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Gasoline direct injection (GDI) engine are widely adopted in the automobile industry since its advantage in the fuel economy. Injection Timing (IT) is an important parameter for the GDI engine, having a great impact on the spray atomization, mixture evenness, combustion characteristics, and therefore performance of the GDI engine. With the motive of IT optimization, a three-dimensional CFD model of a single cylinder 4-stroke spark ignition GDI engine with bore of 84 mm and compression ratio of 10.3 was utilized to analyze the detailed process at different IT (270, 280, 290, 300-degree CA BTDC), while the other conditions were invariant like rotate speed at 2000 RPM. The spray, turbulence, G-equation combustion were included. The result indicated that delayed IT tended to reduce drop-wall impingement significantly but still intensified unevenness of mixture concertation severely, resulting in fuel-rich region appeared around cylinder. Because the duration available for mixing was shortened, which dominantly intensified the unevenness of the mixture. The combustion was deteriorated as the IT delayed because the excessive equivalence ratio region severely slowed flame propagation and frozen at the most uneven region, which finally degraded thermal efficiency and engine performance. In conclusion, this paper demonstrated the whole process from injection to combustion, revealing that droplet-wall impingement and available duration for mixing are dominant trade-off factors for mixture formation and following combustion process, as the IT changes.
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INTRODUCTION
As acknowledged the Paris Agreement sets out arrangements for global action to address climate change after 2020 (Liobikienė and Butkus, 2017). Its long-term goal is to limit the increase in global average temperature to less than 2 degrees Celsius compared to the pre-industrial period and to work towards limiting temperature increases to less than 1.5 degrees Celsius (Huang et al., 2021). The transportation sector accounts for a large share of the problem of greenhouse emissions (Fridstrøm, 2017; Liu et al., 2022). While the trend towards switching to electric vehicles is clear, internal combustion engines will continue to play an important and irreplaceable role in the transportation industry in the next decades (Gasbarro et al., 2019; Stocchi et al., 2019). However, it also brings about the energy crisis and environmental problems caused by millions of vehicles powered with internal combustion engines (Ambrogi et al., 2019; Liu and Wang, 2022). Moreover, the government proposed a series of requirements and standards (China Phase VI) to restrict emissions for improving energy efficiency and beautifying the environment (Liu et al., 2018a; Liu and Liu, 2021a). The rules are much more stringent than the previous ones and are moving towards higher standards in the foreseeable future (Fennell et al., 2014; Potenza et al., 2019). Strict regulations for exhaust gas emissions and the need to improve fuel efficiency have promoted the development of GDI technology due to its high horsepower output and better fuel economy (Storey et al., 2014; Zhang et al., 2020). Therefore, a lot of researchers have investigated various related technologies to improve GDI engine performance and reduce emissions (Zhang et al., 2017; Feng et al., 2021). It is generally accepted that injection strategies have a great impact on the formation of homogeneous gas mixture and in-cylinder combustion processes (Splitter et al., 2017; Zhu et al., 2018). Various injection methods are investigated to improve GDI performance. Kim et al. (2018) investigated the effects of fuel injection timings on combustion and emission characteristics of a direct-injection spark-ignition gasoline engine with a 50 MPa fuel injection system. The results indicated that when the injection pressure is up to 50 MPa and the injection timing is late, the thermal efficiency can be improved without reducing exhaust gas emissions. Zhuang et al. (2019) studied the effect of ethanol direct injection plus gasoline port injection (EDI + GPI) on engine performance. To further understand the experimental results, CFD simulations were performed. And the results can be a reference for understanding the combustion process based on EDI + GDI. Zhang et al. (2018) investigated the effects of control parameters (spark advance, injection pressure, excess air ratio, and EGR) on the combustion, performance and emissions of a GDI engine. The results indicated that the most important factor affecting NOx emissions and BSFC is the EGR mode. Injection timing has the highest level of contribution to PN emissions, especially in lean combustion conditions. Miganakallu et al. (2020) studied the impact of water-methanol injection on the GDI engines. Different performance indicators were used to evaluate the engine efficiency with water-methanol blends, pure water or pure methanol. Marseglia et al. (2017) investigated an optically accessible multi-cylinder engine performance under single and double injections based on synergic experimental and numerical analysis. Wen et al. (2020) researched the effects of gasoline octane number on fuel consumption and emissions in two vehicles equipped with GDI and PFI spark-ignition engine. The results indicated that the early split injection strategy reduced the CO mass fraction and so on (Liu et al., 2019). Many studies have investigated the influence of injection parameters on in-cylinder evaluation indicators of mixture formation and combustion (Duronio et al., 2020a; Duronio et al., 2020b). The relevant researches focused more on the macro parameters of the in-cylinder combustion process (Cavicchi et al., 2019; Gong et al., 2021). Moreover, the literature of interaction of influence factors are limited. It’s hard to point out the dominant factor in effect of IT, while there exists several trade-off factors like level of droplet-wall impingement, duration for mixing, flow motion intensity as well as temperature, and pressure. Therefore, this research attempted to reveal the dominant factor of IT effect so that it can serve as a reference of IT selection. An already calibrated three-dimensional model was used to investigate the effects of injection timings on in-cylinder mixture formation and combustion processes. The goal of this study was to find out why the internal phenomenon of in-cylinder combustion occurs and propose suggestions for improving the in-cylinder combustion environment. Admittedly, the effect of injection timing on engine performance and emission can be imagined according the engine combustion laws. However, existing literature lacks the documented information about its effects in details. Moreover, the optically accessible engines have limited visualizations of the activities took place inside the chamber due to the difficulties or high costs in design. The 3D CFD simulation results present in this study can help readers to better visualize in-cylinder activities occurred inside the chamber from all directions rather than solely based on imaginations. It is also important to note that researchers may only guess one or two effects that are reasonable when changing the injection timing. But it is essential to show the combined effects caused by the variation of injection timings. Accordingly, the investigation of IT effects on engine combustion is request if wishing to provide a more direct understanding of the interaction between fuel spray, kernel inception and flame propagation, especially for their co-optimizations with the chamber shape. It is also important to note that their interactions and the IT effects would change with engine types and conditions. Consequently, the results of the study can serve as a reference for selecting a proper injection timing of the cylinder to improve combustion performance.
NUMERICAL MODEL
The model used in this study is a four-stroke spray-guided gasoline direct injection (GDI) engine. Since the 3D CFD model was already calibrated against the experimental data (Yan, 2021), with the detailed information shown in reference (Yan, 2021), only the most important information will be shown here. The compression ratio was 14.3 and three nozzles with a diameter of 300 microns were specified since this was a half-symmetry model. The injection timings were selected from 270 to 300 CAD (degree Crank Angle) BTDC (before top dead center) compression with an increment of 10 CAD at a fixed engine speed = 2000 r/min. The simulation was performed by commercial software ANSYS FORTE, a 3D CFD simulation software specialized for internal combustion engine. The three-dimensional CFD grid model is shown in Figure 1, consisting of 360,557 cells. The size of mesh was controlled within 1∼2 mm, which was the recommended mesh size to precisely capture combustion characteristics according to reference (O'Rourke and Amsden, 1987). The engine specifications are shown in Table 1 and the detailed information can be found in literature (Yan, 2021). In addition, all simulation tests were performed at a fixed spark ignition advance angle = 15 CAD BTDC compression. More detailed simulation parameters are shown in Table 2.
[image: Figure 1]FIGURE 1 | Three-dimensional grid of the GDI engine at top dead center.
TABLE 1 | Engine specifications.
[image: Table 1]TABLE 2 | Simulated operating conditions at various injection timings.
[image: Table 2]The turbulence model used in this study was the RNG k-ε model (Han and Reitz, 1995; Liu and Dumitrescu, 2019a). The basic governing equations include species conservation equation, fluid continuity equation, momentum conservation equation and energy conservation equation, and gas-phase mixture equation of state (Verma et al., 2016a; Verma et al., 2016b). The G-equation model together with the discrete particle ignition kernel (DPIK) flame model characterized the turbulent flame inception and propagation (Liu et al., 2018b; Liu and Dumitrescu, 2019b). The G-equation model was employed to track the propagation of fully developed, premixed, or partially premixed turbulent flames (Peters, 2000; Liu and Dumitrescu, 2019c). When the flame was initiated by the spark, the ignition-kernel flame had a structure that was typically smaller than the average grid size in the computational mesh (Tan and Reitz, 2006; Liu and Dumitrescu, 2019d). The spray models simulated sub-processes including nozzle flow, spray atomization, droplet breakup, droplet collision and coalescence, droplet vaporization, and wall impingement (Fan et al., 1999; Liu and Liu, 2021b). The nozzle flow model was solid-cone and the droplet Collision and Coalescence Model is the O’Rourke model (O'Rourke and Amsden, 1987). More detailed model settings are shown in Table 3. In addition, the chemistry mechanism for gasoline that consisted of 59 species and 437 reactions (ANSYS Forte). The main reactions include pyrolysis and oxidation, example of which are as following showed.
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TABLE 3 | Computational models.
[image: Table 3]Figure 2 shows the highly coincident pressure and apparent heat release rate (HRR) of experimental and simulation data, of in-cylinder combustion simulation, because the pressure and HRR are determined by combustion phase.
[image: Figure 2]FIGURE 2 | In-cylinder mixture formation during the injection process at different injection timings.
RESULTS AND DISCUSSIONS
Injection Timing Effects on In-Cylinder Mixture Formation
In this section, the in-cylinder mixture equivalence ratio and velocity vector image are presented to analyze the effects of IT on the mixture formation process. Some results are selected to show at several CAD of interest. It is also important to mention that the CFD results shown in this section are displayed on the vertical cut-plane combined with the upper surface of the piston, superimposed by the 3D profiles of spray development.
The variation of the injection droplets and in-cylinder equivalence ratio during the injection process is shown in Figure 2. As expected, advanced IT corresponded to upper piston position and therefore shorter distance between injector and piston surface during injection, resulting in considerable difference levels of droplet-wall impingement shown in Figure 2, which is essential to spray atomization and soot emission. Together with Figure 3, which indicates the injection penetration distance was extended by 4.5, 13.6, 13.7%, respectively, as the IT delayed, it can be inferred that the droplet-wall impingement was much intensified at IT of 300, 290 CA BTDC and slight at IT of 270, 280 CA BTDC.
[image: Figure 3]FIGURE 3 | The effect of IT on the maximum droplet penetration distance.
The droplet velocity and Sauter mean diameter (SMD) which is defined as the ratio of total volume to the total surface area of droplet, as commonly used indicators of spray atomization (Liu et al., 2021), are shown in Figure 4. During the intake stroke, the droplet velocity initialized with approximately 77 m/s at IT, then decreased to nearly zero due to air friction. By the way, the slope difference was because of the continuous droplet with initial velocity during injection of 18.4-degree CA. The droplet velocity of different IT was similar except for CA offset during the intake stroke, because it was mainly determined by injection pressure which was kept same. It is also of interest to note that the droplet velocity was slightly raised at the beginning of compression stroke, which was probably due to the flow motion driven by the upward piston. The velocity difference during compression stroke echoed the diversity of the remaining droplet and evenness of mixture at various IT.
[image: Figure 4]FIGURE 4 | The effect of IT on the mass averaged droplet velocity and the SMD.
The SMD is influenced by the interaction of multifactor like nozzle diameter, injection pressure as well as backpressure (Biswal et al., 2019). As shown in Figure 4, the SMD of different IT decreased as the droplet breakup. Despite CA offset and slight difference during the breakup process, the SMD dropped to a similar value at the end of the intake stroke. What’s outstanding in Figure 4 is the rapid increment of SMD at IT of 300, 290 CA BTDC. This was mainly because of the severe droplet-wall impingement, contributing to droplet coalescence and therefore large SMD.
In conclusion, advanced IT tended to intensify droplet-wall impingement, but the level of spray atomization at the end of intake stroke was similar.
As shown in Figure 5, the equivalence ratio of the in-cylinder mixture at several CA during the compression stroke was utilized to investigate the fuel-gas mixture formation. The courter of symmetry plane and piston surface are colored by equivalence ratio. At the beginning of the compression stroke, the fuel was gathered around the piston surface near the cylinder, which was mainly due to the interaction of different levels of droplet-wall impingement as well as the duration of spray atomization. According to equivalence ratio distribution at 220 CA BTDC shown in Figure 5, it can be inferred that despite intensified droplet-wall impingement at advanced IT, the duration of spray atomization outperformed and affected spray atomization dominantly, resulting in more even distribution of mixture concentration around piston surface.
[image: Figure 5]FIGURE 5 | Effect of injection timing on the in-cylinder mixture formation during compression.
As the piston moved toward TDC, the fuel was carried counterclockwise and mixed more evenly but delayed IT corresponded different evenness at TDC.
The mixture equivalence ratio distribution at spark timing (ST), as Figure 6 shows, had a crucial influence on flame propagation and therefore comprehensive performance of the GDI engine. The mixture of stoichiometric ratio was the ideal condition for ignition and combustion efficiency. Figure 6 indicated the obvious different evenness of the mixture, suggesting that the fuel and gas had fully mixed evenly at IT of 300 CA BTDC, but with the IT retarding, the evenness of the mixture degraded. At delayed IT, especially at IT of 270, 280 CA BTDC, the fuel was gathered around intake port side of cylinder seriously, resulting in slower flame propagation and therefore contributing to the level of incomplete combustion that will be analyzed next.
[image: Figure 6]FIGURE 6 | In-cylinder mixture formation at the spark timing with different injection timings.
The mixture formation process is influenced by the interaction of intake flow, piston movement as well as combustion chamber shape. To investigate the in-cylinder flow motion during the mixture formation process, the turbulent kinetic energy, indicating the intensity of the in-cylinder flow motion, is shown in Figure 7. The first peak outstanding the curve echoed the intake flow, and the second one between 300 and 270 CA BTDC was probably due to the injection which slightly enhanced in-cylinder flow motion. Then the turbulent kinetic energy was decreased slowly as the turbulence dissipation, until the spark timing when the combustion produced some kinetic energy of flow motion and thus arose a slight peak. Concerning the effect of IT, the turbulent kinetic energy of different IT was highly coincident, suggesting similar flow motion despite different IT.
[image: Figure 7]FIGURE 7 | Turbulent kinetic energy at different IT.
To further investigate the flow motion during mixture formation, Figure 8 shows the velocity field during compression stroke at different IT, corresponding with the equivalence ratio distribution mentioned in Figure 5. As shown in Figure 8, at the start of the compression stroke the flow from the intake valve to piston surface was predominant in in-cylinder flow motion because of intake flow inertia. As the piston moved upward, the flow around the piston was carried upward and interacted with intake flow inertia, contributing to a counterclockwise tumble flow formation, which could intensify the fuel-gas mixture significantly. Thus, the gathered fuel around the piston surface was carried along with tumble flow and further mixed evenly, echoing fuel movement displayed in Figure 5.
[image: Figure 8]FIGURE 8 | In-cylinder velocity vector before spark timing at different injection timings.
As can be seen in Figure 8 the in-cylinder flow motion was highly similar regardless of delayed IT. Figure 9 shows the tumble ratio of in-cylinder flow to assess the tumble flow intensity at different IT. The intake flow generated a fierce tumble with some vibration, until the start of injection when injected droplets brought a certain degree of disturbance. During the beginning of compression stroke, the tumble flow continually intensified thanks to the piston movement. Then the tumble ratio achieved maximal value at approximately -66 CA ATDC. After that it was a quicker decrement because the compressed volume of the combustion chamber dominated the flow motion, making the tumble flow degraded and enlarged dissipation of kinetic energy, which could be inferred from Figure 8. Besides, it was essential to note that the disturbance of injection at different IT was expanded obviously and directly affected mixture formation. The peak values of the tumble ratio were decreased by 8.3, 14.9, 24.9%, respectively, as the IT delayed. As the IT was delayed, the tumble ratio decreased.
[image: Figure 9]FIGURE 9 | Tumble ratio of in-cylinder flow at different IT.
Considering the analysis above comprehensively, it can be concluded that delayed IT significantly degrades the evenness of the mixture. Although delayed IT contributed to the reduction of droplet-wall impingement and slightly enhancing spray atomization, the less available time for mixture formation as well as the tumble flow motion degradation were dominant factors for deterioration of the mixture evenness.
Injection Timing Effect on In-Cylinder Combustion Characteristics
To assess the combustion process with different injection timing, the flame front colored by turbulent flame speed was displayed of several interested CA in Figure 10. The flame front in the numerical simulation is defined as the position of G = 0 in the G-equation turbulent combustion model. In the earlier combustion process before the flame front reached the cylinder, as can be seen in Figure 10, the flame front started from the spark plug and had similar shapes of different IT.
[image: Figure 10]FIGURE 10 | Effect of injection timing on the distribution of turbulent flame speed at the flame front (i.e., G = 0) at several CAD of interest after SOC.
The corrugation of the flame front indicated turbulent flame propagation, which could intensify combustion. As can be seen in Figures 10, 11A that an advanced IT tended to enhance turbulent and laminar flame speed. It was worth noting that the flame front propagation speed and front shape at the start of combustion were similar because the equivalence ratio around the spark plug was analogous, according to the corresponding image in Figure 5. The flame propagation speed of delayed IT was slowed when the flame front reached the fuel-rich region, resulting in the difference of laminar and turbulent flame speed between 0∼40 CA ATDC in Figure 11A.
[image: Figure 11]FIGURE 11 | (A)Effect of injection timing on laminar and turbulent flame speed. (B) In-cylinder average pressure at different IT. (C) Apparent heat release rate at different IT. (D) G-equation based flame thickness at different IT.
The in-cylinder pressure is shown in Figure 11B. The pressure was raised at compression stroke and suddenly increased at spark time when combustion started. The pressure at different IT was coincident before spark timing and separated after ignition due to different combustion performance. The peak combustion pressure and its location (location of peak pressure, LPP) are important indicators of combustion characteristics. Figure 11B suggests that LPP at IT of 300 CA BTDC was 26 ATDC. As the IT delayed the LPP advanced by 1.9, 7.0, 9.0 degrees CA, respectively, and peak pressure decreased by 4.2, 12.5, 14.6%, respectively, suggesting a deteriorated combustion efficiency as well as thermal efficiency due to the lower level of constant volume combustion.
The flame propagation and combustion characteristics were also reflected in the apparent heat release rate shown in Figure 11C. The duration of combustion (DOC) was defined as the duration from SOC and EOC (End of combustion) when the apparent heat release rate decreased to zero, indicating the combustion speed and affecting thermal efficiency. As the IT delayed from 300 CA BTDC to 270 CA BTDC, the DOC was extended by 4.1, 15.1, 21.9%, respectively, suggesting slower flame speed and degraded combustion efficiency, which is shown in Figure 12. The lower and retarded peak heat release rate also indicated the combustion performance deteriorated.
[image: Figure 12]FIGURE 12 | Combustion efficiency and Thermal efficient at different IT.
The flame thickness indicates the region of combustion reacted, as shown in Figure 11D. As expected the flame thickness raised immediately after ignition as the flame kernel grew fast. Then the flame kept a relatively larger thickness corresponding to the flame propagation process before the following sudden decrement, which echoed the flame propagated to the cylinder. It’s of interest that flame thickness of different IT was coincident before the sudden drop, indicating the combustion in the stoichiometric ratio region displayed in Figure 6 was similar. The flame thickness separated at a sudden drop at approximately 40 CA ATDC because of various levels of incomplete combustion. As Figure 10 shows, the majority of the flame front of IT of 290, 300 CA BTDC was terminated at the cylinder at 45 CA ATDC, echoing the earlier sharp decrement, followed by the IT of 270, 280 CA BTDC that propagated slower. The gentle growth of flame thickness after approximately 50 CA BTDC was probably due to slowly combustion of the excessive equivalence ratio region, which had a thicker but deteriorated reaction zone.
The excessive equivalence ratio, indicating lack of oxygen, tended to slower the flame propagation speed and even not on fire. That explained the decrease of flame speed with IT delaying as Figure 10 showed, because the unevenness of mixture was intensified and thus excessive fuel-rich region existed around the intake side of the combustion chamber.
Furthermore, it’s important to point out that some extremely excessive fuel regions didn’t on fire as the IT delayed. The excessive equivalence ratio, indicating lack of oxygen, tended to slower the flame propagation speed, and even not on fire. That explained the decrease of flame speed with IT delaying as Figure 10 showed, because the unevenness of mixture was intensified and thus excessive fuel-rich region existed around the intake side of the combustion chamber, as mentioned in Figure 6. The flame front propagation speed was vastly decreased when reaching the excessive fuel-rich region and even terminated in extreme equivalence ratio region at IT of 270, 280 CA BTDC, as shown in Figure 10. The fuel-rich region that remained unburnt reduced the chemical energy released and therefore decreased the combustion and thermal efficiency. Besides, the unburnt region sharply raised the unburnt hydrocarbon (UHC) by 3.2, 109, 122 times as IT delayed as shown in Figure 12.
The flame speed and combustion characteristics analyzed above dominantly determined the combustion efficiency and therefore thermal efficiency, as Figure 12 showed. With IT delaying from 300 to 270 CA BTDC, the combustion efficiency decreased by 3.9, 10.8, 13.6% and thermal efficiency by 4.1, 13.3, 16.5%, respectively. It suggested an optimized IT of 300 CA BTDC in this research with combustion and thermal efficiency of 97.7 and 37.6%, respectively.
CONCLUSION
This research investigated the effects of different IT (270, 280, 290, 300-degree CA BTDC) on mixture formation and combustion characteristics in a GDI engine. A three-dimensional CFD model concluding spray, turbulence, G-equation combustion models were utilized to analyze the detailed process of spray atomization, mixture formation and flame propagation comprehensively at different IT. The results are summarized as follows:
1) Delayed IT tended to reduce drop-wall impingement significantly but had a slight impact on droplet breakup and spray atomization.
2) Delayed IT intensified unevenness of mixture concertation, contributing to fuel-rich region extended at the intake port side of cylinder. The fuel-gas mixing process was dominantly driven by the tumble flow motion. Albeit delayed IT generated less droplet-wall impingement, the shorter duration of the mixing process and degraded tumble flow motion enlarged the unevenness of mixture at spark timing.
3) The combustion was deteriorated as the IT delayed because the excessive equivalence ratio region severely slowed flame propagation and terminated at the most uneven region.
In conclusion, this paper demonstrated the whole process from injection to combustion, revealing that level of droplet-wall impingement and available duration for the mixing process is a pair of trade-off factors for mixture formation and following combustion process, as the IT changes. In this research, the positive effect of mixing duration defeated the negative influences of droplet-wall impingement as the IT advanced. But considering the more advanced IT, it’s recommended to assess the interaction of these factors since the dominant influence factor is uncertain with too earlier IT. Thus, this research has a positive effect to guide the IT optimization for various models of the GDI engine.
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