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Ignition delay times of methane/hydrogen/oxygen/nitrogen mixtures with hydrogen amount-of-substance fractions ranging from
0-20% were measured in a shock tube facility. The ambient temperature varied from 1422 to 1877 K and the pressure was main-
tained at 0.4 MPa behind the reflected shock wave. The experiments were conducted at an equivalence ratio of 2.0. The fuel mix-
tures were diluted with nitrogen gas so that the nitrogen amount-of-substance fraction was 95%. The experimental ignition delay
time of the CH,/H, mixture decreased as the hydrogen amount-of-substance fraction increased. The enhancement of ignition by
hydrogen addition was weak when the ambient temperature was >1750 K, and strong when the temperature was <1725 K. The
ignition delay time of 20% H»/80% CH,4 was only one-third that of 100% CH, at 1500 K. A modified model based on GRI-Mech
3.0 was proposed and used to calculate the ignition delay times of test mixtures. The calculated results agreed with the experi-
mental ignition delay times. Normalized sensitivity analysis showed that HO-+H, —H-+H,0 was the main reaction for the for-
mation of the H- at 1400 K. As the hydrogen amount-of-substance fraction increased, chain branching was enhanced through the
reaction H-+O0,—O-+HO-, and this reduced the ignition delay time. At 1800 K, the methyl radical (H;C-) became the key species
that influenced the ignition of the CH,/H,/O,/N, mixtures, and sensitivity coefficients of the chain termination reaction
2H;C-(+M)—>C,Hg4(+M), and chain propagation reaction HO»,+H;C-—HO-+CH;30 decreased, which reduced the influence of hy-
drogen addition on the ignition of the CH,/H, mixtures.
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Natural gas could be used in internal combustion engines
and gas turbines [1,2], but its application has been limited
because of unstable ignition and combustion. Experimental
[3] and computational [4] studies have shown that addition
of hydrogen to natural gas improves the tolerance of ex-
haust gas recirculation (EGR) and greatly reduces NO, and
hydrocarbon emissions, while maintaining the engine power.
Therefore, from both economic and environmental view-
points, addition of hydrogen to natural gas is effective. Ex-
perimental investigations on the fundamental combustion
characteristics of methane/hydrogen mixtures have been
carried out by several groups using different methods.
Shrestha et al. [3] investigated the addition of relatively
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small amounts of hydrogen to methane in a spark ignition
engine and showed that the performance and combustion
were significantly enhanced, and emissions were reduced,
which can be attributed to the fast and clean burning char-
acteristics of methane with hydrogen. Shrestha et al. [3]
thought analytical simulation of engine performance and
suggested that the addition of hydrogen was considered
through its production in situ on board the engine by elec-
trolysis of water with the hydrogen by electrolysis was tak-
en into account, the range of viable operation of such an
engine was very narrow. Daguaut et al. [5,6] studied the
kinetics of oxidation of hydrogen/natural gas mixtures on a
fused silica jet stirred reactor at 1 MPa from 900-1200 K
with equivalence ratios of 0.3, 0.6, and 1.0. Their results
showed that addition of hydrogen significantly increased the
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reactivity of the natural gas. The enhanced oxidation of
methane by hydrogen could be attributed to increased pro-
duction of the hydroxyl radical (HO-). Konnov et al. [7]
conducted an experimental investigation of the adiabatic
burning velocity of a methane/hydrogen/air flame using the
heat flux method, and obtained the following empirical
pressure correlation:

S, =S, exp(o.66(1—(p/p0 )”‘57)). (1)

Hu et al. [8,9] conducted an experimental and numerical
study on laminar burning characteristics of a premixed me-
thane/hydrogen/air flame at room temperature and atmos-
pheric pressure. They suggested that the unscratched lami-
nar burning velocity increased with H, addition, and the
maximum unscratched laminar burning velocity shifted to
the richer mixture side as the hydrogen amount-of-substance
fraction increased.

As a fundamental characteristic parameter of fuel com-
bustion, the ignition delay time is very important for de-
scribing autoignition, understanding the ignition mechanism,
analyzing the chemical reaction pathway, and building, val-
idating and improving kinetic models. Shock tube studies
on ignition of methane/hydrogen/oxygen mixtures at high
temperatures have been reported by Lifshitz et al. [10]. A
promotion theory based on thermodynamics was proposed
to account for the effect of hydrogen addition on ignition
delay. Gersen et al. [11] investigated the autoignition be-
havior of methane/hydrogen mixtures containing hydrogen
amount-of-substance fractions of 0-100% in a rapid com-
pression machine. The ignition delay time was measured
under stoichiometric conditions at 1.5-7.0 MPa and 950—
1060 K. Their results showed that the ignition delay times
of the methane/hydrogen mixtures reduced as the hydrogen
amount-of-substance fraction increased, and this effect was
enhanced at higher temperatures and attenuated at higher
pressures. Huang et al. [12] also found the ignition promo-
tion effect was reduced at lower temperatures in their study
of the ignition delay time of methane/hydrogen/air mixtures
in a shock tube setup using engine relevant conditions at
1.6-4.0 MPa and 1000-1300 K. Cheng and Oppenheimer
[13] conducted experiments at 800-2000 K and 0.1-0.3 MPa,
and correlated the ignition delay times of pure methane,
pure hydrogen, and their mixtures according to the follow-
ing empirical formula:

_ ~1=0)
=tk )

where ¢ is the amount-of-substance fraction of hydrogen in
the fuel mixture; and 7cy, and 7y, are the ignition delay
times of methane and hydrogen, respectively. Cheng and
Oppenheimer’s work on the ignition of methane/hydrogen
mixtures was conducted at equivalence ratios below 1.0.
Recently, Herzler and Naumann [14] investigated the igni-
tion delay times of methane/ethane/hydrogen mixtures,

Chinese Sci Bull

September (2011) Vol.56 No.26

which represented typical products of the gasification of
biomass or coal, at 900-1800 K and 0.1, 0.4, or 1.6 MPa in
a high pressure shock tube. The relationship of the ignition
delay to both the reference gas and a 40% hydrogen/60%
reference gas mixture were presented, and they suggested
that none of the available mechanisms can reproduce the
observed reduction in the activation energy for pure hydro-
gen and 80% hydrogen/20% reference gas at low tempera-
ture when the pressure is >0.4 MPa. Ignition delay times for
mixtures with hydrogen amount-of-substance fractions <40%
and an equivalence ratio >1 were not reported by Herzler
and Naumann. To the best of our knowledge, only few
studies on ignition delay for methane/hydrogen mixtures
have been reported [10-14], and the models are not optimal
for prediction of the ignition delay time. Ignition delay data
for methane/hydrogen mixtures, and in particular methane
rich mixtures, are very important for modification of the
model of methane/hydrogen oxidation.

In the present study, ignition delay and chemical kinetic
analysis was conducted for homogeneous methane/ hydro-
gen/oxygen mixtures with hydrogen amount-of-substance
fractions of 0%, 5%, 10% and 20%. The fuel mixtures were
diluted with nitrogen gas so that the nitrogen amount-of-
substance fraction was 95%. The temperature ranged from
1422 to 1877 K, the pressure was 0.4 MPa, and the equiva-
lence ratio was 2.0 behind the reflected shock wave. The
data obtained are important for understanding the ignition
mechanism of methane/hydrogen fuel in methane rich con-
ditions.

1 Experimental
1.1 Experimental setup

The experiments were carried out in a shock tube facility
(Figure 1) with a cross section of 130 mm x 80 mm. The
driver section (2 m long) and the driven section (6.3 m long)
were separated by a double diaphragm pump containing two
polyvinyl chloride films (0.07 mm thick). The shock tube was
evacuated to a pressure of <1 x 10~ torr by a Roots pump
(ZJP-150, Chengdu Rankuum Machinery Ltd., Chengdu,
China) before each experiment. Gas mixtures were prepared
in a stainless steel storage cylinder over 12 h. The shock
speed was measured by four piezoelectric pressure gauges
(113B26, PCB Piezotronics, Buffalo, NY) and three time
interval counters (PM6690, Fluke, Everett, WA). The typi-
cal shock speed attenuation was 1.5%-3% per meter. The
temperature and pressure behind the reflected shock wave
were calculated from the measured incident shock speed
and the speed attenuation using one-dimensional shock rela-
tions and NASA’s thermodynamic database [15]. The ex-
perimental temperature (75) uncertainty was calculated at
about 18 K using a standard error analysis procedure based
on the uncertainty in the measured incident shock velocities
and the non-ideal shock reflection from the interactions
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Figure 1 Experimental setup.

between the shock wave and boundary layer [16]. The puri-
ties of the methane, hydrogen, oxygen, nitrogen, and helium
used in this study were higher than 99.995%, 99.999%,
99.995%, 99.995% and 99.999%, respectively.

The pressure profile was obtained by a piezoelectric
gauge (113B03, PCB Piezotronics) located at distance of
50 mm from the enwall. The HO- emission at 307 nm was
acquired by a narrow band pass filter with a full width at
half maximum measurement of 10 nm (UG-5, Schott,
Elmsford, NY) and a photomultiplier (CR131, Hamamatsu
Photonics, Hamamatsu, Japan). The ignition delay time was
determined from the pressure profile and HO-emission signal.

1.2 Results and data analysis

The ignition delay time of methane is relatively long com-
pared to other fuels because of its high autoignition temper-
ature. To ensure the accuracy of the experimental results,
the effective experimental time must be longer than the ig-
nition delay time. The interface conditions were optimized
by tuning the thermodynamic properties of the driver gas,
which was a mixture of nitrogen and helium, so that a se-
cond reflected shock wave was not generated when the first
reflected shock wave interacted with the contacted face. For
an ideal shock reflection, the conditions in the experimental
region remain unaffected until the arrival of the rarefaction
wave. In the present study, the interface conditions in the
lower temperature experiments were tuned to obtain a long-
er ignition delay time.

The ignition delay times of the methane/hydrogen mix-
tures with hydrogen amount-of-substance fractions of 0%,
5%, 10%, and 20% were determined. The methane/oxygen/
hydrogen mixture was diluted with nitrogen gas (95% in
amount-of-substance fraction). The compositions of the gas
mixtures used in the present study are presented in Table 1.
The conditions for the reflected shockwave were as follows:
temperature, 1422—-1877 K; pressure, 0.4 MPa; and equiva-
lence ratio, 2.0. A typical pressure (black solid line) and

Vacuum pump

IRICN
o

M\ )Oscillograph

Table 1 Compositions of the fuel mixtures used in this study

No. Mixtures XCH, (%) XH, (%) X0, (%) XN, (%)
1 100% CH, 2.500 0.000 2.500  95.000
2 95% CH./5% H, 2.423 0.128 2449 95000
3 90%CHJ/10%H, 2338 0.259 2403 95.000
4 80%CH,/20%H, 2162 0.541 2297 95.000

-OH emission (magenta dash line) profile is shown in Figure
2. The pressure initially increased in two stages because of
the arrival of incident and reflected shock waves at the test
position, and then remained constant for about 0.8 ms. Fol-
lowing this, a slow increase in the pressure occurred be-
cause of heat release from the ignition of the mixtures. The
HO- concentration peaked at 1.6 ms, which corresponded to
initiation of the main ignition. In this study, the ignition
delay time was defined as the interval between the arrival of
the reflected shock wave and the initiation of the main igni-
tion, that is, the maximum HO- emission. The ignition delay
times obtained in this manner agreed with the calculated
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Figure 2 Typical pressure and HO- emission profile indicating the ignition
delay time for a 95% methane/5% hydrogen fuel mixture at 75=1615.5 K and
ps=0.4 MPa.
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values presented in [14].

A comparison among the experimental and calculated
(GRI-Mech 3.0 [17]) ignition delay times from this study
and those of Petersen et al. [18], Wang et al. [19] and
Hughes et al. [20] is shown in Figure 3. The predicted val-
ues from these mechanisms agree well with the experi-
mental values for pure methane. For the ignition delay times
of methane, the experimental results from the present study
are about 4.5 times longer than those obtained by Herzler et
al. using 92% methane and 8% ethane [14]. However, addi-
tion of ethane reduces the ignition delay time of methane.
The activation energy for the present study was calculated
at 53.4+0.35 kcal/mol using a multiple linear regression. A
comparison of this with the activation energies from other
studies [10,21-25] (Table 2) shows that the activation en-
ergy obtained here is slightly higher. This discrepancy may
be attributed to differences in the experimental setup, ex-
perimental conditions, and dilution components among the
studies. The global activation energy of pure methane was
constant, and was characteristic of a hydrocarbon fuel.

The ignition delay time data for pure methane from the
present study and previous studies were fit by multiple line-
ar regression using the following Arrhenius-type equation
based on the pressure, equivalence ratio, and amount-of-
substance fraction of oxygen:

RT

T = 3.4734x10™ p4)A788¢0.255X042)A871 exp(47'312(cal/m01)),

3)

where 7g,is the ignition delay time in ps, p is the pressure
in MPa, ¢ is the equivalence ratio, Xp, is the amount-of-
substance fraction of oxygen, T is the temperature in K, and
R is the universal gas constant in cal (K mol). The data fit this
equation from 1007-2043 K, 0.54-48.1 MPa, and at equiv-
alence ratios from 0.2-5.0 with a multiple coefficient of
determination, , of 0.968. The Arrhenius-type expression
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Figure 3 Comparison among the experimental and calculated (GRI-
Mech 3.0 [17]) ignition delay times from this study (solid lines) and those
of Petersen et al. [18] (dashed line), Wang et al. [19] (dotted line), and
Hughes et al. [20] (dash/dotted line).
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Table 2 Comparison among the results from the present work and previ-
ous studies

Activation energy
(kcal/mol)

Ts=1400 K- 1850 K 53.4

ps=04MPa

$=2.0

Ar=95%

Ts=1649-2150 K 52.3

ps=0.1-0.6 M Pa

$=1.0,2.0

Ar=79% —-96%

Seery and Bowman [22] T75=1350-1900 K 514

ps=0.15-0.4

$=0.2-5.0

Ar=53.4%-78.4%

Ts=1410-2040 K 51.8

ps=0.9-48.0 MPa

$=0.5-4.0

Ar=89%—99%, N,=97.46%

Ts=1500-2100 K 46.5

ps=0.2—1.0 MPa

$=0.5-2.0

Ar=89%-97%

Source Experimental conditions

Current work

Grillo and Slack [21]

Petersen et al. [23-25]

Lifshitz et al. [10]

(Equation (2)) indicates that there is a negative correlation
between the ignition delay time of the methane and the
pressure and the amount-of-substance fraction of oxygen.
Consequently, the ignition delay time will decrease as the
pressure and amount-of-substance fraction of oxygen in-
crease. However, there is a positive correlation between the
equivalence ratio and the ignition delay time, which means
the delay time will increase as the equivalence ratio in-
creases. In the present study, the dependence of the ignition
delay time on the equivalence ratio is much smaller than
that on the pressure or amount-of-substance fraction of ox-
ygen, which means the effect of the equivalence ratio on the
ignition delay time is relatively weak. This result is in
agreement with the results reported by Seery and Bowman
[22]. The pressure dependence of p~*"® was used to plot all
the data with the average pressure (0.4 MPa) used in this
study. The following pressure correlation was obtained:

-0.788
%J

Tign,0.4 MPa — z-ign (
p

“)

Figure 4 shows a comparison between experimental data
and the calculated data obtained using the pressure depend-
ence p " and eq. (2). The slight disagreement of the igni-
tion delay times can be attributed to different experimental
conditions, such as pressures, temperatures, equivalence
ratio and concentrations, and the definition of ignition delay.

The experimental conditions and measured ignition delay
times are listed in Table 3 and presented in Figure 5. Hy-
drogen addition reduced the ignition delay times of the me-
thane/hydrogen mixtures. The four mixtures had similar
ignition delay times at >1725 K, which suggests that the
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Figure 4 Comparison between the results calculated using eq. (2) and
previous literature results for the ignition delay time with pressure, equiva-
lence ratio, amount-of-substance fraction of oxygen and reflected shock
temperature using a pressure dependence of p 7%,
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effect of hydrogen addition on ignition in the methane/hy-
drogen reactive system is weak at high temperatures. By
contrast, the ignition delay time decreased substantially as
the hydrogen amount-of-substance fraction increased at
<1725 K, and the effect of hydrogen addition on the ignition
delay was more pronounced as the temperature decreased.
Specifically, at 1500 K, for the 20% hydrogen/80% methane
mixture, the ignition delay time was reduced by a factor of
three compared with that of pure methane. A reduction of
the global activation energy was observed as the hydrogen
amount-of-substance fraction increased. However, for each
mixture in this study, the global activation energy did not
change substantially because the methane chemistry domi-
nated the reaction system under the current conditions. This
is typical of hydrocarbon systems. The activation energies
of the four fuels with hydrogen amount-of-substance frac-
tions of 0, 5%, 10%, and 20% were 53.4, 50.5, 46.6, and

Table 3 Experimental conditions and ignition delay times measured in the present study

Mixtures T (K) p (MPa) Tign (H1S) Mixtures T (K) p (MPa) Tign (H1S)

100% CH, 1804 0.36 247 100% CH, 1589 0.38 2248
1773 0.4 361 1580 0.35 2698
1715 0.36 569 1578 0.37 2793
1694 0.39 705 1577 0.37 2608
1680 0.37 805 1576 0.36 2705
1675 0.38 907 1575 0.36 2856
1667 0.36 957 1562 0.38 3188
1653 0.37 1090 1562 0.39 3428
1645 0.38 1165 1543 04 3620
1640 0.36 1175 1543 0.37 3558
1631 0.36 1385 1541 0.37 3666
1625 0.37 1433 1534 0.38 4170
1615 0.41 1668 1529 0.39 4096
1607 0.41 1885

95% CH, 1815 0.35 203 95% CH, 1623 0.37 1077
1798 0.36 192 1616 0.38 1245
1792 0.36 222 1610 0.39 1210
1786 0.37 318 1592 0.38 1684
1724 0.37 454 1577 0.37 1880
1716 0.35 498 1572 0.37 1922
1698 0.37 537 1553 0.4 2694
1693 0.37 727 1545 0.37 2868
1687 0.36 760 1538 0.38 3199
1675 0.38 696 1523 0.38 3289
1657 0.37 824 1518 0.37 3579
1655 0.38 752 1505 0.38 3960

90% CH, 1877 0.31 122 90% CH, 1534 0.36 2254
1763 0.33 287 1527 0.39 2246
1686 0.33 542 1515 0.36 2776
1650 0.34 742 1497 0.35 3126
1629 0.35 876 1494 0.36 3026
1613 0.31 994 1490 0.39 3316
1598 0.3 1164 1479 0.37 3496
1570 0.36 1564 1474 0.38 3746
1553 0.39 1956 1464 0.38 4176

80% CH, 1831 0.32 210 80% CH, 1577 0.39 949
1829 0.32 187 1571 0.37 996
1774 0.36 234 1532 0.35 1618
1717 0.35 377 1476 0.36 2253
1677 0.37 457 1426 0.37 3014
1644 0.37 572 1422 0.35 3194

1638 0.36 602
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Figure 5 Effect of hydrogen addition (hydrogen amount-of-substance
fractions =0%, 5%, 10%, and 20%) on the ignition delay time of the me-
thane/hydrogen system.

41.7 kcal/mol, respectively. The activation energies derived
from eq. (1) proposed by Cheng and Oppenheim [13] for the
same methane/hydrogen mixtures with hydrogen amount-
of-substance fractions of 0, 5%, 10%, and 20% were 53.4,
51.6, 49.8, and 46.2 kcal/mol, respectively. A comparison
of the experimental and calculated activation energies re-
veals some differences. Therefore, further investigation is
necessary for the Arrhenius-type expression of the ignition
delay time for methane/hydrogen mixtures.

2 Chemical kinetic analysis
2.1 Kinetic model

In this study, a modified model including 353 elementary
reactions and 53 species was proposed based on GRI-Mech
3.0 [17]. The main body of the modified model is identical
to that of GRI-Mech 3.0. Four elementary reactions, which
are the key to the ignition mechanism of the methane/hy-
drogen reactive system, were improved. Because the ex-
perimental temperatures in the present study ranged from
1422-1877 K, the alkylperoxy chemistry, including the
formation and consumption of CH;0,, at low temperatures
proposed by Petersen et al. [25] was ignored. For the igni-
tion delay of methane/oxygen/argon mixtures or methane/
oxygen/nitrogen mixtures, the modified model based on
GRI-Mech 3.0 can reproduce experimental results over a
wide range of conditions. The elementary reaction rate co-
efficient k;is calculated using the following formula:

k, = AT”exp(E/RT), )

where k; is the ith elementary reaction rate coefficient, A is a
constant, A is the temperature coefficient, E is the activation
energy kJ/mol, T is the temperature in K, and R is the uni-
versal gas constant in cal/K mol.

The reactions for improvement were identified based on
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the results of preliminary sensitivity and reaction flow
analysis. The H- in the hydrogen ignition system was main-
ly scavenged through the following reaction:

H-+0, +N, - HO, -+N, R36

The rate for this reaction was replaced using the values
proposed by Hughes et al. [20]. The A, S, E values were 2.1
x 10", -0.8, 0.0 cal, respectively. The following reaction,

H-+CH, - H,C-+H, R53

is key to the methane/hydrogen reactive system because it
involves both methane and hydrogen. A review of the liter-
ature related to the rate of reaction R53 shows that the ex-
perimental or theoretical data reported by different authors
varies by a factor of three, which could account for a change
of 20-30% in the calculated ignition delay time. The rate of
reaction R53 was obtained from GRI-Mech 3.0 [17] and
Hughes et al. [20], the A, 5, E werel.32 x 104, 3.0, 10840 cal,
respectively. Reaction R84, which leads to production of
active hydrogen radical was also improved.

HO-+H, — H-+H,0 R84

was improved. The rate for this reaction was adopted from
Huang et al. [12], and the A, S, E were 1.81 x 10°, 1.2, 4707
cal, respectively. The rate of the third-order reaction R33
was adopted from the work of Petersen et al. [18], and the
values of A, 3, E were 1.475 x 1012, 0.6, 0.0 cal, respectively.

H-+0,+M — HO, -+M R33

Reaction R33 is the main consumption mechanism for
H-.

Numerical simulation of the ignition delay behind the re-
flected shock waves was performed using a zero-dimen-
sional model with constrained volume and adiabatic bound-
ary. This model has been used to calculate ignition delay
time in many studies. For consistency with the basic mech-
anism, the thermodynamic properties of the reactants and
species properties were mostly taken from the NASA’s da-
tabase [15]. To allow for comparison of the results, the
same definition was used for the calculated ignition delay as
in the experimental study. The steady state mass, species
properties, and energy conservation equations were carried
out by using CHEMKIN II (Reaction Design, San Diego,
CA) with Senkin code. A gas-phase interpreter to process the
chemical reaction mechanism was built in the CHEMKIN II.

2.2 Analysis and discussion

Figure 6 presents the results for the ignition delay times
calculated using the modified model and GRI-Mech 3.0
together with the experimental data from the present study.
The ignition delay times of the methane/hydrogen fuel
mixtures decreased slightly with hydrogen addition, and this
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effect was slightly weaker at lower temperatures with a hy-
drogen amount-of-substance fraction <10%. Both GRI-Mech
3.0 and the modified mechanism predicted accurate ignition
delay times for the methane/hydrogen/oxygen/nitrogen mix-
tures with hydrogen amount-of-substance fractions <10%.
This is because methane chemistry dominated in the reactive
system, especially for mixtures with low hydrogen amount-
of-substance fractions, and changes in the rates of reactions
R84, R36, R53, and R33 could not substantially influence
the ignition and oxidation chemistry of the methane/hydrogen
mixtures where the methane reaction mechanism is domi-
nate. However, these reaction rate changes led to a slight
discrepancy between the modified mechanism and GRI-
Mech 3.0 in calculating the ignition delay time. This is con-
sistent with the report of Fotache et al. [26], which detailed
that the much stronger effect of hydrogen on the methane/
air ignition in a diffusive system was because of the separa-
tion of hydrogen from other species as a result of its high
diffusivity. However, the scavenging effect of methane on
H- can be much stronger via reaction R53 in a homogeneous
reactor, which results in the reduced effect of hydrogen ad-
dition on the reaction system. Fotache et al. [26] suggested
that the ignition was effective through radical rather than
thermal explosion for methane/air mixtures with a high hy-
drogen amount-of-substance fraction. To gain further in-
sight into this, Huang et al. [12] conducted an investigation
by removing the reaction heat of all the elementary reac-
tions from the energy equation. Their results showed that
the ignition delay times for both methane and methane/hy-
drogen mixtures increased, and the differences of the igni-
tion delay times among these mixtures did not change sig-
nificantly. The thermal feedback, which is important to the
overall reaction rate, has a similar contribution to the oxida-
tion of methane and hydrogen.

GRI-Mech 3.0 largely over predicts the ignition delay
time of the methane/hydrogen mixtures when the hydrogen
amount-of-substance fraction is >10%, and particularly when
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Figure 6 Calculated ignition delay times of methane/hydrogen/oxygen/
nitrogen mixtures with hydrogen amount-of-substance fractions ranging
from 0% to 20%.
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the temperature is <1500 K. Specifically, for the 20% hy-
drogen/80% methane mixture, the predicted values are
about two times those from the experimental data. However,
the modified mechanism from the present study can accu-
rately reproduce the ignition delay time for conditions with
relative high hydrogen amount-of-substance fractions. In
particular, the effect of hydrogen addition on the ignition
delay time is obvious at low temperature, because the hy-
drogen subsystem plays an important role on in the me-
thane/hydrogen reactive system at low temperature. The
changes of the reaction rate for the four elementary reac-
tions mentioned above led to a reduction in the calculated
ignition delay time, and this was particularly apparent for
the reaction rate of R53. However, for the hydrogen sub-
system, GRI-Mech 3.0 has not been optimized under low
temperature conditions, which leads to the different results
when predicting the ignition delay times of the methane/
hydrogen mixtures.

To explain the contribution of the rates of the elementary
reactions relative to the total reaction rate, a normalized
sensitivity analysis was conducted to investigate the effect
of the main elementary reactions on methane/hydrogen ig-
nition with hydrogen addition at 1400 K and 1800 K. The
normalized sensitivity analysis was calculated with the fol-
lowing expression:

(k) -7(0.5k) k, _ 7(2k)—7(0.5k)

K = (6)
© 2k 05k (k) 1.57(k,)

Figure 7 shows the sensitivity analysis of the methane/
hydrogen/oxygen/nitrogen mixtures with hydrogen amount-
of-substance fractions ranging from 0% to 20%. These re-
sults suggest that at 1400 K, the chain branching reaction
R38 and the chain propagation reactions R119 and R84 ad-
vance the overall reaction rate and promote the ignition
process of the methane/hydrogen system.

H-+O, - O0-+HO R38
HO, -+H,C - HO-+CH,O R119
HO-+H, -> H-+H,0 R84

The sensitivity factors of R38 and R84 increase with hy-
drogen addition, which will lead to further promotion of the
ignition process. The H- scavenging reaction R53, the re-
combination of H;C- in R158, and the chain propagation
reaction R98 reduce the overall reaction rate and inhibit the
ignition process of the methane/hydrogen system.

H-+CH, - H,C-+H, R53
2H,C-(+M) - C,H, (+M) R158
HO-+CH, - H,C-+H,0 R98

The sensitivity factors of reactions R98 and R158 in-
crease with hydrogen addition, which will increase the inhi-
bition effect on the ignition process. The production rate of
H- through R84 increases as the hydrogen amount-of-
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Figure 7 Normalized sensitivity analysis of the ignition delay time with
hydrogen addition at (a) 1400 and (b) 1800 K.

substance fraction increases. However, HO- concentrations
increase rapidly through R38, which will move reaction
R98 to the right. Reaction R53 is usually considered as the
main H- consumption step in the methane/hydrogen system
[24,25]. In this study, reaction R53 enhances ignition, which
is different to the results reported by Huang et al. [12]. The
sensitivity factor of reaction R53 decreased with hydrogen
addition, and this reduced the enhancement of ignition. This
can be explained as follows. Firstly, with hydrogen addition
reaction R53 will shift in the reverse direction, and decrease
the reaction rate in the forward direction. Secondly, as hy-
drogen is added it will replace some of the methane in the
mixture, which will decrease the methane concentration and
increase the reverse reaction rate of R53. Reaction R98 is
the main reaction in competition to R53 for methane. Reac-
tion R98 showed a reverse trend to reaction R53 for the
sensitivity of ignition delay of methane/hydrogen fuels to
hydrogen addition. Reaction R119 is the main reaction in
competition to R158 for H;C-, and the sensitivity factors of
these reactions have opposing signs. The sensitivity factor
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of reaction R158 increases with hydrogen addition. Alt-
hough the HO, concentration is increased by reaction R119
with hydrogen addition, the chain termination efficiency of
reaction R158 strongly affects reaction R119. Therefore,
only a small change occurs in the normalized sensitivity of
reaction R119 with hydrogen addition. Furthermore, HO- is
actively generated though reaction R119, and HO- is one of
the key species in the oxidation of methane. The sensitivity
factor of reaction R84 increases with hydrogen addition,
which will lead to an increase in the production rate of H-.
However, H- is known to be more active than HO-, which
will increase the rate of the chain branching reaction R38
and the HO- concentration rapidly, and this will promote the
ignition process of the methane/hydrogen mixtures.

At 1800 K, the sensitivity factors of the main elementary
reaction in the methane/hydrogen system were reduced. In
particular, reactions R158 and R119 were greatly enhanced.
The combination reaction of the H3C: is an important chain
termination reaction at high temperature. Because the tem-
perature dominates in the methane/hydrogen system under
high temperature conditions, the effect of hydrogen addition
on the sensitivity factors of the elementary reactions was
weak. This makes the ignition delay times for four fuels
similar at high temperature. Because of the branching effi-
ciency of reaction R38, the sensitivity factor of R84 was
reduced and the formation rate of H- decreased, which led to
a slight increase in the effect of hydrogen addition on the
ignition for methane/hydrogen system and a negligible
change in the ignition delay times. The sensitivity analysis
at different temperatures suggests the rates of some of the
elementary reactions are uncertain. Huang et al. [12] re-
ported that the following third-order recombination reac-
tions are the rate limiting steps:

H-+0,+M — HO, -+M R33
H-+0, +H,0 - HO, -+H,0 R35
H-+0,+N, - HO, - +N, R36
H-+0, + Ar - HO, - +Ar R37

This leads to a larger discrepancy in the ignition delay
times predicted by the modified model and GRI-Mech 3.0
with high hydrogen amount-of-substance fractions at low
temperature. The modified model in this study has only
been improved using experimental data, and other funda-
mental combustion parameters such as the laminar flame
speed and species concentration analysis have not been val-
idated. Therefore, further experimental and theoretical studies,
including of the key reaction rates, are necessary.

3 Conclusions

Experimental and numerical studies were conducted in a
shock tube facility to evaluate the ignition delay times of
methane/hydrogen/oxygen/nitrogen mixtures with hydrogen
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fractions of 0-20% at 1422-1877 K and 0.4 MPa with an
equivalence ratio of 2.0. The main conclusions are summa-
rized below.

(1) An Arrhenius-type correlation based on pressure,
equivalence ratio and the oxygen amount-of-substance frac-
tion was obtained for pure methane. The reduction of the
ignition delay time with hydrogen addition in the methane/
hydrogen system increased as the temperature decreased. At
1500 K, the ignition delay time of the 80% methane/20%
hydrogen mixtures was reduced by a factor of three com-
pared to that of pure methane. However, at 1750 K, the ef-
fect of hydrogen addition on the reduction of the ignition
delay was weak.

(2) A modified model basing on GRI-Mech 3.0 was de-
veloped and applied to simulate ignition of the methane/
hydrogen/oxygen/nitrogen mixtures behind reflected shock
waves under the current experimental conditions. The ex-
perimental and calculated results agreed. Normalized sensi-
tivity analysis of the ignition delay suggested that formation
and consumption reactions of H- were key factors in the
ignition of the methane/hydrogen system. At 1400 K, hy-
drogen was rapidly oxidized through the reaction HO-+
H,—H-+H,0 (R84), and this strongly promoted the chain
branching reaction H-+O,—0O-+HO- (R38). The sensitivity
factors increased substantially with hydrogen addition, and
the ignition delay time of the methane/hydrogen fuel mix-
tures decreased. Furthermore, since the rate of the reaction
H-+CH,;—H;C-+H, (R53) is reduced, the enhancement ef-
fect on the ignition becomes weak. At 1800 K, the H;C- dom-
inate in the ignition mechanism of the methane/hydrogen
mixture and the sensitivity factors for recombination of two
CH; 2H;C-(+M)—>C,H¢(+M) (R158), HO,'+H;C-—HO+
CH;0- (R119), and the chain termination reaction HO-+
H,—»H-+H,O (R84) are decreased. This reduces the en-
hancement effect on ignition of the methane/hydrogen system
with hydrogen addition under high temperature conditions.
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