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Liqueﬁed Natural Gas (LNG) has become an increasingly important world energy resource and is a part of the
European Union clean fuel strategy launched in 2013. Therefore, there are currently several ongoing measurement strategies considering quality speciﬁcation of LNG. In this context, for application in gas engines, it is
essential to understand the combustion behavior of these natural gas mixtures. The methane number (MN)
which represents a scale for the knocking propensity, is one of the main indicators for this combustion behavior.
In this study, we investigated the inﬂuence of the LNG composition on the ignition delay time and thus the
knocking behavior of prototypical LNG Mixtures. Several LNG typical mixtures containing CH4/C2H6/C3H8/nC4H10/i-C4H10/n-C5H12/i-C5H12/N2 were studied in the temperature range 850–1450 K, with pressures of 20 and
40 bar and at equivalence ratios of 0.4 and 1.2. The use of a shock tube and a rapid compression machine facility
allowed us to study the ignition behavior over a wide range of operating conditions relevant to gas engines. We
report a detailed investigation of LNG autoignition with respect to temperature, pressure and equivalence ratio
thereby providing crucial validation data for chemical kinetic models for real applications.

1. Introduction
Natural gas, as compressed natural gas (CNG) and Liqueﬁed Natural
Gas (LNG), is the fastest-growing fuel in the transportation sector, with
a predicted average annual growth rate of 11.9% from 2011 to 2040. It
is expected to emerge as a key transportation fuel during the next ﬁve
years and will do more to slow down the oil demand growth than
electric cars and biofuels combined [1,2].
LNG is generated at the extraction point of natural gas by cooling
the gas to −162 °C. The liquid state generates several advantages for
the use as transportation fuel over CNG. The energy density is much
higher and it can be stored without signiﬁcant overpressure thus not
requiring heavy pressure tanks [3].
The composition of LNG, and consequently its energy content and
other physical properties, varies from source to source. The composition mainly contains methane (79–99%) with a few percentages ethane
and even lesser propane, n-butane, iso-butane and nitrogen as well as
trace amounts of n-pentane and iso-pentane. The use of LNG as a fuel in
an internal combustion engine can knocking and an increase in emissions and a decrease in the engine eﬃciency. Knocking is deﬁned as
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abnormal combustion in an spark ignition (SI) engine, which occurs
when a certain part of the fuel/air mixture auto-ignites and combusts
before the arrival of the turbulent spark ignited ﬂame. This phenomenon produces a rapid pressure rise and extremely high localized
temperatures. This combination of high pressure and high temperature
can cause erosion of the engine piston and is highly undesirable.
One of the primary factors inﬂuencing knock propensity of an engine is the fuel composition, which determines the rates of reactions
and the heat release during the combustion process. Thus, a detailed
analysis of the mixtures of LNG oxidation under engine relevant conditions, i.e., at high pressures and at intermediate temperatures is a key
requirement for the characterization of LNG as transportation fuel.
Ignition of single component fuels like methane, ethane, propane, nbutane and n-pentane have been extensively investigated [4–8].
Whereas, ignition studies of multi-components fuels are scarce.
Healy et al. [9] studied the oxidation of methane/ethane/propane
mixtures for blends containing 90/6.6/3.3, 70/15/15 and 70/20/10
percent by volume of each fuel, respectively, in air over the temperature range of 770–1580 K, at compressed gas pressures of approximately 1, 10, 20, 30, 40 and 50 atm, and at equivalence ratios of 0.5,
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1.0 and 2.0 using both, a high-pressure shock tube and a rapid compression machine. The experimental data were simulated using a detailed kinetic mechanism, which is based on the hierarchical nature of
hydrocarbon combustion mechanism containing H2/O2, CO/CH4 and
larger hydrocarbon sub-mechanisms. Overall the mechanism was able
to capture the experimental trends.
The same group [10] extended their study and investigated the
oxidation of CH4/C2H6/C3H8/n-C4H10/n-C5H12 mixtures in air over the
temperature range of 630–1550 K, in the pressure range of 8–30 bar,
and at equivalence ratios of 0.5, 1.0, 2.0 in both, a high-pressure shocktube and in a rapid compression machine. The experimental data have
been validated with a detailed chemical kinetic mechanism containing
a comprehensive representation of low-temperature chemistry for fuels
up to and including n-pentane. Overall, they observed good agreement
between the model and experiments. However, a further improvement
in the kinetic model is required to account for the discrepancies at high
pressures and low temperatures.
One of the showstoppers in the roll-out of LNG as fuel is the lack of a
commonly agreed methane number. The methane number is the LNG
counterpart of the octane number for gasoline. However, no harmonized method to determine the methane number currently exists. A
potentially suitable correlation between the methane number (MN) and
the LNG composition is from MWM [11], which is an extension of the
well-known AVL method [12]. The latter method is widely used, but
has the disadvantage that it covers only hydrocarbons up to C4 (butane). Gersen et al. [13] described a method to characterize the eﬀects
of changes in the composition of gaseous fuels on engine knock by
computing the autoignition process during the compression and burn
periods of the engine cycle. Using only a single, experimental nonknocking pressure trace, the method computes the eﬀects of changes in
autoignition chemistry, combustion phasing and thermophysical properties when varying the fuel, based only on the properties of the fuel–air
mixture, using fuel-speciﬁc, detailed autoignition chemistry and
burning velocity calculations.
To assess the knocking propensity of such fuels, the ignition delay
time (IDT) of these fuels at typical operating conditions can be determined. The IDT is a measure for how easily a spontaneous ignition
will occur. It is the time from when the fuel air mixture reaches the
temperature and pressure which are suﬃcient to ignite it to when an
actual macroscopic combustion can be observed.
The current work is designed to investigate the oxidation kinetics of
mixtures containing CH4/C2H6/C3H8/n-C4H10/i-C4H10/n-C5H12/i-C5H12/
N2. We have included data that was recorded in both a high-pressure
shock tube and in a rapid compression machine for two equivalence
ratios 0.4 and 1.2 at pressures of 20 and 40 bar in the temperature range
of 850–1450 K. Chemical kinetic modeling was considered to get deeper
insights into the relevant ignition chemistry.

Table 1
Compositions (% volume) of the tested Liquid Natural Gas Mixtures in the
shock tube as well as in the rapid compression machine.
Components

Mix-1

Mix-2

CH4
C2H6
C3H8
n-C4H10
i-C4H10
n-C5H12
i-C5H12
N2

87.89
7.27
2.92
0.71
0.65
0.10
0.11
0.35

78.80
14.0
3.40
0.90
1.10
0.15
0.15
1.5

i.e., P5 and T5, were calculated using one-dimensional normal shock
relations. The uncertainties in the measured pressures and temperatures
are less than 1%.
A molar ratio of 3.76:1 of N2:O2 was used to prepare the typical LNG
mixtures containing CH4/C2H6/C3H8/n-C4H10/i-C4H10/n-C5H12/i-C5H12/
N2 in a magnetically-stirred mixing tank. Table 1 lists the compositions
(% volume) of the two tested mixtures. The covered temperature range
for these measurements was from 1100–1450 K. The shock tube and
mixing tank were heated using heating jackets to avoid fuel condensation
during the experiments.
The ignition onset was identiﬁed by pressure spike and by the
maximum CH∗ chemiluminescence detected at 430 nm using a Thorlabs
PDA36A detector behind a narrow bandpass ﬁlter at the side and end
wall of the shock tube. Fig. S1 depicts a schematic of the shock tube’s
detection system and typical recorded pressure and CH∗ emission signal
are represented in Fig. 1. The ignition delay time was determined from
the signals by extracting the time diﬀerence between the passage of the
reﬂected shock wave (time zero) to the steepest rate of change in the
CH∗ emission signal. The overall uncertainty in the shock tube ignition
delay measurements was estimated to be ± 20%.
2.2. PTB rapid compression machine facility
The Rapid Compression Machine (RCM) experiments were performed at Physikalisch-Technische Bundesanstalt (PTB), Germany. The
design is similar to the one designed by Mittal et al. [15]. It is a single
piston rapid compression machine, which is pneumatically driven and
hydraulically braked. A schematic can be found in Fig. S2 in the
Supplementary Material. The RCM consists of three chambers, namely
reactor, hydraulic and pneumatic chamber. The reactor chamber has an
internal diameter of 50 mm and consists of 6 ports for pressure sensors,

2. Experiments
2.1. KAUST shock tube facility
Shock tube experiments were performed at the King Abdullah
University of Science and Technology (KAUST), Saudi Arabia with the
high-pressure shock tube (HPST). The details of this apparatus can be
found in Ref. [14] and therefore only a brief overview is given here.
The HPST is constructed from stainless steel with an inner diameter
of 10 cm. The driven section is 6.6 m long, and the driver has a maximum length of 6.6 m. The mid-section of the shock tube houses two
pre-scored aluminium diaphragms in a double-diaphragm arrangement
which allows for better control of the post reﬂected shock conditions
compared to a single-diaphragm arrangement. The inner surface of the
shock tube is electropolished to reduce the eﬀects of boundary layers.
The incident shock wave was monitored with ﬁve equally separated
PCB 113B26 pressure transducers placed axially along the last 3.7 m
from the driven section end-wall. The reﬂected-shock-test properties,

Fig. 1. Representative pressure and CH∗ emission time proﬁle for shock tube
investigations.
424

Fuel 232 (2018) 423–430

S.K. Vallabhuni et al.

gas inlets and gas outlets. The reactor chamber is designed to sustain a
maximum working pressure of 200 bar and can be operated in a temperature range of 600–1100 K. A creviced piston is used to compress the
gas in the reactor chamber, which is driven by an arrangement of a
pneumatic piston and high-pressure air tank. A solenoid valve connected to the hydraulic chamber and the oil reserve chamber can be
triggered to release the hydraulic pressure to move the piston forward.
Towards the end of the compression stroke, the piston is smoothly
decelerated and ﬁnally stopped by the piston stopping groove. The
machine is designed with a variable volumetric ratio, accessible
through substitution of the end wall by diﬀerent end wall inserts that
results in the change of the distance between the piston front and the
end wall at the top dead center position.
Heating tapes were used to vary the initial temperature of the gas
mixtures from 296 K to 380 K. The temperatures of the mixtures in the
combustion chamber were measured with a Pt-Rh thermocouple located in the wall of the combustion chamber and of the mixing cylinder.
This setup ensures a homogeneous initial temperature and also allows
to study various initial temperatures. The pressure time histories were
recorded using a Kistler (601H) pressure transducer with a charge
ampliﬁer (Type 5018) and is digitized using a spectrum data acquisition
card (M2i.3016-Exp). In this study, test mixtures were ﬁrst prepared
manometrically in a stainless-steel tank at room temperature using a
MKS manometer to measure the partial pressures of the respective
gases. The steel tank was cleaned in advance with bath gases to remove
impurities before ﬁlling the ﬁnal mixture. Argon and nitrogen were
used as bath gases in the RCM experiments to obtain the appropriate
value of the compressed gas temperature (Tc ) . These gaseous mixtures
were allowed to homogenize for around 12 h before transferring them
into the reaction chamber. Fig. 2 represents a typical pressure trace
recorded for a probe gas mixture, which is compressed to a ﬁrst peak
pressure (Pc ) indicating the end of compression (EOC). The recorded
pressure follows a slow pressure drop due to heat losses from the
constant-volume reaction chamber to the surrounding walls until a
second pressure rise indicates the onset of the ignition. The ignition
delay is deﬁned as the time between the end of compression to the start
of the ignition.
Non-reactive pressure traces were used in the 0-D simulations in this
study. In order to account for heat losses in the rapid compression
machine, for each measured mixture a pressure proﬁle with a non-reactive mixture was recorded. For this purpose, the O2 content in the

Fig. 3. Representative of a raw pressure-time proﬁle and smoothed pressuretime proﬁle for RCM investigations.

reactive mixture was replaced by N2. The heat capacity values of O2 and
N2 are quite similar, and it was thus assumed the overall heat capacity
of the respective non-reactive mixture to be similar to the heat capacity
of the reactive mixture. Owing to the diﬃculty of directly measuring
the temperature inside the reaction chamber, Tc was determined considering the adiabatic core assumption using the GasEq software [16].

∫T

Tc

0

γ dT
P
= ln ⎡ c ⎤
⎢
⎥
γ −1 T
⎣ P0 ⎦

(1)

Here, T0 and P0 represent initial temperature and pressure respectively, and γ is the ratio of the speciﬁc heats for the initial mixture
which is a function of temperature.
Post-processing and extracting of the ignition delay time from the
experimental pressure traces were done by an inhouse MATLAB [17]
code. The raw pressure signal contains a lot of noise in small amplitude.
Therefore, this signal was ﬁltered and smoothed using a diverse ﬁlter
and smooth functions. Fig. 3 depicts the ﬁrst derivative p′(t) that was
computed from the ﬁltered and smoothed pressure curve. The end of
compression was then determined by the local maximum of pressure
before the pressure rise due to ignition. Ignition can be deﬁned as the
point giving maximum rate of pressure rise with respect to time after
the end of compression. The estimated uncertainty in RCM ignition
delay measurements is ± 15%.
Volume proﬁles were generated by using the volume proﬁle method
as discussed in Refs. [18,19]. Volume-time history was generated using
a non-reactive pressure signal for each operating condition using
adiabatic relations and temperature dependent speciﬁc heat ratio values of the test mixture. The obtained time varied volume proﬁle can
account for the heat loss eﬀect during compression as well as the post
compression event.
2.3. Modeling
The chemical kinetic models used in this study are NUI Galway’s nhexane mechanism [20] and LLNL’s n-heptane mechanism [21]. NUI
Galway’s n-hexane mechanism consists of 913 species and 4150 reactions and includes the AramcoMech 1.3 as a sub mechanism [22]. It was
built on the hierarchical nature of hydrocarbons and considerable
changes in C1-C2 portion of the mechanism. The sub-mechanism has
been updated for the three pentane isomers [23]. LLNL’s n-heptane
mechanism includes C1-C4 detailed mechanism core and three main
blocks: the ﬁrst one includes all the main reaction pathways for the
saturated and non-saturated linear hydrocarbons up to C7, the second
one contains the same classes of reactions for branched hydrocarbons
from C5 to C8, the last includes the reactions of aromatic structures such

Fig. 2. Representative pressure-time proﬁle for the RCM investigations.
Reactive mixture phi = 0.4 (in red), non-reactive mixture (in black) and the
deﬁnition of ignition delay time. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)
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as benzene and short chain alkyl aromatics.
Since LLNL mechanism does not include all the pentane isomers, the
NUI Galway mechanism with the updated sub-mechanisms for the three
pentane isomers was considered here for the modeling. However, a
comparison of both models was done to ﬁnd important reactions inﬂuencing ignition delay times.
Modeling of the shock-tube data were performed as zero-dimensional calculations using the Chemkin-Pro [24] software. A closed
homogeneous batch reactor solver was used to solve for adiabatic simulation with the reﬂected-shock pressure and temperature as initial
conditions.
Rapid compression machine simulations were carried out with volume proﬁles generated from the non-reactive pressure traces. A closed
homogeneous reactor solver with prescribed volume proﬁle was used to
calculate the ignition delay times.

delay times of Mix-2. The measured IDTs of Mix-2 at ϕ = 0.4 at pressures of 20 and 40 bar are plotted as a function of temperature in
Fig. 4b). The covered temperature ranges of the shock tube and RCM
measurements are 1100–1338 K and 910–1050 K, respectively. Similar
to Mix-1, both models predict the ignition delay times very well for the
shock tube conditions, where the NUIG kinetic mechanism predicts
slightly faster ignition in comparison to LLNL kinetic mechanism.
However, neither of the mechanisms can capture the IDTs at intermediate temperatures. Both models under-predict the IDTs strongly by
a factor of 10 in comparison to the measured data. Furthermore, the
NUIG kinetic mechanism predicts longer IDTs than the LLNL kinetic
mechanism in the intermediate temperature range. Similar comparisons
of experimental and modeling results for both mixtures of pressures 20
and 40 bar and equivalence ratio of ϕ = 1.2 are provided in the
Supplementary Material (see Fig. S3).

3. Results and discussion

3.2. Eﬀect of mixture composition

Ignition delay times were determined for various temperatures,
pressures, mixture compositions and equivalence ratios to deduce their
role on the knocking behavior under a wide set of conditions.
Furthermore, these data set provide an extensive set of validation targets for reﬁning chemical kinetic models. Individual cases are discussed
in the following.

The role of the mixture composition is the most signiﬁcant and one
of the most challenging eﬀects in the LNG auto-ignition investigations.
It is also a focus of this study to have a detailed understanding of these
eﬀects from a chemical kinetics perspective. Even low concentrations of
higher hydrocarbons could have a signiﬁcant inﬂuence on the autoignition behavior of LNG at higher pressures. It is therefore essential to
study the inﬂuence of these components to the ignition behavior of this
fuel type.
Fig. 5a) depicts the comparison of the measured IDT’s for Mix-1 and
Mix-2 at a pressure of 20 bar and an equivalence ratio of ϕ = 0.4 . The
shock tube data illustrates that Mix-2, which contains a larger fraction
of higher order hydrocarbons, is faster to ignite, i.e., having shorter
IDTs in comparison to Mix-1 at temperatures higher than 1100 K. In
contrast, the RCM data illustrate an unusual behavior through the
presence of a “cross-over“ regime. In this regime which spans between
950–1050 K, Mix-1 ignites faster than Mix-2. Similar “cross-over“ behavior was observed in shock tube experiments with propene as fuel in
a temperature regime of 1100–1450 K [25], at a pressure of 10 atm and
for ϕ = 0.5 and 1.0. Both mechanisms LLNL and NUIG, show good
agreement for the shock tube results. However, neither of the mechanisms predicted the “cross-over“ regime for both mixtures. This
might be because of low temperature oxidation reactions not yet covered suﬃciently by the models.
Fig. 5b) illustrates the comparison of the ignition delay times for
Mix-1 and Mix-2 at 40 bar and an equivalence ratio of 0.4. Again, the
similar observation, Mix-2 with greater fraction of higher hydrocarbons
ignites faster than Mix-1 at temperatures higher than 1100 K and vice
versa in the intermediate temperatures range. Reacting of mixture starts

3.1. Eﬀect of pressure
Pressure plays a signiﬁcant role in auto-ignition kinetics. The LNG
mixtures were studied at pressures of 20 and 40 bar under lean (ϕ = 0.4)
and rich (ϕ = 1.2) conditions. Generally, for the respective mixtures and
conditions, at constant temperature, increasing pressures leads to
higher reactivity and thus result in a decrease of the ignition delay
times. This is indeed not an exception for LNG in general. Nevertheless,
what makes the LNG autoignitions specially interesting is the role of the
variable pressure dependence on ignition kinetics due to its diﬀerent
hydrocarbon components in the mixtures.
Fig. 4a) shows the eﬀect of pressure for Mix-1 for ϕ = 0.4 at pressures of 20 and 40 bar. The RCM data show that reactivity starts at
950 K in case of 20 bar but starts earlier at 883 K in the case of 40 bar.
This behavior shows that activation energy as function of temperature
is aﬀected signiﬁcantly by the pressure change. At 20 and 40 bar (both
shock tube and RCM data were recorded) both mechanisms are capable
of predicting the experimental data correctly from the shock tube in the
high-temperature regime and from the RCM experiments in the intermediate temperature regime, quite well.
The same eﬀect of pressure was found for the measured ignition

Fig. 4. (a) Eﬀect of pressure on ignition-delays for the oxidation of Mix-1, ϕ = 0.4 . Symbols correspond to experimental results. Lines correspond to kinetic model
predictions (straight lines) LLNL mechanism, (dashed lines) NUIG mechanism. (b) Eﬀect of pressure on ignition-delays for the oxidation of Mix-2, ϕ = 0.4 . Symbols
correspond to experimental results. Lines correspond to kinetic model predictions (straight lines) LLNL mechanism, (dashed lines) NUIG mechanism.
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Fig. 5. (a) Eﬀect of mixture composition on ignition-delays for oxidation of Mix-1 and Mix-2, ϕ = 0.4 . Symbols correspond to experimental results. Lines correspond
to kinetic model predictions (straight lines) LLNL mechanism, (dashed lines) NUIG mechanism. (b) Eﬀect of mixture composition on ignition-delays for oxidation of
Mix-1 and Mix-2, ϕ = 0.4 . Symbols correspond to experimental results. Lines correspond to kinetic model predictions (straight lines) LLNL mechanism, (dashed lines)
NUIG mechanism.

important chain branching reactions are CH3 + HO2 = CH3O + OH and
H + O2 = O + OH. These reaction play an important role in enhancing
the ignition event. The reactions with negative sensitive coeﬃcient
value, that hinder the ignition event are CH3 + HO2 = CH4 + O2 and
2CH3(+M) = C2H6(+M). At high temperatures, both mechanisms predict similar sensitive reactions in determining the ignition delay times.
Normalized sensitivity coeﬃcients for the OH radical at lower
temperature (850 K) for Mix-1 are shown in Fig. 6c) and d) for the respective mechanisms. The decomposition of H2O2 to two OH radicals
lead to the ignition event for both mechanisms and is the most sensitive
reaction. However, unlike the T = 1200 K case, the LLNL mechanism
shows more C3 reactions while the NUIG mechanism shows mostly C1
and C2 reactions at 850 K. Though both mechanisms illustrate diﬀerent
reactions at intermediate temperature, the predicted ignition delay
times agree with the measurements independent from the chosen mechanism.
Fig. 7 depicts the sensitivity coeﬃcients for Mix-2 at 1200 K, a
pressure of 40 bar and ϕ = 0.4 for both NUIG (a) and LLNL (b) mechanisms, respectively. Similar observations like from the sensitivity

at low temperature around 880 K for Mix-1 and around 910 K for Mix-2.
Both mechanisms are again not able to predict the “cross-over“ regime
observed in the experiments. Furthermore, this “cross-over“ eﬀect was
not observed for both mixtures with equivalence ratio 1.2. The respective data are provided in the Supplementary Material (Fig. S4).

3.2.1. Sensitivity analysis
To better understand the crucial elementary reactions that inﬂuence
the auto-ignition kinetics of the tested mixtures, sensitivity analyses
(SA) were performed to investigate the important reactions inﬂuencing
the ignition delay times. As one of the most important indicators of the
reactivity, the hydroxyl radical (OH) was selected as a target to investigate the fuel reactivity. A sensitivity analysis on the OH radical was
carried out at the time of ignition for Mix-1 and for ϕ = 0.4 , P = 40 bar
and temperatures of 1200 K (shock tube) and 850 K (RCM) with both
mechanisms, LLNL and NUIG.
Fig. 6 illustrates the comparison of the normalized sensitivity coefﬁcients based on the key mechanism for Mix-1 at T = 1200 K, P = 40 bar
and ϕ = 0.4 (panel a) and b)). Both the mechanisms show that the

Fig. 6. Normalized sensitivity analysis on OH radical at time of ignition for a
Mix-1 at ϕ = 0.4 , P = 40 bar at T = 1200 (a, b) and T = 850 (c,d) based on the
mechanisms.

Fig. 7. Normalized sensitivity analysis on OH radical at the time of ignition for
a Mix-2 at ϕ = 0.4 , P = 40 bar at (a, b) 1200 K and (c, d) 850 K based on the
mechanisms.
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analysis for Mix-1 are obtained. The dominant ignition enhancing reaction is CH3 + HO2 = CH3O + OH and the H-addition to O2. The ignition event is hindered mostly by CH3 + HO2 = CH4 + O2 in both
mechanisms. It becomes clear that at 1200 K a change in the mixture
composition does not inﬂuence the main chemistry. Good prediction of
the shock-tube experimental data was observed for both of the mechanisms.
The sensitivity analyses for Mix-2 at 850 K, for 40 bar and ϕ = 0.4
are depicted in Fig. 7c) and d). Both mechanisms illustrate that the most
sensitive reaction, which enhance the ignition event is the decomposition of H2O2 to two OH radicals. Most of the reactions, which enhances
ignition event are quite the same for both mechanisms. Both mechanisms mostly use the same chemistry and were not able to predict ignition delay times in the intermediate temperature range. A factor of 2
diﬀerence was observed between the measured and simulated ignition
delay times and in addition both models cannot predict the observed
cross-over behavior. From Table 1 it becomes evident that Mix-2 contains remarkable higher fractions of ethane than Mix-1 (14.0% and
7.27%, respectively). The sensitivity analyses in Fig. 7c) and d) reveal
that for Mix-2 ethane related reactions become more signiﬁcant. Speciﬁcally, the ignition promoting reaction C2H6 + HO2 = C2H5 + H2O2
shows higher sensitivity for Mix-2 in both mechanisms than for Mix-1.
It can be therefore extracted that for Mix-2 the C2 chemistry might play
a signiﬁcant role on the ignition in the intermediate temperature regime and that a better understanding of it is needed to overcome the
discrepancies in the modeling. However, it should be pointed out that
the modeling results depend on several factors and that its capability or
non-capability in predicting the measured ignition delay times might
not be only traced back to the concentration of ethane. A deeper insight
into the mechanisms, particularly into reactions at intermediate temperatures, is therefore suggested.

Fig. 8. Ignition delay vs temperature for the respective mixtures for ϕ = 0.4 at
pressures 20 bar (red squares), 40 bar (blue circles). Lines correspond to kinetic
model predictions (straight lines) LLNL mechanism, (dashed lines) NUIG mechanism. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

These mixtures with high ethane concentrations show a signiﬁcant divergence between the measured and the modeled ignition delay times for
intermediate temperatures. Fig. 9 provides the sensitivity analyses for
Mix-3 at 900 K using both, the NUIG (a) and the LLNL (b) mechanism. As
for Mix-2 the reaction H2O2(+M) = 2OH(+M) is the most sensitive
reaction in both mechanisms. It again become evident that ethane
chemistry plays a signiﬁcant role in the predictions of the ignition
delay times. In comparison with Mix-1, it becomes obvious that the
ethane related reaction C2H5 + HO2 = C2H5 + H2O2 becomes more
important in both mechanisms and furthermore the reaction
C2H6 + CH3O2 = C2H5 + CH3O2H also has a relevance in promoting the
ignition of Mix-3. This ﬁnding thus indicates again the need for a revision
of the C2 chemistry especially in the intermediate- and low-temperature
regime.

3.3. Further experiments
The aforementioned results illustrate that the experimental results
are quite comparable to the modeling results at high temperatures, i.e.,
temperatures higher than 1100 K. At intermediate temperatures, the
experimental results are not consistent with the modeling results.
Hence, further mixtures were investigated at intermediate temperatures
to further analyze the behavior of measured to modeling results.
Table 2 illustrates the compositions (% volume) of the further studied
mixtures considered for the RCM experiments at intermediate temperatures. Fig. 8 depicts the comparison of the measured ignition delay times
for Mix-3, Mix-4, Mix-5 and Mix-6 in a temperature range of 850–1050 K,
pressures of 20 and 40 bar and for an equivalence ratio of 0.4. As already
seen for Mix-1 and Mix-2, a faster ignition could be observed for increasing pressure. Both, LLNL and NUIG mechanisms cannot predict the
ignition delay times for Mix-3 well. However, for other mixtures such as
Mix-4, Mix-5 and Mix-6, models are in better agreement with the experimental results. Carefully examining the diﬀerent mixture compositions, it becomes obvious that Mix-3, and as described above Mix-2,
contain high volume fractions of ethane (12.9% and 14%, respectively).

3.4. Methane number
To make LNG a useful transportation fuel, a characterization of
diﬀerent LNG mixtures with regard to its methane number (MN) is
required [26]. The methane number is used by engine manufacturers to
describe the knocking resistance of gas mixture to engine knocking. It is
deﬁned as the percentage of methane in methane/hydrogen mixture
which has the same knocking behavior as the gas mixture to be investigated under well-deﬁned testing conditions [12].
To get insight into methane number characterization a comparison
of MN to ignition delay times of reference mixtures and LNG mixtures
were performed. Here, the AVL method was applied because our LNG
mixtures contain mainly the compositions up to C4. Reference mixtures
(containing only methane and hydrogen) of MN 0, 60, 70, 80, 90, and
100 were utilized to measure ignition delay times at intermediate
temperatures which are the same temperatures where LNG mixtures
were investigated. Fig. 10 illustrates the measured ignition delay times
as a function of the calculated AVL-MN for reference mixtures and LNG
mixtures. With increase of the MN of the reference mixtures, a corresponding increase in ignition delay times was observed. However, for
the LNG mixtures, the ignition delay times between MN 60 and MN 75
(Mix-1, Mix-3, and Mix-4) are lower compared to the respective reference mixtures. As mentioned earlier, the ignition delay time depends
strongly on the present radical pool and thus on the radical forming and

Table 2
Compositions (% volume) of the tested gas mixtures in the rapid compression
machine.
Components

Mix-3

Mix-4

Mix-5

Mix-6

CH4
C2H6
C3H8
n-C4H10
i-C4H10
n-C5H12
i-C5H12
N2

84.52
12.9
1.5
0.21
0.22
0.03
0.02
0.6

91.8
5.7
1.3
0.15
0.17
0.04
0.04
0.8

95.253
2
1
0.3
0.3
0.022
0.025
1.1

97.876
1
0.5
0.21
0.18
0.016
0.018
0.2
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Fig. 9. Normalized sensitivity analysis on OH radical at the time of ignition for a Mix-3 at ϕ = 0.4 , P = 40 bar at 900 K based on (a) NUIG and (b) LLNL mechanisms.

LNG experiments that contain mainly CH4 (> 87 volume%) at both
high and intermediate temperatures. Whereas, both the mechanisms
give good predictions only at high temperatures but show large discrepancy compared to the measurements at intermediate temperatures
for the LNG mixtures that contain high concentration of higher hydrocarbons (e.g., > 12 vol.% C2H6). Sensitivity analyses were performed additionally and suggested that an improvement of the chemistry of higher hydrocarbons at low and intermediate temperatures is
needed.
Moreover, the measured ignition delay times were correlated to the
methane number that was calculated based on the AVL-MN algorithm.
Diﬀerent correlations were found between the reference mixtures
(contain only methane and hydrogen) and the LNG mixtures between
MN 60–70. Further kinetics investigation of the LNG mixtures at different MN is therefore suggested.
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Fig. 10. Measured IDTs of reference mixtures and LNG mixtures versus the
methane number determined with the AVL-MN algorithm.

consuming reactions. Besides the above discussed C2 chemistry, the
reactions of higher hydrocarbons can inﬂuence the auto-ignition of the
fuel as well and thus the knocking resistance of the diﬀerent LNG
mixtures. Here we observed that the ignition delay time corresponds to
the amount of propane in the mixture. Following the order of the
propane content in the investigated mixtures (Mix-2: 3.4% > Mix-1:
2.92% > Mix-3: 1.5% > Mix-4: 1.3% > Mix-5: 1% > Mix-6: 0.5%)
and comparing it to the measured ignition delay times, it becomes
evident that with increasing propane content the ignition delay time
becomes smaller. However, Mix-2, which has a similar ignition delay
time as the respective reference mixture of MN 60, does not ﬁt into this
order. Hence, these results should encourage for a detailed chemical
investigation of LNG type fuels to obtain a proper correlation of the
methane number and the ignition delay time.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.fuel.2018.04.168.
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