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Using a shock tube facility, measurements on ignition delay times of propane/hydrogen mixtures (hydro-
gen fraction XH2 is from 0% to 100%) were conducted at equivalence ratios of 0.5, 1.0 and 2.0. Results show
that when XH2 is less than 70%, ignition delay time shows a strong Arrhenius temperature dependence,
and the ignition delay time increases with the increase of equivalence ratio. When XH2 is larger than
95%, the ignition delay times do not retain an Arrhenius-like temperature dependence, and the effect
of equivalence ratio is very weak when the hydrogen fraction is further increased. Numerical studies
were made using two selected kinetic mechanisms and the results show that the predicted ignition delay
times give a reasonable agreement with the measurements under all test conditions. Both measurements
and predictions show that for mixtures with XH2 less than 70%, the ignition delay time is only moderately
decreased with the increase of XH2, indicating that hydrogen addition has a weak effect on the ignition
enhancement. Sensitivity analysis reveals the key reactions that control the simulation of ignition delay
time. Further investigation of the H-atom consumption is made to interpret the ignition delay time
dependence on equivalence ratio and XH2.

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

Hydrogen has high reactivity and its combustion offers many
advantages such as good lean burn stability, low minimum ignition
energy and no greenhouse gas emissions. On the other hand, how-
ever, pure hydrogen fueled combustors are challenged by hydro-
gen’s high knock tendency, high combustion temperature which
leads to a high level of NOx emissions. The increasing consumption
of fossil fuels and the consequent deterioration in atmospheric
environment are leading the combustion community to find clean
and renewable energy sources and to develop highly-efficient com-
bustion techniques. Thus the investigation on hydrogen-blended
hydrocarbon combustion is an area of current interest. Practically,
studies on internal combustion engines showed that hydrogen
addition could increase the brake thermal efficiency and reduce
the green house gas emissions [1–3]. Studies of gas turbine com-
bustors [4–6] showed that hydrogen addition could enhance lean
burn stability, and reduces CO emission, without bringing the in-
crease of NOx emissions.

Fundamentally, laminar flame speeds of hydrogen enriched
methane or natural gas have been measured using the spherically
expanding flame method [7–9], the stagnation flame method
[10–12] and the heat flux method [13]. Ignition delay times of
the hydrogen blended methane using shock tubes were also re-
ported [14–16]. These experimental data are of merit for validating
the small hydrocarbon kinetic mechanism, which is essential in the
hierarchical structure of a kinetic model for hydrocarbons [17].
However, the investigation on hydrogen enriched higher hydrocar-
bons is still limited. The behaviors of spherically expanding flames
of hydrogen enriched propane were characterized [18–22] and
these studies showed that laminar flame speed increases a little
at first, and then increases substantially with an increase in hydro-
gen fraction in the fuel blends. Additionally, hydrogen addition
changes the flame front behavior through modifying the diffu-
sional-thermal properties of the mixture. Recently, Tang et al.
[23] measured the laminar flame speeds of hydrogen enriched bu-
tane by using the hydrogen addition parameter, RH, defined by Yu
et al. [10]. They found that laminar flame speed increases linearly
with increasing RH and this dependence is generalized to methane,
propane, and ethene. There has been even less work on the ignition
delay times of hydrogen enriched higher hydrocarbons. Lata and
Misra [24] investigated the effect of hydrogen substitution on the
ignition delay time in a dual fuel diesel engine. The ignition delay
time was defined as the time interval between the start of fuel
injection and the instant when the net heat release rate becomes
zero. They stated that the ignition delay times of the mixtures were
sensitive to the pre-ignition reaction rate and heat release rate.
However, due to the complexity of combustion in engines, the ef-
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Table 1
Compositions of the test mixture.

Mixtures The mole
fraction of
C3H8 (%)

The mole
fraction of H2

(%)

The mole
fraction of O2

(%)

The mole
fraction of Ar
(%)

XH2 = 0
/ = 0.5 0.514 0.000 5.142 94.344
1.0 1.008 0.000 5.038 93.954
2.0 1.937 0.000 4.843 93.220

XH2 = 70%
/ = 0.5 0.403 0.940 4.968 93.689
1.0 0.765 1.784 4.715 92.737
2.0 1.388 3.238 4.279 91.096

XH2 = 95%
/ = 0.5 0.158 3.005 4.586 92.252
1.0 0.281 5.334 4.071 90.314
2.0 0.459 8.712 3.324 87.505

XH2 = 100%
/ = 0.5 0.000 4.339 4.339 91.322
1.0 0.000 7.394 3.697 88.908
2.0 0.000 11.413 2.853 85.734
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Fig. 1. Definition of ignition delay times, showing that the pressure rise before
ignition is primarily sourced from the pre-ignition reaction and the facility
dependent pressure rise is negligible for short ignition delay times.
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fect of hydrogen addition is hard to be recognized and these igni-
tion delay times data cannot be used for kinetic mechanism valida-
tion. Aggarwal et al. [25] numerically studied the effect of
hydrogen addition on the ignition delay time of n-heptane/air mix-
tures by using several kinetic mechanisms and they found that the
addition of hydrogen had a relatively small effect on the ignition of
n-heptane/air mixture.

Previously the authors have reported ignition delay times of
hydrogen/propane mixtures in argon diluted oxygen at an equiva-
lence ratio of 0.5 and with hydrogen fractions ranging from 0% to
100% [26]. It is noted that the ignition delay time study on hydro-
gen/natural gas by Herzler and Naumann [15] indicates that equiv-
alence ratio dependence varies with the hydrogen addition level,
thus one objective of this study is to extend our previous study
to different equivalence ratios in order to examine the ignition de-
lay time response to mixture richness for different hydrogen addi-
tion levels. Furthermore, recently developed kinetic mechanisms
[27,28] will be used to validate against the measured ignition delay
times of the hydrogen enriched propane mixtures at different
equivalence ratios. Finally, a kinetic analysis will be conducted to
interpret the effect of equivalence ratio on different hydrogen addi-
tion level mixtures.

2. Experimental and numerical approaches

2.1. Experimental setup

The shock tube has a 2 m long driver section (driver gases: he-
lium and nitrogen) and a 7.3 m long driven section with a diameter
of 115 mm. The double diaphragms separate the driver and driven
section before the experiment and the shock wave is generated by
bursting the diaphragms. Depending on the magnitude of the re-
flected pressure, diaphragms of different thicknesses were se-
lected. The driven section can be evacuated to pressure below
10�1 bar before the reactant mixture is added. Four fast-response
sidewall pressure transducers (PCB 113B26) are located at fixed
intervals (300 mm) along the end part of driven section. Three time
counters (FLUKE, PM6690) with an uncertainty of 1 ls, are used to
record the time interval between the instants of shock arrival at
each pressure transducer location and the incident shock velocity
is then correspondingly calculated. The velocity of the shock wave
at the endwall is determined by extrapolating the shock velocity
profile to the endwall. Typical attenuation rates of the incident
shock are found to be less than 3%. On the endwall, another
piezoelectric pressure transducer (PCB 113B03) was mounted to
measure the pressure behind the reflected shock wave. Addition-
ally, a quartz-glass window (60 mm thick) together with a
307.8 nm narrow band pass filter and a photomultiplier (Ham-
ama-138 tsu, CR131) are mounted, through which the OH� emis-
sion is captured. With the measured shock wave velocity, the
temperature (T5) behind the reflected shock wave is then calcu-



Table 2
Correlation parameters for Eq. (1) for propane/hydrogen mixtures.

A �104 a b Ea (kcal/mol) R-square

XH2 = 0% 5.89 ± 0.26 0.556 ± 0.050 �0.473 ± 0.026 38.40 ± 0.98 0.979
XH2 = 70% 6.55 ± 0.29 0.661 ± 0.052 �0.487 ± 0.028 36.65 ± 0.89 0.977
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Fig. 2. Ignition delay times of pure propane at various equivalence ratios and
pressures of (a) 1.2 bar, (b) 10.0 bar, and (c) 6 bar.
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lated by using the chemical equilibrium program GasEq [29]. The
uncertainty of T5 is evaluated by using the same method as in
Ref. [30] and typical error is around 40, 25 and 20 K, respectively
for temperature and Mach number around (1500 K, 2.5), (1000 K,
2.1), and (900 K, 1.9). Consequently, the error in the measured igni-
tion delay time is evaluated to be around 15%. Typical uncertainties
in the ignition delay times and the temperatures are illustrated in
Figs. 6 and 7.

The reactant mixtures are prepared separately in a 128 L stain-
less-steel tank according to the partial pressure of each gas compo-
nent. After filling the tank, the mixtures were kept still over night
to achieve perfect mixing. All the mixture compositions studied in
this work are summarized in Table 1, where XH2 represents the
fraction of hydrogen in the fuel blends, / is equivalence ratio. Puri-
ties of hydrogen, oxygen and argon are all higher than 99.99%, and
purity of propane is 99.9%.
Fig. 3. Ignition delay times of XH2 = 70% at various equivalence ratios and pressures
of 1.2 and 10.0 bar.
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2.2. Kinetic simulation

For numerical predictions, two kinetic mechanisms, NUI Mech
[27] and USC Mech II [28] are used. The NUI Mech was developed
in 2010 by Curran group for the natural gas kinetic modeling, in
which 293 species and 1593 reactions are involved. The USC Mech
II model, which includes 111 species and 784 reactions, was devel-
oped on the basis of oxidization of hydrogen and C1–C4 hydrocar-
bons by Wang’s group. Both models have been extensively
validated against the experimental data, such as laminar flame
speeds [23] and ignition delay times [16,27] of methane. However,
neither model has been validated against the ignition delay times
of propane/hydrogen mixtures.

The SENKIN code in the CHEMKIN II package was used to calcu-
late the ignition delay times of the hydrogen enriched propane
mixtures by adopting the zero-dimensional and constant volume
adiabatic model. The computational ignition delay time is defined
as the time interval between zero and the moment of maximum
rate of temperature rise (max dT/dt) in this study. The maximum
OH rise rate definition was also tested, and no noticeable different
in the computational results were found. In this study, the ignition
delay times under all conditions are less than 2 ms.

The ignition delay time is defined as the time interval between
the arrival of the shockwave at the endwall and the onset of the
ignition. Figure 1a shows the typical endwall pressure and OH�

emission profiles. It is seen that at t = 0, the shockwave arrived at
Fig. 4. Ignition delay times of XH2 = 95% at various equivalence ratios and pressures
of 1.2 and 10.0 bar.
the endwall. As time proceeded, there was no noticeable OH� emis-
sion signal until around 1213 ls where a steep increase in OH�

emission signals was detected. Simultaneously, there was signifi-
cant pressure increase at around 1213 ls. Thus the onset of igni-
tion was recognized. It is noted that a certain pressure rise
before ignition was observed. There are two sources for this pres-
sure rise [31]: (a) the shock-tube facility effect; (b) heat release.
The factor (a) depends on the dimension, the material and the tex-
ture of the shock tube, and the factor (b) arises from the reactions.
In Fig. 1, we have compared the measured pressure (the black solid
line) with the simulated pressure using the constant U, V assump-
tion (the blue dash line). It is seen that for ignition delay times less
than around 2 ms (Fig. 1a and b), the two lines almost overlap, thus
the facility effect pressure rise is negligible. However, when the
ignition delay times is large enough, as seen in Fig. 1c, the mea-
sured pressure is higher than the simulated ones, which indicates
that the facility effect dp/dt should be considered for the ignition
delay time calculation.
3. Results and discussion

3.1. Ignition delay times data: measurement and empirical correlation

Data of the ignition delay times under all test conditions are
provided in the Supplementary material. Under some conditions,
the ignition delay time exhibits a pseudo-Arrhenius behavior with
Fig. 5. Ignition delay times of pure hydrogen at various equivalence ratios and
pressures of 1.2 and 10.0 bar.
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respect to temperature, indicating the typical Arrhenius depen-
dence of ignition delay time on temperature. The following empir-
ical correlation is obtained using the multi-regression correlation,

s ¼ A/apb expðEa=RTÞ ð1Þ

The correlation parameters for each mixture condition is given
in Table 2, where R = 1.986 � 10�3 kcal/(mole K) is universal gas
constant, and Ea is global activation energy in kcal/mol, and s is
ignition delay time in microsecond. It should be noted that Eq.
(1) is only applicable for empirically calculating the ignition delay
times under the test conditions in this study. For the mixtures that
do not exhibit the Arrhenius dependence of ignition delay time on
temperature, only experimental data are provided and no correla-
tions were provided.

Figure 2a gives the ignition delay times of pure propane
(XH2 = 0) at equivalence ratios of 0.5, 1.0 and 2.0 and pressure of
1.2 bar. The ignition delay time exhibits a clear Arrhenius depen-
dence on temperature at all equivalence ratios. Ignition delay time
increases with the increase of equivalence ratio. Parallel lines of
ignition delay time versus inverse temperature at different equiv-
alence ratios are demonstrated, indicating that for no hydrogen
addition case, the overall activation energy of different equivalence
ratios are very equivalent, which is around 38.40 kcal/mol, as
shown in Table 2. At higher pressure, as shown in Fig. 2b, similar
behavior of the ignition delay time was observed: increasing the
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Fig. 6. Measured and simulated ignition delay times of propane–hydrogen blends
at equivalence ratio of 1.0 and pressures of 1.2 and 10.0 bar.
equivalence ratio has a decelerating effect on ignition. Figure 2c
shows the Eq. (1) correlation with previous measurements form
Lam et al. [32] for pure propane at an average pressure of 6 bar.
It is seen that the Eq. (1) correlation agrees well with the measure-
ments, which verifies the confidence of the present shock tube.

Figure 3 shows the ignition delay times for the fuel blend with
high hydrogen addition (XH2 = 70%). An Arrhenius temperature
dependence of ignition delay times is still existed. Rich mixture
gives longer ignition delay times than those of lean and stoichiom-
etric mixtures. The overall activation energy is unchanged at differ-
ent equivalence ratios for the fuel blend. The similarity of the
ignition delay times of pure propane case and XH2 = 70% case indi-
cate that the ignition of the fuel blend is primarily governed by the
propane chemistry and even up to 70% hydrogen addition does not
necessarily alter the ignition delay time dependence on the equiv-
alence ratio. However, the derived overall activation energy is de-
creased to 36.65 kcal/mol. When the hydrogen fraction is further
increased, as shown in Fig. 4a, the logarithmic ignition delay time
no longer retains the perfect linear relation with the inverse tem-
perature. This phenomenon is more significant at 10 bar pressure.
Thus the global correlation of the ignition delay time as Eq. (1) is
not available. Similarly, the rich mixture gives longer ignition delay
times than those of lean and stoichiometric mixtures. Figure 5
shows the ignition delay times versus temperature for the pure
hydrogen mixture (XH2 = 100%). The influence of equivalence ratio
on the ignition delay time is very weak. The effect of equivalence
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Fig. 7. Measured and simulated ignition delay times of propane–hydrogen blends
at equivalence ratio of 2.0 and pressures of 1.2 and 10.0 bar.
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ratio on the ignition delay times at various hydrogen additions will
be discussed later through the kinetic analysis.
3.2. Numerical predictions

Figures 6 and 7 give the comparisons between the measured
and model predicted ignition delay times. It is noted that for igni-
tion delay times longer than around 2 ms, the constant U, V
assumption should be revised because the facility dependent pres-
sure rise, as discussed in the end of Section 2.2. The facility depen-
dent pressure rise was found to have an average of 2.5%/ms and
was included in the computations when the ignition delay time
is longer than 2 ms. Generally, the two models predict well the
ignition delay times of pure hydrogen. Specifically, for the stoichi-
ometric mixture at 1.2 bar, both models slightly over-predict the
ignition delay times for pure propane, and for propane–hydrogen
fuel blends of XH2 = 70% and XH2 = 95% at relatively lower temper-
atures as shown in Fig. 6a. For pure hydrogen (XH2 = 100%), USC
Mech II yields excellent agreement with the measurements. At
pressure of 10.0 bar, as shown in Fig. 6b, USC Mech II gives perfect
prediction on the ignition delay times for pure propane, propane–
hydrogen fuel blends of XH2 = 70% and XH2 = 95%, while it under-
predicts the ignition delay times for pure hydrogen. The NUI Mech
slightly over-predict the ignition delay times at relatively higher
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Fig. 8. Sensitivity coefficients as a function of equivalence
temperatures for pure propane, propane–hydrogen fuel blends of
XH2 = 70% and XH2 = 95%, but it gives perfect predictions for pure
hydrogen. For rich mixture (equivalence ratio of 2.0), as shown in
Fig. 7, both models slightly over-predict the ignition delay times
for pure propane, propane–hydrogen fuel blends of XH2 = 70% and
XH2 = 95% at relatively lower temperatures, but excellent predic-
tions for pure hydrogen at 1.2 bar. The USC Mech II under-predicts
the ignition delay times at 10.0 bar. For the fuel blends with XH2

less than 95%, the NUI Mech predicted ignition delay time inter-
sects with the USC Mech II predicted ones and the intersection
point shifts to the lower temperature as XH2 is increased. Both
model predictions and measurements show that for the fuel blends
with XH2 less than 70%, the ignition delay times exhibits the Arrhe-
nius dependence on temperature, and ignition delay times is only
moderately decreased even 70% hydrogen addition. However,
when XH2 is larger than 95%, the ignition delay time is significantly
decreased with increasing XH2 and it does not retain the Arrhenius
dependence on temperature.
3.3. Chemical kinetic interpretations on the effect of equivalence ratio

The ignition delay time dependence on the equivalence ratio for
different hydrogen fraction mixtures as shown in Figs. 2–5 should
be ascribed to the different ignition chemistry of the mixtures and
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ratio for different XH2 mixtures at 1200 K and 10.0 bar.
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we note that with the increase of XH2, the ignition of the mixture
resembles more and more that of the pure hydrogen system.

3.3.1. Sensitivity analysis
To interpret the ignition delay time dependence on equivalence

ratio at various hydrogen additions, the sensitivity analysis of reac-
tions is performed,

S ¼ sð2:0kiÞ � sð0:5kiÞ
1:5sðkiÞ

ð2Þ

where s is ignition delay time of the mixtures and ki is rate constant
of the ith reaction, and S is the normalized sensitivity coefficient.
Positive sensitivity coefficients indicate an increase in ignition delay
times as reaction rate is increased and the corresponding reaction is
the ignition inhibited reaction and vice versa. Through sensitivity
analysis, the reactions that most profoundly affect the ignition de-
lay time predictions can be identified. It is noted that sensitivity
coefficients based on both the NUI Mech and USC Mech II were ob-
tained. For most of the mixtures, the results are similar, indicating
that the dominant reactions for the ignition of the mixtures in these
two models are similar.

Figure 8 presents the reactions with the highest normalized
sensitivity coefficients of different hydrogen additions at various
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Fig. 9. Reactions with the highest H radical consumption rates at various equivalenc
normalized through the total rate of consumption. The black, red and blue lines respect
references to color in this figure legend, the reader is referred to the web version of thi
equivalence ratios and pressure of 10.0 bar and temperature of
1200 K. For the propane–hydrogen fuel blends with XH2 6 95%, as
shown in Fig. 8a and b, the reactions with the highest positive sen-
sitivity coefficients (most inhibiting reactions) at lean, stoichiome-
tric and rich mixtures are the H-abstraction reactions of propane,
C3H8 + H = H2 + nC3H7 (R409) and C3H8 + H = H2 + iC3H7 (R410).
These two reactions consume the H radical and form the stable
hydrogen molecule, leading to the reduction of system reactivity.
The most promoting reaction is the chain branching reaction
H + O2 = OH + O (R1). Additionally, for a given XH2, the sensitivity
coefficients of these three reactions are generally decreased with
the increase of equivalence ratio. For the propane–hydrogen fuel
blend with XH2 = 99%, as shown in Fig. 8c, the similar dominant
reactions are presented. The most ignition promoting reaction is
still R1 and the most inhibiting reactions are still R410 and R409,
however, their sensitivity coefficients dependence on equivalence
ratio is opposite to that of XH2 = 95% fuel blend. For pure hydrogen,
as shown in Fig. 6d, the ignition delay time is dominated by R1 and
the ignition inhibiting reactions have very small positive sensitiv-
ity coefficients.

For small XH2 mixtures, with the increase of the equivalence ra-
tio, the H-scavenging reactions R409 and R410 are favored because
of the increased C3H8 concentration (as shown in Table 1), leading
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to an increased ignition delay time. As also shown in Table 1, for
higher XH2 mixtures, the C3H8 concentration increase with increas-
ing equivalence ratio becomes progressively less, while the con-
centration of H2 increases more strongly, thus the mixture
ignition behavior resembles more and more that of pure hydrogen.
Consequently, the ignition delay time is becoming less and less
dependent on the equivalence ratio, as shown in Figs. 2–5.

3.3.2. Consumption of H atoms
To further understand the controlling reactions in the ignition

chemistry and the effect of equivalence ratio on the ignition delay
time at various hydrogen additions, the rate of consumption of H
atoms as a function of time at 10 bar before ignition is provided
in Fig. 9. For the pure propane, as shown in Fig. 9a, the H abstrac-
tion reaction of propane (R409) initially dominates the H con-
sumption and its contribution reduces gradually. The ignition
delay times at three equivalence ratios are in the range between
2000 and 2600 ls. At / = 0.5, ignition occurs at around 2000 ls
where there is a dramatic increase in H atom consumption through
reaction R1. With the increase of equivalence ratio, the consump-
tion rate of H atom from reactions R1 and R409 decrease. Similarly,
for the mixture with XH2 = 95%, as shown in Fig. 9b, the dominant
consumption reactions of H atom are still the reactions R1 and
R409 and their contributions are decreased with the increase of
equivalence ratio. The ignition delay times of these propane–
hydrogen fuel blends are between 100 and 400 ls. Furthermore,
at / = 1.0 and 2.0, the rate of consumption from R409 are still ini-
tially higher than that of R1, but the contribution of R1 quickly
overtakes R409 as time proceeds. At / = 0.5, R1 becomes more
effective than R409 in H radical consumption during the whole
ignition process. Figure 9a and b demonstrated that the dominance
of the promoting reaction R1 which leads to fast ignition and the
dominance of the inhibiting effect of R409 which leads to long igni-
tion delay times.

For even higher hydrogen addition (XH2 = 99%) at this pressure,
as shown in Fig. 9c, the ignition delay times at various equivalence
ratios are between 30 and 60 ls. The rate of consumption from
reaction R1 becomes the largest at / = 0.5 and 1.0, while at /
= 2.0, another ignition inhibiting reaction H + O2 + M = HO2 + M
(R12) becomes effective and its rate of consumption is comparable
to that of R409. The contribution from R1 is still sensitive to equiv-
alence ratio. However, the relative difference between the rates of
consumption is significantly smaller, compared to the mixtures
with smaller XH2 in Fig. 9a and b. For pure hydrogen, as shown in
Fig. 9d, the ignition delay times at the three equivalence ratios
are around 25 ls. Reaction R1 becomes the dominant consumption
reaction of H radical at the three equivalence ratios and its rate of
consumption is much higher than that of the ignition retarding
reaction R12. Furthermore, the rate of H consumption is insensitive
to the equivalence ratio, which explains the negligible ignition de-
lay time dependence on equivalence ratio as shown in Fig. 5.

4. Concluding remarks

Further investigation on the ignition delay times of propane–
hydrogen fuel blends in argon diluted oxygen were conducted,
with the emphasis on the effect of equivalence ratio. The measured
and numerically predicted ignition delay times agree well under all
test conditions in this work. When hydrogen fraction is less than
70%, the ignition delay time exhibits a strong Arrhenius tempera-
ture dependence. With the increase of equivalence ratio, the igni-
tion delay time is significantly increased. When hydrogen
fraction is larger than 95%, there is no Arrhenius temperature
dependence any more, and the equivalence ratio has very weak ef-
fect on the ignition delay times. Chemical kinetic analysis reveals
that the ignition phenomenon of the different equivalence ratio
mixtures is controlled by the competition of the propane chemistry
through R409 and R410 which leads to long ignition delay times
and clear equivalence ratio dependence and the hydrogen chemis-
try through R1 which leads to short ignition delay times and al-
most no equivalence ratio dependence.
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