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Abstract:

 Experimental and numerical studies are conducted on the thermal, chemical and dilution effects of buffer gas composition on autoignition of dimethyl ether (DME). The buffer gases considered are nitrogen (N2), a mixture of N2 and argon (Ar) at a mole ratio of 50%/50% and a mixture of Ar and carbon dioxide (CO2) at a mole ratio of 61.2%/38.8%. Experiments are performed using a rapid compression machine (RCM) at compressed pressure of 10 bar, equivalence ratio (φ) of 1, and compressed temperature from 670 K to 795 K. The N2 dilution ratio considered ranges from 36.31% to 55.04%. The experimental results show that buffer gas composition has little impact on the first-stage ignition delay. However, significant differences in the total ignition delay as a function of buffer gas composition are observed in the negative temperature coefficient (NTC) region. Compared to N2, N2/Ar (50%/50%) mixture decreases the total ignition delay by 31%. The chemical effects of buffer gas composition on the first-stage and total ignition delays are negligible. With increasing N2 dilution ratio, the first-stage ignition delay slightly increases, while a significant increase in the total ignition delay is observed. Moreover, the NTC behavior of total ignition delay is noted to become more pronounced at high N2 dilution ratio. The heat release during the first-stage ignition decreases as N2 dilution ratio increases. Results of numerical simulations with the Zhao DME mechanism over a wider range of temperature show good agreement with that of experiments. Further numerical simulations are conducted using pure N2, Ar and CO2 as buffer gases. Results indicate that the thermal effects are the dominant factor in low temperature and NTC regions. The chemical effects become pronounced in the NTC region, and the chemical effect of CO2 exceeds the thermal effect at the compressed temperature higher than 880 K.
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1. Introduction

Exhaust gas recirculation (EGR) is widely used to control the combustion process and reduce NOx emissions. The effects of EGR can be classified as thermal (changes in the heat capacity of the mixture), chemical (third-body collision efficiencies and dissociation of CO2) and dilution effects (changes in O2 concentration of the mixture). The combined effects of the three mechanisms play important roles in controlling combustion temperature, combustion rate and burn duration to influence combustion performance. However, the three mechanisms are often convolved. For example, both thermal effects and dilution effects will impact heat transfer rates. Therefore, it is difficult to isolate the effects of EGR composition under the condition of internal combustion engine (ICE) due to the complexities of the combustion and difficulties in controlling the test parameters. However, extensive studies are still conducted to investigate the thermal, chemical and dilution effects of buffer gases on the combustion process and exhaust gas emissions. Moreover, increasing attention has been paid to the ignition delay, which is one of the significant parameters for both combustion process optimization and development of kinetic mechanisms.

In the work by Ladommatos et al. [1], the authors separately studied the thermal, chemical and dilution effects of EGR on the ignition delay on a high-speed direct injection diesel engine. The authors found that the dilution effects have the largest impact on the ignition delay and exhaust gas emissions. They also noted that the ignition delay increases with increasing EGR. In the work by Pierpont et al. [2], a study was conducted to explore the effects of EGR on the NOx emissions. They found that EGR increases the ignition delay, and thus better fuel-air mixing can be achieved, thereby resulting in the reduction of NOx. Li et al. [3] experimentally studied thermal and dilution effects of EGR components, including N2 and CO2, on combustion and NOx emissions of a turbocharged natural gas SI engine. The authors found that, compared to thermal effects, dilution effects have a greater effect on the reduction of the NOx emissions. Sjöberg and Dec [4] investigated the effects of EGR and its constituents on homogeneous charge compression ignition (HCCI) of ethanol. They found that EGR addition retards the autoignition timing for all five fuels studied, and the amount of retardation is dependent on the specific fuel type. Al-Qurashi et al. [5] successfully isolated and examined the thermal, chemical, and dilution effects of the CO2 (approximately simulate EGR) on soot reactivity in a diesel engine and a laminar co-flow ethylene diffusion flame. The authors reported that the magnitudes of three effects on the soot reactivity rank thermal effect (45%) as most important, dilution effect (35%) second, and chemical effect (20%) as the least important. Cairns et al. [6] studied the effects of EGR in a multi-cylinder research engine. The authors found that EGR increases the ignition delay and decreases the heat release during ignition, and then effectively suppresses engine knock. Kiplimo et al. [7] studied the effects of EGR on combustion and emission characteristics of a diesel premixed charge compression ignition (PCCI) engine. They found that EGR leads to extended ignition delay which is essential in mixture formation before ignition, improved indicated mean effective pressure (IMEP) and hence improved thermal efficiency. Ladommatos et al. [8] separately studied the thermal, chemical and dilution effects of CO2 on engine combustion and emissions. The authors found that CO2 addition increases the ignition delay, and then affects both NOx and soot emissions. They also noted that the chemical effect of CO2 has small but measurable effects on exhaust emissions, while the thermal effect has only a small effect on exhaust emissions.

Buffer gases are also widely used to control test conditions in fundamental combustion researches [9,10,11,12,13]. The composition of buffer gases affects the heat capacity of the gas mixture, three-body collision efficiencies and concentrations of fuel and O2. A number of studies also focus on the effects of buffer gas composition on combustion characteristic in fundamental combustion facilities. In the work by Shen et al. [9], the authors studied the influences of diluent gases on iso-octane ignition in shock tube (ST). They found that, compared to N2, Ar reduces the ignition delay of iso-octane by 20%. Würmel et al. [10] studied the effects of diluent gases on ignition delay in rapid compression machine (RCM) and ST. The authors found that the Ar accelerates the ignition in ST, but decelerates ignition in RCM, which is caused by the differences in the thermal conductivity and heat capacity among different buffer gases. Yu et al. [11] investigated the effects of several EGR components on the autoignition of natural gas in RCM. They observed that CO2 and water addition at low mole fraction has no impact on the ignition delay of natural gas. Davidson et al. [12] modeled the iso-octane ignition using two different models with N2 and Ar as buffer gases. They observed significant differences in ignition delay using the model by Pitsch et al., whereas for the model by Davis and Law the differences are insignificant. Wagnon and Wooldridge [13] quantified the chemical kinetic and thermal effects of buffer gas composition on autoignition of iso-octane, n-heptane, and n-butanol. The simulation results revealed that the buffer gas composition has significant impact on the total ignition delay in the temperature coefficient (NTC) region. While outside the NTC region, the buffer gas effects are small.

Dimethyl ether (DME) becomes one of the most promising alternative fuels due to its high heating value and cetane number, and thus excellent autoignition characteristics [14]. Meanwhile, lots of studies have also been conducted to investigate the effects of buffer gases on the autoignition of DME using both ICEs and fundamental combustion facilities [15,16,17,18,19,20,21], but they only highlight the overall effects of buffer gas composition. Isolating as much as possible the effects of buffer gas composition will help to understand the specific impact mechanism. RCM, one of the fundamental combustion facilities, is an ideal experimental platform for ignition and combustion research and convenient to control the various parameters in experiments, thus the effects of buffer gases can be easily and independently studied. As a consequence, experiments and numerical simulations are conducted to isolate and quantify thermal, chemical and dilution effects of buffer gas composition on the autoignition of DME in this study using a RCM.



2. Experimental


2.1. Rapid Compression Machine

The RCM (Beijing University of Technology, Beijing, China) used in this study has been introduced in a previous paper [22], and only a brief overview will be given here. The RCM is mainly composed of pneumatic drive, hydraulic control, reactor cylinder, gas supply, and data acquisition systems. The driver cylinder and reactor cylinder have bores of 200 mm and 50 mm, respectively, and driving gas pressure is 2–8 bar. The compression ratio (ε) can be altered in the range of 8.42–16.9 by adjusting the number of stroke spacers and clearance spacers. The mixture in the reactor cylinder is compressed by a rapidly moving piston and then it ignites spontaneously (autoignition) at the end of compression. As used in many RCMs [23,24,25,26,27,28,29], a creviced piston is used to suppress boundary vortex caused by the movement of the piston and to maintain well-defined homogeneous conditions in the reactor cylinder. As a result, the “adiabatic core” hypothesis can be used more accurately, and the compressed temperature can be calculated using the following equation:



[image: there is no content]



(1)




where P0 and T0 are initial pressure and initial temperature, Pc and Tc are compressed pressure and compressed temperature at the top dead center (TDC), γ is the ratio of specific heat of the mixture, which is the function of temperature and composition of mixture.
The schematic diagram of the RCM test bench is shown in Figure 1.

Figure 1. Schematic diagram of the rapid compression machine (RCM) test bench.
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2.2. Definition of Ignition Delay and Repeatability of Experiments

Pressure-time histories from the experiments are used to determine ignition delay. In this study, the time zero is taken as the end of the compression stroke, when the pressure peaks. Generally, DME shows the well-known two-stage ignition delay and two-stage combustion characteristics. Here, the first-stage ignition delay (τ1 as shown in Figure 2) is defined as the time between the end of compression stroke and first maximum in the rate of pressure rise during ignition. The second-stage ignition delay (τ2 as shown in Figure 2) is defined as the time from first maximum to second maximum in the rate of pressure rise, and the total ignition delay τ is the sum of τ1 and τ2. As shown in Figure 3, single-stage ignition delay and single-stage combustion occur at high compressed temperature. Then, the total ignition delay is defined as the time from the end of compression stroke to the time corresponding to the maximum in the rate of pressure rise during ignition.

Figure 2. Definition of ignition delay: two-stage ignition delay and two-stage combustion.
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Figure 3. Definition of ignition delay: single-stage ignition delay and single-stage combustion.
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As seen in Figure 4, overlapping pressure traces follow each other closely under the same test conditions, demonstrating that the repeatability of experiments in this study can be ensured.

Figure 4. Experimental repeatability of compression and autoignition process.
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2.3. Preparation of Gas Mixture

The gas mixture is prepared in a premix tank. The purities of gases used are as follows: DME, 99.5%; oxygen (O2), 99.999%; N2, 99.999%; Ar, 99.999%; CO2, 99.999%. The premix tank and pipelines are evacuated before introducing the mixture components using a vacuum pump. Based on partial pressures method, the experimental gases are filled into the premix tank and stirred for at least 30 min. After stirring 30 min, the gas mixture is left to homogenize overnight.

Typical buffer gases including N2, Ar, and CO2 are widely used in RCMs to achieve desired experimental conditions. Ar, a monoatomic gas with high ratio of specific heat and low heat capacity, is widely used to extend the range of compressed temperature upward, while CO2, a polyatomic gas present in EGR, extends the range of compressed temperature downward.

Consequently, in this study, the considered buffer gases are N2, a mixture of N2 and Ar (50%/50%) and a mixture of Ar and CO2 (61.2%/38.8%). Here, the heat capacity of the Ar/CO2 (61.2%/38.8%) mixture is approximately identical to that of pure N2.



2.4. Experimental Conditions

In this study, the compressed pressure is changed by altering the initial pressure, and the compressed temperature is changed by adjusting the compression ratio and initial temperature. Pressure-time data are measured using a Kistler 6125C pressure transducer (Kistler, Winterthur, Switzerland) and a Kistler 5011 charge amplifier (Kistler, Winterthur, Switzerland), and recorded by a Tektronix MS04000 oscilloscope (Tektronix, Johnston, OH, USA).

The experimental conditions in this study are shown in Table 1.


Table 1. Experimental conditions.



	
Mole proportion

	
Dilution ratio (%)

	
φ

	
Pc (bar)

	
Tc (K)






	
Dimethyl ether (DME):O2:N2 = 1:3:20

	
36.31

	
1

	
10

	
670–795




	
DME:O2:N2:Ar = 1:3:10:10

	
36.31




	
DME:O2:Ar:CO2 = 1:3:12.245:7.755

	
36.31




	
DME:O2:N2 = 1:3:25

	
47.29




	
DME:O2:N2 = 1:3:30

	
55.04














3. Numerical Simulations

Numerical simulations are conducted using CHEMKIN-PRO software. Due to the very short compression time and low temperature in the reactor cylinder, the heat loss during compression is negligible. However, the temperature in the reactor cylinder increases when the piston reaches the TDC and the heat loss to the reactor cylinder wall increases. Therefore, in order to obtain better simulation results, the heat loss after compression must be taken into account. In this study, a method developed by Mittal and Sung [30], which uses an increase of volume to represent the heat loss after compression, is adopted to simulate the experimental data of RCM. To determine the volume change due to heat loss for a given reactive mixture, a non-reactive experiment should be first conducted using gas mixture with the same heat capacity, initial pressure, and initial temperature as the reactive mixture. As shown in Figure 4, for both compression and post-compression events before ignition, the pressure trace of a nonreactive mixture matches very well with that of the reactive mixture, proving the applicability of the heat transfer model. Based on the analysis above, in this study, the simulations are performed using a homogeneous batch reactor with varying volume. The compressed pressure and compressed temperature in the reactor cylinder are used for setting the initial conditions of simulations.

The Zhao DME mechanism [31] containing 55 species and 290 reactions is used for simulations in this study, which has been validated for a wide range of physical conditions, including jet-stirred reactors [32], shock tubes [33], laminar flame speeds [34] and RCMs [35].



4. Results and Discussion


4.1. Thermal and Chemical Effects of Buffer Gas Composition

Variation of the first-stage and total ignition delays with buffer gas composition is shown in Figure 5. The Zhao DME mechanism consistently over-predicts the first-stage ignition delay in the temperature range studied. Moreover, larger differences in the first-stage ignition delay between experimental data and model predictions are observed with increasing compressed temperature. The differences are due to the fact that the compressed temperature is controlled by preheating the mixture in experiments, resulting in the occurrence of a reaction during compression. Both experimental and simulation results show that the buffer gas composition has little impact on the first-stage ignition delay.

Figure 5. Experimental and simulation results of effects of buffer gas composition on first-stage and total ignition delays.
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Figure 6 shows the typical pressure traces from experiments using the N2, N2/Ar (50%/50%) mixture and Ar/CO2 (61.2%/38.8%) mixture respectively as buffer gases at the compressed temperature of 705 K. N2/Ar (50%/50%) mixture shows a slower pressure rise during the compression process. The main reason is that the N2/Ar (50%/50%) mixture has a high ratio of specific heat, then smaller compression ratio and initial pressure are adopted to achieve the same compressed pressure and temperature. Simulation results are shown in Figure 7; the compression process is simulated in particular for comparison with Figure 6.

Figure 6. Comparison of effects of buffer gas composition on the dimethyl ether (DME) ignition process (experimental results).
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Figure 7. Comparison of effects of buffer gas composition on DME ignition process (simulation results).
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Both the experimental data and model predictions demonstrate that the first-stage ignition delay shows no sensitivity to the buffer gas composition. However, significant differences in pressure and temperature rise during first-stage ignition are observed, which is caused by the differences in buffer gas heat capacity. The N2/Ar (50%/50%) mixture exhibits a higher increase in pressure and temperature after the first-stage ignition. This is because N2 exhibits the higher accumulated heat release [36], but Ar has a smaller heat capacity which dominates the pressure and temperature rise. The general trends of experimental and simulation results for pressure and temperature rise during the first-stage ignition are consistent. For experiments, N2 exhibits a 1.88 bar increase in pressure and 131 K increase in temperature; N2/Ar (50%/50%) mixture exhibits a 2.40 bar increase in pressure and 168 K increase in temperature. For simulations, the pressure rise of N2 is about 2.94 bar, corresponding to about 204 K rise in temperature; the pressure rise of N2/Ar (50%/50%) mixture is about 3.35 bar, corresponding to about 234 K rise in temperature. Two factors contribute to the differences in the experimental and simulation data. First, the mass transfer between gases in the reactor cylinder and the crevice volume at the end of compression are negligible in numerical simulations. Second, it is difficult to achieve absolute homogeneous ignition in experiments.

It is also seen from Figure 5 that for the total ignition delay, there is a good agreement between the measurements and model predictions. The NTC behavior of total ignition delay is observed for both measurements and model results in the compressed temperature range studied. As shown in Figure 5, the buffer gas composition has little impact on the total ignition delay in the low temperature range; however, the significant differences in the total ignition delay are observed in the NTC region, especially at the starting point of the NTC region. Compared to the N2, N2/Ar (50%/50%) mixture, there are decreases in the total ignition delay by 31% and 14% for experimental and simulation data, respectively.

Figure 8 shows the variation of the second-stage ignition delay and pressure rise during the first-stage ignition with compressed temperature under the same conditions shown in Figure 5. The general trends of measurements and model predictions are consistent. As has been established, the pressure rise during the first-stage ignition is caused by the heat release. In this study, we use the pressure rise to approximately represent the heat release during the first-stage ignition. Both experimental and simulation results show that the heat release during the first-stage ignition decreases with increasing compressed temperature, whereas the second-stage ignition delay increases. Additionally, as shown in Figure 9, differences in heat release between N2 and the N2/Ar (50%/50%) mixture become smaller with increasing compressed temperature. In the low temperature region, the two-stage ignition delay is observed, but the second-stage ignition delay is very short. Consequently, the impact of differences in heat release on the second-stage ignition delay is limited, although larger differences in heat release exist at low compressed temperature. As a consequence, the total ignition delay shows no sensitivity to the buffer gas composition in the low temperature region. Because in the NTC region differences in heat release during the first-stage ignition have a significant impact on the second-stage ignition delay, compared to N2, the total ignition delay of N2/Ar (50%/50%) mixture has a larger reduction as shown in Figure 5. It is also noted that the temperatures corresponding to the intersection of the pressure rise traces and second-stage ignition delay traces shown in Figure 8 are approximately the same as those corresponding to the starting point of NTC region shown in Figure 5.

Figure 8. Variation of second-stage ignition delay and pressure rise during the first-stage ignition for N2 dilution: (a) experimental results; (b) simulation results.
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Figure 9. Experimental and simulation results of comparison of pressure rise during the first-stage ignition for N2 and N2/Ar (50%/50%) mixture.
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In order to isolate the chemical effects of buffer gas composition from the thermal effects, experiments and simulations are conducted using a mixture of Ar and CO2 (61.2%/38.8%) as buffer gas, which has the same heat capacity as that of N2. This is demonstrated by the fact that the pressure trace of N2 and the pressure trace of Ar/CO2 (61.2%/38.8%) mixture almost overlap during the compression and ignition process shown in Figure 6 and Figure 7. In Figure 5, from the comparison of the N2 and Ar/CO2 (61.2%/38.8%) mixture, the conclusion can be drawn that the first-stage ignition delay appears to be independent of the chemical effects of buffer gas composition.

To further explain this issue, the sensitivity analysis of the first-stage ignition delay is conducted at the compressed temperature of 680 K, 750 K and 830 K as shown in Figure 10. For comparison, the sensitivity coefficients of ignition delays are normalized [37]; thus, a negative coefficient means that the corresponding reaction promotes ignition and vice versa. The first-stage ignition delay is most sensitive to the isomerization of CH3OCH2O2 and the β-scission of CH2OCH2O2H. Although third-body collision reactions are involved, they are not the dominant factor in controlling the first-stage ignition in the temperature range studied. As a consequence, the chemical effects of buffer gas composition have little impact on the first-stage ignition delay, as observed in Figure 5.

Figure 10. Sensitivity analysis for first-stage ignition delay: (a) Tc = 680 K; (b) Tc = 750 K; (c) Tc = 830 K.
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Two major reactions involving third-body collision shown in Figure 10 are as follows: H + O2 (+M) <=> HO2 (+M); H2O2 (+M) <=> 2OH (+M). Table 2 provides the third-body collision coefficients of each reaction in this study for buffer gases. In the Zhao DME mechanism, typical third-body collision coefficients for Ar/CO2 mixture are 2.09 and 1.87 times that of N2 for the two reactions, respectively.

Table 2. The collision coefficients of third-body reaction.


	Reactions
	N2
	Ar
	CO2
	Ar/CO2 (61.2%/38.8%)





	H + O2 (+M) <=> HO2 (+M)
	1
	1
	3.8
	2.09



	H2O2 (+M) <=> 2OH (+M)
	1
	0.64
	3.8
	1.87












As seen in Figure 5, for experiments, the total ignition delay using Ar/CO2 (61.2%/38.8%) mixture as buffer gases is almost the same as that of N2, indicating that change in third-body collision coefficients is not the dominant factor in controlling ignition in the compressed temperature range of 670–795 K. The simulation results exhibit the same trends at the compressed temperature below 790 K. However, above 790 K, the total ignition delay of the Ar/CO2 (61.2%/38.8%) mixture is shorter than that of N2, thereby indicating that the chemical effects of buffer gas composition become pronounced.

To further investigate the thermal and chemical effects of buffer gas composition on the first-stage and total ignition delays, simulations are performed where the heat capacity of N2 is set to the same value as that of either Ar or CO2 using the constant volume adiabatic model at the compressed temperature of 740 K and 830 K [36]. As shown in Figure 11, the thermal effect indices are defined by Δτt,Ar(τmodifiedN2 − τN2) and Δτt,CO2(τmodifiedN2 − τN2), which are the differences between the total ignition delay of the original N2 and the total ignition delay of modified N2 (same Cp as Ar) and modified N2 (same Cp as CO2), respectively. The chemical effect indices are defined by Δτc,Ar(τAr − τmodifiedN2) and Δτc,CO2(τCO2 − τmodifiedN2), which are the differences between the total ignition delay of the modified N2 and the total ignition delay of the corresponding Ar and CO2, respectively.

Figure 11. Simulation results of the thermal and chemical effects on DME ignition: (a) Tc = 740 K; (b) Tc = 830 K.
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It is seen from Figure 11 that the thermal effect of Ar has little impact on the first-stage ignition delay. However, compared to N2, the thermal effect of Ar decreases the total ignition delay by 1.40 ms and 1.58 ms due to its lower heat capacity at the compressed temperature of 740 K and 830 K, respectively. It is also noted that the pressure trace of modified N2 (same Cp as Ar) and the pressure trace of Ar almost overlap before the second-stage ignition, which indicates that the impact of the chemical effect of Ar on the first-stage ignition delay is negligible. However, compared to N2, the chemical effect of Ar increases the total ignition delay by 0.18 ms and 0.55 ms due to its lower collision coefficients at the compressed temperature of 740 K and 830 K, respectively.

Compared to N2, the thermal effect of CO2 increases the total ignition delay by 4.20 ms and 3.35 ms due to its higher heat capacity at the compressed temperature of 740 K and 830 K, respectively. At the compressed temperature of 740 K, both the first-stage ignition delay and the total ignition delay show no sensitivity to the chemical effect of CO2. At the compressed temperature of 830 K, the chemical effect of CO2 also shows little impact on the first-stage ignition delay. However, the chemical effect of CO2 decreases the total ignition delay by 1.78 ms due to its higher collision coefficients which promote the ignition process.

As can be seen from the above analysis, the impact of thermal and chemical effects on the ignition delays varies with different compressed temperatures. Thus, in order to further quantify the thermal and chemical effects of buffer gas composition, simulations are conducted over a wide temperature range of 630–930 K as shown in Figure 12 and Figure 13. Furthermore, the simulation results are normalized using the equation as follows: η = Δτ/τtotal, where Δτ represent Δτt,Ar, Δτc,Ar, Δτt,CO2 and Δτc,CO2 mentioned above, τtotal represent the corresponding total ignition delays when Ar and CO2 are used as buffer gases.

Figure 12. Comparison of the thermal and chemical effects of Ar on the first-stage and total ignition delays.
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Figure 13. Comparison of the thermal and chemical effects of CO2 on the first-stage and total ignition delays.
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As seen in Figure 12 and Figure 13, the thermal and chemical effects of buffer gas composition have little impact on the first-stage ignition delay. In Figure 12, the thermal effect of Ar initially increases and then decreases with increasing compressed temperature. It is also noted that the temperature corresponding to the peak value of thermal effect of Ar is approximately equal to the temperature corresponding to the starting point of the NTC region. Meanwhile, the chemical effect of Ar becomes pronounced in the NTC region, but the magnitude is relatively small. Overall, the thermal effect of Ar is the dominant factor in the compressed temperature range studied.





It is seen from Figure 13 that the thermal effect of CO2 has a positive (increasing) effect on the total ignition delay due to its higher heat capacity compared to N2, which is opposite to that of Ar. The chemical effect of CO2 also has a positive (increasing) effect on the total ignition delay at the compressed temperature below 730 K, and then the chemical effect of CO2 starts to decrease the total ignition delay. Moreover, the chemical effect of CO2 becomes pronounced in the NTC region and ultimately the chemical effect exceeds the thermal effect at the compressed temperature higher than 880 K. Additionally, from Figure 12 and Figure 13, the conclusion can be drawn that, compared to Ar, the chemical effect of CO2 is more pronounced at a high compressed temperature due to its high collision coefficients; moreover, CO2 acts as a reactant in some elementary reactions [1,8].

From the above analysis we can conclude that the thermal effects of buffer gas composition is the dominant factor in the low temperature region and NTC region, the chemical effects become pronounced in the NTC region, and the chemical effect of CO2 exceeds the thermal effect at the compressed temperature higher than 880 K.



4.2. Dilution Effects of Buffer Gas Composition

Figure 14 shows the effects of the N2 dilution ratio ranging from 36.31% to 55.04% on the first-stage and total ignition delays for both experimental and simulation results. The Zhao DME mechanism used in the simulation reproduces the trends of the total ignition delay well. Similar to the trends in Figure 5, the first-stage ignition delay is consistently over-predicted, especially at high compressed temperatures. As seen in Figure 14, the first-stage ignition delay increases slightly with an increasing N2 dilution ratio due to the fact that the compressed temperature is the dominant factor in the first-stage ignition [38]. However, a significant increase in the total ignition delay is observed. Figure 15 shows the variation of pressure rise during the first-stage ignition with N2 dilution ratio and compressed temperature for both experimental and simulation results. The general trends of pressure rise during the first-stage ignition in experiments are numerically reproduced well.

Figure 14. Experimental and simulation results of effects of N2 dilution ratio on the first-stage and total ignition delays.
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Figure 15. Experimental and simulation results of effects of N2 dilution ratio on pressure rise during the first-stage ignition.
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As seen in Figure 15, the heat release (represented by pressure rise) during the first-stage ignition decreases with increasing N2 dilution ratio. As we all know, the number of radicals created in the first-stage ignition dominates the second-stage ignition. The concentration of DME and O2 decreases with increasing N2 dilution ratio, then a slower first-stage ignition occurs, resulting in smaller heat release and radicals’ accumulation. The second-stage ignition delay increases with decreasing radicals. As a result, the total ignition delay increases drastically. Additionally, the heat release during the first-stage ignition approximately tends to decrease linearly as compressed temperature increases. Moreover, a smaller difference in the heat release during the first-stage ignition among different N2 dilution ratios is observed at high compressed temperatures.

It is also seen from Figure 14 that both the measurements and model predictions reveal NTC behavior of the total ignition delay in the temperature range studied. Moreover, the NTC behavior of total ignition delay becomes more pronounced at high N2 dilution ratio. It is well known that, in general, the ratio of reactions forming alkylperoxy radicals (RO2) to reactions forming alkyl radicals (R) dictates the NTC behavior [13]. The concentration of O2 decreases with increasing N2 dilution ratio, shifting the ratio towards R formation. As a result, the NTC region moves to a lower compressed temperature, that is, the NTC behavior becomes pronounced.





A comparison of experimental and simulation results of N2 dilution ratio proves that the Zhao DME mechanism can predict the ignition delays well at different dilution ratios. Consequently, simulations of effects of Ar dilution ratio and CO2 dilution ratio on the ignition delays are conducted. As seen in Figure 16 and Figure 17, the simulation results of Ar and CO2 reveal similar trends to that of N2 shown in Figure 14. Additionally, compared to N2 and Ar, NTC behavior of the total ignition delay of CO2 is not prominent.

Figure 16. Simulation results of Ar dilution ratio on the first-stage and total ignition delays.
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Figure 17. Simulation results of CO2 dilution ratio on the first-stage and total ignition delays.
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Figure 18 shows the simulation results of heat release during the first-stage ignition for Ar and CO2, and the simulation results of heat release for N2 are also presented.

Figure 18. Simulation results of the effects of dilution ratio and buffer gas composition on pressure rise during the first-stage ignition.
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As seen in Figure 18, simulation results of the heat release during first-stage ignition for Ar and CO2 reveal the similar trends to that of N2. It is also noted that at the same compressed temperature, the magnitudes of heat release rank Ar as the highest, N2 second, and CO2 as the lowest, which is mainly caused by the differences in the buffer gas heat capacity. Thus, we can draw the conclusion that the heat release during the first-stage ignition is also sensitive to the buffer gas composition. Additionally, the buffer gas composition has a larger impact on heat release during the first-stage ignition at a low compressed temperature.




5. Conclusions

Experimental and numerical studies are performed to investigate the thermal, chemical and dilution effects of buffer gas composition on autoignition of DME. The following conclusions can be drawn:


	(1)

	Both experimental and simulation results show that the buffer gas composition has little impact on the first-stage ignition delay. In the low temperature region, the effects of buffer gas composition on the total ignition delay are also negligible. However, compared to N2, the N2/Ar (50%/50%) mixture reduces the total ignition delay by 31% and 14% in the NTC region for experimental and simulation data, respectively.



	(2)

	For ignition delays of N2 and the Ar/CO2 (61.2%/38.8%) mixture, experimental results show that the chemical effects have little impact on the first-stage and total ignition delays in the conditions studied, whereas the simulation results show that the chemical effects become pronounced at a compressed temperature higher than 770 K.



	(3)

	The simulation results using pure N2, Ar and CO2 as buffer gases show that the thermal effects are the dominant factor in a low temperature and NTC region. The chemical effects become pronounced in the NTC region, and the chemical effect of CO2 exceeds the thermal effect at a compressed temperature higher than 880 K.



	(4)

	With increasing buffer gas dilution ratio, the first-stage ignition delay slightly increases, but the total ignition delay has a significant increase due to the differences in heat release during first-stage ignition for different dilution ratios. The NTC behavior of total ignition delay becomes more pronounced at a high dilution ratio. The heat release during the first-stage ignition decreases with increasing buffer gas dilution ratio. Moreover, the heat release during first-stage ignition is sensitive to buffer gas composition.
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Nomenclature




	P0
	Initial pressure (bar)



	T0
	Initial temperature (K)



	Pc
	Compressed pressure (bar)



	Tc
	Compressed temperature (K)



	Δτt,Ar
	Thermal effect index of Ar



	Δτt,CO2
	Thermal effect index of CO2



	Δτc,Ar
	Chemical effect index of Ar



	Δτc,CO2
	Chemical effect index of CO2





Greek letters




	φ
	Equivalence ratio



	γ
	Ratio of specific heat



	ε
	Compression ratio



	τ1
	First-stage ignition delay



	τ2
	Second-stage ignition delay



	τ
	Total ignition delay





Acronyms




	DME
	Dimethyl ether



	RCM
	Rapid compression machine



	NTC
	Negative temperature coefficient



	EGR
	Exhaust gas recirculation



	ICE
	Internal combustion engine



	HCCI
	Homogeneous charge compression ignition



	PCCI
	Premixed charge compression ignition



	IMEP
	Indicated mean effective pressure



	TDC
	Top dead center



	ST
	Shock tube
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