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Liquefied natural gas (LNG) and liquefied biogas (LBG) as transport fuels constitute one of the pillars of the European clean fuel strategy. LNG and LBG often contain higher hydrocarbons up to C5, which leads to more complex ignition properties when utilizing them in gas engines. Therefore, it is essential to understand their combustion behavior and to quantify the abnormal combustion such as knocking propensity in correlation to the methane number (MN). Currently, there is no traceable standard to define the MN, and the literature algorithms give no consistent results for the same LNG/LBG mixtures. In this study, the correlation between the MN and ignition delays of several LNG/LGB mixtures containing C1-C5 alkanes and nitrogen was investigated at temperatures between 870 and 1,550 K, at 10, 20, and 40 bar, and with equivalence ratios of 0.4 and 1.2. Good correlations have been observed for mixtures with MN 50–90 at high temperatures. At intermediate temperatures, discrepancies were found between mixtures with same MN but different C1-C3 compositions. Moreover, the addition of butane and propane isomers at low vol.% showed no effect on the ignition delay times (IDTs) at intermediate temperatures.
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INTRODUCTION

To meet the goals of the Paris Agreement1, limiting the global warming to 2°C above pre-industrial level, carbon dioxide (CO2) emissions from transportation and combustion-based power generation need to be reduced. Liquefied natural gas (LNG) and liquefied biogas (LBG) have attracted the public and scientific communities as alternative fuels for future transportation and energy systems due to their lowest CO2 emissions relative to their energy content among all the hydrocarbons because of the low C/H ratio2 (LNG Metrology). In 2013, LNG has been announced as a part of the European Union (EU) clean fuel strategy3.

LNG is produced by cooling the natural gas to −162°C at their extraction points, while LBG is produced by cooling the biogas to the same temperature level. The liquefaction procedure and the liquid state generate several advantages for the use of LNG/LBG as transportation fuels over compressed natural gas (CNG), e.g., the liquefaction procedure can remove undesired impurities such as dust, acid gases, water, and heavy hydrocarbons; furthermore, the energy densities of LNG and LBG are greater than that of CNG (factor 1.5), and they can be stored without significant overpressure, thus not requiring heavy pressure tanks4, which makes LNG/LBG cost-efficient in marine and road transportation over long distances. However, implementing LNG/LBG as fuel in combustion engines has several challenges. Unlike CNG, LNG, and LBG often contain hydrocarbons up to C5 that have totally different boiling points, which leads to composition changes over time during the transport, transfer, and storage because of the boil-off of the volatile components. This process is also known as LNG aging (Glomski and Michalski, 2011). As a result, the use of LNG/LBG as fuel in engines can induce very different combustion behaviors, e.g., knock resistance, thermal efficiency, and emissions. Among others, the knock resistance of LNG/LBG is the one most important parameter for engine design, and it describes the anti-knock ability of fuels in a running engine. Knock is defined as an abnormal combustion in spark ignition (SI) engines, which occurs when a certain part of the fuel/air mixture in front of the turbulent spark-ignited flame auto-ignites and combusts due to the high pressure and temperature induced by the flame. The occurrence of knocking leads to an increase in emissions, a decrease in the engine efficiency, and even engine failure (Kalghatgi, 2018). Therefore, good understanding of the knocking propensity of LNG/LBG is crucial for their practical applications in gas engines.

The knocking properties of LNG and LBG can be characterized by the methane number (MN), which is the counterpart of the octane number for gasoline. MN has been defined as the volume fraction of methane in a methane/hydrogen mixture ranging from 0 to 100. The knocking behavior of the methane/hydrogen mixtures can be characterized in a defined test engine under defined operating conditions. The MNs for pure methane and pure hydrogen are 100 and 0, respectively. A fuel gas assigned with a MN shows the same knocking behavior as a methane/hydrogen mixture with a corresponding MN. However, the knocking behavior of LNG/LBG depends not only on the composition of the gas but also on the design of the test engines and the operating conditions. The first methane number measurements of LNG were performed in a test engine under defined conditions originated from the Anstalt für Verbrennungsmotoren Prof. List (AVL) in 1971 (Leiker et al., 1972). The AVL methane number algorithm was then defined for experiments performed on a test bench. Unfortunately, the AVL engine test bench is not available at present and no reproducible direct measurement is possible anymore. One disadvantage of the AVL algorithm is that it covers hydrocarbons only up to butane (C4). However, various LNG/LBG samples from various sources contain non-negligible amounts of pentane (C5) and nitrogen (N2). Therefore, the AVL algorithm has been further developed by Motoren-Werke Mannheim (MWM) considering the higher hydrocarbons in more detail and treating the influence of N2 differently (EN 16726, 2015). The MWM method has been widely applied and adopted by EUROMOT in 2016 (MWMMN Calculation Method, 2013). Further efforts to improve the AVL method have been reported by Andersen (Andersen, 1999) and by Gieseking and Brown (Gieseking and Brown, 2016). Andersen reported on the Danish Gas Technology Center (DGC) algorithm that is based on the AVL MN triangle diagram and defines the methane number of gas samples calculated by adding the methane number without inert gases and the methane number with inert gases. The DGC algorithm also considers only the hydrocarbons up to C4, and CO2 and N2 are taken into account as inert gases. Gieseking and Brown (Gieseking and Brown, 2016) developed the National Physical Laboratory (NPL) algorithm that applied the great dataset measured from AVL. Hydrocarbons greater than C4 were also not considered in this algorithm due to lack of experimental data. One important change made there was that the NPL algorithm removed the correction of CO2 because it will be generally eliminated during the liquefaction process and no CO2 will be found in LNG. Moreover, the NPL algorithm evaluated the uncertainty from the AVL ternary diagram for the first time, and the calculation of the methane number always included the uncertainties from the LNG gas compositions.

Gersen et al. (2015) described a process to investigate the effect of varying compositions of gaseous fuels on engine knock by taking the auto-ignition process during the compression and burn periods of the engine cycle into account. As a measure for the knocking propensity, they used the Propane Knock Index (PKI) instead of methane/hydrogen references. It is defined as the fraction of propane in a mixture of methane/propane which shows the same knock propensity as the investigated gas (Gersen et al., 2015). The PKI can be further converted into an MN. Eilts and Klare (2018) performed further engine tests to investigate the determination of the service MN of LNG that is an engine-dependent MN. No consistent results have been found between the service MN (SMN) and the calculated MN from the aforementioned algorithms; however, the same tendencies between SMN and MN have been observed, but different absolute values were obtained. Although many efforts have been done to determine the MN experimentally or mathematically, no consistent result has been found between the different MN algorithms for the same gas compositions (Gieseking and Brown, 2016; Eilts and Klare, 2018). To understand the nature of the knocking propensity of LNG and LBG, further investigations on their combustion chemistry, especially reaction kinetics, are therefore essential.

One primary factor that influences the knock characteristics in an engine is the fuel composition that determines the reactivity of the fuel and the energy release in the combustion processes. The knocking propensity of selected fuels can be correlated to their ignition properties, such as the ignition delay time (IDT) at typical operating conditions. The IDT defines how easily a fuel can be spontaneously ignited. IDT is the time between the moment the fuel–air mixtures reach the temperature and pressure which are sufficient for initiating the ignition and the moment an actual macroscopic ignition event can be observed, e.g., strong heat release. For the reference methane/hydrogen mixtures, Zhang et al. (2012a,b) have performed ignition delay experiments on CH4/H2 mixtures with hydrogen mole fractions of 0, 20, 40, 60, 80, and 100% at temperatures from 900 to 2,000 K, pressures from 5 to 20 bar, and equivalence ratios from 0.5 to 2.0 in a shock tube. Three ignition regimes were identified according to the hydrogen fraction (<40, 60, and >80% of H2). The combustion chemistry behind the different ignition behaviors at different ignition regimes was analyzed in detail and in-depth understanding was obtained. For the LNG gases, all the reported MN algorithms were developed based on the AVL engine measurements where the knocking was affected by both the chemical nature of the gases and the fluid dynamics in the combustion chamber; however, the combustion chemistry of the natural gas has not been fully understood, and it is crucial to first investigate the correlation between the IDT and the MN as well as the effect of the gas composition.

The current work is therefore designed to investigate the ignition behavior of LNG and LBG mixtures containing CH4/C2H6/C3H8/n-C4H10/i-C4H10/n-C5H12/i-C5H12/N2 and the reference mixtures containing only CH4 and H2. The composition of real LNG and LBG mixtures varies strongly from resource to resource, and it is unreasonable to investigate all the possible LNGs. One big challenge in correlating the MN and ignition behavior is that, for different LNGs, the MN can be the same but the gas composition is quite different from each other and, therefore, the ignition delay may be different as well. Moreover, for mixtures that have almost identical gas components, the volume fraction of the isomers, especially for the higher hydrocarbons C4 and C5, can also be different; the molecular structures of higher hydrocarbons can strongly change the knocking resistance. It is also important to investigate the effect of the butane and pentane isomers on the ignition properties. Therefore, in this work, 11 LNG/LBG mixtures and five reference mixtures were produced to investigate the ignition behavior of LNGs/LBGs with the same MN but different gas compositions or different mole fractions of the butane and pentane isomers. Mix 1 to Mix 11 are mixtures having MNs from 70 to 80. Mix 1–3 were defined to study the effect of C1-C3 alkanes for the same MN. Mix 5–7 and Mix 9–11 were defined to investigate the effect of butane and pentane isomers for the same MN, respectively. Mix 4 and Mix 8 were defined to investigate the effect of a small change in the C4 and C5 components on the ignitions, respectively. Table 1 lists the details of the corresponding LNG/LBG and reference mixtures. The MNs of the mixtures shown on the table were determined applying the MWM algorithm, which considered higher hydrocarbons up to C5 and the impurity of N2.


Table 1. Compositions (% volume) of the tested liquefied natural gas (LNG)/liquefied biogas (LBG) mixtures and the reference mixtures in the high-pressure shock tube (HPST) as well as in the rapid compression machine (RCM).
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The ignition property of the mixtures was investigated in a high-pressure shock tube and a rapid compression machine at pressures of 10, 20, and 40 bar, temperatures between 870 and 1,525 K, and two equivalence ratios, 0.4 and 1.2, that cover the main relevant operation conditions of modern LNG engines. The fuel-lean and fuel-rich conditions have been chosen due to their significance in both practical applications and validation of the chemical kinetic mechanisms, and such a big dataset is not available in the literature. Table 2 provides the detailed experimental conditions performed in this study. All the measured IDT data can be found in Table S1. These data revealed the correlation between the MNs and ignition delays and further served as a validation target for evaluating the performance of the chemical kinetic mechanism (Zhang et al., 2015) selected in our previous study (Vallabhuni et al., 2018). Furthermore, kinetic modeling simulations were performed to obtain deeper insights on the relevant ignition chemistry that explains the discrepancy between mixtures that have the same methane number.


Table 2. Details of the experimental conditions investigated in this work.
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EXPERIMENTAL APPROACH


High-Pressure Shock Tube

Shock tube experiments on the ignition delay time of the LNG and LBG mixtures at high temperatures, i.e., 1,100–1,550 K, were performed at Physikalisch-Technische Bundesanstalt (PTB), Germany, in a stainless steel diaphragm-type high-pressure shock tube (HPST) behind reflected shock waves. The HPST has an overall inner diameter of 70 mm and is separated into a 3.5-m driver section and a 4.5-m driven section. Aluminum plates with different thicknesses were used as a diaphragm between the driver and driven sections. For 10-bar measurements, aluminum plates with a thickness of 300 μm were used. Two-millimeter-thick aluminum plates with 0.7-mm depth predefined cuts were used to obtain 20-bar behind reflected shock waves. Both driver and driven sections can be evacuated down to 5E−5 mbar via a turbomolecular pump (Leybold).

A set of four piezoelectrical pressure sensors (Kistler 603C) were installed at an equal distance of 500 mm on the top of the driven section, where the last transducer is 20 mm upstream of the end wall of the driven section, to measure the incident shock velocities that were further applied to calculate the thermodynamic states behind reflected shock waves using ideal shock equations. One additional pressure sensor (Kistler 603C) was mounted on the center of the end wall of the driven section to measure the pressure behind reflected shock waves and further to determine the ignition delay times. All the pressure sensors are connected to a charging amplifier (Kistler model 5018A) and the amplified signals were further digitized and recorded via a data acquisition card (Spectrum M4i.4016-Exp).

Gas mixtures studied in the shock tube were prepared manometrically in a 50-L stainless steel mixing vessel and allowed to homogenize for at least 12 h before use. The respective reference mixtures Ref 50–Ref 90 were prepared in the lab applying high-purity CH4 and H2 (>99.999%, Linde). The LNG and LBG mixtures were produced from PRAXAIR with an uncertainty of each subcomponent <2%.

The ignition delay times measured in the HPST were defined as the time between the arrival of the reflected shock wave and the steepest pressure increase due to the ignition. Figure 1 depicts a typical pressure–time history and the determination of the ignition delay time in a shock tube experiment. The overall uncertainty in the shock tube measurement is 5%, including the uncertainty of the gas composition, the initial state, and the shock velocity. All the shock tube measurements were performed once because the generation of a shock wave cannot be precisely defined. All the data points obtained in the HPST demonstrated a very good correlation between the temperature and the ignition delay.


[image: Figure 1]
FIGURE 1. Representative pressure profile for shock tube investigation of the methane/ethane mixture.




Rapid Compression Machine

The rapid compression machine (RCM) experiments were performed at Physikalisch-Technische Bundesanstalt (PTB). The details of this RCM setup have been described elsewhere (Vallabhuni et al., 2018). Briefly, it is a single-piston RCM that consists of three chambers, i.e., pneumatic driver chamber, hydraulic brake chamber, and reaction chamber. The reaction chamber has an inner diameter of 50 mm and was electropolished. Six ports are installed at equal distances around the reaction chamber and 1 cm away from the end wall for gas inlets/outlets, pressure sensors, and optical windows. The reaction chamber can work under a maximum pressure of 200 bar in a temperature range of 600–1,100 K. To avoid turbulence during the fast compression, a creviced piston is applied. The compression temperature (Tc) can be varied either by changing the compression ratio of the reaction chamber via using different end walls or by heating the RCM and mixture cylinders with heating tapes. To rule out the change of the heat loss characteristics of the RCM, the compression ratio of the reaction chamber in this work was fixed to 20.93 and heating tapes were used.

The ignition delay measurements were realized by recording the pressure profiles. The pressure time histories during the reactions were recorded applying a Kistler (601H) pressure sensor. To overcome the thermal shock effect on the pressure sensor, a thin silicon layer was coated on the surface of the pressure sensor. In this study, test mixtures were prepared manometrically in a 10-L stainless steel tank. Argon and nitrogen (>99.999% pure, Linde) were used as bath gases to reach the appropriate Tc. These gaseous mixtures were prepared at least 12 h prior to use to ensure the homogeneity of the mixtures. Additionally, for each measurement, a non-reactive mixture was prepared in a second mixing tank. The oxygen in the reactive mixture was substituted by nitrogen which has the same heat capacity. The non-reactive mixtures were applied in the RCM to obtain the heat loss for each measurement. Figure 2 depicts one example pressure profile of the reactive and non-reactive mixtures and the determination of the ignition delay time, which is the time between the end of the compression and the steepest pressure rise because of the ignition.


[image: Figure 2]
FIGURE 2. Typical reactive pressure profile (black solid line) and the corresponding non-reactive pressure profile (solid red line) as well as the pressure derivative of reactive pressure for the determination of the ignition delay time (blue solid line).


In this work, no direct measurement was applied to measure the temperature in the reaction chamber. Therefore, the temperature at the end of compression (Tc) was determined indirectly applying the measured pressure and the specific heats following Equation (1), considering the adiabatic core hypothesis (Zhang et al., 2012a,b).

[image: image]

Here, T0 and P0 represent the initial temperature and pressure in the reaction chamber, respectively, and γ is the specific heat of the initial mixture.

The uncertainty of the experimental data obtained in the RCM includes the repeatability of the experiments and the systematic uncertainty. Each measurement for the reactive mixtures has been repeated for at least three times to ensure statistical significance. The overall uncertainty of the ignition delay times measured in the RCM results from 5% uncertainty in repeatability and from about ±10 K uncertainty in Tc.




CHEMICAL KINETIC MODEL

In this work, the NUI Galway's n-hexane mechanism (Zhang et al., 2015), which consists of 913 species and 4,150 reactions, was applied for the chemical kinetic modeling. It has been validated against a variety of experimental results from shock tubes, RCM, and flames that covered a wide range of conditions (Metcalfe et al., 2013; Bugler et al., 2016, 2017; Vallabhuni et al., 2018). Most importantly, this mechanism updated the two butane isomers and the three pentane isomers that are the investigation targets in this work (Bugler et al., 2015). Modeling of the shock tube data was performed applying an in-house Cantera (2015) code based on a homogeneous constant volume reactor applying the pressures and temperatures behind reflected shock waves as the initial conditions. As can be seen in Figure 1, the dp/dt of the shock tube measurements (defined as the percentage change of pressure per time unit) were about 10% per millisecond. To take this effect into account, the volume profiles were calculated via the measured pressure signals and applied to the simulations. RCM is not an ideal constant volume reactor as well, which has heat loss from the core region to the walls of the reaction chamber (Hu and Keck, 1987). In order to account heat losses in the rapid compression machine, the volume profiles are given to the constant volume reactor model to simulate the heat loss during and after compression, which were calculated using the pressure signals from the non-reactive mixtures for each operating condition.



RESULTS AND DISCUSSIONS

This section presents the experimental results and validation of the numerical calculations. The correlation between the MNs and IDTs are illustrated and the effect of the gas composition will be discussed. In order to obtain a better understanding of the ignition property of the investigated LNG/LBG mixtures, sensitivity analyses were performed under the conditions of interest to provide deeper insights on the ignition behaviors.


Correlation Between Methane Number and Ignition Delays

Figure 3 illustrates the IDTs of the reference mixtures Ref 50–Ref 90 measured in the HPST at 20 bar and equivalence ratio (ϕ) of 0.4 in the temperature range 1,100–1,450 K together with the linear fitted lines. As expected, an increase in the reactivity of the reference mixtures was observed with the decrease of methane number, i.e., an increase in hydrogen content increases the reactivity, and the reference mixture Ref 50 shows the highest reactivity. Moreover, the activation energies of mixtures Ref 50–Ref 90 are slightly different from each other, which results in an approaching IDT at a lower temperature range.


[image: Figure 3]
FIGURE 3. Ignition delay times (IDTs) of the reference mixtures (Ref 50–Ref 90) measured in the high-pressure shock tube (HPST) at 20 bar and ϕ = 0.4. Points are experimental data and lines are linear fits.


Figure 4A depicts the measured ignition delays of the LNG/LBG mixtures having MNs ranging from 70 to 80 with an equivalence ratio of 0.4 at 10 bar and temperatures between 1,190 and 1,490 K. It can be seen that the IDTs of LNG/LBG decrease with a decreasing MN. However, only Mix 1 and Mix 10, with MNs of 80 and 70, respectively, showed a clear difference from each other, whereas the Mix 4, 7, and 8 (MNs of 76, 74, and 70, respectively) show very close ignition delays. Unlike the reference mixtures, the activation energies of the LNG/LBG gases are very similar, i.e., the differences between the mixtures remain the same in the studied temperature range.


[image: Figure 4]
FIGURE 4. (A) Ignition delay times (IDTs) of liquefied natural gas (LNG)/liquefied biogas (LBG) mixtures (methane number, 70–80) measured in the high-pressure shock tube (HPST) at 10 bar, ϕ = 0.4. (B) Comparison of the IDTs of LNGs/LBGs and the reference mixtures at 1,320 K (±20 K), 10 bar, ϕ = 0.4.


To explore the correlation between the MNs and the IDTs, one data point was taken from each LNG/LBG mixture, i.e., Mix 1, Mix 4, Mix 7, Mix 8, and Mix10, at 1,320 K (±20 K), 10 bar, ϕ = 0.4, are plotted together with the data from the reference mixtures MN 50–90 at the same condition in Figure 4B. It must be noted that it is challenging to reach exactly the same post-shock conditions in the shock tube experiments due to the non-uniform burst behavior of the diaphragms. As shown in Figure 4B, the IDTs of the reference mixtures decrease with decreasing methane number. This tendency was also observed in the LNG/LBG mixtures covering the MNs from 70 to 80. One major difference is that the IDTs of the LNG/LBG mixtures are longer than those of the reference mixtures at the same MNs. Considering that the IDT contributes directly to the knocking propensity of fuels, this discrepancy implies different knocking behaviors of a reference gas and a LNG/LBG gas that have the same MN, and this should be further investigated in a LNG/LBG engine test bench.

The mixtures (Mix 1–3) that have the same MNs, i.e., 80, were further investigated at a higher pressure, 20 bar, with both equivalence ratios 0.4 and 1.2, and the measured IDTs are plotted as a function of temperature in Figures 5A,B, respectively. Mix 1 was a ternary mixture that contains methane, ethane, and propane, while Mix 2 and Mix 3 were binary mixtures containing methane/ethane and methane/propane, respectively. At high temperatures, i.e., 1,100–1,450 K, three mixtures with an equivalence ratio of 0.4 (Figure 5A) show very close ignition delays, whereas the ignition delays at intermediate temperatures, i.e., 920–1,000 K, show clear differences. The discrepancies between the three mixtures are larger at a lower temperature, e.g., the IDT of Mix 1 is longer than that of Mix 2 with a factor of 3 at 920 K. However, the discrepancies between the IDTs of Mix 1–3 at the equivalence ratio of 1.2 are much smaller compared to case ϕ = 0.4 within a factor of 1.2.


[image: Figure 5]
FIGURE 5. Measured ignition delay times (IDTs) of mixtures 1–3 (MN 80) at 20 bar. (A) ϕ = 0.4 and (B) ϕ = 1.2.


To further compare the correlation between the MNs and IDTs, the measured IDTs of Mix 1–3 (MN 80) at 20 bar and equivalence ratio 0.4 are plotted together with the reference mixtures Ref 70–90 in Figure 6. The IDTs of Mix 1–3 are presented in points and those of Ref 70–90 are presented in lines. It can be seen that the correlation between the MNs and IDTs of the LNG/LBG mixtures agrees partially with the trend of the reference mixtures, i.e., the IDT points of Mix 1–3 (MN 80) fall between the lines of Ref 70 and 90. However, these IDT points do not overlap with the MN 80 line for the whole temperature range (1,140–1,430 K), namely, the ignition delays of the LNG/LBG mixtures are close to the reference mixture Ref 80 at temperatures higher than 1,300 K and approach the reference mixture Ref 90 at lower temperatures. This behavior is considered reasonable due to the different activation energies of the LNG/LBG and reference mixtures, especially since the IDTs of the reference mixtures Ref 50–90 approach each other with decreasing temperatures (cf. Figure 3), which was not observed between the LNG/LBG mixtures from MN 70 to 80 (cf. Figure 4). It is also noted that the range between each 10 MN of the reference mixtures is very small and the measured IDTs from other LNG/LBG mixtures with MN between 70 and 80 cannot be clearly distinguished within such a small range considering the uncertainty of the measurements.


[image: Figure 6]
FIGURE 6. Comparison of the ignition delay times (IDTs) of the liquefied natural gas (LNG)/liquefied biogas (LBG) mixtures to the reference mixtures measured in the high-pressure shock tube (HPST) at 20 bar, ϕ = 0.4. Points are Mix 1–3 (MN 80) and lines are reference mixtures Ref 70, 80, and 90.


The experimental results from Mix 1–3 demonstrated that the gas composition (C1-C3) of the mixtures with the same MN has a significant effect on the IDTs at intermediate to low temperatures (cf. Figure 5). Real LNG/LBG mixtures also contain traceable amounts of butane and pentane isomers, and their influences on the IDTs at intermediate to low temperatures as well as the correlation to MN are also of interest. The mixtures Mix 5–7 and Mix 9–11 were therefore investigated at fuel-lean conditions in the RCM, and the measured IDTs were plotted as a function of temperature in Figure 7. The fuel-rich conditions were not investigated due to the minor difference (0.2% and 1%) from the isomers. In general, the IDTs of Mix 9–11 that contain 2 vol% butane isomers (MN 70) are slightly shorter than those of Mix 5–7 which contain 0.4 vol% pentane isomers (MN 74) at both 20 and 40 bar, which agrees with the MN–IDT correlation. However, the IDTs of the same mixture group show no differences between each other at both pressures, i.e., the isomer of butane or pentane does not change the ignition behavior under the same vol%. This finding is contrary to that reported by Gersen et al. (2015), where the methane/i-butane and methane/n-butane mixtures were investigated in a RCM at a wide range of pressures and where both mixtures showed different ignition delays. It is worth mentioning that the mixtures applied by Gersen et al. (2015) contained much more (6 vol%) butane isomers than in this work (2 vol%); however, the real LNG/LBG gases contain generally butane isomers up to 1.5% (Zhang et al., 2012a,b).


[image: Figure 7]
FIGURE 7. Ignition delay times (IDTs) of the liquefied natural gas (LNG)/liquefied biogas (LBG) mixtures (MN 70 and 74) measured in the rapid compression machine (RCM) at 20 and 40 bar, ϕ = 0.4.




Modeling Results

The measured ignition delays have presented reasonable correlation to their calculated MNs applying the MWM algorithm. However, the discrepancy between Mix 1–3 (MN 80) found at intermediates temperatures is not well-understood. It is therefore crucial to analyze the chemical kinetics of the ignition property under the critical conditions. In a previous study (Vallabhuni et al., 2018), the NUIG n-hexane mechanism (Zhang et al., 2015) has been applied for simulating the ignition delays of several LNG/LBG mixtures; good agreement between the measurements and simulations was found. Therefore, this mechanism was applied further in this work. Figures 8A,B depict the comparison between the experimental results and the simulated IDTs for Mix 1–3 and Mix 5–7, respectively. The NUIG n-hexane mechanism showed very good performance for Mix 1–3, which contained only C1-C3 compositions. The simulated IDTs for Mix 5–7 show discrepancies in the measurements and are overall longer than the measured ones within a factor of 2. However, the negligible effect of pentane isomers on the IDTs was observed by the NUIG n-hexane mechanism as well.


[image: Figure 8]
FIGURE 8. Comparison between the measured ignition delay times (IDTs) of liquefied natural gas (LNG)/liquefied biogas (LBG) mixtures and the simulated IDTs applying the NUIG n-hexane mechanism (Zhang et al., 2015). Symbols are the experimental points, and lines are the simulations. (A) Mix 1-3 (MN 80); (B) Mix 5-7 (MN 74).


As the NUIG n-hexane mechanism showed very good performance on the studied conditions of Mix 1–3, modeling analyses were further performed to investigate the crucial elementary reactions that are sensitive to the ignition delay times of Mix 1–3 at intermediate temperatures. Sensitivity analysis (SA) on hydroxyl radical (OH), which is the most important indicator of the ignition onset, was therefore performed. The normalized sensitivities of the 10 most sensitive elementary reactions of each mixture were demonstrated in Figures 9, 10 for the fuel-lean and fuel-rich conditions, respectively. In the analysis, the normalized sensitivity coefficient S is defined as S = [image: image], where ki represents the rate constants of the elementary reactions and [OH] is the concentration of OH. The SA was performed at the time of ignition. A positive value indicates a promotion on the formation of OH radicals that accelerates the ignition and a negative value indicates an inhibition of OH formation that further inhibits the ignition (Davidson and Hanson, 2004). In the fuel-lean case (ϕ = 0.4), the chain branching reaction H2O2 (+M) = 2OH (+M) is the most promoting reaction for all three mixtures. For Mix 2, the other promoting reactions are H2O2 or OH radical formation reactions and H abstraction reactions of methane and ethane with higher normalized sensitivity values compared to those of Mix 1 and 3 due to its high ethane concentration (10%). This resulted in a faster ignition compared to the other two mixtures, and the measured IDTs in the RCM of Mix 2 were therefore the shortest at the same conditions. For Mix 1 and 3, the recombination reaction of CH3O2 and CH2O radicals into CH3O2H shows a relatively high sensitivity, which was not found in the case of Mix 2. The promotion reactions of Mix 1 and Mix 3 are very similar, whereas the normalized sensitivities in Mix 3 are generally higher than those in Mix 1, thus resulting in the faster ignition of Mix 3 than Mix 1 observed in the RCM measurements.


[image: Figure 9]
FIGURE 9. Normalized sensitivity analysis on the OH radical at time of ignition for Mix 1 (A), Mix 2 (B), and Mix 3 (C) at 20 bar, 950 K, and ϕ = 0.4 based on the NUIG n-hexane mechanism (Zhang et al., 2015).



[image: Figure 10]
FIGURE 10. Sensitivity analysis on the OH radical at time of ignition for Mix 1 (A), Mix 2 (B), and Mix 3 (C) at 20 bar, 950 K, and ϕ = 1.2 based on the NUIG n-hexane mechanism (Zhang et al., 2015).


In the fuel-rich condition (ϕ = 1.2), the most sensitive elementary reactions of the three mixtures are almost identical. This can lead to very similar ignition delays at the same temperature, which has been observed in the RCM measurements (cf. Figure 5B). By comparing the normalized sensitivities of all reactions, it can be found that the H abstraction of ethane is much more dominating in Mix 2 than in the other two mixtures. Moreover, the normalized sensitivities of the reactions in Mix 1 and Mix 3 are very similar to each other. These observations from the SA were also reflected in the measured IDTs shown in Figure 5B, where the IDTs of Mix 1 and 3 are almost overlapping whereas those of Mix 2 are slightly shorter than the other two. By analyzing the SA of Mix 1–3 under both equivalence ratios, it can be concluded that, by having the same MN, e.g., 80, the mixture containing high vol% ethane has the higher reactivity and may result in a higher knocking propensity in engine operations.




CONCLUSIONS

The ignition delay times (IDTs) of different LNG/LBG and reference mixtures were investigated in a high-pressure shock tube and a rapid compression machine covering temperatures from 870 to 1,550 K, pressures of 10, 20, and 40 bar, and equivalence ratios of 0.4 and 1.2. The correlation between the methane number (MN) and the IDTs was analyzed, and chemical kinetic modeling based on the NUIG n-hexane mechanism (Zhang et al., 2015) was performed to gain insights on the ignition behaviors. The following findings were obtained in this work:

1. The IDTs of the reference mixtures, namely, Ref 50–Ref 90, showed very good correlation with the MN, i.e., the reactivity of the mixtures increased with decreasing MN, and Ref 90 has the lowest reactivity and therefore the longest IDT. However, the activation energies of the reference mixtures have slight differences, which led to approaching IDTs toward the lower temperature region.

2. The LNG/LBG mixtures with MN from 70 to 80 were investigated at high temperatures, and the IDTs of the mixture with MN 70 were clearly shorter than the mixture with MN 80. The IDTs of the mixtures with MN 73, 74, and 76 are in the range of MN 70 and 80; however, the IDTs were too close to each other and no clear differences were observed. Moreover, unlike the methane/hydrogen reference mixtures, the activation energies of the LNG/LBG mixtures showed no obvious difference.

3. The IDTs of the LNG/LBG mixtures with MN 80 measured at temperatures higher than 1,100 K and at 20 bar are quite similar. However, at temperatures between 890 and 1,020 K, the IDTs of the fuel-lean mixtures (ϕ = 0.4) showed clear discrepancies with each other, and the discrepancy was much smaller in the fuel-rich condition (ϕ = 1.2). According to the sensitivity analyses, the discrepancy observed at ϕ = 0.4 was attributed to the different methane/ethane/propane concentrations that lead to different reaction kinetics. However, in the fuel-rich condition, the SA of the three mixtures are very similar to each other, which resulted in similar IDTs observed in the measurements. From the experimental observation and the modeling analyses, it can be seen that, for the same MN, the mixture containing more ethane is more reactive and may cause a higher knocking propensity in engine operations.

4. The investigation on the mixtures containing butane and propane isomers showed that the IDTs were not affected by changing the small vol% (<2 vol%) isomers in the mixture.

5. The NUIG n-hexane mechanism (Zhang et al., 2015) showed very good performance for the mixtures containing C1-C3 compositions; however, for the mixtures with C4 and C5, the simulated IDTs were overall longer than the measurements.
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