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Abstract

:

Premixed combustion mode dual-fuel (DF) engines are widely used in large-bore marine engines due to their great potential to solve the problem of CO2 emissions. However, detonation is one of the main problems in the development of marine engines based on the premixed combustion mode, which affects the popularization of liquefied natural gas (LNG) engines. Due to the large bore and long stroke, marine dual-fuel engines have unique flow characteristics and a mixture mechanism of natural gas and air. Therefore, the purpose of this study is to present a simulated investigation on the influence of swirl on multiscale mixing and the concentration field, which provides a new supplement for mass transfer theory and engineering applications. It is suggested that the phenomenon of abnormal combustion occurs on account of the distribution of the mixture being uneven in a super-large-bore dual-fuel engine. Further analysis showed that the level of swirl at the late compression stage and the turbulence intensity are the decisive factors affecting the transmission process of natural gas (NG) and distribution of methane (CH4) concentration. Finally, a strategy of improving mixture quality and the distribution of the mixture was proposed.
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1. Introduction


The large-bore low-speed two-stroke marine engine has become the preferred choice for ocean-going ships due to its advantages of high power, stable operation and low maintenance cost [1]. The combustion of diesel fuels generates significant nitrogen oxide (NOx) and carbon dioxide (CO2) emissions; SCR technology is currently the most effective technology for dealing with NOx emissions [2]. However, CO2 emissions from marine transport cause 2.6% of global CO2 emissions due to diesel being the main fuel for marine engines [3]. The IMO adopted a preliminary scheme to limit greenhouse gas emissions from ships in April 2018, which proposed that compared to 2008, greenhouse gas emissions decrease annually by at least 50% by 2050 [4]. NG is considered to have great potential to reduce greenhouse gas emissions due to its advantage of low carbon content. Therefore, LNG engines have begun to be popularized on ocean-going ships [5,6,7].



For the large-bore two-stroke DF marine engines, low-pressure injection could more effectively restrain NOx emissions, which does not require additional postprocessing systems compared to high-pressure gas injection [8]. However, for adopting NG low-pressure in-cylinder direct injection technology to achieve the premixed combustion mode, knock is one of the main problems in the development of a low-pressure injection DF engine, resulting in engine loads and output power being limited on account of knocking and aggravating the wear of the piston ring–cylinder liner system, and further aggravating the cylinder pulling phenomenon, which affects the popularization of the LNG engine and decarbonization for the shipping industry [9,10].



Many studies have been conducted to study the knock mechanism under different engines. Chen Y et al. [11] studied the influence of burning rate on knock through experiments and simulations. They found that with increasing burning rate, the end-gas will be consumed by the flame front at a faster rate and knock is suppressed. In 2019, Deng et al. [12] experimentally studied the detonation combustion process of single-cylinder spark ignition. This suggests that the position and timing of the automatic ignition in the cylinder are key factors affecting the generation of knock. Chen et al. [13] revealed the effect of flame velocity on the delay time of the automatic ignition of end-gas. They found that reducing the rate of flame propagation can suppress the occurrence of knocking. In 2022, Liu et al. [14] investigated a knock characteristic and mechanism of a large-bore dual-fuel marine engine. They found that reducing the pilot fuel can suppress knock.



From the above literature, although the explanation for the mechanism of detonation is not entirely consistent in their research results, the main reasons they proposed for the formation of knock are all related to the quality of the in-cylinder mixture. Hence, several studies have also investigated the mixing of the mechanisms of fuel and air and improvement methods. Gürbüz H et al. [15] investigated the influence of swirl motion caused by different inlet angles on engine performance by an experiment. The results showed that the intake angle is 20° and the swirl can improve the engine performance by about 3%. In 2017, Cao et al. [16] investigated how the level of swirling motion affects the flow characteristics and combustion performance in the cylinder. The results showed that different swirl ratios have obvious differences in flow characteristics and combustion performance. Yousefi A et al. [17] numerically studied the influence of swirl on the combustion and engine performance of a DF engine, the results showed that the swirl motion can promote the formation of the mixture and improve the mixture quality. Wang et al. [18] studied the strategy of diesel injection on engine performance by numerical simulation method. The results showed that the function of the swirl is to accelerate the mixing and diffusion speed of fuel, thus promoting the combustion process in the cylinder. In 2020, Choi M et al. [19] investigated that the influence of flow field on engine performance by changing the intake condition; the results demonstrated that the increase in inlet flow leads to automatic ignition and detonation combustion in the end-gas zone. Other efforts have focused on ways to reduce the intensity of the knock, including changes in diesel injection strategies, equivalence ratio and adding excess oxygen during the intake process. [20,21,22,23]. They found that the injection strategies could obviously suppress the occurrence of knock, that increasing oxygen in the air is an effective way to eliminate knocking and that increasing the CH4 equivalence ratio can cause pressure oscillations.



From the above literature, it is found that the efforts have focused on investigating the influence of flow on the mixing of NG and air. It demonstrates that mixture uniformity is the fundamental premise to solve the problem of abnormal combustion before fuel injection. For the premixed combustion mode, the mixing process of NG is mainly controlled by the in-cylinder flow field. Therefore, it is essential to understand the formation process of mixtures and the influence of flow field on the mixing process. In our previous research, Liu et al. [24] studied the characteristics of marine engine flow field and the process of mixed gas transportation for a large-bore marine engine. The result indicated that the swirl plays an important role in the flow field in the cylinder compare to the tumble. However, the mixing mechanism and improvement measures of large-bore marine engine were not further explored. Meanwhile, the cylinder diameter of the engine studied in this paper is 920 mm compare to compared with the engine cylinder diameter of 500 mm previously studied, which has special flow and mixture characteristics compared with other marine engines due to the super-large bore and long stroke. In addition, because of the large size and complex boundary conditions for marine engines, which has brought difficulties to the development of related experiments. Numerical simulation has been extensively recognized as most appropriate method to investigate the problems of large-bore marine engines [25,26,27].



Therefore, the aim of this study is to reveal the effect of flow field on large-scale mixing and deeply understand the mixing mechanism of the super-large-bore DF marine engine computationally. First, the distribution of equivalence ratios and the flame propagates of combustion was analyzed to make a further understanding of the distribution of the mixtures on combustion performance of a super-large-bore marine engine. Second, through the decoupling of the velocity field calculation, the mixing mechanism of large-scale engine and identification of the swirl effects on mixing uniformity and the combustion process are intensified. Finally, two kinds of air injection strategies are considered to promote the level of swirl movement in the cylinder for improving mixture quality and the distribution of the mixture.




2. Model Description and Validation


2.1. Investigated Engine


The Winterthur Gas and Diesel (Win GD) X92 DF engine was applied for this study, which is the biggest two-stroke DF engine at present. This type of engine is extensively applied in modern large and ultra large container vessels. The engine is designed for three different operating modes to meet different working conditions and environments, which consist of the diesel mode, the gas mode and the fuel-sharing mode. In this work, a computational study was conducted under the gas mode. More technical specifications of X92DF engine are provided in Table 1.




2.2. CFD Model Description


The engine simulations were performed using the commercial CFD software CONVERGE 3.0, which was developed by Convergent Science Inc. (CSI) in the U.S. As shown in Figure 1, the geometric model included a scavenge box, cylinder, two NG nozzles arranged near the middle of the cylinder, precombustion chamber and exhaust port.



In this study, the experimental data were obtained at 100% load in gas-operating mode with dynamic combustion control system (DCC). When DCC is active in the gas mode, the main fuel injectors start to inject a small amount of liquid fuel when critical combustion pressures are reached, then the NG is ignited by the main fuel and the pilot flame formed in precombustion chambers together. The injection quantities of the main diesel fuel and pilot diesel fuel were 16.85 g and 0.4544 g. The start of injection timings of the main diesel fuel and pilot diesel fuel were −6 °CA and −5 °CA, respectively. The initial pressure of the intake region and the exhaust region were set at 4.7 bar and 4.55 bar, respectively. Table 2 shows the list of main operating parameters of the simulation.



In this paper, the numerical calculation was based on continuity, momentum and energy conservation laws. In addition, the turbulence model, spray model, combustion model and emission model were used in the CFD model. Previous study proved that the RNG k-ε model can be applied to the simulation of turbulent flow fields for ship engines [14,16,18]. Therefore, RNG k-ε model was selected for calculating turbulence motion in this work. In order to simulate the NG injection process, the mass flow rate was selected as the boundary condition. The Kelvin–Helmholtz/Rayleigh–Taylor (KH-RT) model was applied for the spray atomization and breakup simulation. which can accurately describe the breakup phenomenon in the liquid and gas–liquid mixing zone [20,28]. In addition, A reduced mechanism consisting of n-heptane and NG, which was developed by Rahimi et al. [29], was employed to simulate combustion process. The extended Zeldovich model [30] provided by Heywood was applied to simulate the process of NOx formation. Table 3 shows the list of submodels applied for simulation.




2.3. CFD Simulation Model Calibration


2.3.1. Grid Independence


Due to the large volume of the simulation model, this paper adopts a larger size of the basic mesh, as well as adaptive mesh refinement (AMR) and fixed embedding for important areas to meet the simulation accuracy and save calculation time. In the process of simulating calculation, scavenging port region, NG injection region, combustion region on top of cylinder liner and precombustion chambers were embedded. To accurately simulate the influence of gas flow in diesel fuel spray, mixing and ignition process, the diesel injection areas in the main and precombustion chambers were further fixed-embedded. In addition, the important boundary layer was embedded, which was included when the relevant regions were embedded in calculation. When the scavenging port region, NG injection region, combustion region on top of cylinder liner and precombustion chambers were embedded, the boundary layer of scavenging port, NG injectors, exhaust valve and pre-combustion chambers ports were embedded. Meanwhile, the boundary embedded level is the same as the relevant region. Figure 2 shows that the strategy of fixed embedding. The detailed grid strategy of the model is shown in Table 4.



Considering the time and accuracy of calculation, simulated in-cylinder pressures for base grids of 0.04 m, 0.05 m and 0.06 m with grid control strategy were compared. The effect of the base grid on the pressure is shown in Figure 3. The result shows that the size of base mesh has no discernible influence on the cylinder pressure in scavenging process and compression process. In addition, the combustion pressure curve of 0.04 m as the base grid is consistent with that of 0.05 m. To maintain the computational accuracy and efficiency simultaneously, 0.04 m as base value grid was selected in this paper to simulate the flow-field movement and combustion process with the adaptive mesh refinement and fixed-embedding grid control strategy.




2.3.2. Diesel Spray Validation


It is essential to calculate results of the penetration of diesel spray compared with the results obtained from the experimental data to precisely simulate the combustion process. This paper calibrated the spray parameters by comparing Sandia Laboratories’ ECN website spray experiments with diameters [31] and the experiments with diameters of Beat von Rotz [32]. Figure 4a shows the comparisons of the spray penetration between the results of calculations and experiments with varied ambient densities under non-evaporating conditions. The result shows that the calculation of spray penetration is basically in agreement with the experiment at different gas densities under non-evaporating conditions. In addition, Figure 4b shows the comparison of simulation and experiment spray penetration under evaporating condition. The result indicates that the calculation results are consistent in terms of spray penetration compared with the results of the experiment. From all the above, the comparison between measured data and calculation results gives good agreements in terms of spray penetration, which illustrates that the diesel spray model can be applied in the next stage of combustion research.




2.3.3. Chemical Kinetic Mechanism Validation


Since the X92DF engine is a dual-fuel engine, the fuel consists of NG and diesel. Thus, a reduced mechanism developed by Rahimi et al. [29] was applied to simulate the combustion process, which has been widely applied on the DF engines and can precisely simulate in-cylinder pressure and NOX emission. [33,34,35]. Figure 5 shows a comparison between the experimental and calculated in-cylinder pressure and heat release rate (HRR) profiles. The calculated results of cylinder pressure are consistent with the experimental result. From all the above, it indicates the model could precisely simulate the compression and combustion processes in the cylinder.






3. Results and Discussion


3.1. Effect of NG Distribution on Combustion


To determine the quality and distribution of premixed gas directly affecting the combustion performance, the NG distribution before top dead center (TDC) and the flame propagation at the initial stage of combustion are analyzed. Figure 6 shows the distribution of equivalence ratios in the cylinder at −10° after top dead center (ATDC). In this work, the equivalence ratio is calculated by the CONVERGE software. The equivalence ratio is given as


  ∅ =   2   ∑  i   N i     η  C , i   +  1 2    ∑  i   N i     η  H , i       ∑  i   N i     η  O , i      



(1)




where Ni is the number of moles of species i; and    η  C , i    ,    η  H , i     and    η  O , i     are the number of carbon (C), hydrogen (H) and oxygen (O) atoms, respectively, for species i.



The equivalence ratio distribution of the Y-direction section of the cylinder in shown in Figure 6a; the positions of sections in Figure 6b–d can be seen in Figure 6a. The high-equivalence ratio area is concentrated on the cylinder wall and the low-equivalence ratio area is concentrated at the lower part of the exhaust valve. Meanwhile, Figure 7 displays the distribution of the 1200 K temperature iso-surfaces in the cylinder, indicating the flame propagation process. The Z-direction slice in Figure 7, whose position is consistent with Figure 6a d-d, shows the distribution of the equivalence ratio in the cylinder during the initial combustion stage. With the piston running upward, the high equivalence ratio area in Z-direction slice causes local combustion. The possible reason is that part of the diesel from the main injectors jetted floated to the area with a high concentration of NG under the action of airflow movement, leading to NG being ignited by diesel.



By calculating the distribution of 1200 K temperature iso-surfaces at the initial stage of combustion and equivalence ratio before fuel injection, the implication of these results is that the distribution of the mixtures for the X92DF engine is uneven before the fuel injection, leading to the phenomenon of abnormal combustion occurring in the cylinder. Then, the combustion efficiency and emission performance will be negatively affected. Eventually, the use of LNG will be limited in marine engines. Therefore, it is essential to further understand the formation process of the mixture and the influencing factors of mixture uniformity for large-bore marine engines.




3.2. Mixing Mechanism of NG and Air


For low-pressure dual-fuel marine engines, the NG is injected into the cylinder after the scavenging ports are closed, then the mixing time of NG and air is as long as 110 °CA to the ignition. Therefore, the formation and distribution of the mixture are mainly influenced by the flow field in the cylinder. The flow-field changes and influencing factors of the scavenging and compression process of the X92DF engine are analyzed in detail below.



3.2.1. Influence of Flow on the Distribution of NG


Figure 8 displays the variation of swirl ratio (SR) and tumble ratio (TR) and turbulent kinetic energy (TKE) with crankshaft angles during the scavenging process and compression process from 90 °CA to 350 °CA. It can be observed that the formation and change from the in-cylinder flow field are mainly affected before the diesel injection by the scavenging process and NG injection process. Figure 8a shows the result of comparing the calculated SR under two different initial flow fields, in the cylinder and without the NG injection process. On one hand, it shows that for the calculated result of no flow field in the cylinder at the initial moment (black line), the SR begins to rise rapidly after the scavenging port is opened. However, when the flow field after combustion is adopted as the in-cylinder initial condition (red line), the SR basically shows a downward trend during the scavenging process. The main reason is that the angular momentum of the overall gas in the cylinder decays faster than the swirl provided by the scavenging process. On the other hand, it can be observed that by comparing it with the SR calculated without NG injection process (blue dotted line), the injection of NG has great influence on the level of swirl in the cylinder. This is mainly due to the transverse flow movement in the cylinder being enhanced, resulting in NG being injected into the cylinder at a certain angle along the direction of the original flow field in the cylinder. Figure 9 shows the variation of velocity distribution on a cross section of NG injection valves during the injection process of nature gas. It shows that the process of NG injection clearly impacts the flow field originally formed by the scavenging gas and promotes the swirl movement in the cylinder.



Figure 8b presents the evolution of TR in the cylinder. Compared to Figure 8a, it is observed that the change degree of the SR is obviously higher than that of the TR during the process of scavenging and NG injection. It indicates that the level of in-cylinder swirl has a great impact on the flow field in the cylinder. Figure 8c presents the variation of the TKE with crankshaft angles during the process of scavenging and compression. It illustrates that the influence of the NG injection process on the in-cylinder turbulence is obviously higher than that of the scavenging process. The main reason is that during the injection process of NG, the large speed of the injection makes the swirl continuously generate in the cylinder and form a strong turbulence.



The above numerical results indicate that the level of swirl directly effects the flow field and can be used as an evaluation index of airflow movement in the process of ventilation and compression. Moreover, the injection process of NG has a significant influence on the level of swirl, which will directly affect the mixing process and the formation quality and distribution of premixed gas.




3.2.2. Effects of NG Injection Condition on NG Distribution


In order to further analyze the effect of NG injection on the in-cylinder flow field and mixture distribution in the cylinder, by changing the NG injection valve structure and NG injection conditions to analyze the effects of NG injection pressure, NG injection angle and the number of gas valves on the swirl and the turbulence, the effect of NG injection conditions on NG distribution is obtained.



Figure 10 displays the variation of SR for different NG injection conditions. Figure 10a,c shows that with the increase in the number of NG nozzles and injection pressure, the SR increases slightly during the NG injection process. However, the SR is not significantly improved after the end of the natural gas injection, and the swirl movement level in the cylinder is basically the same as before fuel injection. It is explained that increasing the injection pressure and the number of injection nozzles leads to the speed of the injection outlet being improved and the promotion effect of the NG injection on the swirl in-cylinder being enhanced in the process of NG injection. In order to ensure the same gas injection quality, the injection duration is shortened when the injection pressure is enhanced and the number of injection nozzles is increased. Therefore, the change of pressure and number of injection valves have little influence on the promoting the swirl motion of the original flow field. Additionally, as displayed in Figure 10b, with the increase in injection angle, the strengthening effect of the NG injection on the SR becomes more obvious. This is mainly caused by the interference between the two NG flows becoming stronger with the decreasing injection angle, resulting in the strengthening effect of the NG injection on swirl being relatively reduced.



The comparison of average TKE for different injection conditions of NG is presented in Figure 11. As depicted in Figure 11, the turbulence intensity is enhanced during the NG injection process with the increasing injection pressure and number of injection nozzles. However, the TKE of each scheme gradually decreases after the end of the NG injection and tends to be consistent at near TDC, which indicates that the conditions of NG injections have little influence on the in-cylinder TKE due to the injection mass remaining unchanged for different injection conditions; this means that there is no extra energy to compensate for the dissipation of TKE, leading to the interference intensity of the NG injection process on the original flow field in the cylinder not changing significantly.



Figure 12 illustrates the distribution of CH4 for different NG injection conditions at −10° ATDC. The position of sections in Figure 12 is consistent with Figure 6. Figure 12a shows the distribution of in-cylinder equivalence ratios calculated under the condition of original gas injection. Compared with the case of Figure 12a, changing the NG injection conditions has no obvious improvement in the quality of the mixture. On the contrary, Figure 12b,c show that the mass of CH4 escaping from the exhaust valve increases with the increasing injection pressure. Moreover, Figure 12d–g show that the areas of high and low concentration of CH4 expand with increasing injection angle and the number of injection nozzles. The reason is mainly that although the different conditions of NG injection could cause different degrees of disturbance to the in-cylinder flow field during the NG injection process, the overall average TKE in the cylinder has not been significantly improved after the end of the NG injection. Thus, changing the injection conditions does not significantly enhance the mixing process.



As mentioned above, it can be concluded that the increase in swirl intensity during the process of natural gas injection has little influence on the distribution of the equivalence ratio before TDC. To further reveal the effect of swirl on the flow field and the distribution of equivalence ratio in cylinder, the influence of the swirl motion in the formation and distribution of the in-cylinder mixture was studied in by removing the component of the swirl motion. In the simulation calculation process, the X/Y movement speed of the in-cylinder gas at the end of the NG injection (260 °CA) was removed by applying the MAP function of CONVERGE, which realized the calculation of no swirl motion in the cylinder at the initial moment.



Figure 13 displays the CH4 distribution of the Y-direction in the cylinder at the conditions of swirl motion and no swirl motion. The result shows that the distribution of CH4 is basically the same from the end of the NG injection (260 °CA) to the exhaust valve being closed (290 °CA), and is distributed near the cylinder wall and mainly moves upward along the wall surface. However, when the exhaust valve is closed (290 °CA), there is an obvious difference between the distribution of CH4 under the condition of no swirl motion compared to that in the presence of swirl motion; the distribution of CH4 appears to be a stratified phenomenon in the compression process. The reason is that the velocity of gas radial diffusion is lower, due to the cylinder swirl movement being removed from the cylinder at the initial moment.



Figure 14 shows the density probability distribution of equivalence ratios under different swirl states after NG injection. The density probability distribution of equivalence ratios under the condition of no swirl motion at the initial time is not obviously different compared with that of the condition of swirl motion in the cylinder during a period of time after the NG injection (270 °CA–290 °CA). When the exhaust valve is closed (290 °CA), the overall equivalence ratio distribution in the cylinder is obviously different, with the piston running upward. This implies that the influence of the swirl movement of the late compression process on the transportation of NG is higher than that before the exhaust valve is closed. Meanwhile, the distribution of CH4 and the velocity vector of the Z-direction section in-cylinder under the condition of no swirl at the initial moment are depicted in Figure 15. The red horizontal line in Figure 13 is the selected slice location of Figure 15. As seen in Figure 15, at the late stage of the compression process, a swirl motion is formed in the cylinder as the piston moves upward, which promotes the radial diffusion of CH4 from the cylinder wall. Therefore, it further illustrates that the level of swirl of the late compression stage has an important influence on the uniformity of gas distribution.



From the above discussion, it can be deduced that the main factors affecting the transmission process of NG and distribution of CH4 concentration are the level of swirl at the late compression stage and the turbulence intensity in-cylinder. Therefore, it is essential to improve the level of swirl in the cylinder at an appropriate time and increase the turbulence intensity in the cylinder without affecting the gas injection quality and pressure, so as to compensate for the attenuation of turbulent motion.





3.3. Methods to Improve the Intensity of Swirl in Cylinder


In this part, a method is proposed to promote the level of in-cylinder swirl movement. By injecting a certain amount of air into the cylinder during and after the NG injection, the mixing of NG and air is strengthened to form a uniform mixture before the diesel injection. In order to add the air injection process to the simulation, two injection valve structures (red color valve in Figure 16) are symmetrically added on the cylinder, which are installed at the same height as the NG injection valves. Figure 16 shows the position and structure of the jet valve. This paper adopts two schemes of air injection during and after the NG injection for comparative analysis to study the impact of air injection on mixture quality in depth. The parameter settings of air injection are consistent with those of NG injection, and the specific simulation parameter settings are shown in Table 5.



Figure 17 compares the calculated change of in-cylinder SR and TKE with crankshaft angles for two different air injection times. As shown in Figure 17a, the intensity of the swirl movement is obviously improved due to the air injection process strengthening the energy of the transverse large-scale eddy in-cylinder, which accelerates the angular velocity of the transverse swirl. Moreover, Figure 17b shows that during the NG injection process, the disturbances of NG and air simultaneously are jetted into the cylinder, which is relatively higher compared to that of the condition of air injected late into the cylinder. However, under the condition of air injection after natural gas, the process of air injection can better compensate the dissipation of turbulence. Thus, the TKE in the compression process is improved compared to other two conditions.



Figure 18 displays the comparison of the density probability distribution of the equivalence ratio in the cylinder under different air injection times. Figure 18b,c show that the profiles turn narrower and taller under the condition of air injection compared to those of without air injection when the piston moves to TDC. Moreover, the probability of the average equivalence ratio 0.345 increases, and too-low and too-high equivalence ratios gradually disappear, which suggests that the mixing uniformity in the cylinder is improved due to the increase in the velocity of air flow by the injection of air.



The distribution of equivalence ratios before the flame jet (−10 ATDC) are shown in Figure 19. The position of sections is consistent with Figure 6. Figure 19b,c show that the distribution of equivalence ratios in the cylinder before TDC has improved, where the uneven areas of local equivalence ratio obviously decrease compared to those without air injection. This illustrates that the in-cylinder fuel/air mixing quality is improved. Moreover, the result shows that the area of high concentration of mixtures calculated by injecting air into the cylinder after the NG injection is smaller than that calculated by injecting air and NG at the same time. On one hand, when air and NG are sprayed at the same time, the collision of natural gas and air affects NG diffusion in-cylinder. On the other hand, this also explains that promoting the level of swirl of the late compression stage has an important influence on the uniformity of NG distribution.



Figure 20 displays that at the condition where the air injection time is 260 °CA, the distribution of in-cylinder 1200 K temperature iso-surfaces indicate the flame propagation process in the combustion chamber. The position of the Z-direction slice is consistent with that in Figure 6a d-d. As shown in Figure 20, there is no abnormal combustion occurring in the combustion chamber compared to that without air injection, which is displayed in Figure 7. The result indicates that the level of swirl is enhanced by injecting air, which could advance the mixing uniformity and avoid the occurrence of abnormal combustion in the cylinder. Thus, it further illustrates that the formation quality and distribution of premixed gas is an essential precondition to ensure efficient combustion under lean conditions while avoiding abnormal combustion phenomena. In addition, compressed air needs to be installed for the engine start, exhaust valve air springs and general services for the large-bore marine engine, whose pressure is usually between 25 and 30 bar. Therefore, it is possible to adopt the original air compressor and the required piping and valves and control system to establish the air injection system in order to achieve air injection into the cylinder. The design method developed in this study has promising potential for low-speed lean-burn dual-fuel marine engines.





4. Conclusions


In this study, a series of simulations were conducted to reveal the natural gas/air mixing mechanism of a super-large-bore dual-fuel marine engine, and a method was proposed to advance the mixing uniformity and avoid the occurrence of abnormal combustion. The main conclusions are summarized below:




	(1)

	
The calculated results reveal the disadvantage of even mixture formation due to the characteristics of low flow-field disturbance and rapid dissipation of TKE of large-bore marine engines, which leads to the phenomenon of abnormal combustion occurring at the area of accumulation of NG in the cylinder.




	(2)

	
The numerical simulation results show that the level of swirl has a greater influence on the flow field in-cylinder and NG transportation compared to the tumble during the scavenging and compression process. In addition, the NG injection process plays a more important role in the swirl and turbulence in the cylinder compared to the scavenging process.




	(3)

	
Furthermore, the simulation results reveal that the main factors affecting the transmission process of NG and distribution of CH4 concentration are the intensity of in-cylinder turbulence and the level of swirl at the late compression stage. However, the enhanced swirl intensity by changing the condition of NG has little effect on the transmission process of NG and distribution of CH4 concentration.




	(4)

	
With a certain amount of air injected into the cylinder, the area of high concentration of mixtures before TDC decreases significantly. It illustrates that the strategy can effectively improve the premixed charge mixing and avoids the occurrence of abnormal combustion in the cylinder. Moreover, this solution can be implemented by applying the original air compression system of marine engines, which will expand the application of NG in marine engines.
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Abbreviations




	3-D
	Three-Dimensional



	ATDC
	After Top Dead Centre



	CFD
	Computational Fluid Dynamics



	CH4
	Methane



	DF
	Dual-Fuel



	DCC
	Dynamic Combustion Control



	EVC
	Exhaust Valve Closing



	HFO
	Heavy Fuel Oil



	IMO
	International Maritime Organization



	MDO
	Marine Diesel Oil



	NG
	Natural Gas



	NOx
	Nitrogen Oxides



	PDF
	Probability Density Function



	SR
	Swirl Ratio



	TDC
	Top Dead Center



	TR
	Tumble Ratio



	TKE
	Turbulence Kinetic Energy



	Win GD
	Winterthur Gas and Diesel
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Figure 1. The geometric model of engine. 
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Figure 2. The mesh refinement regions in the model. 
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Figure 3. Comparison of cylinder pressure for different base grid size. 
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Figure 4. Comparison of simulation and experiment spray penetration. (a) Spray penetration under non-evaporating condition. (b) Spray penetration under evaporating condition. 
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Figure 5. Comparisons between the calculated and experimental cylinder pressure and HRR. The arrow represents the corresponding ordinate of the curve, which is a representation for cylinder pressure and HRR. 
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Figure 6. Equivalence ratio distribution in narrow-equivalence ratio range in cylinder at −10ATDC. (a–d) is four different positions of sections, which can show that equivalence ratio distribution in the cylinder and has been explanted in the manuscript. And (a) is longitudinal section of model, which is a common slice location. 
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Figure 7. 1200 K temperature iso-surfaces in combustion chamber. 
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Figure 8. The variation of flow field during the scavenging process and compression process. (a) The evolution of SR with crank angle. (b) The evolution of TR with crank angle. (c) The evolution of mean TKE with crank angle. 
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Figure 9. Velocity distribution on cross section of natural gas injection valve. 
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Figure 10. The calculated SR for different NG injection conditions. (a) Different injection pressure. (b) Different injection angle. (c) Different number of nozzles. 
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Figure 11. The calculated mean TKE for different NG injection conditions. (a) Different injection pressure. (b) Different injection angle. (c) Different number of nozzles. 
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Figure 12. Distribution of in-cylinder CH4 for different NG injection conditions at −10° ATDC. 
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Figure 13. The distribution of CH4 concentrations under conditions of swirl and no swirl at the initial moment. 
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Figure 14. The density probability distribution of equivalence ratios under different swirl states. 
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Figure 15. Distribution of CH4 concentrations and velocity vectors of Z-direction under the condition of no swirl motion in-cylinder. 
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Figure 16. The position and structure of the jet valve. 
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Figure 17. Comparison of the calculated change of in-cylinder SR and TKE with crankshaft angles for two different air injection times. (a) In-cylinder mean SR curves. (b) In-cylinder mean TKE curves. 
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Figure 18. The density probability distribution of equivalence ratios at different air injection conditions. (a) Original model without air injection. (b) Air and NG injection at the same time. (c) Air injection after the end of NG injection. 
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Figure 19. Equivalence ratio distribution in narrow-equivalence ratio range for different air injection conditions at −10 ATDC. (a) Origin model without air injection. (b) Air and NG injection at the same time. (c) Air injection after the end of NG injection. 
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Figure 20. A temperature isosurface of 1200 K in the case of air injection after the end of NG injection. 






Figure 20. A temperature isosurface of 1200 K in the case of air injection after the end of NG injection.



[image: Atmosphere 13 01528 g020]







[image: Table] 





Table 1. Parameters of Win GD X92DF engine.
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	Parameters
	Value





	Cylinder number
	12



	Bore/stroke [mm]
	920/3468



	Engine speed [rpm]
	80



	Compression ratio
	12.4



	Engine output [KW]
	63,840



	IMEP (MCR)
	17.3
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Table 2. Parameter of 3D model.
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	Parameters
	Value





	Engine load [%]
	100%



	Initial cylinder pressure [bar]
	12.1



	Initial temperature in cylinder [K]
	930



	Scavenge inlet pressure [bar]
	4.7



	Scavenge inlet temperature [K]
	301



	Outlet pressure of exhaust [bar]
	4.55



	Outlet pressure of exhaust temperature [K]
	737



	Cylinder wall temperature [K]
	443



	The SOI of the main diesel fuel [°CA/ATDC]
	−6



	The SOI of the pilot diesel fuel [°CA/ATDC]
	−5
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Table 3. Submodels applied for simulation.
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	Parameters
	Model





	Turbulence
	RNG κ-ε k-ε model



	Gas injection
	Inflow boundary



	Spray atomization and breakup
	KH-RT



	Droplet collision
	NTC collision method



	Spray–wall interaction
	O’Rourke model



	Combustion
	Chemical kinetic model



	NOx
	Extended Zeldovich model
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Table 4. Determination of model grid strategy.
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	Grid Strategy
	Region
	Size [mm]





	Basic grid
	Overall model
	40



	
	Scavenging port
	5



	
	Natural gas injection
	5



	Fixed embedding
	Combustion region
	2.5



	
	Precombustion chambers
	2.5



	
	Diesel injection
	2.5



	AMR
	Overall model
	2.5










[image: Table] 





Table 5. Parameter of air injection.






Table 5. Parameter of air injection.





	Parameters
	Value





	Nozzle diameter [mm]
	40



	Injection duration [°CA]
	18



	Injection angle [°]
	28



	Injection pressure [MPa]
	1.4



	Injection timing [°CA]
	During and after gas injection (242/260)
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