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Abstract
The blend of dimethyl ether (DME, CH3OCH3) and propane (C3H8) is a potentially renewable fuel mixture that has the potential to replace diesel in compression ignition engines. The combination can potentially reduce particulate and greenhouse gas emissions compared to a conventional diesel engine operating under similar conditions. However, detailed conceptual and simulation studies must be conducted before adopting a new fuel on a compression ignition engine. For these simulations, accurate chemical kinetic models are necessary. However, the validity of chemical kinetic mechanisms in the literature is unknown for mixing controlled compression ignition (MCCI) engine operating conditions. Hence, in this work, we studied the ignition of dimethyl ether (DME) and propane blends in a shock tube at MCCI engine conditions. Ignition delay time (IDT) data was collected behind the reflected shock for DME-propane mixtures for heavy-duty compression ignition (CI) engine parameters. Undiluted experiments spanning temperatures of 700 to 1100 K and pressures of 55 to 84 bar for various blends (100% CH3OCH3/ 0% C3H8, 100% C3H8/ 0% CH3OCH3, 60% CH3OCH3/ 40% C3H8) of DME and propane were combusted in synthetic air (21% O2/ 79% N2). Some experiments were conducted at higher pressures (90-120 bar) to understand model performance at these conditions.  Comparisons of IDT were made with the predictions of recent chemical kinetic mechanisms for DME-propane mixture, including the Aramco3.0, NUIG, and Dames et al. mechanisms. All mechanisms overpredicted IDT compared to experimental values. Sensitivity analysis was conducted with Dames et al. model, and critical reactions sensitive to IDT of DME-propane mixture near 100 bar are outlined.
Introduction
[bookmark: _Hlk117145963][bookmark: _Hlk123861416][bookmark: _Hlk117146222][bookmark: _Hlk124430836]The transportation sector is the second-largest energy consumer in the U.S., with roughly 28 quadrillion BTUs being consumed in 2019 [1].  The increasing energy demand and rising global temperatures drive the industry to find alternatives to petrol and diesel fuels that are significant producers of greenhouse gases. An alternative fuel that promises to replace these commonly used fuels is liquified petroleum gas (LPG) [2], which mainly consists of propane (~80-100 %). Propane is an attractive alternative to the current fuels due to the existing infrastructure [3] for its constituents and its large energy content (propane's LHV is 46.4 MJ/kg) [4], which surpasses both petrol (43.2 MJ/kg) [5] and diesel (42.5 MJ/kg) [4]. Despite its high LHV, propane needs to be blended with some fuel that can enhance its autoignition characteristics [6]. One such biofuel is dimethyl ether (DME) (LHV of 28.43 MJ/kg) [4].

There have been several studies on the oxidation of propane and DME, which are summarized in Table 1.


[bookmark: _Ref118224193]Table 1. Different works in literature for IDT measurements for propane and DME mixtures.
	[bookmark: _Hlk101539043]Fuel
	Additive
	T (K)
	P (atm)
	Measurement

	C3H8
	
	980-1400
	6-60
	IDT[7]

	C3H8
	H2
	1000-1600
	1.2-10
	IDT[8]

	C3H8
	H2
	1000-1600
	1.2-10
	IDT[9]

	C3H8
	DME
	1100-1500
	20
	IDT[10]

	C3H8
	
	1800-2600
	5
	IDT[11]

	n-C4H10
	DME
	1200-1600
	1.2-5.3
	IDT[12]

	LPG
	DME
	1100-1500
	5-15
	IDT[13]

	C3H8
	DME
	550-2000
	10-50
	[bookmark: _Hlk121996974]IDT[6]

	DME
	
	630-1450
	2-25
	IDT[14]

	DME
	
	697-1239
	22-23
	IDT[15]

	DME
	
	1175-1900
	1.6-6.6
	IDT[16]

	n-C4H10
	DME
	650-1400
	2-10
	IDT[17]


[bookmark: _Hlk121741874]Most of the studies are focused on ignition delay time measurements, although soot yield at temperatures of 1800-2600 K and 5 atm have been provided for propane [11]. For propane-DME blends, IDTs have been reported up to pressures of 50 atm [6]. Compression ignition engines operate at a pressure range of 30-70 bar [18], while heavy-duty compression engines operate at much higher pressures (~100 bar). There is a lack of information on the ignition delay times of propane-DME mixtures at higher pressure relevant to the combustion of heavy-duty engines, and there are few studies that provide in situ, time-resolved measurements of key intermediate species. Figures 1 and  2 show simulated IDTs for oxidation of neat DME and neat propane, respectively, using Hu et al. [10] and either the Aramco 3.0 [19] or Dames et al. [6] models at 90 atm. The IDTs obtained from both models differ considerably at temperatures less than 1000 K, indicating a need for model improvement. Additionally, the fuel and oxidizer are not premixed in an MCCI engine and can encounter a wide range of equivalence ratios ranging from very lean (<0.2) to very rich (>2.0) [20]. The chemical kinetic models developed for CFD simulations of MCCI engines should be able to capture all these conditions. In order to validate chemical kinetic mechanisms generated for propane-DME chemistry, high-pressure measurements are needed for the fuel's IDT at a wide range of equivalence ratios and temperatures that an MCCI engine encounters during its operation. The shock tube reactor is ideal for generating such a high-pressure environment as they have been used for studying combustion since the 1940s [21]. Shock tube experiments assume homogeneous distributed quiescent gas behind the reflected shock, with test times on the order of a few milliseconds.  This allows experimental data from shock tube experiments to be compared to kinetic model predictions under constant internal energy and volume assumptions [21]. 
[bookmark: _Hlk124435882][bookmark: _Hlk121823537]IDT measurements of DME-propane were done in this work for blends at 60, 80, and 90, 120 bar, at 700-1125 K, for Φ=1.0 and Φ=0.38. Results were compared with DME-propane models from literature, and a sensitivity analysis was conducted at 89 atm. Based on the sensitivity analysis, we outline important reactions that could impact the predictions of IDT for DME-propane mixtures at MCCI engine conditions.



[bookmark: _Ref118201943]Figure 1. Simulation results show discrepancies in IDT predictions for neat DME oxidation at equivalence ratio 1.0 and 90 atm using literature mechanisms.

[bookmark: _Ref117843321] Figure 2. Simulation results show discrepancies in IDT predictions for neat propane oxidation at an equivalence ratio of 1.0 using literature mechanisms at 90 atm.
Materials and Methods
This study was conducted at the University of Central Florida (UCF)'s High-Pressure Extended Range Shock Tube for Advanced Research (HiPER-STAR) facility [22, 23]. This newly built facility is capable of high-pressure experiments reaching up to 1000 atm. In general, shock tubes are considered ideal devices for replicating combustion test conditions (temperature, T5, and pressure, P5 in shock tube reference) in a controlled environment. Some of our previous works provide details of shock tube utilization for IDT measurements [24-33]. PCB (113B26) piezoelectric pressure transducers record the pressure traces during the experiments. The test location is located 1 cm away from the end wall in the test section of the shock tube. Six axially spaced pressure transducers are connected to Agilent 53220A time interval counters on the driven side. The arrival of the incident shock triggers these timer counters, and the time difference is used to calculate the shock velocity. The uncertainty is 20% of IDTs, which is from the shock velocity measured by the timer counters, which influences temperature [22].
Before experiments, the driven section of the shock tube is vacuumed using a combination of Agilent dual-stage rotary vane pumps (DS 102) and a Kurt J. Lesker TRIVAC B two-stage rotary vane pump (D8B), and an Agilent turbomolecular pump (TwisTorr 305 FS), ensuring there are no impurities in the shock tube before the introduction of the test mixture. Neodymium nickel-coated magnetic stirrers are used to ensure the homogeneity of the mixture, which is prepared in a separate high-pressure mixing tank.
[bookmark: _Hlk118226177][bookmark: _Hlk121908384][bookmark: _Hlk117827991]All mixtures were diluted in air, synthetically made in-house using ultra-high purity oxygen (O2) and ultra-high purity nitrogen (N2), both supplied from Nexair and guaranteed to be 99.999% pure. Simulations to predict IDT were conducted in Cantera [34], and sensitivity analysis was carried out using Chemkin-Pro [35] to locate any discrepancies between the experimental data and mechanisms. The reactor model used for both Chemkin-Pro and Cantera was a closed 0-D homogenous batch reactor using a constraint volume problem type. The undiluted mixture constituents and test conditions can be found in Table 2. The 60% DME, and 40% propane (61.1:38.9% by mass)  mixture ratio was chosen based on previous literature where it was recommended to use propane content lower than 40%mass in compression ignition engines [18]. Few experiments were performed in the pressure range of 90-120 bar and had a temperature range of 900-1100 K with mixtures containing 50% DME and 50% propane (of the fuel mole fraction) and at an equivalence ratio of ϕ=0.38.
	[bookmark: _Hlk124073944][bookmark: _Ref118797307]Mixture #
	Mixture
	φ
	C3H8
	CH3OCH3
	O2
	N2
	P5 (bar)

	1
	Neat propane
	1
	4.03
	0
	20.16
	75.81
	60, 80

	2
	Neat DME
	
	0
	6.54
	19.63
	73.82
	

	3
	60/40 - DME/Propane
	
	2.10
	3.14
	19.91
	74.85
	

	4
	50/50 - DME/propane
	0.38
	1.00
	1.00
	20.58
	77.42
	90, 120


[bookmark: _Ref126062754]Table 2. Mixture compositions and conditions tested.
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[bookmark: _Ref118451439]Figure 3. Definition of IDT τ) during shock tube experiments. The conditions shown are for 80.4 bar and 871 K for 60/40 DME/Propane blend.  Dashed lines show simulated pressure traces obtained using the Dames et al. [6] mechanism. 


The IDTs were captured using an OH* (306 nm) and CH* radical chemiluminescent emission detector via window ports at the test location. Calculating IDTs is different for each experimental group, but it is important to maintain consistency when comparing the IDT data obtained from experiments with other works and simulations.  Here, IDTs are calculated from the experimental time-zero, which is considered when the core of the reflected shock passes by the test section to the time when OH* attains a peak value (τ  in figure 3) [19]. 
[bookmark: _Ref118230476]Shock tube experiments assume homogeneous distributed quiescent gas behind the reflected shock, with test times on the order of a few milliseconds. This allows experimental data from shock tube experiments to be compared to kinetic model predictions under constant internal energy and volume assumptions [21]. Since the experiments are during the microsecond time scale, the heat loss process is negligible; this justifies the adiabatic assumption for modeling [21]. The chemical kinetic mechanisms used in this work are Aramco3.0 [19], NUIG [36], and Dames et al. [6]. Most of the analysis in this work was carried out with the Dames et al. [6] model, as it is well-validated for DME-propane mixtures for pressures up to 20 bar.
Results and Discussion
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[bookmark: _Ref118451442]Figure 4. Example experimental trace showing an increase in the pressure before ignition. The conditions shown are for 57.4 bar and 782 K for neat DME.  Dashed lines show simulated pressure traces obtained using the Dames et al. [6] mechanism.
[bookmark: _Hlk121831377][bookmark: _Hlk124135887]Figures 3 and 4 are examples of experimental OH* and CH* emissions and pressure traces during the oxidation of DME-propane mixtures.  Of note, both pressure traces show an increase just before ignition that is also captured by the model. The initial rise in pressure, noticeable from Figures 3 and 4, can be attributed to a characteristic of DME. In Figures 3 & 4, the P5 and T5 are calculated using normal shock equations (Rankine–Hugoniot–equations), which use the incident shock velocity and set driven conditions [37]. This is to reach the initial conditions needed for achieving the targeted T5 and P5 found by FROSH [38]. The driven gas used was composed of helium and nitrogen, and the mixing time of the tank was one hour. From Table 3, a prominent reaction for DME, is DME reacting with OH (R7), which occurs after a chain of reactions in the first stage of DME decomposition. DME undergoes H-abstraction with O2 to produce a radical and HO2 (R1). The radical proceeds to react with O2 to form RO2 (R2), which undergoes isomerization to form QOOH (R3). This then reacts with O2 to form OOQOOH (R4). OOQOOH then decomposes to form HPMF + OH (R5). HPMF then decomposes to form another OH (R6). Since one DME produces two OH radicals (R4 and R5), it is considered chain branching. These reactions dominate at lower temperatures, contributing to the increase of pressure before ignition [39]. Since these reactions are part of the Dames et al. [6] mechanism, the model also predicts this pressure rise (see figure 4).
[bookmark: _Ref121832131]Table 3. First-stage reactions of DME.
	DME+O2=R+HO2
	R1

	R+O2=RO2
	R2

	RO2 = QOOH
	R3

	QOOH+O2=OOQOOH
	R4

	OOQOOH = HPMF + OH
	R5

	HPMF = OH + OCHOCH2O
	R6

	DME + OH = R+H2O
	R7
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[bookmark: _Ref118451891]Figure 5. Experimental ignition delay times for various DME mixtures studied in this work at 60 bar and 80 bar at an equivalence ratio of 1.
Figure 5 shows the ignition delay times observed near 60 and 80 bar for various mixtures studied in this work. As expected, the neat propane mixture is the slowest to ignite, while the neat DME mixture ignites the fastest. Small pressure dependency was observed for neat propane ignition delay times. With higher pressures, ignition is faster for a 100% propane mixture. The experiments do not show significant pressure dependency for neat DME at the conditions studied. For the 60/40 blend of DME in propane mixture, ignition delay times were observed to be faster than neat propane mixture and slower than neat DME mixture. At 60 bar, the ignition delay time reduces with an increase in temperature until 827 K. Further increase in temperature increases the ignition delay time until ~900 K, beyond which IDT reduces again. This negative temperature coefficient (NTC) behavior for IDT has been observed for DME mixtures in Dames et al. [6].  However, at 80 bar, the NTC behavior is not as significant as in lower pressures (60 bar), although it still exists. For the mixtures of 100% DME and C3H8, NTC regions could not be experimentally reached.  For DME, instantaneous ignition occurred at higher temperatures, while for propane, remote ignition occurred at lower temperatures. As mentioned earlier, DME and propane complement each other very well, allowing for a broad temperature range between 754 – 1022K at 60 and 80 bar- a much wider range for testing in comparison to the neat mixtures.
	[image: ]


[bookmark: _Ref118452113]Figure 6. Comparison of experiments and model predictions (NUIG [36] and Dames et al. [6] mechanisms) for ignition delay times of DME-propane mixtures at 60 and 80 bar at an equivalence ratio of 1.  
Figure 6 shows the comparison of experimental IDTs with predictions (NUIG [36], Dames et al. [6], and Aramco3.0 [19] ). In general, all three models capture the trend in IDTs for all DME-propane mixtures.  For a 100% DME blend, the IDTs predictions are within the experimental uncertainty at both 60 and 80 bar at lower temperatures.  At lower temperatures for neat DME mixtures, the model predictions at 60 and 80 bar converge, showing that there is significantly lower pressure dependency. This is concurrent with our experimental observation. As temperature increases, the models diverge, showing higher pressure dependency at high temperatures. All three mechanisms predicted low-temperature IDTs for neat DME accurately. However, as temperature increases, deviations are observed, with experimental IDTs being faster than predicted values.  For neat propane at 60 bar and 80 bar, the Dames et al. [6]. mechanism predicts the experimental IDTs with much better accuracy than the NUIG [36] and Aramco3.0 mechanism. For the 60/40 blend of DME-propane, all mechanisms overpredict the IDTs, with the NUIG [36] and Aramco3.0 [19] model being closer to experiments at lower temperatures. Additionally, the trend of decreasing pressure dependency when lowering the temperature, as in a neat DME mixture, is still retained even after blending with 40% propane. The models predict more significant NTC behavior than is experimentally observed. The most accurate model is the Dames et al. [6] at higher temperatures. The NTC behavior for the 80 bar experiments is different from that of 60 bar. Instead of a large rise before falling, the trend is flatter and quickly trends downward at approximately 950K. At lower temperatures, before the NTC region, the NUIG [36] mechanism is the most accurate where the values are within the experimental uncertainty. In the NTC region, the most accurate mechanism is Aramco3.0 [19]. However, at higher temperatures, near the end of the NTC region, the experimental data has a much smaller slope when compared to the predictions of mechanisms where they curve out and then plateau. In this region, the most accurate mechanism is the Dames et al. [6] model.
	[image: ]


[bookmark: _Ref118797392]Figure 7. Experimental results obtained for IDTs compared with simulation results for DME-propane mixture at ~90 and ~120 bar. See text for mechanisms. 
Figure 7 shows the ignition delay times obtained during the experiments conducted at 90 and 120 bar, along with the comparisons with recent mechanisms from the literature. The IDTs obtained during experiments are much faster than the predicted ones obtained with reaction mechanisms from the literature. Clearly, as pressure increases, the deviations from the models are also more prominent. The Aramco3.0 [19] mechanism predicts the slowest ignition at higher temperatures, and as temperatures decrease, accuracy increases, while the Dames et al. [6] mechanism predicts the fastest ignition at two points. The prediction by the NUIG [36]mechanism is in between Aramco3.0 [19] and Dames et al. model [6] for two points. For 119 atm, Aramco and NUIG [36] predict similar IDTs, but the Dames et al. [6] model has the best prediction. In terms of deviation from the model, the closest prediction is by Dames et al. [6]. The model shows a deviation of ~59% with experimental results at high temperatures. At lower temperatures, a deviation of ~44.9% is observed. This indicates that the present models on DME/propene blends available in the literature are inadequate in modeling high-pressure ignition scenarios which are typical in heavy-duty engines.
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[bookmark: _Ref118797477]Figure 8. Sensitivity analysis using the Dames et al. [6] mechanism at the time when half of the DME in the mixture is consumed (1057 K and 89 atm).
[bookmark: _Hlk122007536]A sensitivity analysis was conducted using the Dames et al. [6] model to understand the discrepancies between the model and experiments.  Sensitivity analysis was conducted for the high-temperature case (1057 K and 89 atm), which exhibited the maximum deviation from experiments. The results for the top 20 reactions at the time when 50 % of DME was consumed are shown in Figure 8. The most sensitive reaction is H2O2 (+M) = 2OH (+M). This reaction is well studied in the literature, and the rate is well established. However, the second most sensitive reaction was CH3OCH2 + HO2 = CH3OCH2 + H2O2, which is the H-abstraction from DME by HO2 radical. This is because the mixture under investigation has 50 % propane in the fuel, and propane undergoes H-abstraction at high temperatures to produce the C3H7 radical. The C3H7 produced then reacts with oxygen to produce HO2 radicals. The larger amount of HO2 in the reaction pool makes this H-abstraction by HO2 one of the most sensitive reactions for the DME/propane mixture. The rate constant for this reaction is from the theoretical work by Mendes et al. [40] and has an estimated uncertainty of a factor of 2.5. Other sensitive reactions include H-abstraction by OH and O2. These rates were estimated by Curran and Fisher [41] and are prone to significant uncertainties [41]. The IDT for this mixture is also sensitive to a few pressure-dependent reactions of DME intermediates like CH2OCH2O2H + O2 = O2CH2OCH2O2H and CH3OCH2 + O2 = CH3OCH2O2. Both rates are from Burke et al. [42], which utilized many assumptions to derive these rates using the theoretical calculations from Yamada et al. [43] and the high-pressure rate from Li et al. [44]. 
To understand the effect of sensitive reactions, the reaction CH3OCH2 + HO2 = CH3OCH2 + H2O2 was modified within its uncertainty, and A-factor was multiplied by 2.5 times. The resulting IDT predictions are shown in Figures 9 and 10. The agreement has improved considerably, indicating that further analysis is required for the sensitive reactions outlined in this work.
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[bookmark: _Ref118794824]Figure 9. Comparison of experimental results with the predictions by the Dames et al. [6] model and the modified version of the Dames et al. [6] model for IDTs of DME-propane mixtures (60 and 80 bar) at an equivalence ratio of 1.
	[image: ]


[bookmark: _Ref118452890]Figure 10 Comparison of experimental results with the predictions of the Dames et al. [6] mechanism and the modified version for IDTs of DME-propane mixtures at 90-120 bar.
Conclusions
IDTs for mixtures of DME-propane were measured at conditions relevant to mixing controlled compression ignition engines (60-120 bar and 700-1100 K). Undiluted experiments, spanning temperatures of 700 to 1100 K and pressures near 60 and 80 bar for various blends (100% CH3OCH3, 100% C3H8, 60% CH3OCH3 | 40% C3H8) of DME and propane were combusted in synthetic air (21% O2 | 79% N2). In order to understand the effect of higher pressures, some experiments were conducted near 90 and 120 atm. NTC behavior was observed with a 60/40 blend of DME with propane. At higher pressures (80 bar), NTC was less prominent than at lower pressures (60 bar). Against the experimental IDT data, comparisons are made with predictions of recent chemical kinetic mechanisms for the DME-propane mixture, including the Aramco3.0 [19], NUIG [36], and Dames et al. [6] mechanisms. Models were able to capture the general trend in experimental IDTs for 60 and 80-bar cases. However, when compared to experimental results, none of the models could fully predict the behavior across the entire region of interest. For 90 and 120 atm cases, significant deviations from experiments were observed for model predictions. All mechanisms overpredict IDTs compared to experimental values. Sensitivity analysis was conducted with the Dames et al. [6] mechanism, and critical reactions sensitive to IDT of DME-propane mixture near 90 atm were outlined. Future work will involve collecting data for additional mixtures and experimental conditions (pressure, temperature) as well as probing intermediates and products using laser absorption techniques during the ignition process for additional insights into this promising fuel blend chemistry.
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	BTU
	British Thermal Unit

	LPG
	Liquified petroleum gas

	LHV
	Lower heating value

	DME
	Dimethyl ether

	IDT
	Ignition delay time

	C3H8
	Propane

	K
	Kelvin

	MJ
	Mega joules

	NTC
	negative temperature coefficient

	HPMF
	Hydroperoxymethyl Formate (C2H4O4)



Appendix: Mixture and IDT information
[bookmark: _Ref118230475]
Table 4:summary of neat DME mixture data (C2H6O/O2/N2 = 6.6/19.6/73.8)
	T5
	P5
	IDT

	(K)
	(atm)
	(µs)

	699
	60
	2334

	782
	58
	306

	714
	86
	1431

	807
	82
	171

	863
	84
	75

	915
	84
	59



Table 5: Summary of neat C3H8 mixture data(C3H8/O2/N2 = 4/20.2/75.8)
	T5
	P5
	IDT

	(K)
	(atm)
	(µs)

	944
	60
	1480

	995
	60
	714

	1035
	62
	319

	1054
	64
	351

	1059
	62
	262

	1105
	61
	147

	920
	79
	1415

	957
	79
	907

	1003
	82
	534

	1036
	80
	266

	1089
	83
	137.5

	1124
	84
	108.9



Table 6: Summary of neat C3H8/DME blend data (C3H8/CH3OCH3/O2/N2 = 2.1/3.14/19.91/74.85)
	T5
	P5
	IDT

	(K)
	(atm)
	(µs)

	771
	60
	967

	778
	55
	864

	827
	61
	438

	846
	60
	398

	864
	59
	421

	887
	59
	428

	902
	57
	447

	937
	59
	405

	960
	59
	371

	989
	59
	293

	1022
	58
	229

	754
	82
	1200

	799
	81
	493

	833
	80
	309

	871
	80
	268

	888
	77
	272

	914
	79
	257

	933
	78
	245

	974
	80
	210

	997
	80
	203


[bookmark: _Hlk124106296]
Table 7: Summary of experimental IDTs for DME/C3H8 (DME/C3H8/O2/N2= 1/1/20.58/77.42) at phi =
	T5
	P5
	IDT

	(K)
	(atm)
	(µs)

	984
	119
	280

	1057
	89
	166

	915
	87
	701
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