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Abstract


Dual fuel engines utilize two different fuels consisting of a high reactivity fuel (HRF) injected into the cylinder and a low reactivity fuel (LRF), typically fumigated into the intake manifold. To reduce engine-out emissions of oxides of nitrogen (NOx), early start of injection (SOI) of HRF may be employed in dual fuel combustion, albeit at the expense of higher engine-out emissions of unburned hydrocarbons (HC) and carbon monoxide (CO). This study compares performance and emissions of diesel–propane and poly-oxy methylene dimethyl ether (POMDME)-propane dual fuel combustion for a heavy-duty single-cylinder research engine (SCRE) platform based on a production PACCAR MX-11 engine at a low load of 5 bar IMEPg and a constant speed (“B Speed”) of 1339 rpm. While POMDME-natural gas combustion has been explored in previous work, the novelty of the present work lies in the direct comparison of diesel–propane and POMDME–propane combustion for the same SCRE under fixed constraints of NOx < 1 g/kWh, COV of IMEP < 5%, and a maximum pressure rise rate < 10 bar/CAD. By optimizing HRF injection parameters, boost pressure, and propane energy substitution, the present work demonstrates diesel–propane HC and CO emissions improvements of ~86% and ~67%, respectively, while POMDME–propane HC and CO emissions improved by ~91% and ~86% respectively, compared to the corresponding unoptimized baseline values. These improvements were obtained while achieving very low engine-out NOx emissions (diesel–propane ~0.7 g/kWh, POMDME–propane ~0.1 g/kWh) and very good gross indicated fuel conversion efficiencies (diesel–propane ~51%, POMDME–propane ~48%). Additionally, POMDME–propane demonstrated near-zero measurable smoke emissions for all engine operating conditions.
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1. Introduction


1.1. Background


The internal combustion engine is the prime mover of choice that has and continues to drive globalization. As energy needs continue to increase, it is increasingly important to diversify the global energy portfolio. This diversification is vital for minimizing emissions and their negative impact upon the environment, while operating as efficiently as possible. Additionally, this diversification reduces dependence on singular energy sources, which minimizes the impact of single point failures—a significant problem that was brought to widespread attention during the COVID-19 pandemic as the international supply chain was disrupted globally.



Alternative fuels are key to reducing energy dependence upon one source. Dual fuel engines are one effective way to utilize these fuels, namely by employing two fuels simultaneously in one combustion event. In a dual fuel engine, one of the fuels—a low reactivity fuel (LRF), is premixed with air and is used as the primary source of energy. This LRF is then ignited by the secondary fuel—a high reactivity fuel (HRF), which is traditionally more reactive than the primary fuel. In this work, the primary fuel, LRF, is propane and the secondary fuel, HRF, used to ignite the premixed propane-air mixture, is either diesel or poly-oxy methylene dimethyl ether (POMDME).



The United States holds vast natural gas reserves, accessed via fracking and advanced extraction methods; propane is obtained from this extracted natural gas through various refinements [1]. In addition, recent developments have made sourcing propane from renewable feedstocks a promising avenue for advancement. This renewable propane (referred to as bio-propane in Europe) is chemically identical to traditionally sourced propane (C3H8) and ensures that even as the world transitions away from fossil fuels, propane remains a viable and stable option, which can be used to bridge the energy supply gap.



Diesel is widely utilized in the automotive and global energy markets due to extensive optimization for modern engines. However, diesel engine combustion still produces soot in fuel-rich regions and NOx in high temperature, near-stoichiometric regions within the combustion chamber [2]. The intransigent in-cylinder soot-NOx tradeoff is a continuing challenge for conventional diesel combustion. POMDME is an oxygen-rich fuel, which has promise as a diesel replacement fuel. Due to the oxygen presence within the fuel structure itself (situated between carbon atoms and not allowing for a C-C double bond), POMDME forms little to no soot during the combustion process. Despite the overall lower NOx and soot emissions, traditional dual fuel combustion with late (close to TDC) injection of diesel still exhibits a soot-NOx tradeoff. However, due to low soot production, POMDME can be utilized to minimize NOx emissions in dual fuel combustion without a significant increase in engine-out soot emissions.




1.2. Motivation and Research Objective


Although dual fuel engines can exhibit improved performance and lower soot and NOx emissions compared to conventional diesel combustion, dual fuel combustion is accompanied by higher hydrocarbon (HC) and carbon monoxide (CO) emissions, especially at low load conditions. This work focuses on engine operating parameters that can be leveraged to reduce emissions at low load conditions, while utilizing traditional fuels and fuels that may be made renewably. The primary objective of the present work is to make a direct comparison of low-load diesel–propane and POMDME–propane combustion for the same heavy-duty SCRE under fixed constraints and operating conditions and to explore strategies for optimizing the performance–emissions tradeoffs.





2. Literature Review


2.1. Using Propane in Dual Fuel Combustion


Propane is a viable low reactivity fuel for dual fuel combustion due to regulations in fuel content and its distribution infrastructure around the world. Lee et al. [3] studied the impact of injection timing on low temperature reactions of propane using a rapid compression machine and CHEMKIN. They observed that injecting diesel before the onset of propane low temperature oxidation kept ignition delay nearly constant. Additionally, this injection strategy reduced soot emissions, a phenomenon attributed to low temperature oxidation reactions that do not favor soot-formation pathways. Other authors have compared using propane against methane and other gaseous fuels in dual fuel setups. Both Abd Alla et al. [4,5] and Selim [6] directly compared using methane or propane in a dual fuel engine with semi-advanced injection timing (40–25 bTDC). They noted improved emissions when operating a dual fuel engine using propane instead of methane at varied injection timings and pilot quantities. Selim also found that using propane instead of methane during the combustion event led to higher engine noise and variations in engine load, especially at higher loads, although the variations in load did not exceed a coefficient of variation (COV) of 2% for any of the fuels. Stewart et al. [7], when comparing propane, methane, and butane in a light-duty CI engine, noted a reduction in CO2 emissions with dual fuel combustion compared to pure diesel combustion. Saanum et al. [8] compared using liquified petroleum gas (LPG), methane, and hydrogen with diesel in marine applications and once again found lower NOx emissions compared to other LRFs.



Saleh [9] characterized the impact of LPG composition while increasing the LRF energy input to the combustion chamber up to 90%. Their results showed that higher butane content resulted in lower NOx emissions, while higher propane content reduced CO emissions. A butane content of 30% by volume was found to be the optimal composition for engine performance, which was later corroborated by Ashok et al. [10]. As previously noted in dual fuel studies, low load operation suffers greatly from high emissions and engine load variations. Lata et al. [11] investigated the addition of hydrogen to LPG mixtures to improve performance and emissions at all load conditions. They found that above 10% load, hydrogen addition improves efficiency but not necessarily emissions. Above 35% load, using hydrogen and propane together always results in better engine operation. Lee et al. [12] investigated the impact of EGR on diesel–propane combustion at advanced injection timings and found that NOx and soot emissions could be reduced simultaneously, while using a split injection strategy could help increase thermal efficiencies and improve emissions for higher propane substitutions.



Krishnan et al. [13] studied diesel–propane dual fuel combustion for a heavy-duty single cylinder engine at low loads. Injection timing, rail pressure, and intake pressure were used to find optimal efficiency–emissions tradeoffs. They found that increasing rail pressure could decrease NOx with a slight increase in HC and CO emissions. On the other hand, while higher intake pressures increased indicated fuel conversion efficiency (IFCE), they also led to a sharp increase in CO emissions. Kang et al. [14] and Polk et al. [15] performed research on light-duty and heavy-duty single cylinder engines, respectively, and observed that an earlier diesel injection reduced NOx emissions at the expense of higher CO and HC emissions and combustion instability, which were attributed to over-leaning of the fuel–air mixture. Higher propane substitutions reduced particulate matter (PM) or soot emissions but also led to higher CO, HC, and combustion instability. Polk et al. also investigated the effects of exhaust gas recirculation (EGR) and intake boost pressure, concluding that decreasing EGR and increasing boost pressure could improve combustion stability.




2.2. DME/POMDME in Dual Fuel Combustion


Dimethyl ether (DME) has been identified as a potential green propane additive [16,17] since it can be manufactured carbon neutrally and can be readily blended with propane for use as an engine fuel [18]. Prabhakar et al. [19] studied the effects of propane-DME blends fumigated into the intake stream of a diesel engine and found that DME-propane blends with energy fractions of 20% DME and 30% propane increased brake thermal efficiency from a baseline of 37% to approximately 49%.



Multiple names are used in the literature to refer to the HRF fuel that this work refers to as poly-oxy methylene dimethyl ether (POMDME); other names associated with this fuel in the available literature include PODE and OME/OMEx. To avoid confusion, the remainder of the work will refer to this fuel as POMDME. POMDME is typically a mixture of various oxy-methylene ether (OME) 1–6 components where the given number n refers to the chain length in the chemical formula (CH3-(OCH2)n-O-CH3).



Srna et al. [20] investigated POMDME as a HRF for dual fuel combustion in a rapid compression-expansion machine and in a diesel engine and compared against diesel combustion. They found spray evolution to be nearly identical for both diesel and POMDME, with minor variations due to differences in density. Combustion phasing was found to be closely linked to the cetane number of the HRF, and even with small amounts of POMDME (2.8 mg/cycle), the engine was less likely to misfire because of the higher cetane number.



García et al. [21] compared POMDME-gasoline against diesel-gasoline reactivity-controlled compression ignition (RCCI). Due to POMDME’s low soot formation, the authors were able to increase EGR values and lower NOx emissions using POMDME-gasoline; however, it was also noted that low oxygen exhaust content at high EGR levels could impact CO and HC aftertreatment systems. This feature of POMDME-gasoline combustion was also seen in the work of Benajes et al. [22], who also noted that although the CO2 emissions using POMDME were higher than with diesel, the overall emitted CO2 values (on a well-to-wheels basis) were 13–19% lower than diesel.



As discussed in the abstract, POMDME-natural gas combustion was explored in our previous work. Hariharan et al. [23] performed an emissions-based comparison between diesel-natural gas and POMDME-natural gas combustion. This work consisted of an SOI sweep with a PES sweep at the optimal NOx SOI condition, followed by a secondary injection sweep, injection split ratio sweep, a rail pressure sweep, and a boost pressure sweep all with the express goal of reducing HC and CO emissions with reasonable IFCE. Their results showed significant improvements of 85% in ISHC and 92% in ISCO for POMDME-natural gas and diesel-natural gas combustion with negligible smoke measurements for POMDME operation. An important challenge with using DME/POMDME in fuel systems is the high corrosivity of DME/POMDME, which poses greater challenges that must be considered when sourcing materials (e.g., seals, gaskets, etc.) to ensure compatibility [24].





3. Experimental Setup


All experiments were performed on the heavy-duty SCRE in the Engines and Combustion Laboratory at the University of Alabama. This SCRE is based on a PACCAR MX-11 production heavy-duty engine with specifications provided in Table 1. Figure 1 provides a brief representation of the experimental set-up for reference.



The SCRE was coupled with a 393 HP AC dynamometer to maintain engine speed using a PowerTest/Dyne Systems (Sussex, WI, USA) Inter-Loc V controller. In-cylinder pressure was measured using a Kistler (Amherst, NY, USA) piezoelectric cylinder pressure sensor (Model 6124A) in conjunction with a Kistler charge amplifier (Model 5018). To synchronize engine CAD phasing to high-speed pressure data, a BEI shaft encoder with a 0.1 CAD resolution was used. Custom intake, exhaust, coolant, oil, lubricant conditioning, and fuel systems were used to meet engine requirements.



The intake air system can supply pressurized intake air up to 5 bar pressure using an external air compressor and a heatless desiccant dryer. The engine’s intake and exhaust system include separate surge tanks equipped to help mitigate flow oscillations in the manifolds. Both the tanks were equipped with over-pressure valves, and the intake tank also had an anti-crunch valve for safe operation under naturally aspirated conditions. A FlowMaxx sonic nozzle (Model SN16-SA-354, Emerson Coriolis, North Richland Hills, TX, USA), which was held under choked conditions for all engine operating points, was used to measure the intake air flow rate. Two water-cooled Kistler dynamic piezoresistive pressure transducers (Model 4624A), coupled with amplifiers (Model 4049A), were used to measure dynamic intake and exhaust manifold pressures.



Fueling was handled through two separate subsystems. The HRF system contained a low-pressure loop that was connected to a Delphi high pressure fuel injection pump, which fed the HRF to the injector through a common rail. Fuel flowrates were measured by a Emerson Coriolis mass flow meter (Model CMFS010M319N0A2ECZZ, St. Louis, MO, USA) in the low-pressure system as it supplied fuel to a level tank. The level tank was used to mitigate any pressure/flow variations as well as to remove any air from the system before it entered the Delphi fuel injection pump. The LRF system supplied propane from standard 40 lb bottles to the engine intake by means of an electronic needle valve (Rotork/Hanbay Model MCM-050AB, Houston, TX, USA) and a Swagelok pressure regulator to control LRF supply pressure. The LRF flowrates were measured using the same model of Emerson Coriolis mass flow meter as for the HRF. The fuel properties of both POMDME (OME1 = 0.02%; OME2 = 0.12%; OME3 = 47.76%; OME4 = 29.58%; OME5 = 16.38%; OME6 = 5.37%) and diesel are given in Table 2 [23,25,26].



The coolant system (50/50 ethylene glycol–water mix) used a dedicated heat exchanger and building process water to cool the engine coolant. The lubrication system provided 15W-40 oil to the SCRE and the Delphi high-pressure pump by means of a gear pump. Lubricant oil cooling was handled by a second coolant system (also a 50/50 ethylene glycol–water mix), which was also used to cool the piezoresistive pressure transducers.



All static pressures were measured using DwyerOmega (Michigan City, IN, USA) pressure transducers (Model PX119 series), while a higher accuracy Setra (Boxborough, MA, USA) pressure transducer (Model 206) measured pressures in the intake and the exhaust. Omega Type-K thermocouples measured all temperatures on the SCRE setup. Engine-out emissions (CO, CO2, O2 NOx, and HC) were measured with a Richmond Instruments and Systems five-gas emissions bench. As a reference, uncertainties for all measurement devices are provided in Table 3.



High-speed data acquisition was handled through a National Instruments (Austin, TX, USA) PXI 6356 device, coupled with a NI cDAQ system, which handled slow-speed data and a National Instruments Direct Injector Control and Measurements device (DCM 2316) and in-house LabView system allowed monitoring and control of engine operating conditions. The Vieletech combustion analysis toolkit software was used for online combustion analysis during engine operation.



Coolant and oil temperatures were maintained using a PID controller at 45 °C and 75 °C, respectively. One thousand consecutive cycles of in-cylinder pressure data were taken at each operating condition, along with corresponding static pressures, temperatures, and emissions. All these data were postprocessed using an in-house MATLAB R2024a R2023 code to determine the apparent heat release rate (AHRR) along with other combustion and performance parameters. The code uses the Redlich–Kwong real-gas equation of state to determine the in-cylinder temperatures, and chemical equilibrium and NASA polynomial-based specific heats [27] to determine specific heat ratio (  γ  ), which is then used in the first law of thermodynamics energy equation to determine the AHRR.



The MATLAB post-processing code used the following equations to characterize in-cylinder engine combustion.


  P E S =        m  ˙    L R F     L H V   L R F         m  ˙    H R F     L H V   H R F   +     m  ˙    L R F     L H V   L R F      × 100 %  



(1)






  ϕ =          A  /  F       s t             m  ˙    a         m  ˙    H R F   +     m  ˙    L R F           



(2)






    η   c   = 1 −        y   H C   ×   L H V   H C   +   y   C O   ×   L H V   C O   +   y   H 2   ×   L H V   H 2     ×       m  ˙    a i r   +     m  ˙    H R F   +     m  ˙    L R F             m  ˙    H R F     L H V   H R F   +     m  ˙    L R F     L H V   L R F         



(3)






  A H R R   θ   =    γ   γ − 1    P    d V   d θ    +    1   γ − 1    V    d P   d θ     



(4)







In the above equations,     m  ˙    refers to the mass flow rates measured in kilograms per hour. LHV refers to the lower heating value of the given fuel, which for the HRFs is given in Table 2. The equivalence ratio (  ϕ  ) uses the stoichiometric air fuel ratio         A  /  F       s t     which is the ratio of fuel (both HRF and LRF) to air required to completely convert the fuel input into end products of combustion (CO2 and H2O). Combustion efficiency (    η   c    ) is calculated by first calculating combustion inefficiency based on specific exhaust species (CO, HC, etc.) and their respective lower heating values. The LHVs for CO, and H2 are assumed to be 10.1 MJ/kg, and 120 MJ/kg respectively; the LHV of HC is assumed to be the same as the mixture of HRF and LRF as recommended by Heywood [25].




4. Testing Procedure


Diesel–propane and POMDME–propane dual fuel combustion were studied at 5 bar IMEPg and 1339 rpm with a specific focus on improving emissions, efficiency, and performance. Figure 2 gives a detailed process flowchart for testing strategies. Global limits of <1 g/kWh of engine-out NOx emissions, <15 bar/CAD of maximum pressure rise rate (MPRR), and a coefficient of variation (COV) of IMEPg < 5% were set to ensure optimal performance–emissions tradeoffs during the experimental campaign.



Several steps were taken to ensure the consistency of engine operation across different days and to gain confidence in the test data, including but not limited to: (1) cold motoring tests, (2) hot motoring tests (after firing data acquisition was completed), (3) “daily baseline firing tests” at fixed operating conditions for neat diesel and dual fuel combustion, and (4) post-operational checks for operational consistency using “phi vs. phi” plots. The interested reader is referred to Pearson [28] for the first three sets of data consistency results; they are not presented here for the sake of brevity. As an example of data consistency, phi vs. phi plots are discussed here. Emissions data were checked for consistency by comparing the equivalence ratio based upon measured fuel and air flow rates against the equivalence ratio calculated using measured emissions data. Sample phi vs. phi plots for diesel–propane and POMDME–propane dual fuel combustion at a typical operating condition are presented in Figure 3 and Figure 4, respectively. Perfect correlation between the equivalence ratios based on emissions and mass flow rates is shown as a 45-degree line, along with “±5% disagreement lines.” It is evident that most of the data points fall within the ±5% disagreement lines, indicating internally consistent and overall reliable experimental data.




5. Results and Discussion


The results for diesel–propane and POMDME–propane fueling combinations are presented and compared in the following section in the sequence of the testing procedure previously discussed in Figure 2. One exception is that detailed results for the injection ratio study are not presented here because that parameter had a negligible impact on efficiencies and emissions.



5.1. SOI Sweep


A commanded SOI sweep was first performed in 5-degree increments. Commanded injection durations and the LRF flow rates were continuously adjusted to maintain load and PES at 5 bar IMEPg and 80%, respectively. Emissions data for diesel–propane and POMDME–propane combustion are presented in Figure 5 and Figure 6, respectively. The ISHC and ISCO emissions are presented on the left y-axis, while indicated specific oxides of nitrogen (ISNOx) emissions are presented on the right y-axis on a log scale.



Both fueling combinations showed ISNOx reductions when advancing SOI before 340 CAD. This is due to the greater time available for in-cylinder mixing with an earlier HRF injection leading to more homogeneous combustion with lower local temperatures. Both fuels exhibit an increase in CO emissions for SOI earlier than 325 CAD, a trend attributable to there being less time spent at high temperature conditions that facilitate CO oxidation. This is supported by Figure 7 and Figure 8, which show “high temperature residence times” at different SOIs. These residence times are calculated as the crank angle duration for which bulk gas temperatures exceed 90% (in light blue) and 80% (in red) of the peak bulk gas temperature. As peak bulk gas temperatures for dual fuel combustion at early SOIs and high PES typically do not exceed 1500 K, which is the accepted minimum threshold temperature for CO oxidation [29], this approach for determining residence times was created to correlate CO emissions with bulk gas temperatures. For SOIs earlier than 325 CAD, the higher temperature residence times are shorter, corresponding to higher measured CO emissions. It is also interesting to note that the combustion duration and the high temperature residence times are not always directly correlated. For example, in Figure 7, while combustion duration is ~25 CAD for 350 CAD SOI, the high temperature (>1100 K) residence time is only ~12 CAD; however, for 305 CAD SOI, while combustion duration is only ~14 CAD, the high temperature (>1100 K) residence time is ~25 CAD.




5.2. AHRR Transformation Region


In dual fuel combustion, when SOI is varied over a wide range, the AHRR profile is transformed from a traditional two-stage AHRR at relatively late SOIs to a single-stage “Gaussian” AHRR at earlier SOIs. As SOI is advanced, this AHRR transformation is usually accompanied by a steep decrease in engine-out NOx emissions. Therefore, it is very important to ensure that the AHRR is indeed transformed to a single-stage Gaussian profile to reduce NOx emissions. In this section, AHRR transformation is presented for two different PES values, 80 PES and 70 PES, to mirror the SOI sweep.



5.2.1. Percent Energy Substitution (PES): 80 PES


The AHRR profiles at 80 PES are shown in Figure 9 and Figure 10. During the AHRR transformation, as SOI is advanced the HRF has more time between the end of injection and the start of combustion for in-cylinder mixing, which leads to more homogeneous, low-temperature combustion. This expectation is corroborated by emissions data shown in Figure 11 and Figure 12, where NOx emissions decrease exponentially as SOI is advanced. It is apparent that POMDME–propane combustion exhibits a higher first stage AHRR peak compared to diesel–propane combustion. This is likely due to the higher cetane number/reactivity of POMDME. An additional contributor to this trend could be its lower LHV, which requires a greater mass of POMDME to be injected into the cylinder to retain the same PES, leading to higher LTHR peaks. This hypothesis will require further testing using CFD or direct measurements.




5.2.2. Percent Energy Substitution (PES): 70 PES


The AHRR transformation region was also examined at 70 PES, which was identified as “the best PES value” from the PES sweep (shown later). Similar trends for AHRR (Figure 13 and Figure 14) and emissions (Figure 15 and Figure 16) were observed for diesel–propane and POMDME–propane at both 70 and 80 PES; however, an important distinction is the apparent shift in the AHRR profile for POMDME-propane, which is not seen with diesel-propane. Decreasing the PES value for POMDME–propane advanced the AHRR transformation region to earlier in the cycle, where the range of SOI values at 70 PES no longer fully captures the region like it did at 80 PES. Therefore, all subsequent experiments were performed at 70 PES to effect a levelized comparison of both diesel–propane and POMDME–propane dual fuel combustion.





5.3. Multiple Injections: SOI2 Sweep


In this work, once the initial SOI1 timing was fixed, SOI2 refers to the additional injection event regardless of its timing with respect to SOI1. The SOI1 was fixed at 312 CAD for diesel and 320 CAD for POMDME, and its commanded injection duration was fixed at one-half the original value in the SOI1 sweep. The SOI2 was introduced initially closely coupled with SOI1 and then the dwell between SOI1 and SOI2 was progressively increased, while ensuring no overlap between the two injections. The commanded injection duration for SOI2 was varied at different SOI2s to achieve a constant load of 5 bar IMEPg. Previous experience with this engine [23] has shown that close coupled injections are most effective in improving emissions; therefore, greater attention was focused on close coupled injections. One “long-dwell” injection point was selected where SOI2 occurred at 360 CAD (or combustion TDC). Long-dwell injection timings have been shown in the literature to reduce the MPRR [30]; however, in this study, emissions were not improved with this approach.



As SOI2 was advanced from 330 to 310 CAD, NOx and HC emissions decreased, as shown in Figure 17 and Figure 18. Conversely, CO emissions increased, a trend that can be explained using the residence time plots shown in Figure 19 and Figure 20. For early SOI2, shorter residence times at higher bulk gas temperatures inhibit CO oxidation to CO2.



Although Figure 19 and Figure 20 refer to bulk gas temperatures, they still indicate an average decrease in high temperature residence times at advanced SOI2s, and therefore, fewer pockets of high local temperatures. The exception to this trend is when SOI2 occurs at 360 CAD; the temperature does not exceed 1100 K for diesel–propane (or 80% of the maximum peak temperature across the entire SOI2 sweep). However, at this SOI2, the HC emissions were so high that CO emissions were low because a significant portion of the available fuel was not converted into CO.




5.4. Rail Pressure Sweep


To complete the rail pressure sweep, the SOI1 commanded injection duration was held constant while propane flowrates as well as SOI2 durations were used to maintain load and PES. An important caveat to this sweep is that stock rail pressures for the MX-11 engine could be as high as 2500 bar; therefore, at rail pressures ~300 bar and very low HRF injected quantities, the injection system operated at the extreme lower end of its design space. As fuel is used to provide cooling to the injector tip, these low flowrate conditions could also cause the injector tip to be insufficiently cooled. However, more detailed investigations are required to confirm this hypothesis.



As rail pressure was increased, NOx emissions decreased exponentially for both diesel–propane and POMDME–propane as shown in Figure 21 and Figure 22. This is due to the increased air entrainment within the HRF jet, which in turn leads to better in-cylinder mixing and lower local temperatures within the cylinder. While HC remained relatively invariant, CO emissions increased with increasing rail pressure. Again, this is likely related to delayed combustion phasing (CA50) due to increased in-cylinder mixing at higher rail pressures. The CO to CO2 conversion needs significant residence times at high temperatures, and with delayed combustion phasing, it is possible that sufficient time was not available for CO to oxidize fully to CO2. This hypothesis is supported by the trends shown in Figure 23, as combustion for rail pressures above 800 bar was phased similarly, accompanied by similar ISCO emissions. However, as seen from Figure 24, POMDME–propane operation does not exhibit a similar CA50 trend.



The residence time plots shown in Figure 25 and Figure 26 corroborate this as well, with similar residence times for higher rail pressures. While both 700 and 900 bar rail pressures had similar emissions, 700 bar rail pressure was chosen for further experiments since lower pressures lead to lower parasitic losses for the engine. For POMDME, significant emissions variations were observed with rail pressure; therefore, a rail pressure of 500 bar was selected for further sweeps.




5.5. Coupled Injection Sweep


A coupled injection sweep of SOI1 and SOI2 together (with a fixed dwell of 5 CAD for diesel–propane and 6 CAD for POMDME-propane) was performed with other parameters fixed as described previously. Once again, SOI1 durations were held constant while SOI2 was adjusted to maintain IMEPg ~5 bar. Although Figure 27 and Figure 28 present data in terms of SOI1, it must be noted that SOI2 was also varied by the same CAD to maintain a fixed dwell between the two injection events.



It was found that delaying the injection events slightly led to significant CO reductions, while only slightly penalizing NOx emissions. During the sweep, HC emissions remained relatively invariant but NOx increased for both fueling combinations and still remained well below 1 g/kWh. Therefore, the CO reductions were the decisive factor in choosing the SOI1 values of 317 CAD for diesel—propane and 322 CAD for POMDME–propane combustion for further testing.




5.6. Boost Pressure Sweep


Previous studies (e.g., [13,23]) have shown that intake boost pressure has a strong effect on dual fuel combustion, especially emissions. For this study, the boost pressure was varied on either side of the base value of 1.5 bar. With increasing boost pressure, the LTHR portion of combustion both increased in magnitude and occurred earlier in the cycle at lower temperatures, as seen in Figure 29. This same trend was not observed during previous experiments on the same SCRE at the same speed/load conditions with natural gas as the LRF and diesel/POMDME as the HRFs [23]. This indicates that propane properties likely influenced LTHR differently than natural gas. Propane contains multiple low-temperature oxidation pathways (not present in methane) that have been studied in some detail [31]. It is hypothesized that at higher boost pressures these low temperature reaction pathways become more significant and have a greater impact upon the LTHR. The cumulative heat release curves during LTHR are plotted in Figure 30. Similar trends are observed in the LTHR and cumulative LTHR curves for POMDME-propane dual fuel combustion as shown in Figure 31 and Figure 32, respectively. It is apparent that a greater portion of the total heat release occurs during LTHR at higher boost pressures, even though total heat release values only fluctuated by ~2% at the end of combustion. This observed phenomenon lends credence to the proposed explanation as to why higher boost pressures have greater and more advanced LTHR curves; however, further detailed chemical kinetic investigations may be needed to verify this hypothesis.



Emissions results from this sweep are presented in Figure 33 and Figure 34. As boost pressure increased, NOx decreased noticeably for diesel–propane but was relatively low and invariant for POMDME–propane. While it is possible that mixture overleaning at higher boost pressures could have contributed to lower local temperatures and lower NOx for diesel–propane, the higher MPRR values obtained at higher boost further complicate the explanation. Also, at this time, it is not clear why NOx remained relatively low and invariant for POMDME–propane.



CO emissions decreased exponentially as boost pressure was reduced, a trend attributable to richer in-cylinder equivalence ratios and higher bulk gas temperatures persisting longer during and after the combustion process as evident from the residence time plots shown in Figure 35 and Figure 36. As discussed before, longer residence times of higher bulk gas temperatures allow for more complete CO oxidation into CO2. By comparison, HC emissions showed only a slight decrease with decreasing boost pressures.



Overall, since lower boost pressures led to much lower CO emissions while yet maintaining NOx emissions below 1 g/kWh, boost pressures of 1.1 bar and 1.05 bar were selected as most appropriate for diesel–propane and POMDME–propane combustion at these operating conditions. In general, lower boost pressures are desirable for engine operation as they reduce the need for turbocharging, which becomes even more challenging at the relatively low exhaust temperatures typical of dual fuel combustion with early SOIs.




5.7. Final PES Sweep


After completing the various parametric sweeps, one final PES sweep was conducted to maximize the energy percentage supplied by propane while improving efficiency and/or emissions. As the PES was increased from its baseline value of 70%, COV surpassed the global limit set at 5%. On the other hand, as PES was decreased to 60%, the global ISNOx limit of 1 g/kW-hr was exceeded. Figure 37 and Figure 38 show the NOx, HC, and CO trends for diesel–propane and POMDME–propane dual fuel combustion. In general, as PES was increased, NOx emissions decreased while CO and HC emissions increased for both dual fuel combinations. On the other hand, Figure 39 and Figure 40 present IFCE and combustion trends for diesel-propane and Figure 41 and Figure 42 present the same trends for POMDME-propane combustion. While both IFCE and combustion efficiency decreased with increasing PES for diesel–propane combustion (c.f., Figure 39), the IFCE peaked at intermediate PES values for POMDME–propane combustion as shown in Figure 41. The IFCE trends may be explained based on the CA50 phasing for both dual fuel combinations (c.f., Figure 40 and Figure 42). In general, CA50 phased closer to TDC led to higher IFCE and vice versa. Equally important, late CA50 phasing (i.e., well after TDC) led to higher CO and HC emissions as well as higher COV of IMEP (greater engine instability), and therefore, lower combustion efficiencies. In summary, there appears to be an “optimal PES range” between 65% and 70% at which the best efficiency–emissions tradeoffs are obtained.





6. Summary and Conclusions


This work presents experimental results for low load diesel–propane and POMDME–propane dual fuel combustion for a heavy-duty single-cylinder research engine at 5 bar IMEPg and 1339 rpm. The experimental methodology, designed after conducting an extensive literature review, aimed to reduce engine-out NOx, HC, and CO emissions at advanced SOI timings. The following parameters were used to reduce HC, CO, and NOx while improving IFCE: SOI1, SOI2, PES, injection split ratio, rail pressure, and boost pressure with global limits set at 1 g/kWh NOx emissions, 10 bar/CAD maximum pressure rise rate, and a COV of IMEP under 5%. A graphical summary of the best-case emissions and efficiencies for each parametric sweep for diesel–propane and POMDME–propane dual fuel combustion are shown in Figure 43 and Figure 44, respectively.



Table 4 and Table 5 summarize the best-case performance and emissions values and percentage improvements for diesel–propane and POMDME–propane dual fuel combustion, respectively, compared to the corresponding baseline values for pure diesel and unoptimized dual fuel combustion. The optimal operating conditions for 5 bar IMEPg load and 1339 rpm speed are shown in Table 6.



The experimental results support the following general conclusions regarding low load diesel–propane and POMDME–propane dual fuel combustion on the heavy-duty SCRE:




	
POMDME–propane combustion never produced any significant amount of soot measured by the AVL 415S smokemeter (near-zero FSN at all conditions);



	
By co-optimizing multiple operating parameters, engine-out HC, CO, and NOx emissions were reduced for both diesel–propane and POMDME–propane combustion;



	
Splitting the injection event into two separate events reduced both HC and CO emissions:



	
Injection split ratio had a negligible impact upon emissions and efficiencies under these operating conditions;



	
Reducing intake boost pressure significantly decreased engine-out CO emissions;



	
Both diesel–propane and POMDME–propane showed significant improvements in indicated fuel conversion efficiencies (67–80% increase) and emissions reductions (87–95% NOx, 86–90% HC, 66–86% CO, 10–23% CO2) as summarized in Table 4 and Table 5.
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Figure 1. SCRE test cell schematic. 
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Figure 2. Process flowchart showing the dual fuel testing methodology adopted in this work. 
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Figure 3. Phi vs. phi comparison plot for diesel–propane dual fuel combustion. 
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Figure 4. Phi vs. phi comparison plot for POMDME–propane dual fuel combustion. 
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Figure 5. Single injection SOI sweep emissions data (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 80 PES. 
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Figure 6. Single injection SOI sweep emissions data (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 80 PES. 
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Figure 7. Single injection SOI sweep residence time plots (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 80 PES. 
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Figure 8. Single injection SOI sweep residence time plots (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 80 PES. 
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Figure 9. AHRR transformation (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 80 PES. 
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Figure 10. AHRR transformation (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 80 PES. 
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Figure 11. AHRR transformation emissions (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 80 PES. 
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Figure 12. AHRR transformation emissions data (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 80 PES. 
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Figure 13. AHRR transformation region 70 PES AHRR curves (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 
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Figure 14. AHRR transformation region 70 PES heat release rate curves (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 






Figure 14. AHRR transformation region 70 PES heat release rate curves (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost.



[image: Energies 19 01325 g014]







[image: Energies 19 01325 g015] 





Figure 15. AHRR transformation region 70 PES emissions data (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 
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Figure 16. AHRR transformation region 70 PES emissions data (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 
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Figure 17. SOI2 sweep emissions data (diesel–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 18. SOI2 sweep emissions data (POMDME–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 19. SOI2 sweep residence time plots (diesel–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 20. SOI2 sweep residence time plots (POMDME–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 21. Rail pressure sweep emissions data (diesel–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 22. Rail pressure sweep emissions data (POMDME–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 23. Rail pressure sweep ISCO vs. CA50 (Diesel-Propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 24. Rail pressure sweep ISCO vs. CA50 (POMDME-Propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 






Figure 24. Rail pressure sweep ISCO vs. CA50 (POMDME-Propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES.



[image: Energies 19 01325 g024]







[image: Energies 19 01325 g025] 





Figure 25. Rail pressure sweep residence time plots (diesel–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 26. Rail pressure sweep residence time plots (POMDME–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 27. Coupled injection sweep emissions data (diesel–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 28. Coupled injection sweep emissions data (POMDME–propane) at 1339 rpm, 5 bar IMEPg, 1.5 bar boost, and 70 PES. 
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Figure 29. Boost pressure sweep LTHR curves (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 70 PES. 
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Figure 30. Boost pressure sweep LTHR cumulative heat release rate (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 70 PES. 
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Figure 31. Boost pressure sweep LTHR curves (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 70 PES. 
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Figure 32. Boost pressure sweep LTHR cumulative heat release rate (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 70 PES. 
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Figure 33. Boost pressure sweep emissions data (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 70 PES. 
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Figure 34. Boost pressure sweep emissions data (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 70 PES. 
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Figure 35. Boost pressure sweep residence rime plots (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 70 PES. 
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Figure 36. Boost pressure sweep residence time plots (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 70 PES. 
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Figure 37. Double injection PES sweep emissions data (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 
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Figure 38. Double injection PES sweep emissions data (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 
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Figure 39. Double injection PES sweep efficiencies (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 
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Figure 40. Double injection PES sweep combustion phasing (diesel–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 
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Figure 41. Double injection PES sweep efficiencies (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 
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Figure 42. Double injection PES sweep combustion phasing (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost. 






Figure 42. Double injection PES sweep combustion phasing (POMDME–propane) at 1339 rpm, 5 bar IMEPg, and 1.5 bar boost.
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Figure 43. Best case emissions for (a) diesel–propane and (b) POMDME–propane dual fuel combustion. 
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Figure 44. Best case efficiencies for (a) diesel–propane and (b) POMDME–propane dual fuel combustion. 






Figure 44. Best case efficiencies for (a) diesel–propane and (b) POMDME–propane dual fuel combustion.
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Table 1. Engine specifications.






Table 1. Engine specifications.





	Engine type
	Single-cylinder; four-stroke



	Displaced volume
	1.806 L



	Stroke
	152 mm



	Bore
	123 mm



	Connecting rod
	244.5 mm



	Compression ratio
	18.5:1



	Number of valves
	4 (2-intake and 2-exhaust)



	Intake valve timings
	IVO—710 CAD; IVC—210 CAD



	Exhaust valve timings
	EVO—495 CAD; EVC—5 CAD







IVO = Intake Valve Opening, IVC = Intake Valve Closure, EVO = Exhaust Valve Opening, EVC = Exhaust Valve Closure, CAD = Crank Angle Degrees.













 





Table 2. High reactivity fuel properties.






Table 2. High reactivity fuel properties.










	
	Diesel
	POMDME





	H/C ratio
	1.8
	2.35



	O/C ratio
	0
	0.83



	N/C ratio
	0
	0



	Oxygen (m/m) %
	0
	47



	Lower Heating Value (MJ/kg)
	43.4
	19.204



	Cetane number
	CN ~42
	CN 70



	Density @15 °C (kg/m3)
	817.5–867.4
	1066.2



	Kinematic Viscosity @40 °C (mm2/s)
	2.6
	1.17










 





Table 3. Experimental instrumentation uncertainties.






Table 3. Experimental instrumentation uncertainties.





	Data Type
	Make/Model
	Type
	Unit
	Accuracy





	Temperature

(intake, exhaust, etc.)
	Omega
	K-type
	°C
	±0.75% of reading



	Air mass flow
	Flowmaxx
	Sonic orifice
	kg/h
	±0.25% of reading



	Diesel/POMDME mass flow
	Micro Motion
	Coriolis
	kg/h
	0.1% of reading



	Propane mass flow
	Micro Motion
	Coriolis
	kg/h
	0.25% of reading



	Smoke
	AVL 415S
	Filter
	FSN
	0.001 of reading



	NOx and NO
	Rosemount Analytical
	CLD
	ppm
	±1% of full scale



	THC
	Rosemount Analytical
	HFID
	ppm
	±1% of full scale



	CO
	Rosemount Analytical
	NDIR
	%
	±1% of full scale



	CO2
	Rosemount Analytical
	NDIR
	%
	±1% of full scale



	O2
	Rosemount Analytical
	NDIR
	%
	<1% of full scale



	Cylinder pressure
	Kistler 6124A
	Piezoelectric
	bar
	±0.3% of reading



	Dynamic pressures (intake, exhaust)
	Kistler 4049A
	Piezoresistive
	bar
	±0.1% of full scale



	Steady state pressures (intake, exhaust, etc.)
	Setra Model 206
	Capacitance
	psig
	±0.13% of full scale







FSN = Filter Smoke Number.













 





Table 4. Overall engine emissions and performance comparisons for diesel–propane.






Table 4. Overall engine emissions and performance comparisons for diesel–propane.












	
	Pure Diesel Baseline
	Unoptimized Diesel–Propane
	Best Case Diesel–Propane
	% Improvement with Diesel–Propane





	ISNOx (g/kW-hr)
	5.20
	4.98
	0.64
	87.1%



	ISHC (g/kW-hr)
	0.51
	48.89
	6.65
	86.4%



	ISCO (g/kW-hr)
	1.32
	41.50
	13.78
	66.8%



	ISCO2 (g/kW-hr)
	520.21
	617.22
	477.64
	22.6%



	Smoke Meter Reading (FSN)
	0.201
	0.245
	0.068
	72.2%



	IFCE (%)
	47.5
	28.3
	50.8
	79.5%







FSN = Filter Smoke Number, IFCE = indicated fuel conversion efficiency.













 





Table 5. Overall engine emissions and performance comparisons for POMDME–propane.






Table 5. Overall engine emissions and performance comparisons for POMDME–propane.












	
	Pure Diesel Baseline
	Unoptimized POMDME–Propane
	Best Case POMDME–Propane
	% Improvement with POMDME–Propane





	ISNOx (g/kW-hr)
	5.20
	2.28
	0.10
	95.6%



	ISHC (g/kW-hr)
	0.51
	58.60
	5.31
	90.9%



	ISCO (g/kW-hr)
	1.32
	46.40
	6.42
	86.2%



	ISCO2 (g/kW-hr)
	520.21
	615.76
	554.63
	9.9%



	Smoke Meter Reading (FSN)
	0.201
	0.000
	0.002
	~0%



	IFCE (%)
	47.5
	28.7
	47.9
	66.9%







FSN = Filter Smoke Number, IFCE = indicated fuel conversion efficiency.













 





Table 6. Operating parameters for identified best points at 5 bar IMEPg and 1339 rpm.






Table 6. Operating parameters for identified best points at 5 bar IMEPg and 1339 rpm.












	
	SOIs (CAD)
	PES (%)
	Rail Pressure (bar)
	Intake Pressure (bar)





	Diesel–Propane
	317 & 322
	65
	700
	1.1



	POMDME–Propane
	313 & 322
	63
	500
	1.05
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