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Abstract

:

Achieving sustainable mobility is a crucial factor in maintaining long-term economic growth without adverse effects on human health and the environment. E-fuels, such as the promising oxymethylene ether (OME), can contribute to sustainable road transport. However, this compound does not meet the requirements of EN590; thus, it is unsuitable for unmodified diesel engines. This work aims to improve the applicability of OME by blending it with n-decanol, which can also be produced sustainably. Combustion and emissions were investigated in a medium-duty commercial diesel engine with different binary and ternary mixtures of oxymethylene ether, n-decanol, and B7 diesel. Laboratory analysis of six key mixture parameters revealed that the formulated blends met the EN590 requirements, with the exception of that of density. The results demonstrated that the created mixtures, including one without any diesel fuel, can be efficiently utilized in unmodified diesel engines. OME’s beneficial effects on combustion and emission were preserved while its viability was improved; a maximum increase of 7.6% in brake thermal efficiency was observed, alongside a potential decrease of nearly 70% in PM emissions at unaltered NOx levels.
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1. Introduction


Since the Industrial Revolution, the average global temperature has risen around 1 °C. The further growth of temperature can generate irreversible changes in the ecosystem. To avoid this, 196 parties adopted the Paris Agreement to keep the temperature rise compared to the preindustrial levels well below 2 °C [1]. This agreement is the basis of many new regulations, such as the Fit for 55 package of the European Union (EU). The EU is devoted to achieving climate neutrality by 2050, and the aforementioned package contains proposals to cut greenhouse gas emissions until 2030 by at least 55% compared to the 1990 level [2]. Due to these ambitious goals, the EU decided that vans and passenger cars manufactured after 2035 cannot be equipped with internal combustion engines unless they rely on e-fuels [3]. Battery electric vehicles are a great solution for cutting the emissions of passenger cars. However, this technology has many demerits that hinder its effective application in various transportation sectors. Aside from the high price of materials, the long charging time, and the low durability of batteries, energy density is the main issue. Even the best state-of-the-art research batteries have an energy density of only around 2 MJ/kg [4]. Compared to the energy density of liquid fuels (around 40 MJ/kg), this shows that battery electric technology is not competitive in sectors requiring high energy density. Therefore, aviation [5], sailing [6], and road transport [7] require the development of climate-neutral advanced fuels.



These fuels can be e-fuels or waste-based biofuels. The former refers to synthetic fuels produced with green electricity, such as the widely investigated oxymethylene ether (OME) [8]. The latter refers to fuels created through biological processes, such as n-decanol, which we use in this work to improve the applicability of OME. The biomass starting material is crucial in achieving climate neutrality in both cases due to the carbon cycle [9]. Shortly, the CO2 generated from biomass is consumed by plants, which will later form biomass again. However, feedstocks that cause direct or indirect land-use changes can eliminate the benefits of the carbon cycle; thus, the best biological feedstock is waste [10]. In the case of e-fuels, green electricity is another critical factor. On the system level, renewable energy is converted into chemical energy, which is stored in fuel. However, a significant challenge with e-fuels is the typically low energy efficiency of the production process chain. This issue may pose viability concerns, necessitating the exploration of appropriate solutions. It is noteworthy that despite the inherent inefficiency in the production process, e-fuels are unavoidable in numerous sectors due to their high energy density and climate neutrality. Fortunately, there are advances in the effectiveness of e-fuels. Researchers recently demonstrated an outstanding 73% process chain efficiency in the case of OME [11].



Heavy-duty vehicles for road transport use compression ignition engines, and among the many promising diesel alternatives [12,13,14], OME is one of the most investigated. Regarding current research activities, the authors of [15] analyzed the origin and number of papers published on OME and found that extensive research began after 2015; nowadays, the interest is still ongoing. The top three countries that lead the research in this field are China, the US, and the UK. OME is an oligomeric compound with a molecular structure of CH3-O-(CH2-O)n-CH3, where n defines the degree of polymerization or, in other words, the chain length. The degree of polymerization highly influences the physicochemical properties [16]. Table 1 presents the main properties of OMEs with different chain lengths compared to the EN590 [17] requirements. As the chain length increases, the cetane number (CN), density, viscosity, and oxygen content also increase. The CN can reach values well above 80, and nearly half of the molecule’s mass can be attributed to oxygen. The density is higher and the viscosity is lower than the requirements of EN590. The main changes in the engine’s behavior can be attributed to the extremely high cetane number and oxygen content. These effects can be observed in the cases of other similar oxygenates, such as diethyl ether [18].



OME can be produced through multiple methods. If OME is produced via the e-fuel route, the process starts with syngas, consisting of H2, CO, and CO2. This is mainly produced from biomass feedstock through gasification. After CO2 removal and adjustment of the H2–CO ratio, a catalytic reaction can produce methanol and formaldehyde. Using these compounds and water, OMEs with different chain lengths can be formed [20]. The resulting fuel can be carbon neutral due to the carbon cycle of the biomass feedstock and the green electricity that provides the energy for OME production. Biomass is not the only possible feedstock, as CO2 from direct air capture can also be used [21].



From practical perspectives, OME’s high CN reduces the ignition delay (ID); thus, the combustion pressure gradient decreases. The compound’s volatility is also high, and this also contributes to the enhanced combustion of OME [22]. Another effect on the combustion is that it becomes shorter due to the accelerating effect of the oxygen present in the fuel. This shorter duration of combustion (DoC) can lead to increased efficiency. There are also many changes regarding the emissions. Due to multiple aspects, the particulate matter (PM) emissions with OME become very small. The main reason is the high oxygen content, which reduces soot formation. In addition, the absence of C-C bonds and the high hydrogen concentration also help to cut soot formation [16]. Regarding safety, OME is non-toxic, and with longer chain lengths, the flashpoint also meets the requirements of EN590.



It is clear that the compound has major benefits, but it also has some serious demerits. OME’s lower heating value (LHV) is nearly half that of mineral diesel, and due to its strong polarity, the molecule is incompatible with conventional fluorocarbon elastomers (such as FKM) that are commonly used in fuel systems [23]. Both issues are related to the high oxygen content. The high density and the low viscosity also limit the applicability of neat OME in unmodified engines. Furthermore, OME is nonbiodegradable, which causes it to pose environmental risks, and its high vapor pressure makes the escape of vapor from the tank possible [24]. The molecule’s C-O bonds, methyl groups, and formaldehyde structures can contribute to higher carbon monoxide, methane, and formaldehyde emissions during extensive exhaust gas recirculation (EGR) [16]. The oxygen content can also lead to increased NOx emissions; however, this can be compensated with exhaust gas recirculation [25].



The disadvantages of OME can be suppressed by mixing it with other fuels. Many studies have investigated OME blends with conventional diesel fuel or biodiesels from different feedstocks. In future fuels, mineral diesel should not be used, and biodiesels have many problematic properties. Therefore, this work presents a new and better approach. Alcohols have been the focus of advanced fuel research for a long time due to their many benefits. Due to their diesel-like properties, long-chain alcohols can be applied in large ratios in compression ignition engines. One such long-chain alcohol is n-decanol, a straight-chain fatty alcohol with ten carbon atoms. Its CN and LHV are somewhat lower than diesel’s. The density meets the EN590 criteria, but the viscosity is much higher than what is required. This compound is rarely investigated as a fuel, but some previous works proved its beneficial application for compression ignition engines [26]. Researchers demonstrated that the thermal efficiency can be increased, and the PM, hydrocarbon (HC), and CO emissions can be decreased with n-decanol blends [27]. Researchers experienced increasing [28] and decreasing [29] brake specific fuel consumption (BSFC) as well; thus, it depends on the conditions of the application. It can be concluded that some positive effects of the oxygen content can be observed in the literature, but the negative effects are not detrimental, since n-decanol has much less oxygen than OME does.



n-decanol can be sustainably produced from non-food feedstocks [30]. A typical biological approach to n-decanol production is to use Escherichia coli [31]. This Gram-negative enteric bacteria can produce n-decanol and other long-chain alcohols as a volatile metabolite. The production rate can be increased with the addition of fatty acids. An alternative approach for biological production uses genetically modified Yarrowia lipolytica [32]. If a specific enzyme of this oleaginous yeast is expressed, then n-decanol can be produced in low quantities. The production of n-decanol and other alcohols can be increased after deleting a specific gene.



By comparing the properties of the two compounds, it can be presumed that the bad properties of OME and n-decanol can compensate for each other, and mixtures close to the requirements of EN590 can be formed. Both compounds can be sustainably produced; thus, OME–decanol mixtures are expected to be excellent fuel alternatives with low environmental impacts and good applicability in compression ignition engines. Therefore, to prove these assumptions, this study investigated the emissions and combustion of novel OME–decanol mixtures at three loads with a constant speed of 1400 rpm. As a supplementary investigation, the fuels’ compatibility with FKM sealings was also studied.




2. Materials and Methods


2.1. Test Fuels


This work investigated four OME–decanol mixtures and compared their performance with that of neat B7 diesel. The first three mixtures also contained B7 diesel with a decreasing ratio, while the last was only made from OME and n-decanol. All three blending components were commercially available. The OME3-5 mixture was applied for this investigation, since this chain length range is widely used in engine tests. The OME3-5 mixture that was used contained more than 85 wt% of OME with a chain length between 3 and 5. The purchased n-decanol’s purity was over 98%.



A detailed laboratory analysis was applied to the pure compounds and the four mixtures to measure six fundamental properties. Karlsruhe Institute of Technology is a pioneer in OME research [33], and the laboratory analyses were carried out with their kind assistance. The measured properties of the blending components can be seen in Table 2. The densities were measured with a simple gravimetric method. The viscosities were measured with a Cannon–Fenske viscosimeter [34]. The indicated cetane numbers (ICNs) were measured with an AFIDA analyzer according to DIN EN 17155 [35]. The advantage of this method is the small sample amount (50 mL). However, it should be noted that the ICN is not exactly the CN. The lubricities were measured with a high-frequency reciprocating rig (HFRR) according to DIN EN ISO 12156 1 [36], and the wear scar diameters (WSDs) were reported. The LHVs were determined with an IKA C 5000 (by IKA-Werke, Staufen, Germany) calorimeter, and the flash points were measured according to ASTM D 7094 [37]. The oxygen concentration was the only non-measured parameter. For the B7 fuel, an oxygen content of 1 wt% was assumed based on previous experiences, and for OME and n-decanol, the molecular structure was used to calculate it.



It is discernible that OME3-5 had a much higher density and much lower viscosity than the EN590 criteria. Its LHV was too low, but the oxygen content and the CN were outstandingly high. n-decanol had a proper density, while its viscosity was too high. The LHV and the CN could be considered good. The flashpoint and the WSD met the EN590 requirements for both compounds. From these properties, it could be assumed that the OME–decanol mixtures were able to meet the requirements of EN590, except for the density.



In our previous work, we designed four mixtures that were close to the EN590 requirements [38], and they were created and applied for the current research. Their properties are demonstrated in Table 3. The resulting blends were very promising. As expected, the density was the only property that did not meet the requirements of EN590. This could negatively affect the engine behavior due to the volumetric fuel injection; however, the difference was marginal. The resulting viscosities were in the center of the required range, and the flashpoints were also high enough. Interestingly, the WSD exhibited a highly nonlinear correlation with the mixture composition; however, all blends demonstrated good lubricity. The LHVs could be considered good, but as the oxygen content of the mixtures increased, their values decreased. The indicated cetane number was similar to that of B7 diesel in all cases; however, D70-O30 had a slightly smaller ICN due to the high n-decanol content. Overall, the fuels could be safely tested in an engine. It should be noted that OME can damage polar sealings in the long term; thus, the application of alternative sealing materials should be considered. Due to the short measurement times, our test engine remained unmodified, and we did not experience any harmful effects on the fuel system. Regarding the stability of the mixtures, there were no miscibility problems. Even after several months of storage, phase separation did not occur in the leftover samples.




2.2. FKM Compatibility Test


As mentioned previously, the application of OME can be problematic for unmodified engines because this compound is incompatible with the FKM sealing materials that are commonly used in engine fuel systems. Thus, material compatibility issues had to be addressed before conducting engine dyno tests. To determine the effects of the applied fuels, small FKM O-rings were introduced into test tubes containing 10 mL of the mixtures outlined in Table 3, as well as the individual blending compounds specified in Table 2. The dimensions and masses of the O-rings were recorded both prior to and following a continuous immersion period of 5 days. The reported weights were determined with a Mettler Toledo EL204-IC (by Mettler Toledo, Columbus, OH, USA) analytical balance with a resolution of 0.1 mg. The sealings’ geometry was measured with a Keyence VR-5000 3D measurement system (by Keyence, Mechelen, Belgium) with a precision of ±2 µm. The inner and outer diameters were determined with the “best fit” method of the system, which was capable of automatically finding the edges of the measured components. It was assumed that the O-rings were ideal toruses, so the diameters were used to calculate the tube radius and the radius of revolution. From these parameters, the volume of the torus could be derived with the following formula:


  V = 2 π  r 2   R 2  ,  



(1)




where  r  is the tube radius and R is the radius of revolution.




2.3. Engine Dyno Measurement Setup


The experiment was carried out on a Cummins ISBe 170 30 (by Cummins Inc., Columbus, OH, USA) turbocharged, medium-duty commercial diesel engine that was used for many previous studies [19,39,40]. The engine was equipped with a common-rail injection system, an intercooler, and a high-pressure (HP) and low-pressure (LP) EGR system, and it was installed on an engine dynamometer. The temperature and pressure could be measured at the intake side before and after the compressor and after the intercooler. The exhaust side also had measurement points before and after the turbine and at the exhaust outlet. The fuel consumption was measured with an AI 2000 gravimetric device (by Energotest, Dunaharaszti, Hungary). Table 4 presents the engine’s main parameters.



The EGR rate could be varied with the HP- and LP-EGR valves and the exhaust brakes. These EGR systems are shown in Figure 1. Through the measurements, only the HP-EGR valve was used. The valves could be controlled via CAN communication with a dSpace MicroAutoBox DS1401/1505/1506 (by dSpace, Paderborn, Germany) and the sensor data were also transmitted via CAN. The combustion analysis was realized with an AVL indicating system. The cylinder pressure was measured with an AVL GH13P (by AVL List, Graz, Austria) piezoelectric sensor with a linearity of ±0.3% FSO. The sensor was connected to the seat of the glow plug. An AVL 365C (by AVL List, Graz, Austria) crank angle encoder with 0.1 °CA resolution was used to determine the crankshaft position. The indicating data were processed with an AVL 612 Indi-Smart (by AVL List, Graz, Austria), which was an 8-channel multipurpose indicating device; thus, it also had charge amplifiers for the piezoelectric sensors. AVL IndiCom (by AVL List, Graz, Austria) was used to process the combustion data, and the engine measurements were automated with a Matlab/Simulink model that could control the engine and the dyno via CAN. The oxygen and NOx concentration could be measured with a UniNOx-Sensor (by Continental, Hannover, Germany) with an accuracy of 10 ppm. To assess the opacity of the exhaust gas, an AVL 439 opacimeter (by AVL List, Graz, Austria) with 0.1% sensitivity was applied. The emissions were not treated with catalysts or with a diesel particulate filter.




2.4. Engine Dyno Test Methods and Calculations


Two engine dyno tests were performed utilizing the formulated mixtures across constant low, medium, and high loads. Based on the engine’s typical operational profile and our prior research, 100, 200, and 300 Nm loads were used at 1400 rpm. The first test investigated the NOx–PM compromise at a high load by varying the EGR valve position from 0 to 100%, and the results are presented in Section 3.2. The second test investigated the engine economy and combustion across the 3 aforementioned constant loads. To minimize the influence of extraneous variables, EGR was not applied in this experiment. The BSFC and brake thermal efficiency (BTE) results are reported in Section 3.3. Section 3.4.1 presents the most important combustion-related parameters: the peak combustion pressure gradient (dpmax), start of combustion (SoC), and DoC. The reported values are the averages of the measured duty cycles after conditioning. Section 3.4.2 examines the heat release rates (HRRs) in this experiment under low- and high-load conditions. Since all blends exhibited similar combustion behavior, the medium-load curves were omitted as they do not contribute additional information.



Several standard calculation methods that were also used in our previous experiments were applied [19]. The NOx, PM, BSFC, and BTE results were specified to the normal power, which the following formula was used to calculate:


   P  n o r m   =  P  e f f   ⋅    p 0  −  ϕ 0  ⋅  p  g 0      p  a m b   −  ϕ  a m b   ⋅  p  g , a m b     ⋅      t  a m b   + 273    t 0  + 273     ,  



(2)




where    P  e f f     is the effective power,    p  a m b    ,    t  a m b    , and    ϕ  a m b     are the ambient pressure, temperature, and humidity,    p 0   ,    t 0   , and    ϕ 0    are the pressure, temperature, and humidity under normal conditions, and    p g    is the vapor pressure of water. Then, the BSFC is


  BSFC =     m ˙   f u e l      P  n o r m     ,  



(3)




where     m ˙   f u e l     is the fuel mass flow. Then, the BTE can be derived as follows:


  BTE =  1  B S F C ⋅ L H V   ,  



(4)




where   L H V   is the lower heating value of the mixture. The pressure gradient was determined from the measured cylinder pressure. This pressure was also used to calculate the heat release rate with the First Law of Thermodynamics [42]:


    d  Q b     d ϕ    =   κ p   κ − 1   ⋅   d V    d ϕ    +  V  κ − 1   ⋅   d p   d ϕ   −   d  Q w     d ϕ    ,  



(5)




where    Q b    is the released heat,  κ  is the adiabatic gas constant of air,  p  is the pressure in the combustion chamber,  V  is the volume of the combustion chamber,    Q w    is the heat loss, and  ϕ  is the crank angle. The heat loss was neglected during our calculations. The SoC was the crank angle at which 5% of the heat was released. The level of 90% heat release marked the end of combustion. The DoC was the difference between the two previous crank angle values.



The measured NOx concentration was converted into brake specific NOx emission with the exhaust mass flow rate and the normal power. The intake mass flow rate and fuel consumption were measured, so the exhaust mass flow rate was estimated to equal the sum of these. The PM emission was derived from the measured opacity according to the methods described in [43]. At first, the filtered smoke number was derived from the opacity; then, the smoke concentration could be determined. The PM emissions could be calculated from this concentration and the exhaust flow rate.





3. Results and Discussion


3.1. Compatibility with FKM Sealing Materials


Firstly, the results of the material compatibility assessments are presented. The dimensions and masses of the seven FKM O-rings were measured prior to and after the test. The original average mass of the O-rings was 63.29 mg with a standard deviation of 0.79 mg, while the average volume was 31.74 mm3 with a standard deviation of 0.56 mm3. Table 5 shows the resulting mass and volume deviations compared to the original mass of each O-ring after 5 days of immersion in the fuels. As expected, neat B7 did not have any considerable effects on the sealings. The results showed that n-decanol behaved similarly; thus, it was also compatible with the FKM sealings. However, pure OME3-5 had a significant impact on the O-rings. The weight increased by 56.69%, and the volume increased by 106.38%. Since OME is strongly polar, the polar FKM molecules attracted OME; thus, it permeated the sealing and resulted in swelling. Note that the density of the O-ring decreased. This was logical because the FKM rubber had a higher density (~2000 kg/m3), and OME3-5, with its lower density, resulted in an overall diminution. These major effects made neat OME3-5 unsuitable for safe application in unmodified engines. Regarding the mixtures, D10 did not have any influence on the sealings, since it does not contain any OME3-5. The other samples showed signs of OME permeation, which increased with the OME concentration. The D70-O30 blend exhibited a 22% increase in weight and a 41.87% increase in volume.



Our test engine’s fuel system was unmodified; however, it was concluded that the blends could be safely tested. Figure 2 presents some of the O-rings before and after the compatibility assessment. Blends with lower OME concentrations are not included in the figure because their very small geometrical changes were hardly visible. It was clear that the application of neat OME3-5 would be problematic; however, the geometric changes of D70-O30 and the other blends were not detrimental. The duration of the engine dyno tests was short; thus, the blends were only present in the fuel system for several hours. Moreover, the fuel’s contact with the sealings was not as direct as during the compatibility test. Considering these conditions and the proper physical properties of the blends, the engine dyno tests could be safely performed.




3.2. Emissions


In the case of diesel engines, NOx and PM emissions are the most problematic; thus, this work focuses on these. NOx emissions are mainly generated through the Zeldovich mechanism [44], which requires high temperatures and oxygen-rich air. High temperatures reduce PM emissions since the generated soot can burn more efficiently during combustion. Among other aspects, this is the reason for the existing NOx–PM trade-off in conventional diesel engines. However, this trade-off can be improved by employing advanced fuels, especially oxygenates, leading to a more favorable emission compromise. Oxygenates help to reduce PM emissions by suppressing soot generation. The oxygen content of a fuel can also increase NOx emissions. Still, the change is usually marginal given that oxygen molecules in the air primarily contribute to the oxidation of nitrogen [45]. Figure 3 demonstrates the NOx–PM trade-off resulting from various EGR positions with the tested fuels. It is discernible that the increasing oxygenate content improved the trade-off. D10 had no significant effects, but for D30-O10, the curves were much better than those for pure B7 diesel. As described before, the main reason for this improvement was the high oxygen content. D10 had a comparable oxygen ratio (1.09 wt%) to that of B7 (1 wt%), but the other blends exhibited significantly higher oxygen levels. Our previous research with B7–OME blends [19] and that of other researchers [16,24] also concluded that the trade-off significantly improved with oxygenates, and it appeared that the behavior was the same with OME–decanol mixtures.




3.3. Economy


The BTE can describe the engine economy well, as it includes all engine losses. The engine’s original BTE was around 28% with B7 diesel at the investigated loads. With the new fuels, an improvement was expected because our previous studies [19] and other works [46] demonstrated that OME enhances the BTE. This effect was primarily attributed to the high oxygen content of OME, which enhanced the combustion efficiency. Furthermore, oxygen accelerates combustion, thereby reducing the DoC, which, in turn, positively impacts the BTE. While n-decanol contains less oxygen, a similar effect could be anticipated when it was present in a high blending ratio within the mixtures. Figure 4 presents the BTE with the applied fuels. As expected, the BTE showed an increasing tendency as the oxygenate ratios rose in the mixtures. The most clear improvement could be seen at higher loads. This was explained by the fact that oxygen’s combustion-accelerating effect was exposed chiefly during the diffusion flame period, which was the dominating combustion phase at high loads. At small loads with lower oxygenate blends, the change in the BTE was marginal; however, D70-O30 still greatly improved the efficiency. It could also be observed that the D10 mixture decreased the BTE at small loads. According to Table 3, this mixture had a notably higher viscosity than that of the other blends, although it still complied with the EN590 standard. The higher viscosity resulted in deteriorated spray atomization, negatively impacting its efficiency. Hence, this could be the primary reason for the poor performance of D10.



The other important economy-related parameter is the BSFC. This is mainly affected by the LHV and the BTE. An increased oxygen content of fuel reduces the LHV [22], which leads to higher fuel consumption; thus, bigger fuel tanks may be needed. Figure 5 shows the BSFC achieved with the tested fuels. The foreseen increasing tendency could be observed, especially at low loads and for the D70-O30 blend. At 200 and 300 Nm, the enhanced BTE could effectively compensate for the smaller LHV; thus, the BSFC did not rise there significantly. The only exception was the D70-O30 mixture, which had an LHV so small that even the outstanding BTE could not reduce the BSFC much. From the economy-related results, the high oxygenate content proved to be beneficial due to the improvement of the BTE, but the fuel price per mass could also affect the optimal composition.




3.4. Combustion


3.4.1. Mean Combustion Properties


The compounds’ effects on combustion also needed to be beneficial for safe engine application. The first investigated parameter was the peak combustion pressure gradient, which is presented in Figure 6. To avoid engine damage, this parameter must be under an upper limit—usually, 6 bar/°CA for commercial diesel engines [47]. The pressure gradient remained under this limit for all of the measured points. The highest values appeared at 100 Nm because, here, the premixed flame was dominant, and it was characterized by fast heat release. Higher cetane numbers resulted in shorter ID; thus, the premixed combustion phase decreased, and the heat release rate was diminished. This could partially explain the characteristics experienced at 100 Nm; however, D70-O30 also performed better than B7 despite the smaller measured ICN. At 300 Nm, the effect of the oxygenates changed. Here, the diffusion flame was dominant, and the higher oxygen content of the blends accelerated the combustion. This increased rate of heat release resulted in higher pressure gradients. However, this was not a problem, since the upper limit was still much further than for lower loads.



Next, the start of combustion is demonstrated in Figure 7. The effects of the compounds were clear. The combustion started earlier; however, the extent of the change was small. This was the result of the drop in ID due to the better ignitability. The easy vaporization of OME could also contribute to the advanced SoC.



Figure 8 demonstrates the changes in the duration of combustion. The results of the 100 Nm load fit very well with those of the BTE presented in Figure 4. D10 somewhat increased the DoC, which resulted in a lower BTE, while the mixtures with decreased DoC generated a better BTE. The 200 and 300 Nm results showed similar tendencies: Only mixtures with higher OME concentrations had significant influences. These mixtures had the most oxygen; thus, they had the strongest combustion-accelerating effects. The amount of DoC diminution was similar to the decrease that occurred in [19,48] with OME and B7 mixtures.




3.4.2. Heat Release Rates


Finally, the effects on the heat release rates were also investigated. For improved clarity, only the B7, D10, and D70-O30 blends are presented, and the curves for 200 Nm have been omitted, as they would not contribute any additional information. The in-between mixtures also had a similar behavior. Figure 9 demonstrates the heat release rates at 100 Nm. The combustion had a dominant premixed flame, and a slow but long diffusion phase occurred afterward. The combustion started similarly for all of the presented fuels. However, the length of the premixed phase was smaller for the blends with oxygenates. This meant that the premixed fuel burned faster due to the higher oxygen content. The shorter premixed phase could lead to a lower peak combustion pressure gradient, so these HRRs explain the results in Figure 6. The diffusion phase started earlier for the oxygenated fuels. It is discernible that D70-O30 had the highest HRR during the diffusion phase. This may be attributed to the mixture’s high oxygen concentration and OME’s high volatility.



Figure 10 presents the heat release rates at 300 Nm. The combustion started with a premixed phase, but the following diffusion phase was dominant. The effects of OME and n-decanol on the premixed phase were similar to those in the 100 Nm case. D10 had a local HRR maximum that was similar to that of B7, and the premixed phase was finished earlier due to the higher oxygen concentration. However, D70-O30 had a lower local HRR maximum, so the advanced SoC presented in Figure 7 may have lowered the ID, resulting in a more heterogeneous mixture before combustion. D70-O30 had a much higher HRR when the diffusion flame started due to its high oxygen content. This faster start of the diffusion flame resulted in a shorter DoC, which led to a better BTE.






4. Conclusions


This study presented a new approach to enhancing the applicability of OME in compression ignition engines. By creating mixtures with n-decanol, blends close to the EN590 requirements could be created. The mixtures’ six key properties and their compatibility with FKM sealings were investigated, and it was concluded that the fuels could be safely tested in an engine. Engine dyno tests were carried out at 1400 rpm with 100, 200, and 300 Nm loads, and the results related to emissions, economy, and combustion were presented.



The FKM compatibility assessment revealed that OME3-5 resulted in major swelling of the sealings. The O-rings underwent unacceptable mass and volume increases of 56.69% and 106.38%, respectively, after 5 days of immersion in neat OME3-5. The OME–decanol blends exhibited much less swelling, but durability tests should be performed to determine the long-term effects.



The engine dyno tests demonstrated that the applied oxygenates significantly improved the NOx–PM trade-off compared to the B7 reference fuel. Among other aspects, the blends’ high oxygen concentration can be identified as the main reason for this result. The high levels of oxygen in the fuel also improved the BTE. D70-O30 showed the highest increase, which was 7.6% at a high load. However, the smaller LHV may have decreased the fuel economy due to the higher BSFC. OME compensated for the lower cetane number of n-decanol to such an extent that certain blends exhibited cetane numbers even higher than B7′s. This and OME’s high volatility reduced the premixed flame phase, thereby decreasing the rate of increase in the peak pressure. However, the differences in the combustion were marginal when compared to the accuracy of the system, leading to the conclusion that the utilized blends exhibited similar combustion characteristics to those of conventional B7 diesel fuel.



Both OME and n-decanol can be created via climate-neutral methods; thus, they can be promising components of advanced fuel. The good NOx–PM trade-off and BTE can contribute to the much cleaner operation of heavy-duty vehicles. Future works should investigate other parameters regulated by EN590, as well as the long-term effects on different alternative sealing materials and spray formations of the applied mixtures. Based on these results, new policies can later be formed for commercial vehicle manufacturers.
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Figure 1. Airpath system of the test engine [41]. 
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Figure 2. Comparison of FKM O-rings before and after 5 days of immersion in neat B7, OME3-5, and the D70-O30 mixture. 
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Figure 3. NOx–PM trade-off at 1400 rpm and a load of 300 Nm with the different fuels. 
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Figure 4. Brake thermal efficiency with the tested fuels at 1400 rpm and different loads. 
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Figure 5. Brake specific fuel consumption of the tested fuels at 1400 rpm with different loads. 
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Figure 6. Peak combustion pressure gradient of the tested fuels at 1400 rpm with different loads. 
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Figure 7. Start of combustion of the tested fuels at 1400 rpm with different loads. 
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Figure 8. Duration of combustion of the tested fuels at 1400 rpm with different loads. 
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Figure 9. Heat release rates of the main blends at 1400 rpm and 100 Nm. 
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Figure 10. Heat release rates of the main blends at 1400 rpm and 300 Nm. 
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Table 1. Properties of OMEs with different degrees of polymerization [19].






Table 1. Properties of OMEs with different degrees of polymerization [19].





	Property
	EN 590
	OME1
	OME2
	OME3
	OME4
	OME5
	OME6





	Lower heating value [MJ/kg]
	-
	23.3
	21
	19.6
	19
	18.5
	17.7



	Cetane number [-]
	>51
	28
	68
	72
	84
	93
	104



	Density at 15 °C [kg/m3]
	820–845
	860
	980
	1030
	1070
	1110
	1140



	Kinematic viscosity at 40 °C [mm2/s]
	2–4.5
	0.37
	0.559
	0.866
	1.33
	1.96
	n.i



	Boiling point [°C]
	-
	42
	105
	156
	202
	242
	273



	Flashpoint [°C]
	>55
	−32
	12
	54
	88
	115
	169



	Oxygen content [wt%]
	-
	42.1
	45.2
	47
	48.1
	48.9
	49.5










 





Table 2. Measured properties of the pure blending components.
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	Fuel
	B7
	OME3-5
	n-Decanol
	EN590





	Density at 15 °C [kg/m3]
	844.2
	1063.2
	832.6
	820–845



	Kinematic viscosity at 40 °C [mm2/s]
	2.780
	1.163
	6.910
	2–4.5



	Oxygen concentration [wt%]
	~1.00
	47.73
	10.11
	-



	Indicated cetane number [-]
	52.7
	76.9
	46.7
	>51



	WSD at 60 °C [μm]
	190
	440
	390
	<460



	Lower heating value [MJ/kg]
	45.55
	21.93
	41.85
	-



	Flash point [°C]
	67
	50
	112
	>55










 





Table 3. Measured properties of the created binary and ternary mixtures compared to the EN590 requirements.
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	Fuel
	D10
	D30-O10
	D50-O20
	D70-O30
	EN590





	B7 content [vol%]
	90
	60
	30
	0
	-



	1-decanol content [vol%]
	10
	30
	50
	70
	-



	OME3-5 content [vol%]
	0
	10
	20
	30
	-



	Density at 15 °C [kg/m3]
	842.3
	851.4
	863.2
	898.0
	820–845



	Kinematic viscosity at 40 °C [mm2/s]
	3.23
	2.90
	2.93
	2.99
	2–4.5



	Oxygen concentration [wt%]
	1.09
	8.87
	16.31
	23.42
	-



	Indicated cetane number [-]
	53.2
	54.1
	54.4
	51.1
	>51



	WSD at 60 °C [μm]
	430
	170
	160
	160
	<460



	Lower heating value [MJ/kg]
	45.18
	41.53
	38.14
	34.82
	-



	Flash point [°C]
	69
	64
	64
	68
	>55










 





Table 4. Properties of the Cummins ISBe 170 30 engine.
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	Parameter
	Specification





	Engine displacement
	3922 cm3



	Bore
	102 mm



	Stroke
	120 mm



	Compression ratio
	17.3



	Rated effective power
	125 kW










 





Table 5. Mass and volume deviations of the FKM O-rings after 5 days of immersion.
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	Fuel
	∆m [mg]
	∆m [%]
	∆V [mm3]
	∆V [%]





	B7
	0.3
	0.48
	−0.88
	−2.75



	OME3-5
	36
	56.69
	33.76
	106.38



	n-decanol
	0.5
	0.78
	−0.64
	−2.01



	D10
	0.7
	1.11
	−0.54
	−1.68



	D30-O10
	5.2
	8.10
	4.83
	14.75



	D50-O20
	9.3
	15.20
	8.42
	27.41



	D70-O30
	14.1
	22.00
	13.42
	41.87
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