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Abstract: The use of natural gas in pure or in a blended form with hydrogen and syngas in spark ig-
nition (SI) engines has received much attention in recent years. They have higher diffusion coefficient
and laminar flame speed, a small quenching distance and wider flammability limit which compensate
the demerits of the lean-burn natural gas combustion. Therefore, a careful examination of the chemi-
cal kinetics of combustion of gaseous fuel blends is of great importance. In this paper, performance
of the various chemical kinetics mechanisms is compared against experimental data, accumulated for
methane-based fuel blends under engine-relevant conditions to find the most appropriate mechanism
in engine simulations. Pure methane, methane/syngas, and methane/propane blends are mainly
studied at various temperatures, pressures, and equivalence ratios. The ignition delay time and
laminar flame speed are used as quantitative metrics to compare the simulation results with the data
from experiments. The mechanisms were shown to be mainly consistent with the experimental data
of lean and stoichiometric mixtures at high pressures. It was also shown that the GRI-3.0 and 290Rxn
mechanisms have high compatibility with the ignition delay times and laminar flame speed at high
pressures and lean conditions, and they can be utilized for simulations of SI engine combustion due
to their lower computational cost. The results of present research provide an important contribution
to the methane-based fuel blends combustion simulation under SI engine-relevant conditions.

Keywords: ignition delay time; laminar flame speed; natural gas; engine-relevant condition;
mechanisms

1. Introduction

Internal combustion (IC) engines are commonly used as the main propulsion system
for air, ground, and rail vehicles. The use of fossil fuels for these engines often raises
concerns about the environment and pollutants from combustion. Therefore, the use of
alternative fuels, such as natural gas, has received much attention in recent years due
to their unique properties in improving the performance and reducing emissions of IC
engines [1-3]. Additionally, the high octane number and high knock resistance of natural
gas allows to run the SI engine on higher compression ratios [4]. Moreover, lean natural
gas combustion has shown the potential to improve efficiency compared to stoichiometric
gasoline engines, but suffers from unstable and poor ignitability of the fuel-air mixture,
leading to incomplete combustion or misfire [5]. The reduction of flame speed at lean
operation results in significant cycle-to-cycle variations (CCV) [6-8].

Hydrogen and syngas are considered a suitable candidate as additive for lean-burn
natural gas fueled SI engines, due to its higher laminar flame speed, wider flammability
limits and small quenching distance [9-11]. Syngas derived from natural gas, coal, biomass,
or hydrocarbon feedstock, is primarily consisted of hydrogen and carbon monoxide, which
has also been considered as a future fuel for IC engines, since in addition to offering similar
advantages as hydrogen it can also be produced on-board through fuel reforming [12,13].
There is another interesting alternative transportation fuel which is Propane (C3Hg), and it
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is also identified as liquefied petroleum gas (LPG) with high-energy density and relatively
low cost [14]. Propane is the smallest alkane with cool flame and negative temperature
coefficient (NTC) under engine-relevant conditions [15,16]. The physicochemical properties
of the studied gaseous species are provided in Table 1.

Table 1. Physiochemical properties of the studied gaseous species [17,18].

Properties Unit CHy C3Hg H, CcoO
Molecular weight (g/mol) 16.04 441 15.0 28.01
Density at 0 °C and 1 atm (kg/m3) 0.72 1.88 0.09 1.25
Specific gravity at 0 °C and 1 atm - 0.55 1.52 0.06 0.96
Stoichiometric air—fuel ratio mass basis 17.2 15.5 341 0.57
Wobbe number (MJ/Nm?3) 45 67.8 44.2 124
Flammability limit, % volume of fuel in air volume of air 5-15 2.1-9.5 4-75 12-75
Laminar flame speed at 1 atm and 300K, ® =1 (cm/s) 30 38 180 35
Adjiabatic flame temperature (@) 1963 1980 2210 2121
Auto-ignition temperature °CO) 585 455 560 610

Many researchers have studied the auto-ignition of methane and its blends at different
operating conditions [19-22]. Hu et al. [23] assessed experimentally and computationally
laminar flame speeds and ignition delay times of methane-air mixtures. The GRI-Mech 3.0,
USC Mech 11, and Aramco Mech 1.3 mechanisms were validated at higher pressures (up
to 10 atm). For estimating ignition delay times of fuel at lean and stoichiometric mixtures
at high pressure the Aramco Mech 1.3 gave good predictions. Lee at al. [24] used Cantera
to conduct a comprehensive comparison of Davis2005, GRI1999, USC2007, NUIG2013,
Sun2007, and Li2007 chemical kinetics mechanisms and published experimental results for
mixture compositions that are pertinent to biogas/syngas mixtures. They discovered that
the NUIG2013 mechanism is the best fit for reproducing the calculated laminar flame speed
and ignition delay time of biogas/syngas fuel blends. It can replicate the experimental
results for the majority of mixture compositions. Fischer and Jiang [25] assessed five
comprehensive reaction mechanisms for simulation of ignition delay times of CHy-CO-H,-
CO; fuel mixtures by employing Homrea software. The NUIG mechanism showed to be
the best choice for simulating the burning of bio-syngas.

There is no detailed analysis of various pathways for assessing ignition delay times
and laminar flame speeds of methane-based fuels under lean-burn natural gas SI engine
conditions, according to the literature (i.e., for initial pressures between 10 and 40 bar,
temperatures between 900 and 1600 K, and air-fuel equivalence ratios from 0.5 to 0.8).
In our study, ignition properties of methane, methane/syngas, and methane/propane
mixtures are compared at high-pressure engine-relevant conditions using most relevant
and state-of-the-art chemical mechanisms. Finally, the best mechanism that could serve as
suitable candidate for future natural gas SI engine simulations is suggested.

2. Kinetic Modeling Approach

Simulations were carried out using the Cantera reactive flow open source code [26]
for the seven mechanisms specified in Table 2. These mechanisms are the most accepted
kinetic models for simulating methane ignition delay times and laminar flame speed in
the literature. NUIGS3 is a large-scale, hierarchical-structured system that accounts for the
combustion of C1-C5 hydrocarbons. It is the result of a long-term project to develop a
model capable of describing the combustion of different hydrocarbons under a variety of
conditions. The AramcoMech 1.3 mechanism describes hydrogen combustion and its mix-
tures with carbon monoxide (syngas), followed by C1-C2 hydrocarbon combustion. This
model was validated using flow reactors, shock tubes, jet-stirred reactors, and flame tests,
over a wide range of initial conditions. The USC Mech II integrates recent thermodynamic,
kinetic, and species transport updates related to high-temperature oxidation of hydrogen,
carbon monoxide, and C1-C4 hydrocarbons. Note that this mechanism was not tested
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for methane ignition delay times; also it was tested only for low pressure conditions. The
290Rxn mechanism was successfully used to predict the ignition properties of biogas and
syngas fuel mixtures, as well as natural gas with impurities such as ethane and propane.
Wang’s skeletal mechanism is much suitable for high-temperature combustion of Hy, and
C1—C4 hydrocarbons. The San Diego (UCSD) Mechanism has been validated for com-
bustion of hydrogen, carbon monoxide, methane, ethane, acetylene, propane, methanol,
and ethanol with experimental data. Based on flame speed measurements and shock tube
experiments, the GRI-Mech 3.0 was optimized and tested for methane and natural gas
over a broad range of conditions, including a temperature range of 1000-2500 K and a
pressure range of 10 Torr to 10 atm. While its performance for high pressure and lean
condition operation in combustion engines for different blends of natural gas has not
been studied. Wang's skeletal mechanism was developed from a detailed mechanism for
high-temperature combustion of H, and C1-C4 hydrocarbons.

Table 2. The used chemical kinetic mechanisms.

Mechanism Name Number of Species Number of Reactions Reference

NUIG3 293 2928 [27,28]
AramcoMech1.3 253 1542 [29]
USC Mech II 111 784 [30]
290Rxn 72 290 [31]
San Diego 70 321 [32]
Wang 56 428 [33]
GRI-Mech 3.0 53 325 [34]

3. Results and Discussion

From the literature, a complete collection of experimental results was extracted to
validate calculations by Cantera and compare the simulation results. Ignition delay times
and laminar flame speeds were computed using a 0D perfectly stirred reactor (PSR) model
and 1D laminar premixed flames, respectively. Table 3 summarizes the experimental
data for ignition delay time and laminar flame speed of methane, methane/syngas and
methane/propane mixtures under engine-like operating conditions obtained from previous
studies.

3.1. Methane

The predicted ignition delay time for CHy as a function of temperature is indicated in
Figures 1 and 2 for different pressures and equivalence ratios. Results are compared with
the previous published works and a good agreement with experimental results is gained.
Temperature effect on ignition delay time is very important as described by the Arrhenius
correlation (i.e., T = A.p"¢" X5, exp %). With a rise in temperature, ignition delay times
decrease in all conditions. With increasing pressure, the concentration of reactants (i.e.,
reactivity) increases, resulting in a shorter ignition delay period. In general, for a standard
hydrocarbon fuel, the pressure exponential (a) gives a negative value, implying that ignition
delays decrease as pressure increases. Pressure, on the other hand, has an effect on methane
oxidation; as pressure increases, the concentration of reactants (CH, and O,) rises, resulting
in a decrease in auto-ignition delay times, as shown by the sensitivity analysis in previous
studies [35,36]. It is also seen that the impact of pressure on ignition delay becomes
prominent especially at high temperature conditions due to acceleration of chain branching
reactions at high temperatures.

Based on the results of Petersen et al. [37], Aramco 1.3 and NUIG3 mechanisms have
good prediction in ignition delay at p = 20 atm and T > 1380 K, but at low temperatures,
GRI 3.0 and USC II provide much accurate predictions. Moreover, GRI 3.0 and UCSD
mechanism behave well for low temperature ignition at p = 50 atm. According to the
experimental results of El Merhubi et al. [38], for both equivalence rations, GRI 3.0 and
UCSD mechanisms have good prediction in ignition delay at p = 40 bar and T < 1530 K.
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The discrepancy between simulations and experiments is due to the uncertain elementary
reaction rate constant and different used facilities. Figure 3 depicts the relative error of
simulation from experiments for methane ignition delay time at p = 40 bar, ¢ = 0.5. The
agreement between experimental and simulation results was calculated using the following
equation:

1Y

E Ysim,ij - Yexp,ij
i N;

x 100% 1)

j=1 Yexp,i ]

As can be seen, a recommended prediction values for ignition delay time is obtained
using GRI-Mech 3.0 at lean, lower temperatures and high pressures. AramcoMech 1.3 and
NUIG3 mechanisms over-predict ignition delay time especially at stoichiometric conditions.

Table 3. Experimental conditions for the ignition delay time and laminar flame speed simulation of
CHy, CH4/H;/CO, and CH,/C3Hg mixtures at high pressures reported in the literature.

Mixture ¢ p (atm) T (K) Reference
Ignition delay time
100%CHy 0.5 ~20 1250-1650 [39]
100%CHy 0.5/1.0 ~10 to 40 1400-2000 [38]
100%CH4 0.4 ~50 1200-1350 [37]
50%CH430%H,20%CO 0.5 ~50 950-1100 [40]
90%CH410%C3sHg 0.5 ~10 to 30 1200-1500 [41]
Laminar flame speed

100%CHy 0.6-1.4 ~2 to 60 298 [42]
40%CH4 30%H330%CO 0.8-1.6 ~1 295 [43]
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Figure 1. Comparison of methane ignition delay time for different mechanisms with the experimental

data: left: p = 20 atm and ¢ = 0.5 [44]; right: p = 50 atm and ¢ = 0.4 [37].
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Figure 2. Comparison of methane ignition delay time for different mechanisms with the experimental data at p = 10, 20,
40 bar and, left: ¢ = 0.5; right: ¢ = 1.0 [38].
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Figure 3. The relative error of simulation from experiments for methane ignition delay time (p = 40 bar,

¢ =0.5).

The simulation findings corresponding to the calculated laminar flame speed of
CHy [42] at different pressures ranging from 2 to 60 atm has been indicated in Figure 4. All
of the mechanisms were found to be able to capture the impact of pressure on the laminar
flame speed at higher pressures. Firstly, it is evident that by increasing pressure laminar
flame speed decreases. Secondly, for p < 20 atm, there is an inconsistency between numerical
and experimental results at lean and rich operating conditions. For lower pressures Aramco
1.3 and NUIG mechanisms perform well in prediction of laminar flame speed. For pressures
higher than p = 40 atm, the deviation between numerical and experimental results is much
considerable. However, AramcoMech1.3 mechanism shows an acceptable prediction
behavior compared to other mechanisms. A slightly higher flame speed compared to
the other mechanisms for rich mixtures has been expected by the NUIG3 mechanism. By
computing the relative error for each mechanism for p = 40 atm, the GRI 3.0 mechanism was
found to yield the best performance for lean and stoichiometric condition (see Figure 5),
while Aramco 1.3 and UCSD mechanisms provide more accurate results at rich conditions.
NUIG and GRI 3.0 over-predict laminar flame speed at rich conditions. The large deviation
of USC II mechanism is due to the fact that it was tuned for high temperature applications.
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3.2. Methane/Syngas Mixtures

Comparison of ignition delay time for 50%CH4/30%H; /20%CO mixtures high pres-
sure and lean conditions for different mechanisms is demonstrated in Figure 6a. It can
be seen that there is a good agreement between the simulation and experiments results
especially at lower temperatures. The results obtained suggest only a trivial effect of CO
addition on ignition delay of CHs/H, mixtures which is in consistent with the results of
Gersen et al. [40]. Figure 6b shows the relative error of simulation from experiments for
methane/syngas mixture ignition delay time at p = 50 bar, ¢ = 0.5. It is obvious that GRI
3.0, UCSD and USC II mechanisms provided much accurate predictions of ignition delay
time for methane/syngas blend at high pressure and low temperatures.

Comparison of laminar flame speed for different CHy/H;/CO mixtures at 1 atm
pressure for different mechanisms is demonstrated in Figure 7. Since there is no relevant
laminar flame speed data at elevated engine-like pressures in the literature, we conducted
the simulations at 1 atm pressure. It is evident that all mechanism under-predict laminar
flame speed value at rich condition, but there is a good agreement between simulations and
experiments at lean condition. In addition, the location of maximum flame speed shifted
towards richer mixtures when syngas fraction was increased, which is due to the greater
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influence of the increasing flame temperature on flame speed. By computing the relative
error for each mechanism, the GRI 3.0 and UCSD mechanisms were found to yield the best
predictions for lean condition, while NUIG3 gives better results at rich condition.
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Figure 6. (a) Comparison of ignition delay time with the experimental data for 50%CH,/30%H; /20%CO for different
mechanisms [40]; (b) The relative error of simulation from experiments.
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Figure 7. (a) Comparison of laminar flame speed with the experimental data of CH4/H;/CO mixtures [43]; (b) The relative
error of simulation from experiments.

3.3. Methane/Propane Mixtures

Simulations of the ignition delay time of methane/propane mixtures, particularly at
pressures and concentrations of interest to IC engines, are therefore important for the design
of efficient engines and optimization of chemical kinetics models. Figure 8 demonstrates
the results of ignition delay times comparison of methane/propane mixtures at different
pressures. It can be seen that in the case of high propane volume fraction and at high
pressures and low temperatures, NUIG mechanism has good predictions. At low propane
fractions and at high pressures and temperatures GRI-3.0 and USC II mechanisms provided
better results.
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3.4. Effect of Pressure and Equivalence Ratio on Methane/Syngas Ignition Delay Times and
Laminar Flame Speeds

Figure 9 shows the variation of ignition delay versus equivalence ration for the mech-
anisms in two different constant temperatures (T = 1000 K and 1600 K) and p = 40 bar
pressure for methane/syngas (50%CH,/30%H; /20%CO) mixture. It can be seen that igni-
tion delay decreases at high temperatures due to acceleration in chain branching reactions.
As expected, for lower temperatures, ignition delay time was decreasing by shifting from
lean to rich mixtures; however, it has a different trend for high temperature conditions.
The same ignition delay time dependency has been given by all five mechanisms at lower
temperatures while changing the equivalence ratio, with NUIG provided a 1.5 factor under-
estimation relative to GRI-Mech 3.0. At higher temperatures, as the equivalence ratio
increases towards stoichiometric condition, ignition delay time reduces, and then it starts
increasing. In fact, the minimum ignition delay time can be achieved at stoichiometric
condition in this case. Additionally, GRI-Mech 3.0 gives the lowest values of ignition delay
time. Meanwhile USC and UCSD mechanisms show a greater dependence to equivalence
ratio.
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Figure 9. Ignition delay time calculated from all mechanisms at p = 40 bar and at different equivalence ratio values for
methane/syngas mixture, left: T = 1000 K; right: T = 1600 K.
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3.5. Ignition Delay Times and Laminar Flame Speeds of Methane/Syngas Mixtures with
Reduced Mechanisms

As previously described, ignition delay times and laminar flame speeds of methane-
based mixtures will be estimated at pressures of up to 10 atm, by the GRI 3.0
mechanism [45,46]. The in-cylinder pressure in SI engines ranges from 10 bar (low load) to
40 bar (high load), and it can ascend to 150 bar after combustion initiation. It was already
reported that at elevated pressures, Aramco 1.3 mechanism gives good predictions of
ignition chemistry of methane-based fuels [23]. However, in engine optimization problems,
it is crucial to use reduced mechanisms with low number of species and reactions in or-
der to decrease computational cost [47-49]; thus, two new mechanisms were selected for
comparison with GRI 3.0 mechanism. In this part, GRI-3.0 mechanism, reduced Aramco
1.3 mechanism (i.e., 290Rxn mechanism consisting of 72 species and 290 reactions) [31]
and Wang’s mechanism (consisting of 56 species and 428 reactions) [33] were selected
for comparison of ignition delay times and laminar flame speeds. Figure 10 shows that
by increasing the pressure to higher than 50 bar, the 290Rxn mechanism has superior
predictions of ignition delay times for methane/syngas mixtures.

— ; . . ; . 20 - . . . . . . .
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Figure 10. (a) Comparison of laminar flame speeds of CH,/H;/CO blend at p = 1 atm with experimental data [43]; (b)
Ignition delay times versus pressure for CHy/H,/CO blend at different pressures using GRI 3.0, 290Rxn, and Wang

mechanisms.

Overall, it can be seen that there is a good agreement with the experiments at high
pressures and lean mixtures corresponding to SI engine-like conditions for methane/syngas
mixtures. For laminar flame speed due to the lack of data, just low-pressure case (p = 1 atm)
was studied and the simulation results were satisfactory at lean conditions. In general,
290Rxn mechanism can predict well the ignition delay times and laminar flame speeds at
high pressures; therefore, it was selected as the chemical kinetics mechanism for simulations
in the present study.

3.6. Effect of Hydrogen Addition on Methane’s Ignition Delay Times and Laminar Flame Speeds

The effect of hydrogen addition on methane ignition delay times versus pressure and
equivalence ratio differences, at two various temperatures, has been indicated in Figure 11.
On account of high reactivity, high diffusion, and low auto-ignition temperature, the ig-
nition delay time decreases as pressure and hydrogen volume fraction increase [50]. At
lower hydrogen volume fractions, the effect of pressure on CHy/Hj; fuel blend ignition
is more noticeable. The impact of various hydrogen volume fractions on the ignition
delay period of methane at T = 900-1300 K has been indicated in Figure 12. It is inter-
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esting to note that by increasing hydrogen volume fraction up to 0.4, ignition delay time
increases first at T = 900 K, and then it starts declining which is in consistent with the
reported results in the literature [40]. At low temperatures (T < 1000 K), the dominant
chain branching reactions in methane/hydrogen ignition chemistry are to blame. At low
temperatures, the HO, radical plays a large role in ignition chemistry, and the chain termi-
nation reaction (H+ O,(4+M) < HO,(+M) )wins out over the chain branching reaction
(H+ O, & OH + O), which avoid ignition, slows reaction rate, and lengthens ignition
delay [51].

Figure 13 depicts the influence of hydrogen addition on laminar flame speeds of
methane at different pressures and equivalence ratios. As expected, by decreasing pressure
and increasing hydrogen volume fraction, laminar flame speed enhances. This increment is
significant at higher equivalence ratios and hydrogen volume fractions. It is interesting to
note that effect of hydrogen fraction is much prominent at higher equivalence ratios, indeed
laminar flame speed was not affected by hydrogen addition at ¢ = 0.5. Therefore, combi-
nation of Hy volume fraction and equivalence ratio has considerable effect on methane’s
laminar flame speed.
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Figure 11. Effect of H, addition on methane’s ignition delay times at: (a) different pressure at T = 900 and 1000 K, ¢ = 0.5;
(b) different equivalence ratios at T = 900 and 1000 K, p = 40 bar.
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Figure 12. Effect of Hy addition on methane’s ignition delay times at different temperatures at p = 40 bar (right image shows
the normalized ignition delay time error for each case).
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Figure 13. Effect of H, addition on methane’s laminar flame speeds at: (a) different pressure at T = 400 K, @ = 0.5; (b)
different equivalence ratios at T = 298 K, p = 40 bar.

3.7. NOx and CO Emissions for Methane/Hydrogen and Methane/Syngas Cases

Figure 14 illustrates the NOx and CO emissions predicted by homogeneous reactor
simulations performed at constant temperature and pressure for different temperatures and
initial mixture equivalence ratios for methane/hydrogen and methane/syngas scenarios,
for various temperatures and initial mixture equivalence ratios. The constant pressure
conditions considered for these calculations are an approximation to a heterogeneous
engine environment characterized by changing temperature, pressure, and continuous
mixing. It is evident that the regions encountering high NOx and CO emissions are almost
similar in both cases. NOx emissions start to increase to higher levels at T > 1800 K and
lean blends, while high CO values are found at T > 1200 K and rich blends. It can be seen
that for lean blends, the peak combustion temperature reaches the threshold temperature
required for complete, rapid oxidation to occur. Thus, it can be concluded that for the
studied cases at lean condition, NOx emission is a major issue and should be taken into
account [52].
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Figure 14. NOx and CO yield at 2.0 ms obtained from a homogeneous reactor simulation of: (a) 80%CH,/20%Hy; (b)

40%CH, /30%H; /30%CO.

4. Conclusions

This study was carried out to find the suitable chemical kinetics mechanism that could
be used to accurately predict the ignition characteristics of methane-based fuel blends
under engine-relevant conditions. Overall, the agreement between the experiments and
simulations results for all considered mechanisms was quite good. For pure methane case,
a better estimation of predicted ignition delay time is obtained using GRI-Mech 3.0 at lean,
lower temperatures, and high pressures. In addition, GRI 3.0 mechanism was found to
yield the best performance for lean and stoichiometric condition for laminar flame speed
prediction, while Aramco 1.3 and UCSD mechanisms provide more accurate results at
rich conditions. Albeit its lower reaction numbers, the GRI 3.0 and 290Rxn mechanisms
could predict accurate results of ignition chemistry for methane-based fuels under engine-
relevant conditions, and due to their superiority in computational time, they can be used
for 3D-CFD combustion simulation of natural gas-fueled SI engines. We believe that this
work offers an important contribution to the natural gas combustion in SI engine industry.
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