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New experimental ignition delay time data measured in both a shock tube and in a rapid compression
machine were taken to determine the increase in reactivity due to the addition of hydrogen to mixtures
of methane and natural gas. Test conditions were determined using a statistical design of experiments
approach which allows the experimenter to probe a wide range of variable factors with a comparatively
low number of experimental trials. Experiments were performed at 1, 10, and 30 atm in the temperature
range 850–1800 K, at equivalence ratios of 0.3, 0.5, and 1.0 and with dilutions ranging from 72% to 90% by
volume. Pure methane- and hydrogen-fueled mixtures were prepared in addition to two synthetic ‘natural
gas’-fueled mixtures comprising methane, ethane, propane, n-butane and n-pentane, one comprising
81.25/10/5/2.5/1.25% while the other consisted of 62.5/20/10/5/2.5% C1=C2=C3=C4=C5 components to
encompass a wide range of possible natural gas compositions. A heated, constant-volume combustion ves-
sel was also utilized to experimentally determine laminar flame speed for the same baseline range of fuels.
In this test, a parametric sweep of equivalence ratio, 0.7–1.3, was conducted at each condition, and the
hydrogen content was varied from 50% to 90% by volume. The initial temperature and pressure varied
from 300 to 450 K and 1 to 5 atm, respectively. Flame speed experiments conducted above atmospheric
pressure utilized a 1:6 oxygen-to-helium ratio to curb the hydrodynamic and thermal instabilities that
arise when conducting laminar flame speed experiments. All experiments were simulated using a detailed
chemical kinetic model. Overall good agreement is observed between the simulations and the experimen-
tal results. A discussion of the important reactions promoting and inhibiting reactivity is included.

� 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Fuel flexibility, increasing efficiency, and reduction in harmful
emissions pose ever increasing challenges to the power generation
industry. Due to increasing energy costs, dwindling traditional
feedstocks and the simultaneous demand for cleaner energy in a
power generation market competitive for efficiency and flexibility,
the importance of alternative fuels sources is increasing. Energy
sources such as coal gas, gases from industrial processes like coke
manufacturing, biomass gasification and energy storage via hydro-
gen electrolysis have become potential alternative energy sources
for the gas turbine industry. These gases are typically comprised
of hydrogen, syngas (H2/CO mixtures), and short-chain hydrocar-
bons generally classified as natural gas. Interest in hydrogen as a
renewable energy source for use in gas turbines, fuel cells, and as
a transportation fuel has increased in recent years, as it is consid-
ered energy dense (on a mass basis) and environmentally friendly.

New routes to hydrogen formation have also led to increased
attention; these include steam reformation of hydrocarbons, hydro-
gen generation via electrolysis of water, and coal/biomass gasifica-
tion. A growing number of technologies are now harnessing the
power of hydrogen to achieve the objective of reducing emissions
and increasing fuel flexibility, including integrated gasification
combined cycle power plants with carbon capture and storage
and I.C. engines. All of this technological progress has made hydro-
gen fuel particularly interesting to the gas turbine industry. While
operating gas turbines with pure hydrogen fuels poses some diffi-
culties and requires significantly re-designed combustion systems
and turbomachinery, the addition of hydrogen to natural gas mix-
tures is expected to alter the combustion properties only slightly
[1], leading to a reduction in carbon monoxide, carbon dioxide
and NOx emissions from power generation gas turbine plants.

Even though natural gas is being widely used in the gas turbine
industry, it does have some unfavorable combustion characteristics,
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such as a high flammability limit on the lean side and generally low
reactivity which limits the operability to richer regimes. These lim-
itations can be improved by the addition of hydrogen which can sig-
nificantly lower the flammability limit of natural gas mixtures and
extend the operability of natural gas turbines to leaner burning re-
gimes [2]. Hydrogen can be mixed with natural gas and/or methane
in concentrations of up to approximately 70% to assist the complete
combustion of mixtures and reduce emissions. Previous studies
have shown that, at up to approximately 50% hydrogen content by
volume, the effect on fuel behavior is slight [1,3].

To implement mixtures of these fuels in gas turbines, detailed
chemical kinetic mechanisms describing their combustion proper-
ties must be developed and validated against a wide range of
experimental data for use in design-relevant simulations. In this
study, a rapid compression machine (RCM), shock tube, and spher-
ical flame have been employed to study the oxidation of natural
gas/hydrogen blends over gas turbine-relevant conditions. Two
natural gas mixtures have been studied to better reflect the varying
composition of natural gas blends containing greater amounts of
higher-order hydrocarbons derived from sources such as coal used
in the power generation industry. The study of quinternary natural
gas mixtures reflects better the real natural gas blends used in the
gas turbine industry as opposed to their single- and binary-compo-
nent counterparts, which have traditionally been utilized as natu-
ral gas surrogates.

Natural gas blends of interest to the gas turbine industry have
been characterized previously. Healy et al. [4–9] studied quinter-
nary natural gas mixtures in the temperature range 630–1550 K,
in the pressure range of 10–30 bar and developed a detailed
chemical kinetic mechanism for natural gas mixtures. Natural
gas/hydrogen blends have also come under investigation recently.
Park et al. [10] observed a reduction in reactivity when hydrocar-
bons such as propane or n-butane replaced methane in hydro-
gen/methane and syngas/methane flame mixtures. This reactivity
reduction was determined to be a result of the depletion of hydro-
gen radicals through their consumption in reactions with ethylene
ðC2H4Þ and ethyl ð _C2H5Þ radicals. Reactivity also decreased due to
the increased concentrations of methyl ð _CH3) radicals, which
consumed further hydrogen atoms through the reactions
CH4 þ _H ¼ _CH3 þH2 and _CH3 þ _HðþMÞ ¼ CH4ðþMÞ, lowering the
overall rate of the main chain branching reaction
_Hþ O2 ¼ €Oþ _OH [10]. Gersen et al. [11] reported ignition delay
times of methane/hydrogen mixtures recorded in a rapid compres-
sion machine (RCM) at high pressure (10–70 bar) and intermediate
temperature (950–1060 K). They observed that for hydrogen mole
fractions above 50% there is a significant decrease in the ignition
delay time compared to hydrogen concentrations below 20%,
where the effect was slight.

Gersen et al. [11] also observed an increase in global activation
energy with higher hydrogen content in the mixture, by reason of
the differences in activation energy (Ea) between the two pure
fuels, finding that at higher temperatures, the ignition delay time
is more greatly reduced by the addition of hydrogen to natural
gas mixtures when compared to lower temperatures. Gersen
et al. [11] attributed this effect to the increasing importance of
the _Hþ O2 ¼ €Oþ _OH and H2 þ _OH ¼ _HþH2O reactions at higher
temperatures. Recently, Gersen et al. [12] expanded their study
to include the effect of carbon monoxide on methane, hydrogen,
and binary mixtures of the two fuels at high pressures (20–
80 bar) and a lean equivalence ratio (/ ¼ 0:5). They found that
for CH4/H2/CO mixtures there was no inhibiting effect of CO addi-
tion compared to binary methane/hydrogen mixtures [12].

Crossley et al. [13] observed the effect of adding ethane,
propane, n-butane, and n-pentane fractions to methane fuel. They
determined that the addition of larger hydrocarbons led to a
significant reduction in ignition delay time, and this effect was
determined to be due to the faster kinetics of the higher hydrocar-
bon fuels. de Vries and Petersen [14] measured undiluted natural-
gas-based mixtures combining methane with ethane, propane,
n-butane, n-pentane, and hydrogen at gas turbine relevant condi-
tions in a shock tube. The results obtained showed a definite de-
crease in activation energy at lower temperatures and higher
pressures as seen in the work of Gersen et al. [11]. Yu et al. [15]
and Huang et al. [16] studied methane/hydrogen and propane/
hydrogen, and methane/ethane/propane/hydrogen laminar burn-
ing velocities, respectively. They determined that an increase in
hydrogen mole fraction in any case leads to an increase in laminar
burning velocities. Few data have been published on hydrogen/
hydrocarbon blend ignition delay times, and to the author’s knowl-
edge, no hydrogen/quinternary natural gas blend ignition delay
times at gas turbine relevant conditions have been published
previously.

While the flame speed of the main component of natural gas,
methane, has been extensively studied in the literature [17,18],
the laminar flame speeds of methane and natural gas blends with
high hydrogen content at elevated temperatures and pressures re-
mains to be studied. Because the flame speed of blended fuels can-
not be obtained by linear combination of each blended fuel
constituent, modeling work has been done to predict the flame
speeds of methane and hydrogen blends by Chen et al. [19]. Corre-
lations for similar fuel blends such as ethane and hydrogen
mixtures have been studied by Wu et al. [20]. Flame speeds of bu-
tane–air mixtures with hydrogen addition have been experimen-
tally determined in a study by Tang et al. [21], and Yu et al. [15]
conducted methane flame speed experiments at atmospheric con-
ditions with a small amount of hydrogen addition. Hu et al. [22]
studied the entire range of methane and hydrogen blends at room
temperature and pressure. No relevant laminar flame speed data at
elevated temperatures and pressures were found in the literature.

As a result of the few fundamental kinetic studies available on
methane and natural gas mixtures with hydrogen, the intent of this
work was to provide a comprehensive set of ignition delay time
and laminar flame speed data over a range of fuel blends at condi-
tions of relevance to gas turbine engines. These data were used to
compare with a modern, detailed chemical kinetic mechanism. By
combining both RCM and shock-tube capabilities, a wide range of
temperatures were examined for the measured ignition delay
times. Details of the experimental apparatuses are provided first,
namely the RCM, shock-tube, and constant-volume flame speed
vessel, followed by an overview of the chemical kinetic mecha-
nism. A comprehensive section detailing the results of the experi-
ments in comparison with the model predictions is then provided.
Further mechanism validation against archival data and a detailed
sensitivity analysis are then presented.
2. Experimental setup

2.1. NUIG rapid compression machine

Experiments were performed in the rapid compression machine
(RCM) facility at the National University of Ireland Galway (NUIG).
The NUIG RCM has a horizontally opposed, twin-piston design that
has been described in previous studies [23,24]. Compression times
below 16 ms are achieved using this set up. The diameter of the reac-
tion chamber is 38.2 mm. The chamber and sleeves are pre-heated
to ensure a homogeneous temperature, and this heating can be car-
ried out up to 160 �C. With the addition of creviced pistons, bound-
ary layer effects are negligible, and the reacting core is temperature
homogeneous and adiabatic. By varying the initial temperature, ini-
tial pressure, diluent gas composition, and volumetric compression
ratio a wide temperature range can be investigated.
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The ignition delay time (s) is defined as the time from the end of
compression, taken as the time of peak compressed pressure, to the
maximum rate of pressure rise at ignition, Fig. 1. To account for the
heat losses inherent in RCM experiments, non-reactive experi-
ments are performed in which the oxygen content of the mixture
is replaced by nitrogen and then simulated to produce a volume/
time history which is used as the input in the Chemkin Pro [25]
simulation. Nitrogen is used because it has similar thermodynamic
properties to those of oxygen. The recorded pressure profile pre-
sents the same pressure drop as a reactive trace as a result of very
similar heat loss properties.

Recent experiments in shock tubes and in RCMs have shown
that the pressure transducer (Kistler 603B) used in the NUIG facil-
ities is sensitive to heat loads during the experiments. Heat flux
from the hot gas into the sensor reduces the output signal so that
a lower pressure is measured compared to reality. We have modi-
fied our experimental procedure to overcome this problem. The
pressure transducer is covered by a thin silicone layer. This layer
acts to shield the sensor against the heat load during the experi-
ment. From these experiments, the true experimental compression
ratio and pressure profile are determined. We are aware that the
use of the silicone layer improves the transducer’s measurement
characteristics, but the response time of the 603B transducer can
be affected by this technique. This effect would manifest itself in
times of the order of approximately 1� 10�5 s. However, in our
RCM the measuring times are on the order of milliseconds. Thus,
even if one would expect a quite strongly damped natural fre-
quency due to the silicone layer, which one would see by compar-
ing experimental traces with and without silicone, the possible
error should be within the usual experimental scatter. In contrast,
the effect of the thermal shock is quite significant on the measured
pressure and the deduced temperature, see also Mittal and Bhari
[26], so that the experimental error would be much more com-
pared to not using a silicone layer.

Since we deduce the temperature profile from the pressure
profile via the isentropic relationship, the apparent measured tem-
perature would also be lower compared to reality using the profiles
from the non-shielded sensor. This artificially lower temperature
would result in longer ignition delay times in the simulation com-
pared to a simulation that used the more-accurate profile mea-
sured with the shielded sensor. Furthermore, the temperature at
the end of compression would be lower using the end-of-compres-
sion pressure of the non-shielded sensor. Thus, this method re-
duces uncertainties in the temperature of the experiment and
simulation. Estimated uncertainty limits of the measurements
Fig. 1. Sample reactive and non-reactive pressure profiles.
are ±5 K in compressed gas temperature, ±0.1 bar in compressed
gas pressure, ±15% in ignition delay time, s, and ±2% in mixture
composition. All experimental data are provided as Supplementary
material.
2.2. Shock tube

Experiments were performed in the large-diameter shock-tube
facility described in detail by Aul et al. [27,28]. Made entirely of
304 stainless steel, this shock tube has a driven section that is
4.72 m long with internal diameter of 15.24 cm. The driver section
has an internal diameter of 7.62 cm with a length that is 2.46 m.
The relatively large diameter of the driven section allows for exper-
iments to be performed with minimal boundary layer effects. Be-
cause of the length of the shock tube, ignition delay times of up
to 2 ms before any significant pressure drop due to test-ending
expansion waves can be observed. For the experiments, either alu-
minum or polycarbonate diaphragms were used, depending on the
desired post-shock pressure. In general, the driver section is filled
slowly with helium until the diaphragm bursts to maintain repeat-
ability in breaking pressure and rate of shock formation from test
to test.

The conditions at which the combustion event occurs are dic-
tated by the conditions behind the shock wave after it is reflected
off the endwall of the driven section of the shock tube. For the
shock tube used herein, incident-shock velocity in the test region
was found using 5 pressure transducers (PCB 113) connected to 4
time-interval counters (Fluke PM 6666). The velocity of the inci-
dent shock wave was found from these counter measurements.
Using the standard 1-D shock relations with this velocity, the re-
flected-shock conditions for each experiment were calculated. Pet-
ersen et al. [29] demonstrated that this method determines
reflected-shock temperatures that are within 10 K of the actual
temperature. Estimated uncertainty limits of the measurements
are ±15 K in reflected-shock temperature, T5, ±15% in ignition delay
time, s, and ±2% in mixture composition. All experimental data are
provided as Supplementary material.

In shock-tube experiments with significant energy release, it is
ideal to measure the ignition event from the endwall using the
endwall pressure signal [30], as depicted in Fig. 2. In the present
experiments, the combustion event was exothermic enough in
certain mixtures to produce a significant and measurable rise in
pressure, such as shown in Fig. 2. Because of the relatively large
inner diameter of the shock-tube driven section (15.24 cm),
Fig. 2. Ignition delay time measurement from endwall pressure signal. Experiment
shown was performed with a mixture of NG3 (see Table 2, defined later) and 30% H2

with an equivalence ratio of 1 at 9.6 atm and 1199 K. The pressure spike at time
zero is due to the vibration of the endwall at arrival of the shock wave and is not
indicative of the post-shock gas pressure.



Table 1
Mixtures studied, chosen using the Taguchi method for balanced, orthogonal arrays
[33]. Three levels of each factor were used. Mixtures 2b, 3b, 4b, and 6b are fuel
mixtures diluted in ‘air’. The values under the fuels represent mole fractions.

Mix CH4 H2 O2 Diluent / % H2 p

1 0.01135 0.00486 0.08378 0.9 0.3 30 1
2 0.0125 0.01875 0.06875 0.9 0.5 60 10
2b 0.0348 0.0523 0.1917 0.7211 0.5 60 10
3 0.01111 0.04444 0.04445 0.9 1.0 80 30
3b 0.0416 0.1663 0.1663 0.6257 1.0 80 30

NG2
4 0.0146 0.0063 0.0791 0.9 0.5 30 30
4b 0.0367 0.0158 0.1990 0.7484 0.5 30 30
5 0.0174 0.0261 0.0564 0.9 1.0 60 1
6 0.005 0.02 0.0749 0.9 0.3 80 10
6b 0.0131 0.0524 0.1962 0.7383 0.3 80 10

NG3
7 0.0217 0.0093 0.0691 0.9 1.0 30 10
8 0.0067 0.0101 0.0832 0.9 0.3 60 30
9 0.0067 0.0268 0.0666 0.9 0.5 80 1
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boundary-layer effects on the test conditions were minimal over
the range of the experimental results. Typical pressure increases
due to the boundary layer, or dp=dt, were on the order of 1.5%
per ms (2% worst case). The pressure signal shown in Fig. 2 is indic-
ative of the typical experiment with minimal dp=dt. This level of
pressure increase produces a corresponding temperature increase
of about 7 K after 1 ms.

All shock-tube mixtures herein were diluted in 90% argon and,
due to this moderate dilution level, some of the mixtures used
were not exothermic enough at all conditions to produce a strong
pressure rise at the endwall, such as that seen in Fig. 2. In these few
cases, the sidewall OH (A ? X) (hereafter referred to as OHH) emis-
sion was used to determine the ignition delay time per Petersen
[30], as shown in Fig. 3. In such cases, the beginning of the ignition
delay time was defined by the sidewall pressure signal, and igni-
tion was indicated by the intersection of the initial OHH concentra-
tion (i.e., zero) and the steepest slope of the OHH rise (see Fig. 3).
Table 2
Fuel mixture compositions in percent volume.

Species CH4 NG2 NG3

CH4 100 81.25 62.5
C2H6 0.0 10.0 20.0
C3H8 0.0 5.0 10.0
n-C4H10 0.0 2.50 5.0
n-C5H12 0.0 1.25 2.50
2.3. Ignition delay time test matrix

The effect of hydrogen addition to methane and natural gas has
been shown to vary with the amount of higher-order hydrocarbons
in the natural gas, the equivalence ratio (/), and the pressure
[31,32]. However, putting together a test list covering a wide range
of pressures, % hydrogen, stoichiometry, and fuel blend could prove
a huge task due to the large number of possible combinations. A
test matrix was therefore developed to test these different proper-
ties in an organized yet efficient manner. Three levels of each
variable were assembled into an L9 Taguchi array [33], shown in
Table 1. The specific mole fractions for the NG2 and NG3 blends
are provided in Table 2. These two fuel blends have been used
quite extensively by the authors in previous work and are repre-
sentative of the range of natural gases containing moderate
(NG2) and high (NG3) levels of higher-order hydrocarbons
[34,8,1]. The four independent variables selected were fuel (CH4,
NG2, NG3); %H2 in the fuel (30, 60, 80 by volume); the equivalence
ratio (0.3, 0.5, 1.0); and the target pressure (1, 10, 30 atm). The
temperature was changed for each matrix combination to cover
the entire possible range for each mixture; the temperature ranges
varied to obtain ignition delay times from around 100 ls to
200 ms. Therefore, temperature was not included specifically in
the test matrix. Tables of data recorded in both the RCM and in
the shock tube are provided in the Supplementary material.

Ultra-high purity (UHP, 99.9995%) gases were used to make the
test mixtures. The two natural gases used in the study were each
Fig. 3. Ignition delay time measurement from the sidewall OHH emission signal, for
a case where the ignition event was not evident in the pressure rise. The experiment
shown was performed in a mixture of CH4 and 30% H2 with an equivalence ratio of
0.3 at conditions of 1.5 atm and 1645 K.
prepared separately from the main fuel–O2–diluent mixtures to
ensure repeatability with the natural gases used. The natural gases
were prepared using the partial pressure method in tanks that
were initially evacuated. The partial pressure of pentane was kept
well below the saturated vapor pressure of the fuel to ensure that it
remained in the gaseous phase and was well incorporated in the
natural gas mixtures. After the natural gas mixtures were prepared,
the mixtures from the test matrix were made. All mixtures from
the main L9 matrix were diluted in 90% diluent by volume. For
the shock-tube measurements, the diluent used was argon, while
a 50/50 mixture of argon and nitrogen was used for the RCM exper-
iments. Fuel in ‘air’ experiments were also performed in the RCM to
determine the effect of dilution on the mixtures as detailed in
Table 1.

2.4. Laminar flame speed experiments

All laminar flame speed experiments presented in this study
were carried out in two different, centrally ignited, constant-vol-
ume combustion vessels. The first was a centrally ignited, cylindri-
cal, 7075 aluminum vessel with internal diameter and length of
30.5 cm and 35.6 cm, respectively. The end caps each contained a
6.35-cm thick fused quartz viewing window that when installed
allowed for a 12.7-cm viewing port. The combustion event images
were captured using a Z-type Schlieren setup with a FastCam SAE
1.1 high-speed camera with a mercury arc lamp as the light source.
Further details on this design and experimental methods can be
found in the study by de Vries [35] and Lowry et al. [36]. The sec-
ond vessel is made of 17–4PH stainless steel equipped with a cir-
cumferential heating jacket. This heating jacket allows for the
elevated initial temperatures in this study of 450 K; it has insula-
tion around the entire vessel to provide temperature uniformity
within the vessel. The development and temperature profile are
detailed elsewhere in Krejci [37] and Krejci et al. [38]. To view
the combustion events on this vessel, a modified Z-type Schlieren
setup was utilized as detailed by Plichta et al. [39].



Fig. 4. Captured images (top) and post-processed images (bottom) (50/50 CH4/H2

T = 298 K, P = 1 atm). The bottom set shows the edge definition and the 6 points that
define the fitted circle.

Fig. 5. Typical flame images for the higher pressure of 5 atm. The top set of images
are for 30/70 CH4/H2, 450 K, 5 atm; the bottom sequence of images is for 10/90
NG2/H2, 300 K, 5 atm
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The test matrix for the laminar flame speed tests was deter-
mined by varying the fuel, hydrogen content, temperature, and
pressure as for the ignition delay time experiments, using methane
and NG2 (Table 2) as the primary hydrocarbon fuels. The hydrogen
content was varied between 50% and 90% of the fuel mixture by
volume. Temperatures of either 300 K or 450 K and pressures of
either 1 or 5 atm were utilized. Table 3 summarizes the flame
speed matrix for the study herein. Synthetic air was used as the
oxidizer for the atmospheric pressure experiments. To curb hydro-
dynamic and thermal-diffusive instabilities, a 1:6 O2:He ratio was
used as the oxidizer for the 5-atm experiments. This higher dilu-
ent-to-oxygen ratio increased flame thickness thereby suppressing
hydrodynamic instabilities, and helium’s higher diffusivity than
nitrogen increased Lewis number, thus decreasing thermal-diffu-
sive instabilities [40]. The 1:6 ratio was specifically chosen to mi-
mic the adiabatic flame temperature of that same fuel with air. A
parametric sweep of equivalence ratios was conducted at each
condition in Table 3.

The procedure for extracting laminar flame speed is well docu-
mented in the literature and therefore will only be briefly dis-
cussed here. Constant pressure is one main assumption for the
data analysis to find flame speed and is proven by previous studies
conducted in the facilities used in this study (see de Vries [35]). The
flame radius in this study was also limited to the range where no
flame acceleration was detected in order to neglect wall and igni-
tion effects. A post-processing program using the density gradients
to track the flame edge used a Taubin circle fit and six-point radius
method to find the radius as a function of time as depicted in Fig. 4,
which shows flame images from 50/50 CH4/H2 and air at standard
temperature and pressure. The bottom row shows the detected
flame edge with a white line, and fit to that white line are six
red points from which the flame radius is extracted. After the
change in flame radius over time is determined, corrections need
to be made for stretching and to convert to unburned flame speed.

Figure 4 depicts a smooth, laminar flame. As these images were
taken from a room-temperature and -pressure experiment, one
would expect such a laminar flame. However, these images are
representative of all the flame fronts seen in the present study as
no turbulent, cellular fronts developed while the flame was propa-
gating throughout the viewing window. Figure 5 shows examples
for two cases at the higher pressure of 5 atm. Only large wrinkles
were seen to form at 5 atm, but they did not grow and therefore
did not affect the flame speed values obtained herein. Hence, the
helium dilution for the higher-pressure tests had the desired effect
of stabilizing the flame front.

The change in radius (r) over change in time (t) for spherically
expanding flames was found by a six-point method. Next, the
well-known stretch rate a, Eq. (1), for spherically expanding flames
was applied; then the linear method, Eq. (2), was used to extract
the un-stretched, burned-gas flame speed, So

L;b. The linear method
was chosen because it is accurate to the first order in finding the
laminar flame speed and unburned-gas Markstein length, Lm [41].
The latter, along with the constant in Eq. (2), were obtained by lin-
ear regression in fitting the experimental rðtÞ data. The resultant
burned flame speed is divided by the unburned-to-burned gas den-
sity ratio, r, to calculate the unburned, un-stretched laminar flame
speed, So

L;u, in Eq. (3).
Table 3
Experimental conditions for the laminar flame speed experiments by percentage
volume.

Fuel %H2 Temperature (K) Pressure (atm) Oxidizer

CH4 50 300 1 Air
CH4 70 450 5 1:6 O2:He
NG2 90 300 5 1:6 O2:He
CH4 90 450 1 Air
a ¼ 2
r

dr
dt

ð1Þ

rðtÞ ¼ So
L;bt � 2LmlnðrÞ þ constant ð2Þ

So
L;u ¼

So
L;b

r
ð3Þ

A rigorous uncertainty analysis was also performed. Using the
methods developed by Kline and McClintock [42], the bias and pre-
cision uncertainty were coupled to find the total uncertainty. Three
main factors contribute to the laminar flame speed uncertainty–
temperature (T), pressure (P), and equivalence ratio (/). To find
the bias limit, a relationship needed to be developed between these
three factors and flame speed. Other places in the literature have
developed such correlations by proposing a quadratic function of
equivalence ratio with temperature and pressure raised to a con-
stant exponent (e.g., Elia et al. [43]). The present authors have uti-
lized Eq. (4) to find the correlation between all the relevant
parameters and flame speed. That is, the flame speed correlation
was used only to determine the relationship between the flame
speed and the independent parameters ðT; P;/Þ to determine the
sensitivities needed to estimate the overall uncertainty, given the
uncertainty in each parameter. Po and To represent standard
temperature and pressure, 1 atm and 298 K, respectively, and a
through j represent fitting constants.
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SLðT; P;/Þ ¼ ðaþ b/þ c/2 þ d/3Þ P
Po

� �ðeþf /þg/2Þ T
To

� �ðhþi/þj/2Þ

ð4Þ

This model of Eq. (4) was applied to each condition, and the con-
stants a through j were determined for each mixture. The tempera-
ture dependence in Eq. (4) was ignored for the room-temperature
experiments as it became unity. As multiple experiments at each
condition and equivalence ratio were not performed, a purely sta-
tistical uncertainty could not be determined. However, we have
shown in earlier laminar flame speed work that the uncertainty
can be well represented by taking the root sum square of the con-
tributions of each parameter to the measured flame speed [35],
per the Kline and McClintock method [42]. The sensitivities of SL

with respect to each variable were obtained from the appropriate
derivatives of Eq. (4). The uncertainty in / was based on the mixture
component partial pressures as measured directly with the pressure
transducers located on the mixing manifold. Typical uncertainties
in equivalence ratio were less than 2% as mentioned above, and
the initial pressure and temperature obtained from the pressure
transducer (accuracy of 0.15% of full-scale range) and thermocouple
were 0.05 atm and 0.1 K, respectively. Overall, the average uncer-
tainty in the laminar flame speed was about ±8 cm/s, or about 9%.
Estimated uncertainties for the range of data are shown as repre-
sentative error bars in the Results section. Note that the error bars
for / are small and would be about the size of the symbols used in
the Results section plots and are therefore not shown for clarity.
Fig. 6. Ignition delay times of CH4/H2 mixtures, h Mix 1 ST, Mix 2 ST, Mix 2
RCM, Mix 3 ST, Mix 3 RCM. Solid lines are AramcoMech 1.3 predictions
assuming constant-volume conditions, dashed lines are AramcoMech 1.3 predic-
tions assuming a dp=dt of 2%/ms in the shock-tube experiments and dotted lines are
GRI-Mech 3.0 predictions.
3. Chemical kinetic mechanism

The chemical kinetic mechanism used in this study, Aramco-
Mech 1.3 [44], has its foundation in the work of Healy et al.
[4–9] and was built on the hierarchical nature of hydrocarbon
mechanisms with the inclusion of our recently updated hydro-
gen/carbon monoxide sub-mechanism [45]. In addition, consider-
able changes have been made to the C1–C2 portion of the
mechanism which are detailed in the work of Metcalfe et al. [44].
The chemistry of some important unsaturated species including
1,3-butadiene, propene, and allene has been taken from Laskin
et al. [46], primarily based on the earlier work of Davis et al.
[47]. The C4 and C5 sub-mechanisms are taken from the previously
mentioned Healy et al. [4–9] studies. All experiments were com-
pared to the current mechanism, AramcoMech 1.3 and for compar-
ison, simulations were also performed using GRI Mech 3.0 [48]. For
the natural gas mixtures, the C4 and C5 NUIG sub-mechanisms
were added as GRI-Mech 3.0 is only validated up to C3 and this
mechanism will hereafter be referred to as the modified GRI-Mech
3.0_M.

For the ignition calculations in a rapid compression machine, a
volume profile is generated from the non-reactive pressure trace.
These volume histories are used in the Chemkin simulations of
our RCM experiments. By doing so we take heat loss during and
after compression into account. This approach was first discussed
in the work of Mittal et al. [49].

The shock-tube data have been simulated using constant-vol-
ume, adiabatic simulation with the reflected-shock pressure and
temperature as initial conditions. In the case of the shock-tube data
from Zhang et al. [3], our simulations take the 4%/ms pressure rise
due to the facility-dependent boundary layer into account as stated
by the authors.

The flame speed calculations were performed using the
high-temperature C5 version of AramcoMech 1.3, where low-tem-
perature species (peroxy radicals, alkyl hydroperoxides, ketohydr-
operoxides, etc.) and their reactions are removed. The complete
mechanism has 316 species and 1805 reactions, while the high-
temperature mechanism contains 188 species and 1273 reactions.
The calculations were performed using Chemkin Pro [25]. In our
simulations we used the multi-component transport equations,
as in a study of syngas mixtures [45] it has been shown that this
provides more accurate results compared to mixture-averaged
transport models. Simulations were converged to a grid indepen-
dent solution by assigning GRAD and CURV values of 0.02.
4. Results

Presented in this section are the results from the present exper-
iments along with comparisons with the chemical kinetic model
described in the previous section and GRI-Mech 3.0. The RCM
and shock-tube results are discussed first, followed by the laminar
flame speed results.

4.1. Ignition delay times

Figures 6–8 detail the experimental results obtained in the
TAMU shock tube and the NUIG RCM. In all figures, closed symbols
represent RCM data, while open symbols represent shock-tube
data. The lines are model simulations (AramcoMech 1.3); solid
lines correspond to adiabatic, constant volume conditions, while
dashed lines include simulations assuming a dp=dt of 2%/ms in
the shock-tube experiments. In addition, the dotted lines represent
mechanism predictions obtained with GRI-Mech 3.0 [48] in Fig. 6
and GRI-Mech 3.0_M [48] in Figs. 7 and 8. For all conditions, the
agreement between the NUIG AramcoMech 1.3 simulation and
experiment is quite good and there is only a very small effect of
the 2%/ms pressure rise where predicted ignition delay times are
slightly faster when compared to the constant volume predictions
when times are longer than about 1 ms and are indistinguishable
for shorter times.

The trend and effect of hydrogen concentration at all equiva-
lence ratios and pressures are captured by AramcoMech 1.3. This
mechanism has previously been validated against RCM ignition de-
lay time measurements for pure hydrogen and syngas mixtures
[45] and natural gas [4–9] mixtures taken in the NUIG facility. Over
the temperature range (700–1500 K) of these past studies, increas-
ing pressure results in higher reactivity of the mixture and shorter
ignition delay times. For the high hydrogen-content fuels, hydro-
gen chemistry is dominant. In the temperature regime studied,
hydrogen reactivity is mainly controlled by the competition be-
tween the chain-branching reaction _Hþ O2 ¼ €Oþ _OH and the



Fig. 7. Ignition delay times of NG2/H2 mixtures, h Mix 4 ST, j Mix 4 RCM, Mix 5
ST, Mix 6 ST, Mix 6 RCM. Solid lines are AramcoMech 1.3 predictions assuming
constant-volume conditions, dashed lines are AramcoMech 1.3 predictions assum-
ing a dp=dt of 2%/ms in the shock-tube experiments and dotted lines are GRI-Mech
3.0_M predictions.

Fig. 8. Ignition delay times of NG3/H2 mixtures, h Mix 7 ST, j Mix 7 RCM, Mix 8
ST, Mix 8 RCM, Mix 9 ST. Solid lines are AramcoMech 1.3 predictions assuming
constant-volume conditions, dashed lines are AramcoMech 1.3 predictions assum-
ing a dp=dt of 2%/ms in the shock-tube experiments and dotted lines are GRI-Mech
3.0_M predictions.

Fig. 9. Effect of dilution on ignition delay times of NG2/H2 mixtures in NUIG RCM,�
Mix 4 diluted j Mix 4 fuel-in-air, Mix 6 diluted, Mix 6 fuel-in-air. Solid and
dashed lines are AramcoMech 1.3 predictions, and dash dot and dotted lines are
GRI-Mech 3.0_M predictions for undiluted and diluted mixtures, respectively.

1438 N. Donohoe et al. / Combustion and Flame 161 (2014) 1432–1443
pressure-dependent, chain-propagating reaction _Hþ O2ðþMÞ ¼
H _O2ðþMÞ leading to a cross over in reactivity at higher tempera-
tures, as can be seen in Fig. 7. In hydrocarbon fuels, low-tempera-
ture alkane chemistry and alkyl radical reactions with
hydroperoxyl radicals, particularly the reaction RHþH _O2 ¼
_R þ H2O2 followed by hydrogen peroxide decomposition,
H2O2ðþMÞ ¼ _OHþ _OHðþMÞ, control the reactivity as described
previously by Healy et al. [8]. The low temperature ignition delays
are accurately modeled by the current mechanism.

The shock-tube ignition delay experiments, whose chemistry is
governed by the reaction _Hþ O2 ¼ €Oþ _OH and the concentration
of oxygen in the system, agree well with those taken in the RCM.
In addition, the effect of adding higher hydrocarbons and the effect
of increasing higher hydrocarbon content is demonstrated pre-
cisely, Figs. 6–8. The agreement between shock tube and RCM is
quite good, and the facility effects exhibited by both machines
are accurately captured by the present modeling procedure. In
Fig. 6, mixture 3 shows the highest reactivity, with mixture 1
exhibiting the slowest reactivity. The reason for the observed in-
crease in reactivity of mixture 3 is due primarily to the high hydro-
gen mole fraction and pressure of the mixture (80% H2, / = 1.0,
30 atm) compared to mixture 1 (30% H2, / = 0.3, 1 atm). The same
is true of Figs. 7 and 8 with the NG2 and NG3 mixtures containing
the largest hydrogen mole fractions exhibiting the highest reactiv-
ity over all conditions studied.

For methane/hydrogen mixtures, Fig. 6, GRI-Mech 3.0 does not
accurately reproduce the RCM or the shock-tube results obtained
in this study except for mixtures 1 and 3 for the shock-tube condi-
tions. For the NG2/hydrogen, Fig. 7 and NG3/hydrogen mixtures,
Fig. 8, AramcoMech 1.3 performs better for both the RCM and
shock-tube experiments than GRI-Mech 3.0_M except for the
shock-tube data of mixture 8. AramcoMech 1.3 slightly over-
predicts the ignition delay time for mixture 1 in Fig. 6. There is a
discrepancy between the mechanism predictions of GRI-Mech
3.0_M and the experimental data. This difference can possibly be
explained by the fact that GRI-Mech 3.0 has a tendency to over-
predict ignition delay times for hydrogen and under predict hydro-
carbon ignition delay times compared to AramcoMech 1.3 and also
because the latter mechanism was designed with higher-pressure
and lower-temperature ignition data in mind. Overall AramcoMech
1.3 performs well compared to the experimental ignition delay
time data presented here.

Figure 9 illustrates the effect of dilution on experiments taken
in the NUIG RCM. Closed symbols represent fuel/air experiments,
open symbols diluted data, and lines are model simulations. Solid
lines correspond to closed symbols and dashed lines to open sym-
bols using AramcoMech 1.3, while the dash dot and dotted line
represents the GRI-Mech 3.0_M simulations [48]. For all of the
mixtures, dilution leads to lower reactivity and longer ignition de-
lay times, as there is less fuel and oxygen in the mixture. The
trends for both the non-diluted and diluted experiments are cap-
tured very well by AramcoMech 1.3. GRI-Mech 3.0_M however,
generally predicts longer ignition times compared to those mea-
sured experimentally, and it does not well-reproduce the activa-
tion energy for the fuel-in-air mixtures, where the temperature
dependence is predicted to be stronger compared to that measured
experimentally. Further comparisons of model predictions versus
our experimental data are provided in Fig. 1 of the Supplementary
material.

4.2. Laminar flame speeds

To start the discussion of the laminar flame speed results, it is
worthwhile to contrast the cases for pure CH4 (lowest SL) and pure
H2 (highest SL) with a typical H2/CH4 blend composing a 50/50



Fig. 10. Laminar flame speed comparison of pure and blended CH4 and H2 at
various equivalence ratios at 300 K and 1 atm in air, in contrast to where a 50/50
blend of the two fuels resides. Points are experimental data, and lines are from the
kinetics model. The 50/50 blend results are from the present study, while the CH4

data are from Lowry et al. [36], and the H2 data are from Krejci et al. [38].

Fig. 11. Laminar flame speeds of 50% CH4 + 50% H2 at 300 K and 1 atm in air; red
symbols are experimental data, and red line is AramcoMech 1.3 predictions. The
experimental data of Hu et al. [22] are also shown, together with AramcoMech 1.3
simulations as a black line. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 12. Laminar flame speeds of 30% CH4 + 70% H2 at 5 atm and 450 K in 1:6 O2:He;
symbols are experimental data, and the line is the model prediction.
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mixture of the two fuels. Figure 10 shows a comparison of the
experimentally determined flame speeds between the pure fuel
cases and the 50/50 blended case as measured in the present study,
as well as numerical simulations of binary mixtures of the two
fuels. It is readily seen that the blended-fuel flame speed portrays
a non-linear relationship between the flame speed of its two pure
components. Similar non-linear relationships have been found
with fuel blending in another study by Kochar et al. [32]. Ilbas
et al. [31] also show a plot of the flame speeds with the blend
showing a non-linear profile that is closer to that of methane than
hydrogen. This non-linear trend is indicative of the fact that the
less-reactive component, methane, severely limits the flame speed
even with an equal amount of the higher-reactive hydrogen com-
ponent. Methane is usually flammable from equivalence ratios of
0.7–1.3, while the addition of hydrogen increases the flammability
limit range from 0.5 to 1.4. The peak of the blended fuels falls much
closer to that of methane and at a similar equivalence ratio. As the
proportion of hydrogen increases, the peak flame speed moves
towards richer mixtures and gets faster, and this behavior is ob-
served experimentally to be strongly non-linear, Fig. 10. This
behavior is also well-predicted by the model. Moreover, we have
also included model predictions for 25/75, 10/90, 5/95 and 1/99
CH4/H2 blends in order to illustrate these clearly in the figure.

Figure 11 depicts the close up view of the 50/50 CH4/H2 blended
experimental flame speed results. The solid lines represent the
AramcoMech 1.3 predictions. The chemical kinetic model agrees
very well with the experimental data. The peak flame speed occurs
at / ¼ 1:1, a similar equivalence ratio to that of methane. The pro-
file of the flame speed curve is accurately predicted, and the model
falls within the uncertainty band of the experimental data. Hu et al.
[22] also performed experiments, which are included in Fig. 11.
There is reasonable agreement between both data sets, given the
error bars that are provided in the figure, but the present data
are generally 5 cm/s slower than those measured by Hu et al. This
difference cannot be explained by the slightly higher (3 K) temper-
ature employed in the Hu et al. study, as the model predicts this
difference to result in a 1 cm/s difference in flame speed near the
peak values in the equivalence ratio range 0.8–1.2.

Figure 12 shows flame speed results for blending of much more
hydrogen, 70%, than that of methane, 30%. These experiments were
conducted at an elevated temperature and pressure, 450 K and
5 atm, respectively. The model agrees well with the experimental
data for the fuel-lean and fuel-rich data, but under-predicts the
measured peak flame speeds in the equivalence ratio range of
0.9–1.3 by approximately 8 cm/s at the peak of / � 1:1. The calcu-
lated uncertainty in the experimental measurements at this condi-
tion is the size of each data symbol. Overall, the model predictions
prove to be accurate to well within 5%.

Shown in Fig. 13 are the flame speed results of 90% hydrogen
with 10% methane at 450 K and 1 atm. The model agrees well with
the experimental data for the fuel-lean data but under-predicts the
measured peak flame speeds when the equivalence ratio reaches a
value of 1.1 and then generally under-predicts the measured flame
speeds by approximately 10 cm/s on the fuel-rich side. The peak is
correctly predicted near / ¼ 1:4, and the slope of the flame speed
matches very well at lean and rich conditions. A sample uncer-
tainty bar is shown that can explain the slightly higher profile than
that of the model. Multiple data points are shown on this profile to
show that these experiments are repeatable within the calculated
uncertainty. Each of these mixtures was made directly in the com-
bustion vessel; earlier studies have been conducted that show
good agreement between experiments that were made previously
in a mixing tank and allowed ample time to achieve homogeneity.

Finally, Fig. 14 shows the resultant flame speed from experi-
ments conducted with 90% H2 and 10% NG2 at an elevated pressure
of 5 atm. As can be seen, the experimental data match the chemical
kinetics model well. The model correctly predicts the peak flame
speed at / ¼ 1:2 while also matching the slope of the experimental



Fig. 13. Laminar flame speeds of 10% CH4 + 90% H2 at 1 atm and 450 K in air;
symbols are experimental data, and the line is the model prediction.

Fig. 14. Laminar flame speeds of 10% NG2 + 90% H2 at 5 atm and 300 K in 1:6
O2:He; symbols are experimental data, and the line is the model prediction.

Fig. 15. Effect of hydrogen concentration on ignition delay times for CH4/H2

mixtures in a shock tube at 20 atm [3], j 100% CH3, 80% CH4/20% H2, 60% CH5/
40% H2, 40% CH4/60% H2, 20% CH4/80% H2, 100% H2. Solid lines are
AramcoMech 1.3 predictions, dashed lines are GRI-Mech 3.0 predictions.

Fig. 16. Laminar flame speeds for 100% CH4/air at 1 atm and 298 K, j Lowry et al.
[36] � Egolfopoulos et al. [50], � Vagelopoulos et al. [51], � Van Maaren et al. [52], N
Hassan et al. [17], M Gu et al. [53], r Rozenchan et al. [40], lines are model
predictions.

1440 N. Donohoe et al. / Combustion and Flame 161 (2014) 1432–1443
data as conditions go to lean and rich. A sample uncertainty in
flame speed is the size of the symbol in Fig. 14. With this uncer-
tainty in mind, the model still over predicts the flame speed
slightly. Specifically, the model noticeably over predicts at lean
conditions (maximum of about 6%) while predicting very well at
very rich conditions.

5. Mechanism validation

The chemical kinetic mechanism (AramcoMech 1.3) is also val-
idated against recently available experimental data for methane/
hydrogen blends by Zhang et al. [3]. In that study, ignition delay
time measurements were taken behind reflected shock waves for
methane/hydrogen mixtures at 5, 10, and 20 atm and an equiva-
lence ratio of 0.5. In Fig. 15, the symbols represent the experimen-
tal data while the lines are model simulations. The solid lines
correspond with AramcoMech 1.3, and the dotted lines represent
GRI-Mech 3.0 [48]. Further comparisons of model predictions ver-
sus Zhang et al.’s experimental data are provided as Figs. 2 and 3 in
the Supplementary material. For mixtures at 5, 10, and 20 atm,
there is also a strong non-Arrhenius behavior exhibited by high
hydrogen content mixtures. This is due to the competition between
the main chain branching reaction _Hþ O2 ¼ €Oþ _OH and the prop-
agation reaction, _Hþ O2ðþMÞ ¼ H _O2ðþMÞ, which become more
important at high pressures, please see Fig. 1 and relevant discus-
sion in Kéromnès et al. [45].

The agreement between AramcoMech 1.3 and the experimental
results is very good. The effect of hydrogen on methane ignition
delay times is captured showing that the addition of even small
amounts of hydrogen to methane leads to an increase in reactivity
and shorter ignition delay times illustrating the promoting effect of
hydrogen on the methane chemistry. Increasing the temperature
also leads to shorter ignition times regardless of whether hydrogen
or methane is controlling the reactivity. While modeling these
experiments, a 4%/ms pressure rise due to the facility-dependent
boundary layer was taken into account as described by the authors
[3]. For all pressures and all conditions, AramcoMech 1.3 performs
better than GRI-Mech 3.0, which does not accurately capture the
effect of hydrogen addition. As mentioned previously, GRI-Mech
3.0 has a tendency to under-predict the reactivity of high hydro-
gen-containing fuels while over-predicting the reactivity of hydro-
carbon fuels for ignition delays.

With regard to flame speeds from the literature, AramcoMech
1.3 is also shown to perform well compared with GRI-Mech
3.0_M for pure methane (Fig. 16) and pure hydrogen (Fig. 17). This
result is due to the previously discussed differences in reactivity of
the two mechanisms. However, Fig. 18 shows the large uncertainty
in 80% methane/20% hydrogen laminar flame speeds at 1 atm and
298 K reported in the literature [15,62–64]. AramcoMech 1.3 and
GRI-Mech 3.0_M both fall within this uncertainty and perform
equally well. Overall, the mechanism has been revised to reflect
the new data presented herein and performs well against these
experiments and for both pure fuels and mixtures available in



Fig. 17. Laminar flame speeds for 100% H2 at 1 atm and 298 K in ‘air’, j Wu and
Law [54] � Dowdy et al. [55], � Tse et al. [56], � Law et al. [57], N Egolfopoulos and
Law [58], M Vagelopoulos et al. [59], � Aung et al. [60], H Kwon and Faeth [61], lines
are model predictions.

Fig. 18. Laminar flame speeds for 80% CH4/20% H2 at 1 atm and 298 K, . Yu et al.
[15], j Hermanns et al. [62], � Dirrenberger et al. [63], N Halter et al. [64], lines are
model predictions.

Fig. 19. Important reactions promoting reactivity to ignition delay times for
mixtures 2 (60% H2, 40% CH4, / = 0.5, 10 atm), 4 (30% H2, 70% NG2, / = 0.5, 30 atm),
and 9 (80% H2, 20% NG3, / = 0.5, 1 atm) at 1250 K.

Fig. 20. Important reactions inhibiting reactivity to ignition delay times for
mixtures 2 (60% H2, / = 0.5, 10 atm), 4 (30% H2, / = 0.5, 30 atm), and 9 (80% H2,
/ = 0.5, 1 atm) at 1250 K.
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the literature [15,50–52,17,53,40,54–64]. Comparisons of model
predictions compared to experimental data taken by Hermanns
et al. [62] using the heat flux method are provided in Fig. 4 of
the Supplementary material.
6. Sensitivity analysis

A sensitivity analysis was performed for ignition delay time
mixtures 2, 4, and 9, all at an equivalence ratio of 0.5, and at a
temperature of 1250 K. A brute force analysis was performed in
which both the forward and reverse rate constants were separately
increased and decreased by a factor of two using an automated
code developed in-house, with sensitivities expressed using the
formula:

S ¼ lnðsþ=s�Þ
lnðkþ=k�Þ

¼ lnðsþ=s�Þ
lnð2=0:5Þ

A negative sensitivity coefficient is one in which the ignition
delay time decreases and thus corresponds to an increase in
reactivity, as shown in Fig. 19, contrarily a positive sensitivity coef-
ficient corresponds to an increase in ignition delay time and thus a
decrease in reactivity, as shown in Fig. 20.

These three mixtures were chosen due to their excellent agree-
ment with the mechanism and wide spread of conditions, mix 2
comprising 40% CH4 + 60% H2 at 10 atm, mix 4 containing 30%
H2 + 70% NG2 at 30 atm, and mix 9 composed of 80% H2 + 20%
NG3 at 1 atm. As all the sensitivities were determined at the same
equivalence ratio and temperature, similar reactions dominate the
reaction kinetics controlling ignition delay time predictions, but
these reactions have different relative sensitivities depending on
the mixture composition. In general, mixtures 2 and 9 contain a
higher hydrogen mole fraction relative to methane and thus hydro-
gen kinetics will tend to dominate, whereas in mix 4 there is a high
concentration of hydrocarbons, and thus methyl radical chemistry
will be of more importance than in mixtures 2 and 9. This effect of
hydrocarbon/hydrogen split is reflected in the individual sensitiv-
ity analyses detailed below.

For all mixtures, the reaction most promoting reactivity is the
high-temperature chain branching reaction _Hþ O2 ¼ €Oþ _OH. This
reaction is most important for high hydrogen-content mixtures 2
and 9 and lower pressures. Any reaction that depletes
ð _Hþ O2ðþMÞ ¼ H _O2ðþMÞÞ or increases ðH2 þ _OH ¼ _HþH2OÞ the
hydrogen atom concentration will have either a positive or a neg-
ative sensitivity coefficient, respectively. At the conditions investi-
gated, hydroperoxyl radical chemistry is important ð _CH3 þH _O2 ¼
CH3

_Oþ _OHÞ due to the reaction _Hþ O2ðþMÞ ¼ H _O2ðþMÞ. The
H _O2 radical so formed abstracts a hydrogen atom from another
molecule to generate hydrogen peroxide ðRHþ H _O2 ¼ _R þ H2O2Þ.
This molecule decomposes to generate two hydroxyl ð _OHÞ radicals,
H2O2ðþMÞ ¼ _OHþ _OHðþMÞ. The reaction H2 þ €O ¼ _Hþ _OH pro-
motes reactivity as it produces a _H atom (and an _OH radical), but
the reaction CH4 þ €O ¼ _CH3 þ _OH inhibits reactivity as it produces
relatively un-reactive methyl radicals (and an _OH radical).

The most-inhibiting reaction for all mixtures is CH4 þ _OH ¼
_CH3 þH2O, as this reaction competes with the promoting reaction
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H2 þ _OH ¼ _HþH2O for hydroxyl radicals, producing less-reactive
methyl radicals compared to more-reactive hydrogen atoms. For
mix 2, the recombination of a methyl radical with a hydrogen
atom, _CH3 þ _HðþMÞ ¼ CH4ðþMÞ, is the second most-inhibiting
reaction, as it consumes two radicals and produces stable
methane; another example is the reaction _CH3 þ _CH3ðþMÞ ¼
C2H6ðþMÞ. This reaction shows a higher sensitivity to mix 4
compared to mixtures 2 and 9, since mix 4 contains the highest
concentration of methane. For mix 9, which contains the highest
concentrations of larger hydrocarbons, ethyl radical chemistry
shows some importance. The reactions of ethane, propane, and bu-
tane with a hydrogen atom all show positive sensitivity coeffi-
cients, reducing reactivity, as they compete with molecular
oxygen for hydrogen atoms in the main chain-branching reaction
_Hþ O2 ¼ €Oþ _OH, which is highly promoting. The reaction
C2H6 þ _H ¼ _C2H5 þH2 and also the decomposition of the radicals
produced by hydrogen atom abstraction for propane and butane
also produce ethyl radicals. Ethyl radical decomposition to ethyl-
ene and a hydrogen atom promotes reactivity, as it produces a
hydrogen atom but also generates ethylene which undergoes
hydrogen-atom abstraction generating vinyl radicals which react
with molecular oxygen, forming two radicals in a chain-branching
process _C2H3 þ O2 ¼ _CH2CHOþ €O, Fig. 19.

Other reactions either promoting or reducing reactivity can be
easily explained by the consumption of radical species generating
stable molecules or by a competition between the formation of a
hydrogen atom, which is promoting, or another radical such as
methyl, which inhibits reactivity due to the overarching sensitivity
of ignition delay times to the main chain branching reaction
_Hþ O2 ¼ €Oþ _OH under these conditions.
7. Conclusions

New experimental data have been taken for natural gas/hydro-
gen blends over a wide range of conditions afforded by combining
RCM, shock-tube, and laminar flame speed facilities into a single,
cohesive study. Temperatures between 850 and 1800 K and pres-
sures from 1 to 30 atm were studied for ignition delay times, and
laminar flame speeds were obtained at 1 and 5 atm for initial tem-
peratures of either 300 or 450 K. Hydrogen additions between 30%
and 90% by volume of the fuel blend were covered in this paper.
These new results were compared to the current AramcoMech
1.3 chemical kinetic mechanism developed at the NUIG research
facility, and excellent agreement was observed. The experimental
data show that ignition delay time decreases with increasing tem-
perature, pressure, hydrogen fuel fraction, and increase in long-
chain hydrocarbons. The current AramcoMech 1.3 mechanism
was also validated against shock-tube ignition delay times and
new flame speed data from the authors and laminar flame speed
and ignition delay time data available in the literature. The agree-
ment between the new shock-tube and RCM ignition delay time
data is very good and is accurately captured by AramcoMech 1.3.

The mechanism accurately predicts the Zhang et al. [3] shock-
tube ignition delay times except at the highest pressures for pure
hydrogen. The new laminar flame speeds also provide good agree-
ment with AramcoMech 1.3. One important observation with the
laminar flame speed results for the H2/NG2 and H2/CH4 data is that
the addition of hydrogen has a nonlinear effect on flame speed. For
example, at 50% H2 addition, the blend’s flame speed is much closer
to that of pure methane than it is to pure hydrogen.

Overall, the agreement between the experimental data and
AramcoMech 1.3 is quite good. For comparison, simulations with
GRI-Mech 3.0 and GRI-Mech 3.0_M including the C4 and C5 NUIG
sub-mechanisms have been performed. GRI-Mech 3.0 does not
accurately describe the new ignition delay time experimental data,
the new natural gas flame speeds and the Zhang et al. [3] shock-
tube ignition delay times. However; it agrees well for the meth-
ane/hydrogen flame speeds. This agreement is possibly due to
the tendency of GRI 3.0 to under-predict hydrogen reactivity and
over-predict hydrocarbon reactivity compared to AramcoMech
1.3. Nevertheless, there is a large uncertainty in the literature for
laminar flame speeds taken at the same conditions, and both
mechanisms fall within this uncertainty. We believe that this work
offers an important contribution to the gas turbine industry. Ara-
mcoMech 1.3 has been shown to predict accurate results for natu-
ral gas/hydrogen mixtures and might be used to precisely validate
other natural gas experimental data at gas turbine relevant
conditions.
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