the consistent results between them. However, the
study of Huang et al. [54] was conducted at temperature
blow 1350 K, and the ‘‘S’’ shape characteristic is only presented
at the stoichiometric equivalence ratio. It is well known that
the dominant chain branching reactions are quite different in
methane ignition chemistry at different temperatures. The
chain branching reactions CH3 + O2 () O + CH3O and
HO2 + CH3 () OH + CH3O are important when T > 1400 K. How-
ever, the reactions CH3 + CH3O2 () CH3O + CH3O and H2O2

(+M) () OH + OH (+M) dominate the ignition chemistry when
T < 1100 K [55]. Furthermore, the diluted gas and experimental
setup may also affect on the results.

Similar pressure dependence of ignition delays is presented for
the 20%H2/80%CH4 fuel blend as shown in Fig. 5. This indicates that
the methane chemistry still dominates the ignition of the 20%H2/
80%CH4 fuel blend. The activation energy for the 20%H2/80%CH4

fuel blend does not change at the pressure of 0.5 MPa, which
gives the value of 36.6 kcal/mol. While a significant transition
in activation energy is presented at T = 1467 K and T = 1419 K
at pressures of 1.0 MPa and 2.0 MPa. At pressure of 1.0 MPa,
the high temperature activation energy (EaH) of the 20%H2/
80%CH4 fuel blend is 43.4 kcal/mol at T > 1467 K, and the low
temperature activation energy (EaL) is 32.2 kcal/mol at
T < 1467 K. At pressure of 2.0 MPa, EaH takes the value of
41.3 kcal/mol at T > 1419 K and EaL takes the value of
37.2 kcal/mol at T < 1419 K. The similar transition in activation
energy was also observed by Petersen et al. [31]. They measured
the ignition delays of the 20%H2/80%CH4 fuel blend at pressure
of 2.1 MPa. The value of EaH was 41.4 kcal/mol and the value
of EaL was 31.1 kcal/mol in their study. The transition can be
considered from the effect of hydrogen addition on the chain
branching in the ignition process. The measured ignition delays
in Petersen et al. [31] are slightly lower than those in this study,
and the difference is from the difference for experimental condi-
tions. Literature [31] did not include the diluted gas, while high
argon fraction is used in this study. In addition, the pressures in
literature [31] are slightly higher than those in this study.

Effects of pressure on ignition delays and activation energies
for the 40%H2/60%CH4 fuel blend are given in Fig. 6. In general,
ignition delay decreases with the increase of pressure. It is ob-
served that the promoted effect of pressure on ignition becomes
significantly at high temperature conditions (T > 1322 K). For
example, the ignition delay decreases by 33% when pressure is
increased from 0.5 MPa to 2.0 MPa at 1670 K. The acceleration
in chain branching reaction at high temperature is responsible
for this. However, no obvious effect on ignition promotion is pre-
sented at low temperature conditions (T < 1322 K). For example,
at temperature below 1200 K, the approximate ignition delays
are presented at pressures of 1.0 MPa and 2.0 MPa, and the re-
sults are consistent with that in literature [29]. As shown in
Fig. 6, EaH is increased with the increase of pressure. Similar
to the 80%H2/20%CH4 fuel blend, a transition in activation energy
is also presented at 1277 K and 1335 K in two pressure cases
(1.0 MPa and 2.0 MPa). EaH gives the value of 37.6 kcal/mol
and EaL gives the value of 27.2 kcal/mol at the pressure of
1.0 MPa, while EaH takes the value of 45.7 kcal/mol and EaL
takes the value of 31.9 kcal/mol at the pressure of 2.0 MPa.
The results are consistent with those from Petersen et al. [31].
Their study showed that, at the pressure of 2.0 MPa, the activa-
tion energy of the 40%H2/60%CH4 fuel blend was 45.1 kcal/mol at
the temperatures between 1316 K and 1228 K, and gave the va-
lue of 31.1 kcal/mol at the temperatures between 1132 K and
1228 K.

The pressure dependence of the 40%CH4/60%H2 fuel blend is
shown in Fig. 7. The ignition delays approach to the same value
regardless of pressure. In other words, the effect of pressure on
ignition is little. The pressure dependence is different to those
of fuel blend with hydrogen fraction less then 60%. An Arrhe-
nius-type expression with R2 = 0.97 is correlated using the multi-
ple linear regression method based on the normalized pressure
of 1.0 MPa,
s ¼ 8:02� 10�5p�0:00629 exp
37:79ðkcal=molÞ

RT

� �
ð2Þ

The pressure exponent closing to zero means that the effect of
pressure on ignition of the 40%CH4/60%H2 fuel blend is negligible.
It is well known that the pressure exponent usually takes the neg-
ative value which means the pressure can promote the ignition for
the hydrocarbon dominated combustion. In contrast to this,
pressure exponent gives the positive value and this indicates that
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pressure can inhibit the ignition for the hydrogen dominated com-
bustion. Due to an opposite effects of pressure on ignition for
hydrogen and hydrocarbon, a negligible pressure dependence for
the 40%CH4/60H2 fuel blend is demonstrated. Activation energy
of 37.8 kcal/mol is given for the 40%CH4/60H2 fuel blend.

Figure 8 shows a complicated pressure dependence of the igni-
tion delays for the 20%CH4/80%H2 fuel blend. Similar to the
80%CH4/20%H2 and 60%CH4/40%H2 fuel blends, a transition in acti-
vation energy for the 20%CH4/80%H2 fuel blend is observed when
pressure is below 1.0 MPa. When hydrogen fraction is over 60%,
HO2 radical will become much important in the ignition chemistry,
especially at low temperature. The chain termination reaction
H + O2 (+M) () HO2 (+M) dominates in the competition with
chain branching reaction H + O2 () OH +O. The former inhibits
the ignition and the latter promotes the ignition. When the inhib-
ited reaction is dominator, the total reaction rate is decreased,
leading to the increase in ignition delay and the increased activa-
tion energy as shown in Fig. 8. Ignition characteristic was also
studied by Skinner and Ringrose [56]. Their result shows two tran-
sitions in activation energy with the increase of temperature, and
the mixtures exhibit a typical hydrogen ignition behavior at pres-
sure of 2.0 MPa. Ignition delay decreases significantly with the in-
crease of pressure at high temperature, and an opposite pressure
dependence is presented at intermediate temperature, conse-
quently, the ignition delays increase slightly with the increase of
pressure. Study shows that the effect of pressure on the ignition
of the 80%CH4/20%H2 fuel blend is negligible at low temperature.
Fotache et al. [25] suggested that the ignition is affected through
radical rather than thermal explosion for the methane–hydrogen
mixtures with high hydrogen mole fraction.

Ignition delays and activation energies of hydrogen at different
pressures are given in Fig. 9. The effect of pressure on the ignition
of hydrogen is different at different temperatures. The effect of
pressure on ignition promotion is weak at T > 1170 K. This behavior
is different to that of 20%CH4/80%H2 mixture particularly at high
temperature condition although hydrogen fraction is 80% in fuel
blend. Since there has no carbon in hydrogen case, thus the high
temperature ignition behavior of hydrocarbon fuel does not dem-
onstrate in this study. The ignition delays of hydrogen increase
with the increase of pressure at the temperatures between 1093
and 1170 K, especially at pressure of 2.0 MPa. Results also show
that the ignition delay of hydrogen at pressure of 2.0 MPa is ten
times longer to that at pressure of 0.5 MPa in the case of
T = 1093 K. When T < 1093 K, the shortest ignition delay is exhib-
ited at pressure of 0.5 MPa, and the longest one is exhibited at
pressure of 1.0 MPa. The complex pressure dependence was also
observed by Herzler and Naumann [32]. Furthermore, Meyer and
Oppeheim [57] studied the ignition characteristics of the hydro-
gen–oxygen mixtures. Their study showed that the logarithm of
ignition delay versus the reciprocal of temperature exhibited a lin-
ear relationship when pressure is below 0.05 MPa. However, a non-
linear relationship was exhibited when the pressure is over
0.2 MPa. They suggested two ignition regimes, they are, the strong
ignition and week ignition regimes in the hydrogen reaction sys-
tem. The pressure dependence of hydrogen is similar to that of typ-
ical hydrocarbons in the strong ignition regime.

The transition in activation energy for hydrogen is observed at
T = 1050 K and p = 0.5 MPa. The value of EaH is 39.3 kcal/mol and
that of EaL is 126.9 kcal/mol, while the behavior of two-steps tran-
sitions in activation energy does not demonstrated. Activation en-
ergy shows an increasing and then decreasing with increasing the
temperature at pressure of 1.0 MPa. The value of EaH is 49.2 kcal/
mol, the activation energy (EaM) at intermediate temperature is
258 kcal/mol and EaL is 74.5 kcal/mol. Transition temperatures
are 1108 K and 1122 K. Two transitions in activation energy are
also presented at pressure of 2.0 MPa. The value of EaH is
55.1 kcal/mol, EaM is 93.4 kcal/mol and EaL is 34.1 kcal/mol. Tran-
sition temperatures are 1093 K and 1170 K. Kreutz et al. [58] sug-
gested that, when hydrogen kinetic dominates the ignition
chemistry of methane–hydrogen mixtures, activation energy
changing from EaL to EaM is from radicals pool enriching, while
activation energy changing from EaM to EaH is from kinetic ther-
mal feedback influencing.

As discussed above, the typical hydrocarbon ignition behavior is
presented at hydrogen mole fraction less than 40% in fuel blend.
Here, the methane chemistry dominates the ignition. While the
typical hydrogen ignition behavior is presented at hydrogen frac-
tion larger than 80% in fuel blend, and in this case the hydrogen
chemistry dominates the ignition of the mixtures. Transition occurs
from the methane dominated system to the hydrogen dominated
system at hydrogen fraction of 60% in fuel blend. Fotache et al.
[25] showed that a significant promotion effect on ignition was
exhibited in methane–hydrogen when hydrogen mole fraction is
less than 6–7%. Transition was presented when hydrogen mole frac-
tion was between 7% and 30%, and hydrogen would dominate the
ignition when hydrogen mole fraction is over 30%. Their results
are different to those in this study. The main reason might be due
to the different experimental facility, and different reaction time
scale. The characteristic times in Fotache’s et al. study [25] are con-
siderably longer than those in this study. The present results are
consistent with those of Ju and Niioka [21]. The characteristic resi-
dence times for the supersonic ignition in Ju and Niioka’s study [21]
are consistent with the ignition delays in shock tube in this study.

3. Computational model and validation

3.1. Chemical kinetic model

As well known, the oxidation and ignition chemistries of meth-
ane are the basic of combustion mechanism of every hydrocarbon
fuels. The NUI Galway model [33] is used to make the chemical
kinetics analysis of the methane–hydrogen fuel blends in this
study. The detailed mechanism includes 118 species and 663 ele-
mentary reactions. The hydrogen sub-mechanism is based on
O’Conaire’s et al. [59] work. The NUI Galway model [33] employed
for the methane–ethane system is based on the Fischer’s work in
study of dimethyl ether [60]. The C3 sub-mechanism is based on
the work of Curran et al. [61] using the thermodynamic parameters
and rate constant rules, which were described in their study of iso-
octane oxidation. The CH3O2 chemistry RAMEC from Petersen et al.
[55] is added to the current mechanism. It is well known that
CH3O2 species and reactions are important for accurately simulat-
ing methane oxidation at high, intermediate and low tempera-
tures. Furthermore, Petersen et al. improved some reaction rate
constants. The rate constant for the reaction

CH3 þ O2 () CH2Oþ OH

is

5:87� 1011expð�14240 cal mol�1
=RTÞ cm3 mol�1 s�1:

The value for the reaction

CH3O2 þ CH3 () CH3Oþ CH3O

is 0:9� 1013expð�1200 cal mol�1
=RTÞcm3 mol�1 s�1. The rate con-

stants for the following two reactions:

CH3 þHO2 () CH3Oþ OH

CH3 þHO2 () CH4 þ O2

are changed so that the chain branching reaction is 2.8 times faster
than the chain termination pathway.



Fig. 10. Validation of ignition delays for methane.

Fig. 11. Validation of ignition delays for hydrogen.
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3.2. Calculation procedure

Calculation in ignition delay, sensitivity analysis and ROP anal-
ysis of methane–hydrogen mixtures were made using CHEMKINk
[62] program with an extensive incorporation within Senkin [63]
package. For the ignition delay less than 1.5 ms, the numerical sim-
ulation of thermodynamic state for the reactive mixtures behind
reflected shock wave is conducted using a zero-dimensional model
with constant volume and adiabatic boundary conditions as the
reaction time is much shorter than the diffusion time. Transporta-
tion including mass diffusion and heat transfer as well as viscous
effect is ignored as the experimental time is in milliseconds. The
constant volume, zero-dimensional chemistry model (U,V assump-
tion) was also assumed in previous studies [29,55,64–68] and
modeling data of the shock tube ignition were given by Pfahl
et al. [69] and Fieweger et al. [70]. It is noted that in the inhomo-
geneous deflagration phase, the increase in pressure and tempera-
ture can be taken into account by the thermodynamics of process
[69,70]. Noticeable deflagration phase is not observed in the pres-
ent study. Furthermore, the operating conditions of shock tube are
optimized according to the reactive mixtures by high concentra-
tion Ar dilution. The smooth and non-fluctuant wave pressure of
reflected shock is demonstrated in Fig. 2b. Therefore, assumption
of constant volume and zero-dimensional model is reasonable in
calculating the ignition delay for the short ignition delay. However,
for the ignition delay greater than 1.5 ms, a significant pressure
rise (dp/dt = 4%/ms) were observed, as shown in Fig. 2a. Here, this
effect on the calculated ignition delay should be considered. The
ignition delays of all mixtures of methane/hydrogen were simu-
lated by using a modified U,V simulation (with dp/dt = 4%/ms)
when the ignition delays are larger than 1.5 ms.

3.3. Validation on ignition delay

Figure 10 shows the comparison between measured ignition
delays and model calculation for methane using four available
mechanisms (NUI Galway [33], GRI 3.0 [48], USC 2.0 [49] and Leeds
1.5 [50]). The results show that the agreement using different
mechanisms is strongly dependent on hydrogen fraction and pres-
sure. Predictions using four mechanisms show good agreement
with the measured ignition delays in this study. Particularly, at
the pressure less than 1.0 MPa, very good agreement is shown be-
tween the measured and the predicted. This is reasonable since
these four mechanisms have been modified for methane combus-
tion at p 6 1.0 MPa.

Figure 11 shows the comparison between measured ignition
delays and model calculation using four available mechanisms
for hydrogen. Results show that at pressure of 0.5 MPa, the simula-
tions using NUI Galway [33] and Leeds 1.5 [50] mechanisms agree
well with the measurements. GRI 3.0 [48] mechanism over-pre-
dicts the ignition delays, and the calculated value is ten times long-
er than the measured ignition delay at T = 1050 K. USC 2.0 [49]
mechanism under-predicts the ignition delays, and the calculated
value is three-fifth to the measured ignition delay. At pressure of
1.0 MPa, Only the NUI Galway [33] has good prediction in ignition
delays. GRI 3.0 [48] and Leeds 1.5 [50] mechanisms give a slightly
high value and USC 2.0 [49] mechanism gives a slightly low value
to the measured ignition delay. At pressure of 2.0 MPa, NUI Galway
[33] and USC 2.0 [49] well predict the ignition delays, while mech-
anisms of GRI 3.0 [48] and Leeds 1.5 [50] over-predict the ignition
delays at T > 1140 K. The four mechanisms over-predict the igni-
tion delays at T < 1140 K. Recent studies [71,72] showed that the
discrepancy between experiments and simulations is from the
uncertain elementary reaction rate constant, and the ignition delay
is limited by local ignition and different facility [71]. Therefore, fur-
ther study is needed to investigate the ignition and oxidation for
the hydrogen–oxygen fuel blend under wide conditions to
validate and modify current chemical kinetic model for hydrogen
oxidation.

Figure 12 gives the comparison between the measured ignition
delays and model calculation using NUI Galway [33] for the meth-
ane–hydrogen fuel blend at different hydrogen fractions. The igni-
tion delays decrease with increasing hydrogen fraction due to high
reactivity, high diffusion and low auto-ignition temperature. Re-
sults also show that the promotion effect from hydrogen decreases
with increasing the pressure. This behavior is supported by Huang
et al. [29]. NUI Galway [33] can well predict the ignition delays at
p 6 1.0 MPa. However, NUI Galway [33] will over-predict the igni-
tion delays at p = 2.0 MPa when hydrogen fraction in fuel blend is
less than 60%, particularly at the low temperature. This is due to
the uncertain rate constant of the chain termination reaction
H + O2 (+M) () HO2 (+M). Recently, Pang et al. [73] conducted
an experimental and modeling study on ignition delay of the
hydrogen–oxygen–argon mixtures at low temperature. They opti-
mized the rate constant of the elementary reaction
H + O2 + Ar () HO2 + Ar in GRI 3.0 mechanism. The high pressure
limiting rate constant k1 ¼ 1:04� 1013T0:2 cm3 mol�1 s�1, low
pressure limiting rate constant k0 ¼ 6:99� 1018T�1:2 cm3

mol�1 s�1 and center broadening factor F of 0.7 were used in the
mechanism. The improved model can well predict the ignition de-
lays. However, this model was only validated by the measured
ignition delays at pressure of 0.35 MPa. Hong et al. [74] modified
the rate constants for the following four reactions in the hydrogen
oxidation mechanism:



Fig. 12. Measured and simulated ignition delays for various methane–hydrogen blends at different pressures. (a) p = 0.5 MPa, (b) p = 1.0 MPa, (c) p = 2.0 MPa.

Y. Zhang et al. / Combustion and Flame 159 (2012) 918–931 925
Hþ O2 () OHþ O

H2O2ðþMÞ () OHþ OHðþMÞ

OHþH2O2 () HO2 þH2O

O2 þH2O() OHþHO2

However, Hong et al. [74] only conducted experiments and sim-
ulations at high temperature conditions. Furthermore, the uncer-
tain thermo-chemical parameters of some intermediate species
may also result in the discrepancy of modeling calculation.

3.4. Validation of pressure

To validate the suitability of the assumption on the modified
constant volume condition for the ignition delay less than 1.5 ms,
the present study refers to the method of Davidson and Hanson
[45], a comparison on pressure jump and plateau pressures during
and after ignition is made between calculation using NUI Galway
model [33] and current experimental data for six mixtures as
shown in Fig. 13. The first plateau is the pressure behind the inci-
dent shock P2; the second plateau is the pressure behind the re-
flected shock P5. The pressure traces are measured by pressure
transducer located at position 2 from the end wall of shock tube.
The plateau pressures for all mixtures show good agreement be-
tween experiments and calculations, and the timing of measured
pressure jump and modeling one also exhibits good agreement ex-
cept pure hydrogen with longer ignition delay (>1.5 ms). This
means that NUI Galway model [33] with constant volume assump-
tion method can well reproduce the ignition delays of the meth-
ane/hydrogen mixtures for the ignition delay less than 1.5 ms.
However, for the ignition delay greater than 1.5 ms, as shown in
Fig. 13f, the calculated ignition delay with using U,V assumption
is longer than the measured ignition delay due to the effect of pres-
sure rise. Therefore, the BL effect (i.e. dp/dt) needs to be considered
in the calculation of long ignition delay. Furthermore, the discrep-
ancy of the maximum value of pressure jump between measure-
ments and simulations is also observed, particularly for the
mixtures with hydrogen fraction larger than 80%. The ignition
pressure jump is determined by the energy release rate of the igni-
tion process. In the case of ignition with large energy release such
as the 20%CH4/80%H2 fuel blend and hydrogen, the shock tube con-
dition can not be characterized by a constant volume reactor.

Gersen et al. [75] conducted the experimental and numerical
study on ignition properties of methane–hydrogen mixtures.
They suggested that the NUI Galway model [33] could well pre-
dict the ignition delay for both pure hydrogen and pure meth-
ane, and thus this mechanism can give good agreement with
the experimental results for the hydrogen–methane mixtures.
In addition, the NUI Galway model [33] was also validated by
the concentration profiles of the reactants, stable intermediates
and the final products by Dagaut and Dayma [20]. Based on
these work, this study also uses NUI Galway model [33] in the
following chemical kinetic analysis.
4. Chemical kinetic analysis

The sensitivity analysis, the production rates and consumption
rates of main intermediate species (ROP) and the concentrations



Fig. 13. Measured pressures and model prediction during ignition events of methane and hydrogen blends at 1.0 MPa. Modeling is NUI Galway model [33]. (a) Pressure
comparison for 100%CH4, (b) pressure comparison for 80%CH4/20%H2, (c) pressure comparison for 60%CH4/40%H2, (d) pressure comparison for 40%CH4/60%H2, (e) pressure
comparison for 20%CH4/80%H2, (f) pressure comparison for 100%H2.
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of free radicals are the important information for understanding
the mechanism of fuel ignition and oxidation.

4.1. Sensitivity analysis

Sensitivity analysis of two typical methane–hydrogen fuel
blends, the 80CH4/20%H2 fuel blend (methane dominated reaction
system) and the 20CH4/80%H2 fuel blend (hydrogen dominated
reaction system) were made to examine the effect of main elemen-
tary reactions on different ignition regimes at 2.0 MPa. The nor-
malized sensitivity is defined as,
S ¼ sð2kiÞ � sð0:5kiÞ
1:5sðkiÞ

ð3Þ

where s is ignition delay of the mixtures and ki is specific rate
coefficients. Negative value of sensitivity coefficient indicates a
promotion effect on total reaction rate and positive value of sen-
sitivity coefficient indicates an inhibition effect on total reaction
rate.

For the methane-dominated reaction system, two most sensi-
tive promotion reactions are recognized, as shown in Fig. 14a.

Hþ O2 () OHþ O ðR1Þ



Fig. 14. Normalized sensitivity of ignition delay for two methane–hydrogen blends at two temperatures and pressure of 2.0 MPa.
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CH3 þHO2 () CH3Oþ OH ðR109Þ

As well known, the reaction (R1) is the most important chain
branching reaction in combustion process for almost all hydrocar-
bon fuels. When a CH3 radical, which is the controlled radical for
methane oxidation, is consumed, an OH radical, which is the dom-
inant chain branching radical, will be produced by Reaction (R109).
The recombination of two CH3 radicals through the following reac-
tions is the important chain termination reactions in methane oxi-
dation at high temperature conditions, thus inhibiting the ignition
process.

C2H6ðþMÞ () CH3 þ CH3ðþMÞ ðR153Þ
CH3 þHO2 () CH4 þ O2 ðR110Þ

Sensitivity coefficient of Reaction (R1) increases with increasing
the temperature, leading to the acceleration of chain branching
efficiency and promotion of the total reaction rate. Reactions
(R109) and (R110) are a pair of reactions competing for HO2 radi-
cal. The approximate sensitivity coefficients of the two reactions
lead to a comparable contribution to the total reaction rate at
T = 1080 K. However, sensitivity coefficients of both reactions are
decreased, which leads to decreased contribution to total reaction
rate at T = 1300 K. However, the sensitivity coefficient of the Reac-
tion (R110) decreases more significantly and Reaction (R109) will
dominate in the competition for HO2 radical, and a whole promo-
tion effect on the total reaction rate is presented. Sensitivity coef-
ficient of Reaction (R153) decreases with increasing temperature,
thus the inhibition effect is weakened. For the methane dominated
reaction system, total reaction rate is enhanced and ignition delay
is decreased with increasing temperature at the present condi-
tions. Results of the sensitivity analysis for the 80%CH4/20%H2 mix-
ture show good agreement with the experimental data as shown in
Fig. 5. Furthermore, Results of the sensitivity analysis also show
that sensitivity coefficients of Reactions (R99), (R100), (R101),
which are main consumption reactions of methane oxidation,
and they increase significantly with increasing temperature, thus
the inhibition effect on total reaction rate is enhanced and activa-
tion energy of ignition is increased with increasing temperature.
The accelerated ignition behavior proposed by Petersen et al. [55]
is observed in this study, as shown in Figs. 4–6.

For the hydrogen dominant reactive system, as shown in
Fig. 14b, Reaction (R1) has the highest sensitive coefficient, which
means that (R1) dominates absolutely in the ignition process of the
mixtures. The sensitivity coefficient increases with the increase of
temperature, and thus promotes the chain branching efficiency
and reduces the ignition delay. The results show a good agreement
with the experiments, as shown in Fig. 8. The chain termination
reaction,

HO2 þ OH() H2Oþ O2 ðR13Þ

inhibits the total reaction rate because OH radical and HO2 radicals
are consumed by (R13). As well known, the OH and HO2 radicals are
key radicals in hydrogen oxidation and hydrogen dominated sys-
tem. HO2 radical is also consumed by inhibited (R110). The chain
branching reaction,

OþH2 () Hþ OH ðR2Þ

becomes important as O radical is consumed and the more active
radicals, H and OH, are formed. This leads to advance chain branch-
ing efficiency and promotes ignition. Sensitivity coefficient of the
reaction,

OHþH2 () HþH2O ðR3Þ

increases with increasing temperature. Total reaction rate is in-
creased as more active radical, H, is produced by (R3). It is noted
that sensitivity coefficient of the reaction,

H2O2ðþMÞ () OHþ OHðþMÞ ðR16Þ

increases significantly with decreasing temperature. H2O2 is
decomposed into two OH radicals by (R16), which promotes the
reaction (R3) towards right direction, increases the concentration
of H radical and promotes the reaction (R1). Results show a promo-
tion effect on the ignition of the mixtures. Sensitivity coefficients of
the reactions

CH4 þH() CH3 þH2 ðR99Þ

CH4 þ OH() CH3 þH2O ðR100Þ

CH4 þ O() CH3 þ OH ðR101Þ

also increase significantly with increasing temperature, thus the
inhibition effect on total reaction rate is increased. This leads to
the transition of activation energy for ignition. An accelerated igni-
tion characteristic is also presented in the experiments as shown in
Fig. 8.
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Sensitivity analysis of ignition delay of fuel blends with differ-
ent hydrogen fractions at T = 1080 K and p = 2.0 MPa is given in
Fig. 15. As discussed above, the consumption of methane mainly
relates to free radicals H, O and OH by (R99), (R100), (R101). Reac-
tions (R100) and (R3) are a pair of competition reaction for OH rad-
ical in the methane–hydrogen reaction system. Reaction rate is
inhibited by (R100) due to consumption of OH radical, and the
reaction rate is promoted by (R3) due to production of more active
radical H. Sensitivity coefficients of reactions (R3) and (R100) in-
crease as hydrogen addition. The variation of (R3) is higher than
Fig. 15. Normalized sensitivity of ignition delay for methane–hydrogen blends at
T = 1080 K and p = 2.0 MPa.

Fig. 16. Concentrations of free radicals at different hydrogen fractions. (a) Variety of the c
the concentration of OH radical.
that of (R100), resulting in the domination of reaction (R3) to the
competition for OH radical and promoting ignition. Promotion ef-
fect of reaction (R3) on total reaction rate can be explained from
two aspects. One aspect is, the release heat of (R3) is higher than
that of (R100) when hydrogen is added into methane. Another as-
pect is, active radical H produced by (R3) replaces the relative inert
CH3 radical produced by (R100) and accelerate chain branching.
Sensitivity coefficient of chain termination reaction (R153) de-
creases as hydrogen addition. This indicates that inhibition effect
of Reaction (R153) decreases as hydrogen addition, and this is
unfavorable to promotion of total reaction rate and decreasing of
ignition delay. Sensitivity coefficient of Reaction (R16) increases
as hydrogen addition, and this increases the concentration of OH
radical and promotes chain branching. H2O2 radical is important
in the methane–hydrogen reaction system at high pressure. Reac-
tion (R16) will strongly influence the ignition chemistry of the mix-
tures. HO2 radical is also important at low temperature and high
pressure as HO2 is a precursor radical to produce OH and H2O2 rad-
icals. Sensitivity coefficient of Reaction (R110) decreases as hydro-
gen addition, resulting in an increased concentration of HO2

radical, and leading to an increased concentration of OH and
H2O2 radicals as hydrogen addition.
4.2. Ignition chemistry of methane–hydrogen fuel blends

4.2.1. Effect of hydrogen addition on concentrations of free radicals
Free radicals like H, O and OH are important for the ignition and

oxidation chemistries. Almost all chain initiation, chain branching,
chain propagation and chain termination reactions are initiated by
oncentration of H radical, (b) Variety of the concentration of O radical, (c) Variety of
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these free radicals. Concentrations of these free radicals play very
important role in the ignition chemistry of the methane–hydrogen
fuel blends.

Effects of hydrogen addition on concentrations of free radicals
H, O and OH in the ignition of the methane–hydrogen fuel blends
at T = 1080 K and p = 2.0 MPa are given in Fig. 16. Results show that
concentrations of H, O and OH radicals increase with increasing
hydrogen fraction. This increases total reaction rate and decreases
ignition delay. Slow increase in the concentrations of these free
radicals is presented for the hydrogen fractions up to 40%. But a
substantial increase in the free radical concentrations is presented
for the hydrogen fraction larger than 40%.

Effects of hydrogen molecular on production and consumption
of H radical in the ignition abduction time indicate the contribu-
tion to the total reaction rate. Large numbers of active H and OH
radicals are produced in the hydrogen oxidation and promote the
ignition of the methane–hydrogen fuel blends. Rates of production
and consumption of H, O and OH radicals are given in Fig. 17. Re-
sults show that H radical is produced mainly from the reactions,

OHþH2 () HþH2O ðR3Þ

COþ OH() CO2 þH ðR24Þ

H radical is consumed by Reaction (R1). Reaction rates of (R3)
and (R24) increase as hydrogen fraction is increased, producing
more H radicals and promoting reaction (R1). Reaction (R24) plays
the dominant role in the production of H radical when hydrogen
fraction is less than 40%, and this is the key route to produce H rad-
ical. Reaction (R3) will dominate when hydrogen fraction is over
60%, and this will become the key route to produce H radical.
Fig. 17. Rates of production and consumption for free radicals at various hydrogen fractio
production and consumption of O radical, (c) rates of production and consumption of O
The key reactions for the production of O radical are,

OþH2 () Hþ OH ðR2Þ

OþH2O() OHþ OH ðR4Þ

Reaction rates of the production reaction of (R1) and the con-
sumption reactions of (R2) and (R4) increase as hydrogen fraction
is increased. Reaction rate of (R1) increases largely compared with
those of (R2) and (R4), leading to the increase in the concentration
of O radical and promotion in chain branching as hydrogen fraction
is increased.

Study shows that (R1) is the key reaction to produce OH radical,
and (R3) and (R24) are the key reactions to consume OH radical.
Production rate of OH increase as hydrogen fraction is increased,
leading to the increase in the concentration of OH and promoting
the total reaction rate. As analyzed above, reaction rate of (R3) in-
creases as hydrogen fraction is increased, thus forms more H and
promotes Reaction (R1) to produce more O and OH radicals. This
will promote methane oxidation. OH radical is mainly produced
from the reactions,

Hþ O2ðþMÞ () HO2ðþMÞ ðR9Þ

HO2 þH() OHþ OH ðR11Þ

HO2 þHO2 () H2O2 þ O2 ðR14Þ

H2O2ðþMÞ () OHþ OHðþMÞ ðR16Þ

as the chemistries of HO2 and H2O2 radicals are important for rela-
tively low temperature at high pressure. Here, the active H reacts
ns and p = 2.0 MPa. (a) Rates of production and consumption of H radical, (b) rates of
H radical.



Fig. 18. Hydrogen addition on oxidation of methane at p = 2.0 MPa. (a) Rate of production and consumption for methane, (b) rate of production and consumption for CH3, (c)
rate of production and consumption for CH2O, (d) rate of production and consumption for HCO.
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with oxygen by (R9) rather than by (R1). Then, two HO2 react to
product the H2O2 by (R14). H2O2 is decomposed into two OH by
(R16). Meanwhile, HO2 also reacts with H to product two OH radi-
cals by (R11).

4.2.2. Effect of hydrogen addition on methane oxidation
To clarify the effect of hydrogen addition on methane oxidation,

the rates of production and consumption of the main C1 species
like CH4, CH3, CH2O and HCO are calculated at p = 2.0 MPa and
are plotted in Fig. 18. As discussed above, the consumption of
methane in the mixtures is mainly by H, OH and O radicals in
(R99), (R100), (R101). These reaction rates increase with the in-
crease of hydrogen fraction, promoting the methane oxidation,
especially for (R100). CH3 is mainly consumed by the reaction,

CH3 þ O() CH2OþH ðR111Þ

Reaction (R111) is promoted as hydrogen addition. CH2O reacts
with H and OH radicals by reactions,

CH2OþH() HCOþH2 ðR43Þ

CH2Oþ OH() HCOþH2O ðR44Þ

to product HCO radical. While Reactions (R43) and (R44) are pro-
moted as hydrogen addition. Subsequently, HCO is decomposed
into the stable CO and active H by reaction,

HCOþM() COþHþM ðR26Þ

Results show that the enhanced oxidation of methane by hydro-
gen addition is realized by increasing OH radical production. This
viewpoint is supported by Dugaut et al. [19,20] and Huang et al.
[29].
5. Conclusions

Experimental and kinetic study on ignition delays of lean meth-
ane–hydrogen–oxygen–argon mixtures with hydrogen mole frac-
tions of 0%, 20%, 40%, 60%, 80% and 100% were conducted behind
the reflected shock waves at temperatures from 1000 to 2000 K
and pressures from 0.5 to 2.0 MPa. Main conclusions are summa-
rized as follows.

(1) Typical hydrocarbon ignition behavior is exhibited and igni-
tion delays decrease with increasing pressure when hydro-
gen fraction is less than 40%. Transition in global activation
energy is presented for 80%CH4/20%H2 and 60%CH4/40%H2

fuel blends in contrast to pure methane at 1.0 and 2.0 MPa
in this study.

(2) No influence from pressure on ignition delays is presented
for the 40%CH4/60%H2 fuel blend. Neither hydrocarbon igni-
tion behavior nor hydrogen ignition behavior is presented
for methane–hydrogen fuel blends with hydrogen fraction
of 60%.

(3) Typical hydrogen ignition behavior and complex pressure
dependence are exhibited when hydrogen fraction is over
80%. Two transitions in global activation energy are pre-
sented for the hydrogen dominated system at relatively high
pressure.
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(4) Sensitivity coefficient of chain branching reaction
H + O2 () O + OH increases and those of chain termination
reaction C2H6 (+M) () CH3 + CH3 (+M) decreases with
increasing temperature for the methane dominated system.
This promotes the total reaction rate and decreases the igni-
tion delays. Transition in activation energy is resulted from
the interaction between promotion effect of the reactions
H + O2 () O + OH, O + H2 () H + OH and OH + H2 ()
H + H2O and inhibition effect of the CH4 + H () CH3 + H2

and CH4 + OH () CH3 + H2O. Furthermore, the total reac-
tion rate is increased due to the increasing concentration
of active H through the reaction OH + H2 () H + H2O as
hydrogen addition. Methane is consumed mainly by free
radicals H, O and OH. Hydrogen addition increases the con-
centrations of H, O and OH radicals and promotes methane
oxidation.
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