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Abstract: A series of experiments were performed to investigate the effect of ignition energy (Eig)
and hydrogen addition on the laminar burning velocity (Su

0), ignition delay time (tdelay), and flame
rising time (trising) of lean methane−air mixtures. The mixtures at three different equivalence ratios
(φ) of 0.6, 0.7, and 0.8 with varying hydrogen volume fractions from 0 to 50% were centrally ignited in
a constant volume combustion chamber by a pair of pin-to-pin electrodes at a spark gap of 2.0 mm. In
situ ignition energy (Eig ∼2.4 mJ ÷ 58 mJ) was calculated by integration of the product of current and
voltage between positive and negative electrodes. The result revealed that the Su

0 value increases
non-linearly with increasing hydrogen fraction at three equivalence ratios of 0.6, 0.7, and 0.8, by
which the increasing slope of Su

0 changes from gradual to drastic when the hydrogen fraction is
greater than 20%. tdelay and trising decrease quickly with increasing hydrogen fraction; however,
trising drops faster than tdelay at φ = 0.6 and 0.7, and the reverse is true at φ = 0.8. Furthermore, tdelay

transition is observed when Eig > Eig,critical, by which tdelay drastically drops in the pre-transition and
gradually decreases in the post-transition. These results may be relevant to spark ignition engines
operated under lean-burn conditions.

Keywords: ignition energy; hydrogen; lean methane/air mixture; laminar flame speed; ignition delay
time; flame rising time

1. Introduction

The use of alternative fuels, together with lean combustion technology, is an effective
way of reducing emissions and enhancing the thermal efficiency of internal combustion
engines (ICE) [1–6]. Natural gas (mostly methane) and hydrogen are considered the
alternative fuels for ICEs. Natural gas combustion emits lower greenhouse gas emissions
than gasoline because of its high H/C ratio. The high knock resistance of natural gas
potentially allows the ICEs to operate under higher compression ratios. Burning the lean
natural gas/air mixtures is a promising method for enhancing the thermal efficiency of
spark ignition (SI) engines through an increase in the specific heat ratio [7] and the reduction
in heat-transfer losses due to its lower combustion temperature together with a decrease in
the pumping loss for the wide-opening throttle [5,8]. However, methane has a slower flame
propagation that may cause misfire [8–10], high cycle-to-cycle variation, and emission of
unburned hydrocarbon [1,11]. The slower development of flame kernel and thus the longer
explosion duration interfere with an optimal combustion phasing [10] in SI engines, limiting
the full potential of lean combustion. How to accelerate the flame kernel propagation and
the explosion duration of lean natural gas is thus crucial to the further development of high
thermal efficiency and low-emission SI engines.
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Owing to the large burning velocity and lower flammability limit, hydrogen is a
candidate fuel for stabilizing lean operations and reducing emissions of natural gas en-
gines [12–15]. For instance, Ma et al. [12] reported that the excess air ratio of purely natural
gas at 105 kPa of manifold absolute pressure was 1.71 and could be extended to 1.82, 2.09,
and 2.4 by adding 10%, 30%, and 50% in volume fraction of H2, respectively. By substituting
less than 50% volume fraction of hydrogen to methane, Akansu et al. [15] revealed the
reduction in CO/CO2 emissions and improvement of the brake thermal efficiency at lean
conditions. Karim et al. [14] suggested that a small amount of hydrogen in methane would
not undermine the knock resistance ability of methane.

Fundamental studies on hydrogen−methane flames have shown that laminar burning
velocity increases with an increase in hydrogen mole fraction in the fuel [1,14,16–20]. Study-
ing the spherical propagation of hydrogen−methane flames at three equivalence ratios (φ)
of 0.8, 1.0, and 1.2 in the constant volume combustion chamber (CVCC), Okafor et al. [1]
showed that the un-stretched laminar burning velocities increase non-linearly with increas-
ing hydrogen faction. Chen et al. [17] found a similar result by using a computational
method. Hu et al. [19] experimentally and numerically studied hydrogen–methane flames
over a wide range of equivalence ratios (φ = 0.6∼1.4) and hydrogen additions (0∼100% in
volume fraction). They reported that the un-stretched laminar burning velocity increases,
and its peak value shifts to the richer mixture side with increasing hydrogen fraction due to
the increase in H, O, and OH radical mole fraction in the flame. The increasing burning rate
of hydrogen–methane flames could be also attributed to the effect of hydrogen on the flow
field. This is achieved by increasing the velocity of the main toroidal vortex and generating
the different sub-vortices within the main vortex [21]. However, the results found by
Hu et al. [19] are generally 5 cm/s faster than those of Donohoe et al. [20]. The uncertainty
of valuable data in the literature and the lack of data on such lean hydrogen–methane
flames (i.e., φ = 0.6∼0.8) suggests that more studies on lean hydrogen–methane flames are
still necessary for the development and validation of combustion models as well as the
optimization of gas engines designs.

Explosion duration characteristics and the rise of in-chamber explosion pressure are
essential to the optimization design in hydrogen–methane applications. An optimum explo-
sion duration is essential to avoid pre-ignition and obtain optimal combustion phasing in
SI engines. Despite numerous studies available in the literature (see Refs. [1,14,16,17,19,20]
and the references therein), unfortunately, most of them focus on the laminar burning
velocity of hydrogen–methane flames rather than their explosion duration characteristics.
Recently, Sun et al. [22] have conducted the stoichiometric syngas with different hydrogen
concentrations (10−90% in volume fraction) in a spherical combustion chamber. They inves-
tigated that the increasing hydrogen fraction could raise the maximum pressure and shorten
the explosion duration due to the increase in H+ in the flame. Salzano et al. [23] showed
that the rising slope of the maximum rate of pressure rise changes from gradual to drastic
when the hydrogen fraction is greater than 50% in the stoichiometric hydrogen–methane
mixture. Wang et al. [24] investigated combustion behaviors of the natural gas−hydrogen
blends in a direct injection engine. The results showed that the rapid combustion duration
decreased while the heat release rate and exhaust NOx increased with increased hydrogen
fraction. Wang et al. [24] suggested that an optimum hydrogen volume fraction of 20%
should be used to get the compromise in both engine performance and emissions.

To quantify the explosion duration characteristics, many researchers investigated
ignition delay time (lag duration) and flame rising time (fast burn duration) [22,25–27]. The
ignition delay time (tdelay) is the time duration between the start of spark command and
the instant of appearance of pressure [22,25] or 10% of the total normalized cumulative
heat release (NCHR) [26]. The flame rising time (trising) is defined as the time duration
from 10% to 90% of the total NCHR [26]. In a practical SI engine, tdelay is introduced as
an inflammation time measured from the spark timing to 5% burn point (CA5), and trising
is the main combustion duration time obtained from CA10 to CA90 [27]. To lessen tdelay
and trising, an increase in the ignition energy (Eig) could be useful. Kelley et al. [28] and
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Chen et al. [29,30] reported that increasing Eig could enhance the early flame propagation
speed shortly after the spark discharge, resulting in a shorter explosion duration. This is
because the larger Eig, the higher concentration of active radicals inside the spark gap [31]
and/or the higher chemical power release [32]. Moreover, for laminar CH4/O2/N2/He
spherical flames, Zhou et al. [33] found that the increasing Eig in a specific range could
promote the early flame propagation speed; beyond such range, the additional Eig has a
marginal effect on the early flame propagation speed, as it does for the explosion duration.
To the best of the authors’ knowledge, experimental studies on the explosion duration
characteristics of such lean hydrogen–methane flames over a wide range of hydrogen
fraction and ignition energy are sparse.

In this study, we experimentally investigate the effect of ignition energy (2.4 mJ to
58 mJ) and hydrogen addition (0 to 50% in volume fraction) on the laminar burning velocity
and explosion duration characteristics of lean methane/air mixtures at φ = 0.6, 0.7, and 0.8.
The mixtures are centrally ignited in the constant volume combustion chamber by a pair of
pin-to-pin electrodes having a spark gap (dgap) of 2 mm. There are differences from previous
studies: (1) the laminar burning velocity is calculated by pressure-rise method; (2) the effect
of ignition energy and hydrogen addition on tdelay and trising of lean methane/air mixtures
is analyzed for the first time.

2. Methodology
2.1. Experimental Setup, Procedure, and Conditions

Experiments of lean methane/hydrogen/air mixture at equivalence ratios (φ) of 0.6,
0.7, and 0.8 were conducted in a constant volume combustion chamber at atmospheric
conditions using the car ignition coil, as shown in Figure 1. The volume fraction of hydrogen
was varied from 0 to 50% (H0 to H5) in the combustible mixtures. The nominal purity
of the used gases was more than 99.9%. The stainless-steel vessel with an inner diameter
of 160 mm was equipped with intake and exhaust ports, a pair of pin-to-pin electrodes,
and two pressure transducers (P1 and P2). A pressure transducer P1 (CSR1 model, ±0.5%
FS) having a range of −1 to 3 bar was connected to a digital monitor to control the partial
pressure of fuel and air sequentially during the mixture preparation inside the CVCC. A
20 kHz pressure transducer P2 (JC690 model, ±0.25% FS) having a range of 0–10 MPa was
connected to a 100 MHz Oscilloscope to detect the in-chamber pressure rise during the
combustion processes.

Figure 1. A schematic diagram of the experimental setup.

We first vacuumed the combustion chamber before injecting the appropriate mole
fraction of methane, hydrogen, and air to the specific pressure value (p0 = 1 bar) using the
partial pressure method. The combustible mixture was then mixed by the mixing pump
before discharging a spark. A pair of pin-to-pin electrodes having a diameter and spark
gap of 2.0 mm (ddia = dgap = 2 mm) centrally ignited the premixed mixture by various
ignition energies (Eig), where Eig can be varied with capacitors. To measure in situ Eig, an
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ignition circuit was employed by which the positive side was connected to a high-voltage
car ignition coil, and the negative side was connected to the ground. Eig was directly
calculated by integration of the product of the discharge current I(t) and the voltage V(t)
across the spark gap, where I(t) and V(t) signals obtained by Pearson current monitor
8122 and Pintek high-voltage probe HVP-28HF, respectively, were recorded by a 100 MHz
Oscilloscope (Gwinstek GDS-1104B). A typical voltage and current waveform is presented
in Figure 2, in which Eig ≈ 29 mJ.

Figure 2. A typical voltage V(t) and current I(t) waveform. Ignition energy Eig =
∫ t2

t1 V(t)I(t)dt ≈
29 mJ, and pulse duration (t2 − t1) ≈ 1.5 µs.

2.2. Data Processing and Parameter Definition

From the evolution of the explosion pressure profile, the laminar burning velocity (Su
0)

of the sample mixture was determined using Equation (1) proposed by Matsugi et al. [34]

p = pt=t0 +
∫ t

t0

3S0
u(p e−p0

)
R

[
1− pe−p

pe−p0

(
p0

p

)1/fl
]2/3(

p
p0

)c
dt (1)

where R is the inner radius of CVCC, p0 is the initial pressure of the mixture, p is the
instantaneous pressure in CVCC, γ is the specific heat ratio of the unburned mixture, and
pe is the equilibrium pressure under an adiabatic constant volume condition [34], which is
determined by using GasEq program.

The laminar burning velocity Su
0 and the coefficient c were obtained by a least-

square fit of the observed pressure−time profile to Equation (1), where c represents a
pressure−temperature dependence coefficient. Su

0 was calculated at 10% to 90% of the
total normalized cumulative heat release (NCHR) to avoid the effects associated to spark
ignition and flame-wall interaction, where NCHR was determined based on Equation (3).
Each experimental condition was repeated at least five times. Figure 3 reveals in-chamber
explosion pressure profiles of 50% CH4/50% H2/air mixtures at φ = 0.6, 0.7, and 0.8. All
the profiles were readily fitted to Equation (1), as indicated by the bold curves. The laminar
burning velocities are 22.7, 30.5, and 39.1 cms−1 at equivalence ratios of 0.6, 0.7, and 0.8,
respectively. These values are in close agreement with the previous results by Hu et al. [19]
and Donohoe et al. [20], indicating an accuracy of the pressure profile method applied in
this study.

To quantify the time duration for the ignition and combustion phases, we used ignition
delay time (tdelay) and flame rise time (trising). tdelay is defined as the time duration from the
start ignition command to 10% of the total NCHR, and trising is defined as the time duration
from 10% to 90% of the total NCHR [26] (please see Figure 4), where NCHR is determined
from the following equations:

RHRR =
dpin-chamber

dt
(2)

NCHR =

∫ t
t0

RHRR dt∫ tend
t0

RHRR dt
(3)
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where RHRR is the representative heat release rate, t0 is the time of discharge, and tend is
the time of peak pressure. The schematic of NCHR calculated from Equation (3) is revealed
in Figure 4, which indicates that the tdelay and trising are the shortest at φ = 0.8.

Figure 3. In-chamber pressure profiles (thin curves) and their fitting curves (bold-solid curves).

Figure 4. The normalized cumulative heat release (NCHR) for 50% CH4/50% H2/air at different
equivalence ratios, φ = 0.6, 0.7, and 0.8.

3. Results and Discussion

3.1. In-Chamber Pressure Profile and Laminar Burning Velocity Su
0

Figure 5 shows in-chamber pressure profiles during the combustion process of lean
methane/hydrogen/air mixtures in different conditions, i.e., three equivalence ratios
φ = 0.6, 0.7, and 0.8, different hydrogen fractions of 0∼50% (indicated by H0 to H5), and
various ignition energies Eig = (2.4∼58) mJ. Each combustion pressure profile performs
a similar behavior, where the pressure first increases rapidly after a period of “constant
pressure” to the maximum value (ppeak), and then it declines due to the heat loss through the
cold-chamber’s wall. The peak pressure value alongside its leftward moving increases when
increasing the hydrogen fraction in the mixture and/or equivalence ratio (Figure 5a–c),
indicating the boost explosion in a shorter combustion duration. This is because the higher
the partial volume of H2 is, the more the amount of H, O, and OH radical mole fractions
will be released during the combustion, enhancing the chemical reaction [1,22]. Moreover,
Figure 5d also reveals a slight “leftward moving” of the pressure trace as increasing Eig
from 2.4 mJ to 58 mJ, suggesting a shorter combustion duration. The enhanced combustion
with increasing Eig could be attributed to the high concentration of active radicals inside
the spark gap [31] and/or high chemical power release [32].
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Figure 5. In-chamber pressure profiles for lean CH4/H2/air. (a–c) Three equivalence ratios φ = 0.6,
0.7, 0.8 with different H2 fractions of 0∼50% (indicated by H0 to H5); (d) 50% CH4/50% H2 at φ = 0.8
by varying the ignition energies Eig = (2.4∼58) mJ.

Values of Su
0 calculated by applying Equation (1) to the pressure profiles (as indicated

in Figure 5) are plotted against the hydrogen volume fractions in Figure 6. Su
0 increases

non-linearly with increasing hydrogen volume fraction for all equivalence ratios (φ = 0.6,
0.7, and 0.8). The value of Su

0 gradually increases as the hydrogen faction increases from
0 to 20% and is rather rapid when the hydrogen fraction is greater than 20% for three
equivalence ratios (φ = 0.6, 0.7, and 0.8). Adding 20% of the hydrogen fraction to the
mixtures results in less than 10% of the increasing Su

0 at φ = 0.7 and 0.8, while it is 35%
for φ = 0.6. This is probably because the pure CH4/air mixture at φ = 0.6 is close to the
lower flammability limits having very low Su

0 ∼7cm/s. To the term of burning velocity,
the higher the H2, the more H+ is provided, the more active the chemical reaction becomes,
and a higher burning velocity is realized.

Figure 6. Effect of additional hydrogen on laminar burning velocity of lean CH4/air mixtures at three
equivalence ratios (φ = 0.6, 0.7, and 0.8). The solid symbols are experimental data, and the curves are
their fitting lines.

3.2. Ignition Delay Time (tdelay) and Flame Rising Time (trising)

For successful flame development, tdelay offers an effective way to evaluate the physic-
ochemical property of a combustible fuel−air mixture [25,35–37]. Tdelay is defined as the
time duration from the start ignition command to 10% of the total normalized cumulative
heat release (NCHR) in which tdelay could be affected by Eig. Figure 7a indicates that the
larger Eig is, the shorter the value of tdelay is. For instance, tdelay decreases approximately
15% when increasing Eig from 2.4 mJ (tdelay = 46.5 ms) to 58 mJ (tdelay = 40.5 ms). The
values of tdelay are plotted against Eig in Figure 7b, which indicates a transition of tdelay
at Eig ∼24 mJ. In the pre-transition, when Eig is increased from 2.4 mJ to 24 mJ, values of
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tdelay enormously drop from 46.5 ms to 41.6 ms. However, a very modest decrease in tdelay
from 41.6 ms to 40.5 ms is observed when Eig > Eig,critical ≈ 24 mJ in the post-transition. The
decrease in tdelay with increasing Eig could be attributed to the high concentration of active
radical species [31] and/or the growth in the chemical reaction rates [32]. However, when
Eig > 24 mJ, the additional Eig has a marginal effect on tdelay, possibly due to the saturation
of the refreshed recirculation mixture by vortices inside the spark gap induced by the shock
wave [38,39] having saturated active radicals. The other possibility is the increase in heat
conduction losses to the electrodes with increasing Eig [32]. The existence of Eig,critical could
partly explain why very high Eig >> Eig,critical has less contribution to the improvement of SI
engine performance and emissions. It should be noted that the rising slope of NCHR curves
from 10% to 90% are quite similar at different Eig, suggesting a lesser and/or negligible
influence of Eig on the flame rising time (trising) and laminar burning velocity.

Figure 7. Effect of ignition energy on the ignition delay time (tdelay): (a) where Eig is varied in a range
of 2.4 mJ–58 mJ using a car ignition coil. The inset is a close-look at very beginning of NCHR in which
tdelay values are determined. (b) The value of tdelay (solid symbols) are plotted against Eig, showing a
tdelay transition at Eig, critical ≈ 24 mJ.

Figure 8 presents the effect of additional H2 volume fraction on tdelay (Figure 8a) and
trising (Figure 8b) of lean CH4/air mixtures. Each data point in Figure 8 is an average value
of at least five ignition trials using Eig > 20 mJ to minimize the effect of Eig on the early stage
of flame propagation (as presented in Figure 7). As can be seen, tdelay and trising decline
in an accelerated tendency with the increase in the hydrogen fraction for the promoted
chemical reaction process by more H+, especially when the hydrogen fraction is greater than
20%. The declining slope is much steeper for the leaner mixture. For instance, tdelay (trising)
drops 48% (70%), 44% (55%), and 36% (33%) when increasing the H2 volume fraction from
0 to 50% for lean CH4/air mixture at an equivalence ratio of 0.6, 0.7, and 0.8, respectively.
Furthermore, the leaner mixture has a larger critical flame initiation radius [28,29] and a
lower flame speed (as presented in Figure 6); hence, longer tdelay and trising are observed
when comparing three equivalence ratios.

Figure 8. Effect of hydrogen volume fraction on (a) tdelay and (b) trising of lean CH4/air mixtures at
three equivalence ratios of 0.6, 0.7, and 0.8.

For clear observation on the variation of tdelay and trising in the combustion process, the
occupy ratios of tdelay/(tdelay + trising) and trising/(tdelay + trising) are presented in Figure 9.
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As can be seen, the value of tdelay/(tdelay + trising) rises as %H2 rises at φ = 0.6 and 0.7,
but it slightly decreases at φ = 0.8 (please see the top of Figure 9). The reverse trend of
trising/(tdelay + trising) is revealed at the bottom of Figure 9. This is possibly due to the
competition between tdelay and trising in the combustion process, by which the dropping
slope of trising is much steeper than that of tdelay at φ = 0.6 and 0.7, but the reverse is true at
φ = 0.8.

Figure 9. Occupy ratio of tdelay (top) and trising (bottom) in the combustion process of lean CH4/air
mixtures under different conditions.

4. Conclusions

We ignited lean hydrogen–methane−air mixtures at φ = 0.6, 0.7, and 0.8 with varying
hydrogen volume fractions (0–50%) in a constant volume combustion chamber via a pair of
pin-to-pin electrodes at a fixed gap of 2 mm. The effect of ignition energy and additional
hydrogen fraction on the in-chamber pressure rise, laminar burning velocity, and explosion
duration characteristics (i.e., tdelay and trising) were then investigated. These measurements
reveal the following points.

(1) The peak of the in-chamber pressure profile increases when increasing hydrogen
volume fraction at three equivalence ratios of 0.6, 0.7, and 0.8, suggesting a higher
heat release.

(2) The leftward moving of peak pressure is observed when increasing hydrogen volume
fraction, equivalence ratio, and ignition energy, suggesting a faster flame propagation
and/or shorter explosion duration time.

(3) Su
0 increases non-linearly with increasing hydrogen volume fraction for all equivalence

ratios (φ = 0.6, 0.7, and 0.8). Su0 gradually increases as the hydrogen fraction increases
from 0 to 20% and is rather rapid when the hydrogen fraction is greater than 20%.

(4) There is a tdelay transition at a critical value ignition energy (i.e., Eig,critical ∼24 mJ
for 50% CH4/50% H2/air mixture at φ = 0.8) in which tdelay drastically drops in the
pre-transition and gradually decreases in the post-transition. The existence of Eig,critical
could partly explain why very high Eig >> Eig,critical has less of a contribution to the
improvement of SI engine performance and emissions.

(5) Both tdelay and trising decrease with increasing hydrogen fraction in the lean methane/air
mixtures. For the leaner mixtures (φ = 0.6 and 0.7), the dropping slope of trising is much
steeper than that of tdelay, while the reverse trend is true at φ = 0.8.

The results suggest that a small amount of hydrogen fraction (20–30%) could be
applied to the lean-burn natural gas engines. In future work, we will convert the traditional
electrical motor used gasoline engine to lean natural-gas-fueled hydrogen. Hence, the
primary results should be useful to our further understanding of the ignition timing and
explosion characteristics that play an important role in achieving an optimal combustion
phase and power output.
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