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Abstract

:

Polyoxymethylene dimethyl ether (PODEn, n ≥ 1) is a promising alternative fuel to diesel with higher reactivity and low soot formation tendency. In this study, PODE3-4 is used as a pilot ignition fuel for methane (CH4) and the combustion characteristics of PODE3-4/CH4 mixtures are investigated numerically using an updated PODE3-4 mechanism. The ignition delay time (IDT) and laminar burning velocity (LBV) of PODE3-4/CH4 blends were calculated at high temperature and high pressure relevant to engine conditions. It is discovered that addition of a small amount of PODE3-4 has a dramatic promotive effect on IDT and LBV of CH4, whereas such a promoting effect decays at higher PODE3-4 addition. Kinetic analysis was performed to gain more insight into the reaction process of PODE3-4/CH4 mixtures at different conditions. In general, the promoting effect originates from the high reactivity of PODE3-4 at low temperatures and it is further confirmed in simulations using a perfectly stirred reactor (PSR) model. The addition of PODE3-4 significantly extends the extinction limit of CH4 from a residence time of ~0.5 ms to that of ~0.08 ms, indicating that the flame stability is enhanced as well by PODE3-4 addition. It is also found that NO formation is reduced in lean or rich flames; moreover, NO formation is inhibited by too short a residence time.
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1. Introduction


With the consumption of petroleum resources and the enhancement of environmental awareness, clean utilization of energy in internal combustion engines is becoming a significant issue [1,2]. Therefore, it is urgent to explore renewable alternative fuels such as nature gas [3], ammonia [4], hydrogen [5], methanol [6], and biodiesel [7]. The renewable oxygenated fuel polymethoxydimethyl ethers (PODEn) are also considered as promising alternative fuels owing to their excellent combustion performance and low soot emissions [8]. Based on life cycle assessment reports, PODEn derived from biomass can significantly reduce greenhouse gas emissions compared to diesel [9]. PODEn usually consist of PODE1-6 and the composition varies using different production methods [10]. PODE3-4 are the most desirable components in the mixtures due to their excellent physical and chemical properties [11], which can be used as a fuel additive or burned directly in the engines. Recent studies have demonstrated that diesel/PODE3-4 fuel mixtures can significantly improve the combustion process and reduce unburned hydrocarbon (UHC) and soot emissions because of the oxygen self-supplying effect [12,13,14], but there is a trade-off relationship between a particular number and nitrogen oxide (NOx) emissions [15]. At present, PODEn are primarily used as fuel additives to boost the engine performance considering the limited production of PODEn [16,17]. Li et al. [18] found that adding 10 vol% PODE to diesel does not cause power reduction in the diesel engine. The researchers [19,20] tested the effects of blending 10–30 vol% PODE3-4 with diesel in a light-duty diesel engine; the results showed that this blending could improve engine efficiency and significantly reduce soot and CO emissions. Ma et al. [21] investigated the spray combustion characteristics of PODE/diesel blends with 0–100 vol% PODE in high-speed OH chemiluminescence and planar laser-induced glow under different ambient conditions. The results showed that, as the PODE content increased, there was also an increase in the flame lift-off length. When the PODE content exceeded 50%, there was almost no soot emission in any of the test cases. Meanwhile, PODE can not only reduce soot formation but also accelerate the oxidation of soot. Lin et al. [22] tested diesel/PODE3 blends of 0–30 vol% in a CI engine and found that addition of 10 vol% PODE3 can reduce the particles in emissions. Liu et al. [15] numerically investigated the emission characteristics of PODE/methanol mixtures and found that NOx emissions increased due to a higher production rate of H and OH radicals formed at higher flame temperatures.



Combustion flames allow the study of flame development, combustion temperatures, and soot formation, all of which can provide the basis for practical engine studies. However, it is not enough to study the combustion flame alone; the combustion mechanism can reveal the fuel consumption, the reaction pathways of the species, the mechanisms of emission formation, and the influence of (-CH2O-) chain length. In addition, combustion mechanisms can also support the study of IDT and LBV. Current research on the chemical reaction mechanism of PODE focuses on the IDT and the concentration distribution of combustion process components.



Zhang et al. [23] and Hu et al. [24] studied the IDT of PODE1 at high pressure and argon dilution conditions in a shock tube; Jacobs et al. [25] measured the IDT of PODE1 under engine-related conditions using a shock tube; in addition, they extended the study conditions of the IDT using a rapid compression machine (T = 590−1215 K, p = 10, 20, and 40 bar, and   φ   = 1); Herzler et al. [26] measured the IDT of an undiluted PODE1/air mixture at high pressure (30 bar) in a shock tube.



Dagaut et al. [27] studied the oxidation of PODE1 on a jet stirred reactor at a pressure of 5.07 bar, temperature of 800–1200 K, and equivalence ratios (  φ  ) of 0.444, 0.889, and 1.778, respectively, and obtained the concentration distribution of some intermediate components; Sun and Wang et al. [28] studied the component concentration variation of the combustion process of PODE3/O2 at low pressure (p = 33.3 mbar) and 50% argon dilution in a McKenna burner; Sun and Tao et al. [29] studied the reaction pathways and the concentration distribution of intermediate components in PODE1/O2/Ar mixtures at low pressure, lean combustion (p = 750 Torr;   φ   = 0.5), and high-pressure conditions (p = 10 atm,   φ   = 0.2, 0.5, and 1.5) on a jet stirred reactor; Vermeire et al. [30] studied the oxidation of PODE1 on a jet stirred reactor at a pressure of 1.07 bar, temperature of 500–1000 K, and   φ   of 0.25, 1.0, 2.0, and ∞, respectively; Golka et al. [31] studied the single-molecule pyrolysis of PODE1 at a pressure of 1 bar and a temperature of 1000–1700 K. The concentration–time profiles of important intermediate components such as CO, CH2O, and C2H6 were recorded; Peukert et al. [32] measured the product distribution during the decomposition of PODE1 at a pressure of 1.2–2.5 bar and a temperature of 1100–1430 K in a shock tube. Gaiser et al. [33] investigated the effect of different CH2O polymerization levels on the component concentration distribution during laminar flame of PODE at low pressures in a McKenna burner.



In recent years, basic combustion studies on PODE have mainly focused on unit fuels, and the combustion characteristics of PODE blended with other fuels have not been sufficiently studied; only Herzler et al. [26] reported that the PODE1/CH4 mixture was measured in a shock tube at temperatures from 600 to 1500 K, pressures of 30 bar, and   φ   of 0.5, 1.0, 2.0, and 10. In addition, Zhang et al. [34] recently investigated the intermediate component concentration distribution of PODE1-blended CH4 dual fuel during combustion under low pressure and rich combustion conditions on the same burner used by Gaiser et al. [33]. No studies on the combustion characteristics of PODE-blended CH4 at a higher temperature and pressure have been reported in the literature, and previous basic combustion studies mainly used argon as the dilution gas, neglecting the NOx emissions during fuel combustion, whereas, in the engine combustion experiments by Liu et al. [15], it was pointed out that NOx emissions should be the focus of PODE combustion emission studies. The aim of this paper is, therefore, to extend the data on PODE-blended combustion under different operating conditions and to investigate the mechanism of NOx emissions from the mixture.




2. Numerical Approach


In this study, the experimental data reported in the literature were used to assess the accuracy of the mechanisms of Cai et al. [35], Jacobs et al. [25], Sun et al. [28], Zhang et al. [34], and He et al. [36]. The mechanism of Cai et al. [35] was finally chosen to study the NOx emission characteristics of PODE/CH4/air mixtures because it has the best performance in predicting the measured IDT, LBV, and species profiles from the literature, and it is one of the few chemical reaction mechanisms that include PODE1-4. The numerical simulations in this study were conducted using the open-source package Cantera [37]. The ‘Brute Force’ method is used to determine the sensitivity coefficient (    S   i    ) for a given reaction as follows.


    S   i   =     k   i       ∆   i     ×   ∂   ∆   i     ∂   k   i      



(1)




where   ∂   ∆   i     represents the change in a combustion characteristic, such as IDT, LBV, or species component concentration, resulting from a change in the rate constant   ∂   k   i     for the ith reaction. By varying the rate constant     k   i     for the ith reaction, the change in a particular combustion characteristic resulting from this change is calculated as     ∆   i     and     S   i      is the normalized sensitivity coefficient. When the sensitivity coefficient (    S   i    ) is positive, this indicates that the ith reaction promotes ignition, combustion, or the production of a component and, when the sensitivity coefficient is negative, this indicates that the ith reaction inhibits ignition, combustion, or the production of a component.




3. Verification of Chemical Mechanisms


Table 1 shows the physical and chemical properties of PODE1–PODE6, which demonstrate the unique advantages of the high oxygen content and high cetane number of PODEn, a class of excellent fuels. PODE fuels have shown the ability to be used in a diesel engine to reduce soot and emissions. However, when using PODE1 in the engines, the physical properties, such as boiling point, vapor pressure, and solubility, cause a complex reform of the injection system. The practical use of PODE2 is limited due to its low flash point. In addition, the flowability of the PODEs decreases as the number of (-CH2O-) units increases, so the use of longer PODEn (n > 5) carries the risk of fuel system plugging when temperature is low. Therefore, the PODEs fuels used in practice are mainly mixtures of PODE3 and PODE4. In this paper, the fraction of the actual PODEn fuel with n ≥ 5 is ignored and is considered as a mixture of PODE3 and PODE4 [25,38]. In order to investigate the combustion characteristics of PODE3-4 and their blends of CH4, several PODE3-4 mechanisms are verified against the experimental data of IDT, LBV, and species profiles of flames from the literature.



Figure 1 shows the simulated and experimental results of ignition delay times as a function of pressure at   φ = 0.5 , 1 , a n d   2   and p = 10 and 20 bar, respectively. As illustrated in Figure 1, the ignition delay time decreases with increasing temperature at all four conditions. The mechanism of Sun et al. [29] has a significant overestimation by factors of ~10 in predicting the IDT of the PODE3/air mixture, the mechanism of He et al. [36] also overestimates by nearly 90%, and the mechanism of Niu et al. [39] has a significant increase in calculated values near the equivalence ratio of 1.2 compared to the mechanism of Cai et al. [35]. The mechanism of Niu et al. [39] showed a significant increase in the calculated value when the temperature is around 900 K compared to that of Cai et al. [35], increasing the deviation value from the experimental data. In this paper, the mechanism of Cai et al. [35] has the best agreement with the experiment data. Sensitivity analysis was used to identify the reactions that have a large influence on the PODE3/air mixture ignition process, and appropriate modifications to the reaction rates for the first step of the PODE3 decomposition reaction improved the predictive ability of the mechanism (the updated reactions and parameters are shown in Table 2), especially for the PODE3/air ignition process at low pressure. The Cai mechanism [35] is modified and the optimized mechanism is represented by Cai* in the next sections. Figure 1 shows that the optimized Cai* mechanism agrees better with the experiment data compared with the Cai mechanism [35]; when comparing the Cai mechanism [35] and the Cai* mechanism to the experiment data, the Cai mechanism [35] has an average deviation of 17.84%, 5.89%, 6.82%, and 37.45% higher than the Cai* mechanism, which illustrates that the Cai* mechanism is more superior at IDT predicting, especially at lean and low pressure condition.



Figure 2 shows the calculated results for the PODE4/air mixture from the mechanism of Cai* and Niu et al. [39]. There is no significant difference between the two; the calculated data from the Cai mechanism [35] have 9.67% and 10.14% higher average deviation than Cai* mechanism when compared to the experiment data [35]. Comparing the experimental and simulated data for different operating conditions, increasing the pressure or increasing the equivalence ratio is beneficial to reduce the IDT of PODE fuel.



Table 3 shows the experimental conditions for the combustion of polymethoxydimethyl ether and its methane-blended mixture in a flame burner reported in the literature [29,35]. In order to gain more insight into the reaction process of PODE3-4/CH4 mixtures, this study uses the updated Cai* mechanism to calculate the species profile of the mixture combustion process and the laminar burning velocity under different conditions and compares the calculations with experimental data from the literature.



Sun et al. [29] and Gaiser et al. [33] studied the component concentration distribution on a Mckenna burner. Figure 3a,b show the component concentration distribution against the height above the burner (HAB), respectively. The Cai* mechanism underestimates the component concentration of the combustion process for CO at an equivalence ratio of 1 and slightly underestimates the component concentration of the combustion endpoint for H2O and CO2 at an equivalence ratio of 1.7. The Cai* mechanism is able to accurately predict the species profile of the PODE3/air flame.



In order to verify the accuracy of the Cai* mechanism in predicting the combustion process of PODE/CH4 blended fuels, Figure 4 shows the variation in component concentrations during the combustion process of PODE3-4/CH4 blended fuels. Under the condition of blending PODE with 50% CH4, the calculated results of the Cai* mechanism are consistent with the experimental data and, when the percentage of CH4 reaches 80%, the Cai* mechanism for H2O, CO, and O2 component concentrations are predicted with deviations of up to approximately 5% molar fraction. Due to the different reactivity of PODE3-4 and methane and the different rates of combustion consumption, at lower temperatures, the CH4 reaction rate is lower, meaning that, near the flame face, CH4 barely reacts; as the temperature increases, the CH4 reaction rate rises and reaches the end of combustion ahead of PODE3-4.



LBV is one of the important indicators of fuel combustion performance. In the absence of data on laminar combustion of PODE3-4/CH4 mixture, this paper only verifies the calculation results of the Cai* mechanism for PODE3/air mixture at initial temperature T = 408 K and initial pressure p = 1 atm; as shown in Figure 5, the calculations of Cai* mechanism agrees well with the experimental data.




4. Results and Discussion


4.1. Combustion Characteristics of PODE3-4/CH4 at Engine-Relevant Conditions


The effect of the proportions of PODE3 and PODE4 in the PODE3/PODE4 mixtures on the IDT is shown in Figure 6. As the proportion of PODE3 and PODE4 in the fuel changes, the O element in the fuel increases with the proportion of PODE4 and the fuel chain length has the greatest effect on the IDT of the mixture near the temperature of 1000 K. Under this operating condition, the IDT of pure PODE3 is about 200 μs shorter than that of pure PODE4. When the initial pressure increases to 40 bar, the difference in IDT between the different fuel ratios decreases. Overall, the IDT of the PODE3-4 mixture increases slightly with increasing CH2O polymerization and, in practice, the effect of the PODE3 and PODE4 percentage on the ignition delay level of the fuel can be negligible under the condition that the concentration of PODE3 and PODE4 in the PODE3-4-blended fuel is guaranteed.



PODE3-4 fuels are not suitable for direct use as engine fuels due to their low calorific value (around 45% per mole compared with diesel) and high oxygen content, which tends to cause rough combustion. Theoretically, the high activity of PODE3-4 fuel helps to improve the disadvantages of slow combustion and long IDT of CH4, and methane itself is a potential carbon-neutral fuel; therefore, in this paper, the Cai* mechanism is used, which has good validation results above, to study the basic combustion characteristics of PODE3-4 and CH4 blends under general engine operating conditions, and the PODE3-4 fuels mentioned below are blends with a molar fraction share of 80% PODE3/20% PODE4.



Figure 7 shows the effect of different initial temperatures on the IDT of the mixture. The addition of 5%PODE3-4 to CH4 reduces the IDT of the mixture to about 1/10 of its original value. Continuously increasing the proportion of PODE3-4 in the fuel further reduces the IDT, but the reduction gradually decreases, and, when the proportion of PODE3-4 reaches 60%, the IDT is very close to that of the pure PODE3-4 fuel. The IDT of the mixture gradually decreases with increasing initial temperature and its logarithm is roughly linear with the inverse of the temperature, especially at higher CH4 percentages. As the initial pressure of the mixture increases from 10 bar to 40 bar, the IDT decreases significantly by approximately one order of magnitude at high pressures compared to low pressures. Due to the low calorific value and high cost of PODE3-4 fuel, a PODE3-4 addition ratio of around 20% is most appropriate when balancing fuel economy and ignition characteristics.



To further understand the main reactions controlling the ignition of the PODE3-4/CH4 fuel mixture, the decomposition reaction of C2H6 (C2H6 (+M) = 2CH3 (+M)) has the strongest inhibitory effect on the ignition of the mixture at an initial pressure of 10 bar, followed by the reduction reaction of methyl to methane, as shown in Figure 8a. The reaction H2O2 (+M) = 2OH (+M) is the strongest promoter of mixture ignition, followed by the reaction CH3 + CH3O2 = 2CH3O. Several of the above dominant mixture ignition reactions show varying degrees of decrease in sensitivity coefficients as the pressure increases. The reaction 2HO2 = H2O2 + O2 replaces the reaction C2H6 (+M) = 2CH3 (+M) as the strongest ignition inhibiting reaction when the initial pressure is increased to 40 bar. Three different dehydrogenation reactions of the PODE3-4 fuel molecule show broadly similar ignition-promoting abilities, with the sensitivity of these three reactions increasing slightly as the initial pressure is increased. Overall, the reactions that control the ignition of the mixture are mainly oxidation or reduction reactions containing C components, with the fuel dehydrogenation-derived macromolecular reactions playing an important role in the ignition of the fuel mixture. As shown in Figure 8b, the most sensitive reaction of 5%PODE3-4-fuel-added specific mixture during ignition is the same as that of 20%PODE3-4-fuel-added specific mixture, and the sensitivity coefficient of each reaction changes monotonically with the addition ratio of PODE3-4 fuel.



In order to understand the effect of different initial pressures and PODE3-4 fuel shares on the IDT of the mixture, a curve of the PODE3-4/CH4 mixture with the   φ   at an initial temperature of 408 K is shown in Figure 9. The IDT differs from the LBV in that the former is mainly influenced by the reaction of cracking of fuel molecules or the reaction of further oxidation of macromolecular derivatives produced by fuel. As PODE3-4 is a highly oxygenated fuel, its own pyrolysis and elemental recombination can generate a large number of highly reactive radicals, which further promote its own ignition and accelerate the oxidation of CH4 fuel; thus, the addition of a small amount of PODE3-4 can significantly reduce the IDT of the mixture. The LBV, as shown in Figure 9, is mainly controlled by the small-molecule reactive radical in the combustion process, so the addition of a small amount of PODE3-4 does not significantly increase the LBV of the mixture, which varies roughly linearly with the PODE3-4 addition ratio. Since PODE3-4 is an oxygenated fuel, as the proportion of PODE3-4 in the mixture increases, the peak LBV moves towards a higher equivalence ratio. When the proportion of PODE3-4 in the mixture is 20%, the peak LBV of the mixture at an initial pressure of 10 atm is almost half of that at atmospheric pressure; so, in practice, when this fuel mixture is used as engine fuel, the cylinder pressure should not be too high.



To further understand the main reactions controlling the LBV of the PODE3-4/CH4 mixture, the reaction H + O2 = O + OH is the strongest contributor to the combustion of the mixture and is almost two to three times more sensitive than the second strongest contributor, CO + OH = CO2 + H, as shown in Figure 10a. At atmospheric pressure, the reaction H + HCO = CO + H2 has the strongest inhibitory effect on the combustion of the gas mixture, which increases with increasing pressure, and, at high-pressure 10 atm working conditions, the reaction CH3 + H (+M) = CH4 (+M) replaces this reaction in showing the strongest inhibitory effect. As the pressure increases, the sensitivity of the reactions CH3 + H (+M) = CH4 (+M) and H + O2 (+M) = HO2 (+M) both show a larger increase, which means that their inhibition to the combustion of the mixture increases, which is one of the possible factors leading to the decrease in the flame speed with the increase in the initial pressure. As shown in Figure 10b, variations in the PODE3-4 fuel addition ratio, when not exceeding 20%, have little effect on the sensitivity of reactions that have a large impact on the LBV of the mixture.




4.2. Flux Analysis


The reaction pathway for the combustion of PODE3/CH4 mixtures is investigated, according to previous calculation in Figure 6a,b; the PODE3/PODE4 mixture has similar reaction paths to 100% PODE3; therefore, in order to simplify the research, the reaction path of 100%PODE3 is studied. As shown in Figure 11, PODE3 is first oxidized by O atoms, H atoms, or OH radical in a dehydrogenation reaction to produce PODE3A, PODE3B, and POED3C depending on the position of the extracted hydrogen atoms. The flux size shows that the hydrocarbon bond of methyl is more easily broken than that of methoxy, which, in turn, is more easily dehydrogenated than the methoxy located on the outer side of the long chain, and the initial stage reaction path is consistent with the single-fuel reaction path of PODE3 reported in the literature [28]. The generated PODE3A undergoes a series of β-cracking to eventually produce CH2O, and the methyl radical (CH3) that accompanies this process is slowly consumed at lower temperatures (1200 K) and builds up in large quantities, with a small proportion being reduced to CH4. This explains why the CH4 concentration distribution decreases slowly at the initial stage of the flame, with the large amount of CH4 oxidized to methyl radical involved in further reactions occurring when the flame temperature reaches 1500 K or higher.



The fuel radical PODE3B first loses methyl radical (-CH3) to form a carbon–oxygen double bond, which is one of the few major pathways for the formation of methyl radical during the combustion of PODE3 fuel, apart from the cleavage of the radical CH3OCH2 to form -CH3. The formation of carbon fume is usually achieved by the gradual dehydrogenation of ethylene from the collision of methyl radical and the gradual formation of acetylene as a precursor to carbon fume via the     C H   3   →   C   2     H   6   →   C   2     H   5   →   C   2     H   4   →   C   2     H   3   →   C   2     H   2     reaction path, while methyl-CH3 is rarely produced in a low-temperature PODE3 flame and -CH3 produced in a high-temperature CH4 flame is rapidly oxidized and cannot form a precursor to carbon fume. PODE3C, like PODE3B, first breaks the carbon–oxygen bond to form an aldehyde radical, which is then dehydrogenated from the aldehyde radical or another carbon chain to produce formaldehyde (CH2O).




4.3. Analysis of NOx Emissions from the Combustion of PODE3/CH4/Air Mixture


To investigate the effect of fuel fraction and equivalence ratio on NOx emissions from a PODE3/CH4/air mixture, Glarborg’s C–N interaction sub-mechanism [42] was added to the mechanism of Cai* in this paper. As shown in Figure 12, the peak NOx emissions from the combustion of the mixture in air at atmospheric pressure are in the range of approximately 150–180 ppm, and the peak position is not influenced by the oxygen content of the mixture and always occurs near an equivalence ratio of 1. The higher the PODE3 content in the mixture, the higher the adiabatic flame temperature and the consequent increase in peak NOx emissions. The NOx emission shows strong correlation with temperature. As can be seen, the NOx emissions of the mixture can be reduced significantly at lean or rich conditions.



The elemental N reaction path for a 50% CH4/50% PODE3/air mixture with an equivalence ratio of 1 is shown in Figure 13. At the highest flame surface temperature (2300 K shown in Figure 12), NOx emissions are mainly NO. From the reaction path, at high temperatures, N2 is directly oxidized by oxygen or OH-reactive radicals to produce NO, a small amount is oxidized to produce N2O, and a much smaller amount of N2 is oxidized by H. Analyzing the reaction path, it can be seen that, at this temperature, mainly thermal NO (T-NO) is generated and this is also the peak of NOx emission from the mixture.



In a premixed laminar flame PODE3/CH4/air mixture with   φ   = 1.5 at a lower temperature (2000 K as shown in Figure 12), the cyanide generated by the interaction of C and N contributes most of the NOx production, with the reaction path starting with the CN radical being gradually oxidized to produce NO, mainly fast NO (P-NO), at this temperature in Figure 14. When the gas mixture equivalent ratio is continuously increased, the maximum adiabatic flame temperature decreases and the NOx emission decreases to a certain level and then remains stable and, as the proportion of CH4 in the gas mixture increases, the emission gradually increases, which is due to the fact that, at this time, the gas mixture mainly generates CN radicals through the C–N interaction reaction and is then oxidized to produce NO (P-NO) and the flame temperature has less influence on it, while the higher the CH4 content in the mixture, the higher the content of the generated methyl (CH3) radicals and the easier it is to react with N elements to form CN.




4.4. PSR Simulation of PODE3-4/CH4 Mixture


In order to predict the extinction of the PODE3-4/CH4 mixture flame, a perfectly stirred reactor (PSR) model [43] is introduced in this research. The PSR model structures the turbulent intensity of inner gas as flow speed and regulates it by the residence time. The ideal gas reactor module was constructed by the verified chemical reaction kinetics codes from Yu et al. [44] in MATLAB®; non-steady-state numerical methods were applied in the simulations and the reactor temperature, pressure, and equivalence ratio of the model are 300 K, 1 atm, and 1, respectively. The composition of the fuel mixtures is shown in Table 4.



Figure 15a displays the temperature profiles as a function of the residence time. The ambient temperature in the PSR model is the adiabatic temperature of the studied mixture. The graph illustrates that the temperature of the mixtures gradually decreases when the residence time gets close to the extinction limits. As the ratios of PODE3 and PODE4 in the fuel change, the difference between the three blended fuels is insignificant. The addition of PODE3-4 to CH4 expanded the extinction limit. The temperature curve of pure CH4 is very close because of the approximate lower heat value.



Figure 15b–d illustrate the impact of residence time on the mole fraction of CH2O, CO, and NO. The introduction of PODE3-4 significantly reduces the extinction residence time, but the effect of the variation in PODE3 and PODE4 are marginal. When the residence time is approximate to the extinction limit, a rapid increase in the mole fraction of CH2O is observed; generally, CH2O appears in the early stage of the combustion of PODE3-4, indicating that the high reactivity of PODE3-4 at low temperature significantly promotes the combustion of methane at a short residence time. Figure 16 also shows that the CO increases when the residence time approaches the extinction limit; it is reasonable because the conversion of CO to CO2 is hindered by the low flame temperature and short reaction time induced by the short residence time. Figure 16 illustrates the influence of residence on NO generation; there are no N elements in PODE3-4/CH4 fuels; the thermal NO is caused by the high flame temperature, the temperature decreases when the residence time trends to the extinction limit and, consequently, NO formation is inhibited.



This study aims to elucidate how NO is generated under extremely short residence time. Sensitivity analyses of the NO formation using the PSR model are conducted as shown in Figure 16.



As can be seen from Figure 16, when the equivalence ratio equals 1, the C–N interaction reaction CH + N2 = H + NCN makes the largest contribution to NO production due to the low flame temperature, followed by NNH + O = NH + NO. The reaction that inhibits NO production the most is CH3 + O = CH2O + H. The reactions that have a large effect on NO are mainly between the elements N and O. The carbon-containing reactions have a smaller effect on NO; most of them are reflected in the competition for H atoms. The influence of C–N interaction reactions on NO production and consumption dominated, in line with the pattern reflected in Figure 14 and Figure 15. In fact, since the PODE3-4/CH4 mixture does not contain N elements, there is no fuel-based NO in the combustion process. As pointed out above, NO emissions from the mixture are mainly fast NO (P-NO) at low temperatures and thermal NO (T-NO) at high temperatures, while P-NO is inevitable when air is used as the oxidant.





5. Conclusions


In this study, PODE3-4 is used as a pilot ignition fuel for methane (CH4); the combustion characteristics of PODE3-4/CH4 mixtures are investigated numerically at engine-relevant conditions using an optimized PODE mechanism in this study based on the mechanism from Cai et al. [35] and Garblorg mechanism [42]. PODE fuels show great potential in enhancing the combustion properties of CH4. The key findings are summarized as follows:




	(1)

	
The calculated IDT of pure PODE3 and pure PODE4 are negligible at low flame temperature, whereas at higher temperature (T > 1000 K), the calculated IDT of pure PODE4 are ~10 times longer than that of pure PODE3. The difference in the IDTs of PODE3 and PODE4 declines at higher pressure (p = 40 bar).




	(2)

	
Using a blend consisting of 80% PODE3 and 20% PODE4 as pilot ignition fuel, the IDT of CH4 is significantly reduced and the LBV of CH4 is substantially increased with increased pilot fuel addition. However, such a promoting effect decays at a higher fraction of PODE3-4 addition.




	(3)

	
The NOx emission is increased with PODE3 addition; the maximum NOx emission of pure PODE3 is ~40 ppm higher than that of pure CH4. The NOx emission is dramatically reduced at lean or rich flames. The PSR simulation shows that the NOx formation is inhibited at too short a residence time because the flame temperature is too low at that condition, which hinders the thermal NOx formation.




	(4)

	
The extinction residence time of CH4 is greatly expanded from 0.5 ms to 0.08 ms by the addition of 20% PODE3-4; consequently, the high reactivity of PODE fuels at low temperature is vital to enhance the flame stability of CH4.
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Figure 1. IDT for PODE3/air: (a)   φ   = 0.5, p = 20 bar; (b)   φ   = 1.0, p = 20 bar; (c)   φ   = 2.0, p = 20 bar; (d)   φ   = 1.0, p = 10 bar. Experimental data are from the shock tube experiments of Cai et al. [35] and mechanisms are from Cai et al. [35], Niu et al. [39], Sun et al. [29], and He et al. [36]. 
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Figure 2. IDT for PODE4/air: (a)   φ   = 1.0, p = 10 bar; (b)   φ   = 1.0, p = 20 bar. 
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Figure 3. Variation in component concentrations during combustion of mixtures 1 and 2; experimental data for mixtures 1 and 2 from Sun et al. [29] and Gaiser et al. [33] on the Mckenna burner, respectively. 
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Figure 4. Variation in component concentrations during combustion of mixtures 3 and 4, with experimental data for mixtures 3 and 4 from the Mckenna burner experiments of Zhang et al. [34]. 
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Figure 5. PODE3/air premixed LBV at 408 K and 1 atm. Experimental data from Cai et al. [35]. 
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Figure 6. Effect of temperature on IDT of PODE3/PODE4 mixtures at   φ   of 1. 
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Figure 7. Effect of temperature on the IDT of PODE3-4/CH4 fuel blends at   φ   = 1. 
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Figure 8. Sensitivity of reactions with a large effect on the IDT of PODE3-4/CH4 fuel at an initial temperature of 1000 K. 
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Figure 9. LBV of PODE3-4/CH4 mixture at an initial temperature of 408 K. 
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Figure 10. Sensitivity of reactions with a large effect on the LBV of PODE3-4/CH4 at an initial temperature of 408 K: (a) sensitivity analysis with different pressure; (b) sensitivity analysis with different mole fraction of CH4. 
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Figure 11. Reaction paths of the PODE3/CH4 mixture during laminar flame, taken at the maximum flame temperature gradient. The maximum path flux is defined as 1 and the percentage is the proportion of the reaction in this path. The overall path flux scaling factor is 5.4. 
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Figure 12. NOx emissions from a premixed laminar flame of PODE3/CH4/air mixture at atmospheric pressure. The solid line is NOx emissions and the dashed line is the adiabatic flame temperature. 
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Figure 13. Elemental N reaction path for a premixed laminar flame with a PODE3/CH4/air mixture with   φ   = 1 at atmospheric pressure (Taken at the highest flame temperature). 






Figure 13. Elemental N reaction path for a premixed laminar flame with a PODE3/CH4/air mixture with   φ   = 1 at atmospheric pressure (Taken at the highest flame temperature).



[image: Fuels 05 00006 g013]







[image: Fuels 05 00006 g014] 





Figure 14. Elemental N reaction path for a premixed laminar flame with a PODE3/CH4/air mixture with   φ   = 1.5 at atmospheric pressure (Taken at the highest flame temperature). 
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Figure 15. Temperature and mole fraction of key species as a function of the residence time. 
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Figure 16. Sensitivity analysis of NO for PODE3-4/CH4 fuel mixture at atmospheric pressure for equivalence ratios of 1. 
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Table 1. Physical properties of PODE1-6 and diesel [39].
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	Items
	Density at 25 °C

(kg/m3)
	Cetane

Number
	Oxygen

Content (wt%)
	Melting

Point °C
	Boiling

Point °C





	PODE1
	860
	29
	42.1
	−105
	42



	PODE2
	960
	63
	45.3
	−65
	105



	PODE3
	1020
	78
	47.1
	−41
	156



	PODE4
	1060
	90
	48.2
	−7
	202



	PODE5
	1100
	100
	49
	18.5
	242



	PODE6
	1130
	104
	49.6
	58
	280



	Diesel
	830
	46
	0
	−29
	180–370










 





Table 2. Updates in the Cai mechanism [40,41]. Units are s, mol, cm, and cal in   k = A   T   n   e x p ( −     E   a     R T   )  .






Table 2. Updates in the Cai mechanism [40,41]. Units are s, mol, cm, and cal in   k = A   T   n   e x p ( −     E   a     R T   )  .





	No.
	Reaction
	A
	n
	Ea





	1
	CH3 + PODE3 = CH4 + PODE3C
	2000.00
	3.12
	7985.66



	2
	CH3O2 + PODE3 = CH3O2H + PODE3B
	905.00
	3.16
	11,759.08



	3
	PODE3 + CH3 = PODE3A + CH4
	0.60
	4.25
	7543.74










 





Table 3. Experimental conditions for the combustion of PODE/CH4 mixtures in a laminar flame (unit: mole fraction).
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	Mixture
	PODE1
	PODE3
	CH4
	O2
	Ar
	Pressure
	    φ    
	Reference





	Mixture 1
	0
	7.15%
	0
	42.85%
	50%
	33.3 mbar
	1.0
	[29]



	Mixture 2
	0
	11.02%
	0
	39.01%
	49.97%
	40 mbar
	1.7
	[33]



	Mixture 3
	9.05%
	0
	9.03%
	31.98%
	49.94%
	40 mbar
	1.7
	[35]



	Mixture 4
	3.69%
	0
	14.76%
	31.62%
	49.94%
	40 mbar
	1.4
	[35]










 





Table 4. Properties of PODE3-4/CH4 mixtures.
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	No.
	Composition of Fuels
	LHV of Fuel Mixtures (KJ/mole)
	    φ    





	1
	100% CH4/Air
	−726.90
	1



	2
	(80% CH4 + 20% PODE3)/Air
	−738.23
	1



	3
	(80% CH4 + 10% PODE3 + 10% PODE4)/Air
	−738.19
	1



	4
	(80% CH4 + 20% PODE4)/Air
	−738.11
	1
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