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Abstract

:

In the context of global efforts to pursue carbon neutrality, the research on the application technology of methanol fuel in internal combustion engines has ushered in a new peak. In order to provide a theoretical basis for the development of direct injection methanol engines, the spray characteristics of methanol with high-pressure direct injection were studied. Based on the visualization experimental device of constant volume vessels, the diffused background-illumination extinction imaging (DBI) and schlieren methods were applied to examine the distinctions in the evaporating spray properties between methanol and diesel under different injection pressures and ambient temperature conditions. Furthermore, aiming to maximize the potential of methanol fuel in compression ignition engines, under the premise that the alternative fuel can obtain the same total fuel energy as diesel, two different injection strategies of methanol were proposed and evaluated through the coordination of the nozzle hole diameter, injection pressure and injection duration. It reveals that it is easier for methanol spray to evaporate because of the lower boiling point, which results in a shorter spray tip penetration and wider spray angle compared with those of diesel, especially under the middle-level ambient temperature (600 K) condition. These deviations are also observed under different injection pressure conditions. However, affected by the lower energy density, the strategies of injecting the same fuel energy of methanol with that of diesel prolong the methanol spray tip penetration, enlarge its spray area and sacrifice the methanol evaporation performance. It is necessary for the geometrical design of the combustion chamber to coordinate with the hole diameter and injection pressure selection to deal with the huge distinctions in the spray characteristics between methanol and diesel fuel.
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1. Introduction


As one of the main power machineries in the entire industrial society, the internal combustion engine is widely used in traffic, transportation, construction machinery, agricultural machinery, electric power generation and other fields by virtue of its advantages of high power and efficiency. Faced with increasingly stringent emission regulations and carbon dioxide (CO2) emission limits, using alcohol fuel in compression ignition engines can significantly reduce soot, nitrogen oxides (NOx) and CO2 emissions [1,2]. As a kind of clean energy, compared with other alternative fuels, methanol (CH3OH) has a sound industrial base, and it is in the liquid phase at room temperature and pressure, which is convenient for transport and use [3]. Moreover, with its low-carbon and oxygen-containing properties, it enables the combustion to be clean and efficient. Therefore, as a renewable energy source that can be synthesized from biomass and renewable electricity, methanol fuel is expected to play a significant role in achieving the goal of “carbon neutrality” for future internal combustion engines [4,5]. Consequently, the technical route of using green methanol fuel becomes one of the best choices for the technological innovation of internal combustion engines, and the research on the clean and efficient application of methanol fuel in internal combustion engines has also attracted extensive attention [6,7,8,9].



As shown in Table 1, compared with diesel, methanol has a lower cetane number and a higher latent heat of vaporization, which makes it difficult to achieve compression ignition. In addition, methanol has a lower energy density and requires a larger flow rate of fuel supply. As a result, the research on the bottleneck technology of methanol applications in the field of compression ignition engines, which has higher thermal efficiency and a wide application, is of great significance to the fields of logistics, heavy machinery, power equipment, the ship industry and so on. It is one of the important means to control related emissions, alleviate the energy crisis and promote the further green development of internal combustion engines under the premise of cost control.



The current compression ignition methanol engine is usually modified or developed based on the original diesel engine. The combustion of methanol usually requires diesel for its ignition, and the injection method is mainly dominated by low-pressure port fuel injection [12,13,14,15]. However, methanol combustion belongs to premixed combustion in this mode. Due to the absence of throttle control and the high compression ratio, the methanol energy efficiency is limited by low-load misfire, insufficient combustion and high-load knocking [16,17]. Therefore, the high-pressure direct injection of methanol, which can realize the methanol diffusion combustion, is one of the feasible ways to further improve the methanol energy efficiency of compression ignition engines [18,19,20,21]. For the shipping industry, methanol high-pressure direct injection technology is the first choice for large marine engines [22,23].



Until now, the research on methanol spray mostly focused on the low-pressure port fuel injection [24] and the medium-pressure direct fuel injection [11,25,26,27,28]. Gong et al. [11] studied the effects of different injection pressures, ambient densities and nozzle diameters on methanol spray characteristics under non-evaporative conditions, and a comparison with diesel spray was carried out. The results showed that the methanol penetration was shorter and the cone angle was larger under the same experimental conditions. The maximum injection pressure of methanol was only 18 MPa. There are few reports on methanol spray under high-pressure injection conditions such as diesel injection. Anupam et al. [29] used a simplified single-hole nozzle and carried out a test on the liquid phase penetration and vapor phase penetration characteristics of methanol spray under evaporation conditions, but the highest injection pressure reached only 48 MPa. The study found that ambient gas density and temperature had a great influence on the spray penetration of methanol vapor and the liquid phase. Compared with the liquid phase penetration, the vapor phase penetration was more sensitive to the injection pressure variation. Based on the evaporative spray research of methanol-diesel emulsion, Anupam et al. [30] conducted high-pressure injection research on emulsions with different emulsifiers and different contents of methanol, and the maximum injection pressure was as large as 150 MPa. The results showed that the surfactant boiling point had a great influence on the liquid length of the methanol-in-diesel emulsion sprays. The liquid length of the emulsion was higher than that of diesel by using a surfactant and had a higher boiling point than that of diesel. Matamis et al. [31] carried out optical diagnostics on the characteristics of methanol spray and mixture formation using a compression ignition engine with a cylinder diameter of 130 mm. The maximum injection pressure of methanol was 160 MPa. The law of related parameters was briefly summarized under different injection timings, injection pressures and ambient density conditions. The results showed that there were obvious cyclic changes in the methanol spray parameters, the effect of injection timing on the liquid phase penetration is more obvious and the injection pressure can directly affect the initial increasing rate of the liquid phase penetration and the vapor concentration characteristics of methanol fuel. The effect of the injection pressure on the spray angle is very limited.



As a result, it is concerning that, because of the one-sided conditions, there is still no unified understanding of the influence of relevant boundary conditions, such as injection pressure and ambient temperature, on methanol spray properties, and the overall research is still in its infancy. A relatively complete theoretical system has not yet been formed in the field of methanol high-pressure injection. It can also be seen that the relevant research on high-pressure methanol spray is always focusing on the methanol spray itself, although methanol has usually emerged under diesel engine-like conditions. In fact, it is helpful to take diesel spray as a benchmark when conducting the methanol spray research of high-pressure injection, which is one of the key factors for engine modification and the development of methanol direct injection engines. In addition, in order to obtain the same power output as the diesel engine, the injection strategy of methanol fuel with low calorific value also needs to be designed carefully such that full play is given to the advantages of methanol fuel. Compared with previous studies on the characteristics of methanol spray, the purpose of this research is to guide the design of a high-pressure direct injection methanol engine such as diesel engines, and the spray characteristics of methanol and diesel with high-pressure injection are compared comprehensively under evaporative conditions.



In the current study, the diffused background-illumination extinction imaging (DBI) and schlieren methods were used to investigate the relevant characteristics of high-pressure methanol spray. The diesel spray was also correlated under different injection pressures and ambient temperature conditions. Based on the experimental device of a visual constant volume vessel, the high-pressure common rail system is used to realize the high-pressure injection of methanol. On this basis, under the premise that alternative fuel should obtain the same total fuel energy as diesel injection, taking the methanol direct injection engine as the background, two different injection strategies of methanol fuels are proposed and evaluated through the coordination of different nozzle hole diameters, injection pressures and injection signal pulses.




2. Materials and Methods


2.1. Experimental Apparatus


The high-temperature and high-pressure constant volume device plays an important role in the spray optical diagnostic test. It can accurately reproduce the ambient pressure and temperature in the cylinder during the working process of the internal combustion engine. Then, the fuel injection process is abstracted from the complex internal combustion engine, and systematic visual observation and testing research is carried out.



In the current study, the schlieren method was applied to investigate the overall properties of evaporating sprays. The liquid phase characteristics of evaporating sprays were obtained using the DBI method. The refractive index gradient of high-temperature gaseous media is proportional to the density gradient. The schlieren method is based on this principle to test and study the characteristics of the spray under evaporation conditions. It can meet the morphological qualitative analysis of methanol evaporation spray and the quantitative analysis of the penetration distance, spray angle, spray area, etc. After the diffuse background light with uniform intensity passes through the liquid spray, its intensity will be greatly reduced due to the effect of meter scattering. Compared with the high-brightness background of the image, the liquid droplets and liquid filaments will appear as shadows. Therefore, the DBI method is more conducive to the observation and analysis of liquid phase spray. The experimental arrangement of the schlieren method is shown in Figure 1, which consists of a constant volume vessel, fuel supply system, ambient gas supply system, heating system and high-speed photography system.



In order to achieve high-pressure injection methanol such as a diesel engine, the fuel injection system adopts the diesel high-pressure common-rail system and the solenoid injector of Liaoning Xinfeng. The basic single-hole nozzle configuration is shown in Figure 2, and the maximum injection pressure can reach 200 MPa. The entire spray initiation and development process was recorded by a high-speed video camera (FASTCAM SA-Z) with a particular lens (AF-S VR 70–300 mm f/4.5–5.6G IF-ED). The camera resolution used in the experiments is 512 × 896, and the image frame rate is 20,000 fps (shutter speed: 1/20,409 s). Precise synchronous control of the fuel injection and photography is based on the NI CompactRIO and LabVIEW control programs. The DBI experiment could be carried out only by adjusting the optical path in Figure 1.




2.2. Image Processing


Figure 3 is a schematic diagram of the morphology analysis of the spray images and the parameter definitions for the sprays in the experiments. In order to obtain the spray boundary and light intensity distribution information, binarization and false-color processing were conducted by using a self-written program in Matlab. As explained in Figure 3b, the vertical distance between the spray tip and the nozzle tip is defined as the spray tip penetration; the included angle of the spray boundary at 1/2 of the distance of the spray tip penetration is the spray cone angle; the area enclosed by the spray boundary is the spray area. When it comes to the spray volume, slice (vi) for integration was generated by rotating the corresponding 2-D stripe (ds) in the spray image around the axis of each stripe. In this way, the spray parameters could be calculated based on the processed images, and the ten-times average results were plotted in the following section. The relative error of each parameter was within 2%, and the error bar was omitted to improve the readability of the charts. The solenoid injector has an injection delay period in this test, which varies with the change in injection pressure. In order to facilitate the comparison, the time after the start of the injection (ASOI) is taken as the starting point of the spray development sequence.




2.3. Experimental Conditions


In order to investigate the evaporating spray characteristics of methanol under the background of high-pressure direct injection and compression ignition engines, four cases were designed, which are listed in Table 2. Taking diesel spray as the benchmark, Case 1 and Case 2 are used to confirm the effects of injection pressure and ambient temperature, while the injection quantity is kept constant. Moreover, since the low calorific value of methanol is about half of that of diesel, the methanol injection quantity should be much higher than that of diesel such that the total injection fuel energy is guaranteed to be consistent. However, the atomization and vaporization can possibly be threatened by the high injection quantity, even though the boiling point of methanol is much lower than that of diesel. It is worth noting that some of the ambient temperatures are lower than the autoignition temperature of diesel in Case 2. The main purpose of the low ambient temperature selection is to explore the atomization and evaporation characteristics of the pre-injection methanol before the engine compression TDC. Therefore, it can provide a theoretical reference for the premixed combustion mode of the direct-injection methanol engine.



Aiming to achieve the comparability of the engine power and emission performance between the methanol engine and diesel engine, it is necessary to find some effective strategies that can generate enough methanol quantity with one cycle while maintaining the fine mixture formation at the same time. In the current study, two different regulation strategies were proposed, which correspond to Case 3 and Case 4, respectively. Case 3 studies the spray characteristics of methanol under higher injection quantity conditions by increasing the nozzle hole diameter and adjusting the injection duration. Case 4 focuses on the scheme that adjusts the hole diameter and injection pressure. Diesel spray, which has the same fuel energy as that of methanol in Case 3 and Case 4, is used as a reference because most compression ignition methanol engines are modified or developed from commercial diesel engines.





3. Results and Discussion


3.1. Under Different Injection Pressure Conditions


The overall spray images of the schlieren method, which correspond to the conditions in Case 1, are shown in Figure 4, and the higher light intensity can represent the high fuel concentration region. It is apparent that the high-intensity region of the methanol spray core is shorter and smaller than that of diesel spray, even though the injection quantities of diesel and methanol are the same. The average light intensity in the downstream region of the methanol spray is also weaker. As for the total spray morphology, the methanol spray tip is narrow and pointed relatively, while the waist of the methanol spray is wider than that of the diesel spray. Besides that, the spray boundary of the methanol spray is more disorganized than that of the diesel spray, and these kinds of distinctions become more obvious under higher injection pressure conditions. The light intensity and spray morphology have a deep relationship with the spray atomization and vaporization processes, and the quantitative analysis can provide insight into the mechanism behind the phenomena.



The spray time-varying geometrical parameters, including vapor phase spray tip penetration, spray angle and spray area, are plotted in Figure 5. In order to identify the gap between methanol and diesel spray under different injection pressure conditions, the subtraction of the results from methanol and diesel spray is also presented in Figure 5a,b.



Paying attention to the spray tip penetration results, the spray tip penetration of methanol is 2–3 mm shorter than that of diesel under each injection pressure condition. This is mainly attributed to the lower boiling point of methanol, which can promote faster evaporation than diesel spray, and the factor of the large latent heat of methanol is made up by the high ambient temperature condition of 800 K. As a result, the spray momentum of methanol is reduced by the faster evaporation, and its vapor-phase spray tip penetration is suppressed compared with that of diesel spray.



As for the effect of injection pressure, there is a trend that the gap is more obvious under the higher injection pressure condition of 100 MPa, while the 140 MPa condition has fluctuation in the subtraction results, which has the lowest and highest value among the three conditions within its whole injection duration. Moreover, at the end of the injection, the difference in the spray tip penetration between diesel and methanol becomes smaller, and the total distance is almost at the same level under different injection pressure conditions, even though they have different injection durations.



It is known that higher injection pressures can be beneficial to the better fuel atomization, which is correlated with the fast vaporization and shorter penetration. The viscosity of methanol is much lower than that of diesel, and the atomization is more sensitive to the injection pressure increasing. As a result, except for the lower boiling point, the lower viscosity also plays a significant role in the larger gap under the 100 MPa condition. However, the atomization of diesel, which has a higher viscosity, is optimized under the injection pressure condition of 140 MPa. Correspondingly, better atomization and a lower boiling point dominate the evaporation of diesel and methanol under the 140 MPa injection pressure condition, respectively. The competition of the two factors during the injection duration results in fluctuations in the gap between the spray tip penetration.



Affected by the shorter penetration, the methanol spray width is also different from that of diesel spray. Specifically, as shown in Figure 5b, the spray angle of methanol at the quasi-steady state is smaller under the three different injection pressure conditions. Attention should be paid to the subtraction results. The distinction in the spray angle under the 100 MPa condition is the largest one, while the 140 MPa injection pressure does not have much of an effect on the difference. As analyzed before, the atomization of diesel is promoted under the higher injection pressure conditions, and the consequent evaporation is enhanced, even though methanol has a lower boiling point. As a result, the diesel spray width is increased by quite a lot under the 140 MPa condition, and the deviation is not further enlarged, as expected.



Combining the shorter spray tip penetration and the wider spray angle, the total projected methanol spray area is almost the same as that of the diesel spray during the injection under different injection pressure conditions, which are shown in Figure 5c. The two kinds of fuel have the same spray area sensitivity to the injection pressure variation, and with the increase in injection pressure, the total spray area of the methanol spray at the end of the injection is increased by about 10% (from 60 MPa, 1015 mm2 to 140 MPa, 1119 mm2). However, the projected shapes of the sprays are different from each other, which is very important for the combustion system design.



When it comes to the liquid phase spray penetration at the quasi-stable state, the results are shown in Figure 6, and the spray area of the liquid phase spray is also calculated for comparison. Benefiting from the faster evaporation, both the penetration and spray area of the methanol liquid phase spray are smaller than those of diesel, which is consistent with the false color spray images in Figure 4. Moreover, with the increase in the injection pressure, the liquid phase spray penetration and area are decreased for both diesel and methanol. The largest deviation in the penetration and area appears under the 140 MPa condition, and the smallest deviation appears under the 100 MPa condition.




3.2. Under Different Ambient Temperature Conditions


Ambient temperature is another important condition that can alter the evaporation process, and the experimental results based on the conditions of Case 2 are discussed in this section. The ambient density and the injection duration are kept constant. The typical spray images (the schlieren method and DBI method) at 1.5 ms ASOI are shown in Figure 7 to make a comparison between the diesel and methanol sprays. For both kinds of images, the higher light intensity and the longer penetration of diesel spray are observed clearly, which is in accordance with the analysis in Figure 4.



The quantitative analysis of the spray is plotted in Figure 8, and the subtraction results are also presented in the upper area of each figure. With the decrease in the ambient temperature, the spray tip penetration is increased for both diesel and methanol. However, under the three ambient conditions, the spray tip penetration of methanol is shorter than that of the diesel spray. Moreover, it seems that the 800 K condition can not contribute too much to the deviation. There are stronger fluctuations in the curves of the subtraction results of the 400 K and 600 K conditions. The spray angles of diesel and methanol are enlarged with the increase in ambient temperature, while the methanol spray angle is always smaller than that of diesel. The deviation in the spray angle is suppressed by increasing the ambient temperature. Because the lower boiling point and the higher latent heat of vaporization exert an effect on the spray evaporation of methanol simultaneously, it is necessary to discuss the evaporation rate of different kinds of fuels in detail.



In order to characterize the evaporation processes of different fuels quantitatively, the liquid phase spray area comparison is calculated based on the DBI experimental results, as shown in Figure 9a. Furthermore, a kind of volume ratio was defined in the current study to roughly identify the spray evaporation ratio. The formula is as follows:


    Ratio   volume ,    vapor    =    V  schlieren   −  V  DBI      V  schlieren      



(1)




where Vschlieren is the spray volume calculated from the images of the schlieren experiment, and VDBI means the spray volume calculated from the images of the DBI experiment. The comparison results are plotted in Figure 9b.



Generally, with the increase in ambient temperature, the liquid phase spray area is decreased dramatically, and the liquid phase spray area of methanol is smaller than that of diesel under three different ambient temperature conditions. It is remarkable that the area values of diesel and methanol increase linearly with the time lapsing under the 400 K condition, while they reach a constant value upon the start of the injection under the 800 K condition. What is even more interesting is that the value presents a different trend for diesel and methanol under the 600 K condition. The area of the diesel liquid phase spray increases linearly, while the methanol spray is maintained at the quasi-steady state from about 1.0 ms ASOI (53% decrease). The higher latent heat of vaporization and the lower boiling point dominate the methanol evaporation under the 400 K and 800 K conditions, respectively. As a result, they have the same trend as that of diesel. However, the combination of the two factors exerts an effect on the methanol spray evaporation under the 600 K condition. The result in Figure 9b proves the huge distinctions (43%) in the spray evaporation ratio between diesel and methanol under the 600 K condition. In other words, affected by its higher latent heat of vaporization and its lower boiling point, lower or higher levels of ambient temperature conditions can suppress the difference in the spray evaporation ratio between diesel and methanol. Nevertheless, the middle-level ambient temperature condition gives prominence to the evaporation characteristics of methanol.




3.3. Proposal and Evaluation of Different Injection Strategies


It is known that the fuel supply quantity of methanol usually needs to be much more than that of diesel such that the methanol engine can generate competitive power performance, but it is concerning that large injection quantities are not friendly to fuel evaporation and mixture formation. In the current study, two kinds of methanol injection strategies are proposed based on the variation of the nozzle hole diameter. Matching the same total fuel injection energy under different hole diameter conditions, one is to keep the same injection pressure and adjust the injection duration; the other one is to keep the same injection duration and adjust the injection pressure.



3.3.1. Coordination of the Nozzle Hole Diameter and Injection Duration


The injection pressure was kept at 100 MPa, and the injection duration was shortened with the increase in the nozzle hole diameter. For the diesel spray (5.55 mg) benchmark, the hole diameter was 0.12 mm, and the injection duration was 1.7 ms. On the other hand, the methanol fuel (11.99 mg) was injected by 0.12 mm, 0.15 mm and 0.18 mm holes, and the corresponding injection durations were 3.7 ms, 2.5 ms and 1.7 ms, respectively. Among them, the injection duration of the methanol spray with the 0.18 mm hole diameter is the same as that of the diesel spray with the 0.12 mm hole diameter. This indicates that, when the cross-sectional area of the nozzle hole is about twice that of the diesel nozzle hole, methanol injection can achieve the same fuel energy within the same injection duration under the same injection pressure conditions, which is very significant for the development of direct injection methanal engines.



The comparison results of typical evaporating spray images under different nozzle hole conditions are shown in Figure 10. Under the same injection pressure and fuel energy conditions, for both the vapor phase and the liquid phase, the methanol spray is enlarged by quite a lot with the increase in the nozzle hole diameter. The high-level region of light intensity is also enhanced compared with that of the diesel spray.



The vapor phase spray tip penetration results are plotted in Figure 11a, and the absolute value of the subtraction result between diesel and methanol under different hole diameter conditions is also presented in the upper zone. With the increase in hole diameter, the rate of the methanol spray tip penetration increases by a lot, while the value at the end of the injection decreases from 97.2 mm to 90.2 mm because of the shortened injection duration. Moreover, even though the 0.12 mm hole diameter condition can achieve a similar increasing rate of penetration compared to that of diesel, the penetration is prolonged to 97.2 mm, which is much longer than the 71.2 mm value of the diesel spray at the end of the injection, because the injection duration is prolonged enough to achieve the same fuel energy injection. Other the other hand, it is noticeable that the spray tip penetration is longer than that of diesel during the whole injection duration under larger hole diameter conditions. Increasing the hole diameter can maintain the short injection duration, but the increasing rate of the spray tip penetration and the value are changed compared with those of diesel.



As for the spray angle result shown in Figure 11b, the methanol spray is wider than the diesel spray. As the hole diameter increases, the deviation is enlarged from 0.8 deg to 2.0 deg. This reveals that the larger hole diameter can promote the penetration and the wide spray of methanol simultaneously. The spray area results present a similar trend as that of the penetration results. At the end of the injection, the 0.12 mm condition generates the largest spray area, even though it propagates like diesel spray. As the hole diameter increases, the spray area increasing rate is accelerated and is much larger than that of the diesel spray, but the value at the end of the injection is suppressed compared with that of the smaller hole diameter condition because of the shortened injection duration.



When modifying diesel engines or conducting methanol engine development, the characteristics discussed above are very significant for model selection and for the design of combustion systems and fuel supply systems.



The comparison results of the spray tip penetration and spray area of the liquid phase spray under a quasi-steady state are shown in Figure 12a. The 0.12 mm condition has a shorter penetration (−5.6 mm) and a smaller spray area (−40%) compared with those of the liquid phase diesel spray, even though the injection duration is the longest one. With the increase in the nozzle hole diameter, the injection duration can approach that of the diesel injection gradually, while both the liquid phase spray tip penetration and spray area are increased by 17.9 mm and 149%, respectively, which directly affects the evaporation performance, as shown in Figure 12b. It can be seen that it takes 28% less time for the methanol spray with the 0.12 mm hole diameter to reach the vapor phase volume fraction of 95% compared with that of the 0.12 mm diesel spray. However, the larger hole diameter exerts a negative effect on the methanol fuel jet break and atomization. With the increase in hole size, the volume fraction of methanol in the vapor phase decreases significantly, indicating that the evaporation of methanol is greatly affected by the larger hole. It takes 39% more time for the methanol spray with the 0.18 mm hole to reach the vapor phase volume of 95% compared to that of the diesel. As a result, it can be concluded that the evaporation performance and spray propagation are changed by the current strategy.




3.3.2. Coordination of Nozzle Hole Diameter and Injection Pressure


In practical applications of high-pressure direct injection, since methanol is used to replace diesel to complete diffusion combustion, methanol fuel injection should be completed within the same time as diesel injection, which achieves the same fuel injection energy as well. Here, the strategy ensures that the methanol injection quantity has the same total fuel calorific value as diesel fuel, and the injection pressure varies under different nozzle hole diameter conditions, maintaining the same injection duration as that of the diesel injection. Case 4 in Table 2 describes the experimental conditions in detail. The conditions of the benchmark diesel spray are set as a 0.12 mm hole diameter, a 40 MPa injection pressure and a 1.9 ms injection duration. The methanol nozzle hole diameters are 0.12 mm, 0.15 mm and 0.18 mm. In order to obtain the same fuel energy, the corresponding injection pressures within the same injection duration are 140 MPa, 77 MPa and 47 MPa, respectively.



The typical spray images under different injection pressure conditions are shown in Figure 13. Increasing the injection pressure under the 0.12 mm hole diameter situation can prolong the methanol spray tip penetration of the vapor phase and enhance the evaporation of the methanol spray, which results in the shorter penetration of the liquid phase compared with that of the diesel spray. With the decrease in injection pressure under larger hole diameter situations, the vapor phase spray is suppressed, while the liquid phase spray of methanol is enlarged. Compared with the other two conditions, the 0.18 mm and 47 MPa condition has a similar spray morphology as that of the diesel spray.



The time-resolved spray parameters are quantitively plotted in Figure 14. The high pressure or the large nozzle hole makes the spray tip penetration, spray angle and spray area of the vapor phase methanol spray significantly larger than those of the diesel spray at the same timing during the same injection duration. When the hole diameter is 0.12 mm, since the injection volume of methanol is more than twice that of diesel, in order to ensure the same injection duration, the injection pressure of methanol should be increased to 140 MPa, and the spray penetration is about 20 mm longer than that of the diesel spray. With the decrease in injection pressure, the methanol spray penetrates a shorter distance. When the nozzle hole diameter of methanol is 0.18 mm, the injection pressure can be comparable to that of diesel. However, since the cross-sectional area of the nozzle hole of methanol is more than twice that of diesel, the spray penetration distance is still longer than that of diesel by about 15 mm. From the perspective of the methanol spray alone, with the decrease in the injection pressure, the spray penetration should decrease, but the momentum loss is not so great due to the increase in the nozzle hole diameter. As a result, the final spray tip penetration does not drop by much.



With the decrease in injection pressure, the spray angle of methanol is apparently decreased. However, affected by the increasing hole diameter, the spray angle of methanol is also larger than that of diesel under the three conditions, but the deviation drops from 3.8 deg to 2.5 deg. The integrated effect of the spray tip penetration and spray angle results leads the spray area results to present the same trend as those of the spray penetration. When the nozzle diameter of methanol is 0.18 mm, the spray area develops to be 72% larger than that of diesel.



It is well known that both a large hole and a low injection pressure are factors that deteriorate the atomization and evaporation performance. Therefore, it can be seen from Figure 15a that, with the decrease in injection pressure, the spray penetration and spray area of the methanol liquid phase increase accordingly. In Figure 15b, the methanol spray of a higher injection pressure and a smaller nozzle hole has a higher increasing rate of vapor phase volume fraction. The time it takes for methanol spray with a 0.12 mm hole diameter and a 140 MPa injection pressure to reach the vapor phase volume fraction of 95% is shortened by 57% compared with that of the diesel spray, while the time it takes for methanol spray with a 0.18 mm hole and a 47 MPa to reach the vapor phase volume fraction of 95% is increased by 10%. It can be concluded that the lower injection pressure and the larger hole diameter can also meet the requirement that the same amount of total fuel energy emerges within the same time as that of diesel, and the spray morphology is not changed so dramatically, but the atomization and evaporation should be balanced by the integrated consideration.






4. Conclusions


The application of methanol fuel with low-carbon properties in the field of internal combustion engines is of great significance to the goal target of carbon neutrality. High-pressure direct injection methanol technology can achieve flexible control of the mixture formation and multiple combustion modes, thereby improving combustion efficiency and the low carbon fuel substitution fraction and reducing emissions. In the current research, the effects of injection pressure and ambient temperature on the vaporization characteristics of methanol spray were discussed based on the optical diagnostic experiment, with diesel spray as a comparison. Furthermore, based on the premise of ensuring the same fuel energy injection, two different control strategies for methanol injection are proposed and evaluated systematically. The conclusions are as follows:




	
Compared with diesel fuel, methanol has a higher latent heat of vaporization but a lower boiling point and a lower viscosity. Therefore, under the same conditions, the boundary of methanol spray is more irregular, and the vapor phase spray tip penetration is shorter than that of diesel. The spray angle is larger than that of diesel, and the overall spray area is comparable to that of diesel. The liquid phase penetration and the liquid phase spray area are both lower than those of diesel fuel, and the total evaporation rate is higher than that of diesel spray.



	
With the increase in injection pressure, the deviation in the spray tip penetration between diesel and methanol fluctuated significantly during the injection process. High pressure plays a stronger role in promoting the atomization of diesel with a higher viscosity. However, the lower boiling point mainly promotes the evaporation of methanol. Therefore, different factors influence the evaporating spray characteristics of the two kinds of fuels under high-pressure injection conditions.



	
Diesel and methanol exhibit different sensitivities to the variation in ambient temperature. Under the condition of 600 K, the effect of a lower boiling point is the most prominent, which results in the peak value of deviation in the liquid phase penetration and the evaporation rate between diesel and methanol. Under higher temperature conditions, the evaporation of diesel is also promoted by high temperatures, and under lower temperature conditions, the higher latent heat of vaporization of methanol hinders the evaporation of methanol. Therefore, the difference between diesel and methanol is relatively small under these two conditions.



	
Under the strategy of maintaining the injection pressure constant and adjusting the nozzle hole diameter and injection duration to achieve equal energy injection, the vapor phase spray tip penetration and spray area of methanol are much larger than those of diesel. This poses a huge challenge to the geometrical design of combustion systems. In addition, with the increase in the nozzle hole diameter, although the injection duration can be shortened, the liquid phase penetration and spray area are higher than those of diesel, and the evaporation deterioration of the methanol spray is obvious.



	
Under the strategy of maintaining the injection duration constant and adjusting the injection pressure and nozzle hole size to achieve the same energy injection, the vapor phase penetration and spray area of the methanol spray are larger than those of the diesel spray. With the decrease in injection pressure, this gap can be narrowed gradually, while the low pressure and the large hole are not conducive to the atomization and evaporation of the methanol spray.



	
From the perspective of promoting spray atomization and evaporation, the choice of strategy for methanol injection should be based on the injection system in order to minimize the hole size under the condition of ensuring the highest injection pressure. However, compared with the diesel spray, under the same fuel energy conditions, the excessively long vapor phase penetration generated under high pressure and a small hole can lead to a change in the center of gravity during combustion, which will affect the heat loss and combustion stability directly. Therefore, the factors above should be considered comprehensively in conjunction with the structural design of the combustion chamber. It is expected that the experimental data in the current study can provide a basis and reference for the numerical simulation of methanol spray and the development of methanol engines.
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Figure 1. Scheme of the schlieren experiment. 
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Figure 2. Scheme of the nozzle configuration. 
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Figure 3. Method of image processing. (a) Morphology analysis of evaporating spray. (b) Definition of spray parameters. 
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Figure 4. Comparison results of typical methanol and diesel evaporating sprays. 
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Figure 5. Quantitative results of the vapor phase spray under different injection pressure conditions. (a) Spray tip penetration results. (b) Spray angle results. (c) Spray area results. 
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Figure 6. Quantitative results of the liquid phase spray under different injection pressure conditions. 
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Figure 7. Typical vapor and liquid phase spray images of methanol and diesel spray. 
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Figure 8. Quantitative results of vapor phase spray under different ambient temperature conditions. (a) Spray tip penetration results. (b) Spray angle results. 
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Figure 9. Comparison results of the evaporating characteristics of methanol and diesel spray under different ambient temperature conditions. (a) Results of the liquid phase spray tip penetration. (b) Volume fraction of the vapor phase. 
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Figure 10. Comparison results of typical evaporating spray images under different strategies. 
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Figure 11. Quantitative analysis of vapor phase spray under different strategies. (a) Spray tip penetration results. (b) Spray angle results. (c) Spray area results. 
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Figure 12. Comparison results of spray evaporating characteristics under different strategies. (a) Results of the liquid phase. (b) Volume fraction of the vapor phase. 
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Figure 13. Comparison results of typical evaporating spray images under different strategies. 
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Figure 14. Quantitative analysis of the vapor phase spray under different strategies. (a) Spray tip penetration results. (b) Spray angle results. (c) Spray area results. 
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Figure 15. Comparison results of the spray evaporating characteristics under different strategies. (a) Results of the liquid phase spray. (b) Volume fraction of the vapor phase. 
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Table 1. Comparison of physicochemical properties [10,11].






Table 1. Comparison of physicochemical properties [10,11].





	Property
	Diesel
	Methanol





	Density at 20 °C [kg/m3]
	835
	792



	Vapor Pressure at 20 °C [kPa]
	-
	11.9



	Heat of Vaporization [kJ/kg]
	270
	1103



	Lower Heating Value [MJ/kg]
	42.5
	19.7



	Kinematic Viscosity at 20 °C [m2/s]
	3.35 × 10−6
	0.734 × 10−6



	Superficial Tension [N/m]
	0.0285
	0.0229



	Boiling Point [°C]
	180–370
	65



	Research Octane Number
	-
	106



	Cetane Number
	51
	5
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Table 2. Condition Settings of the Experimental Study.
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Items

	
Value (Methanol)

	
Value (Diesel)






	
Case 1

	
Nozzle Diameter [mm]

	
0.12

	
0.12




	
Ambient Temperature [K]

	
800

	
800




	
Ambient Pressure [MPa]

	
3

	
3




	
Ambient Density [kg·m−3]

	
12.53

	
12.53




	
Injection Duration [ms]

	
2.8/2.1/1.75

	
2.8/2.1/1.75




	
Injection Pressure [MPa]

	
60/100/140

	
60/100/140




	
Injection Quantity [mg]

	
6.87

	
6.84




	
Case 2

	
Nozzle Diameter [mm]

	
0.12

	
0.12




	
Ambient Temperature [K]

	
400/600/800

	
400/600/800




	
Ambient Pressure [MPa]

	
2/3/4

	
2/3/4




	
Ambient Density [kg·m−3]

	
16.7

	
16.7




	
Injection Duration [ms]

	
2.1

	
2.1




	
Injection Pressure [MPa]

	
100

	
100




	
Injection Quantity [mg]

	
6.87

	
6.84




	
Case 3

	
Nozzle Diameter [mm]

	
0.12/0.15/0.18

	
0.12




	
Ambient Temperature [K]

	
800

	
800




	
Ambient Pressure [MPa]

	
3

	
3




	
Ambient Density [kg·m−3]

	
12.53

	
12.53




	
Injection Duration [ms]

	
3.7/2.45/1.7

	
1.7




	
Injection Pressure [MPa]

	
100

	
100




	
Injection Quantity [mg]

	
11.99

	
5.55




	
Case 4

	
Nozzle Diameter [mm]

	
0.12/0.15/0.18

	
0.12




	
Ambient Temperature [K]

	
800

	
800




	
Ambient Pressure [MPa]

	
3

	
3




	
Ambient Density [kg·m−3]

	
12.53

	
12.53




	
Injection Duration [ms]

	
1.9

	
1.9




	
Injection Pressure [MPa]

	
140/77/47

	
40




	
Injection Quantity [mg]

	
7.99

	
3.7
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