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The emphasis on environmental protection and energy security has promoted automobile engine technology toward low emission and economy. While the traditional port fuel injection engine can hardly meet the latest regulations and requirements, the gasoline direct injection (GDI) engine becomes a hot research topic because of its potential to reduce fuel consumption and emissions. Since injection timing has a determining effect on overall engine performance, this paper aimed to investigate the injection timing effects on mixture formation and emissions. A validated three-dimensional numerical simulation model of a 4-stroke GDI engine combustion chamber was adopted. In a previous work (Part A), the in-cylinder combustion process has been discussed. In this study, the simulation results demonstrate that with the injection timing advancing, the fuel–gas mixture was more uniformly distributed and combusted more completely; the CO, UHC, and soot had decreased sharply by 80.6, 99.2, and 97.5%; the NOx emission increased by 151.7%. The optimized injection timing for this case was 300 CA BTDC. Moreover, this paper studied the in-cylinder views of injection timing effects on mixture formation and emission, providing reference to optimize injection of GDI engine.
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INTRODUCTION
The increasing prominent energy shortage and emission pollution have put forward severe challenges to the automobile power system (Gasbarro et al., 2019; Yang et al., 2021). Therefore, reducing emissions and improving the efficiency of internal combustion engines (ICEs) have become the main targets of research on vehicle engines (Ambrogi et al., 2019; Duronio et al., 2020). Although the electric vehicle is in the ascendant, short driving range (Liu A. et al., 2021; Xu et al., 2021), high cost (Lin and Li, 2019; Wang and Shen, 2021a), and battery safety are the main disadvantages that cannot be ignored (Zhao et al., 1999; Wang and Shen, 2020). Therefore, the ICE will still be the main power resource of the vehicle in the foreseeable future (Heywood, 2018; Li et al., 2019). Also, many researchers have studied combustion models (Keskinen et al., 2016; Shi et al., 2019), heat transfer (Hongliang et al., 2016; Xu et al., 2020a), injection strategies (Shi et al., 2018; Chai et al., 2021), and emissions (Liu and Rigopoulos, 2019; Lin et al., 2021) related to internal combustion engines. While the traditional port fuel injection (PFI) engine has difficulty meeting the requirement of environment protection and economic efficiency, attention is attracted to the gasoline direct injection (GDI) engine (Wang and Shuai, 2011; Liu and Wang, 2022). Also, for GDI engines under partial load conditions, stratified combustion can be achieved through a reasonable injection strategy (Wang and Shen, 2021b; Yu et al., 2022), while under full load conditions, a homogeneous mixture of premixed combustion can be achieved through earlier injection (Yu et al., 2017; Liu et al., 2020). Considering the significant improvement in thermal efficiency and reducing fuel cost, the GDI engine has become a hot research topic (Leduc et al., 2003; Han et al., 2020).
Thanks to the development of accurately controlled injectors like solenoid-actuated and piezo-actuated injectors (Anbari Attar et al., 2014; Lin et al., 2019), the GDI technology can precisely control the injection timing (IT) and quantity, and allows more choice on injection strategies (Lake et al., 2004; Zheng et al., 2021). More importantly, the GDI technology shows great potential in cooperation with engine downsizing, turbocharging, and other technologies (Leduc et al., 2003; Wang and Shen, 2021c). The downsized engine is well known for less fuel consumption in a wide range of work conditions (Hall et al., 2016; Chai et al., 2020). However, downsizing strategy also makes it easier to cause knock combustion and even pre-ignition phenomenon (Ma et al., 2014; d'Adamo et al., 2015). On the other hand, the GDI technology can increase the volumetric efficiency and compression ratio because of the direct injection charge cooling effect, reducing the compression temperature to minimize knock combustion and avoid the pre-ignition phenomenon (Kasseris and Heywood, 2012; Wang et al., 2020). Besides, without port fuel film that troubles the PFI engine, the GDI engine has a better transient response (Li Y. et al., 2021; Awad et al., 2021). Overall, the GDI is crucial to synergy with downsizing and turbocharging to optimize power performance, fuel consumption, and emission performance (Huang et al., 2007; Liu and Dumitrescu, 2019).
IT is an important parameter that influences mixture formation significantly and, therefore, combustion and emission performance (Zeng et al., 2006; Liu J. et al., 2021). Since IT is one of the key roles in optimizing GDI engine performance, many researchers have focused on its effect on engine performance (Huang et al., 2003; Shi et al., 2020). Gong et al. (2021) studied IT and CO2 dilution on combustion and emissions of a stoichiometric GDI engine. The result shows that peak cylinder pressure, peak heat release rate, and peak cylinder temperature first increased, and then decreased as retarding IT. Their corresponding angle crank had opposite trends. Duan et al. (2020) used an experimental investigation of the single injection strategy and double injection strategy on the combustion phasing, performance, and emissions characteristics in the GDI engine. The result shows that with the increase of second IT, the PCP, Peak combustion pressure; , maximum HRR, Heat release rate, and mean in-cylinder temperature were gradually increased. HC emission gradually increased but much less than the single injection at the same condition. Zhang et al. (2012) experimentally investigated the effect of IT on GDI engine performance. The result shows that IT impacts the charging cooling effect, fuel film, combustion efficiency, and HC emission. Kim et al. (2013) studied the effect of injection strategy on soot emission, revealing that advancing second IT and decreasing second injection fuel mass can reduce soot emission. Li et al. (2021) investigated the spray characteristics, flame propagation, and other indicators of a GDI optical engine. The results showed that flash boiling injection resulted in lower apparent flame velocity and flame area compared with supercooled injection, which was due to the supercooled combustion conditions. Wen et al. (2020) studied the effects of fuel octane number on the fuel consumption rate and emissions of GDI and PFI spark-ignition (SI) engines. The results indicated that with the increase of research octane number (RON), the fuel consumption rate increases first and then decreases for GDI engines. Liu et al. (2019) investigated the effects of ethanol gasoline, n-butanol gasoline, and 2,5-dimethylfuran (DMF) gasoline on the GDI engine efficiency and emissions. The results indicated that n-butanol gasoline is the best blended fuel among three kinds of oxygenated fuel blends for reducing harmful emissions and CO2 emissions.
However, previous research mainly focused on overall engine performance, and the literature about the in-cylinder mixture formation process and distribution of various emissions are limited (Yu et al., 2015; Sun et al., 2021). Moreover, the combustion process in the cylinder has been analyzed (Part A). Therefore, this paper is expected to analyze the in-cylinder view of mixture equivalence ratio, velocity field, and distribution of emissions to understand the effects of IT on engine efficiency and emissions better. A three-dimensional (3D) numerical computational fluid dynamics (CFD) simulation was adopted. It is hoped that this research will provide a more accurate view of how IT influences the mixture formation and then emissions, which contributes to optimizing the IT for better overall GDI engine performance (Zhu, 2019; Liu J. et al., 2021).
NUMERICAL MODEL
A single-cylinder four-stroke SI GDI engine model was studied with 3D engine software and the engine specifications are shown in Table 1. As Figure 1 shows, considering the computational cost, the research model includes half of the combustion chamber due to its symmetry. Computing domain includes intake, exhaust port and valve, spark plug, and combustion chamber that bounded by liner, symmetry, piston, and cylinder head. The computation mesh’s global size was set to 0.2 cm and refined around key geometric features like valves and the spark plug.
[image: Figure 1]FIGURE 1 | Engine model geometry and mesh.
TABLE 1 | Engine specifications
[image: Table 1]The chemistry mechanism for gasoline that consists of 59 species and 437 reactions was imported from the software’s built-in library (Dumitrescu et al., 2018; ANSYS Forte). The chemistry mechanism can simulate the gas phase and surface reactions and conclude gas-phase input, gas-phase output, thermodynamic input, transport input, transport output, etc. (Li et al., 2019; Liu and Dumitrescu, 2020a). The simulation used the built-in precalculated laminar flame-speed table of ic8h18 to track the laminar flame front. To study the turbulent flame propagation, the Discrete Particle Ignition Kernel Flame model (DPIK) and G-equation were used. DPIK model that uses Lagrangian particles to mark the flame front position was used at the beginning of the spark when the ignition-kernel flame size is smaller than the mesh size (Harshavardhan and Mallikarjuna, 2015; Liu and Dumitrescu, 2020b). The turbulent flame propagation model will switch to G-equation after the flame size grows bigger than the mesh size. The G-equation model consisting of a set of Favre-averaged level-set equations is selected for its balance of time cost and accuracy (Liu and Dumitrescu, 2018; Chai et al., 2019). Reynolds-averaged Navier–Stokes (RANS) is chosen as turbulent transport model, and RNG k-epsilon equation was employed since it has better performance than the k-epsilon model in engine combustion simulation (Lucchini et al., 2012; Stocchi et al., 2019). The G-equation, RANS, and RNG k-epsilon equation establishes a complete set of equations that describe turbulent flame propagation (Papageorgakis and Assanis, 1998; Bommisetty et al., 2018).
The spray model includes nozzle flow, spray atomization, droplet breakup, collision, coalescence, vaporization, and wall impingement (Zhu, 2019; Feng et al., 2021). The radius of influence model was chosen because of its independence on the CFD mesh size (Costa et al., 2014; Xu et al., 2020b). The model set up three injection nozzles and four ITs to research its effect on GDI engine performance, and Table 2 shows the detailed simulation operating conditions (Potenza et al., 2019; Liu Z. et al., 2021). The model was already validated against the experimental data at the condition shown in Table 2. Moreover, the comparison of measured cylinder pressure curve with simulated results is shown in Figure 2, which indicated that 3D CFD model was validated. The detailed model validation information can be found in Verma et al. (2016a) and Verma et al. (2016b).
TABLE 2 | Simulated operating conditions at various injection timings
[image: Table 2][image: Figure 2]FIGURE 2 | The comparison of simulated data with measured data at the 300 CAD BTDC injection timing: (A) pressure trace and (B) apparent heat release rate curve.
RESULTS AND DISCUSSION
Injection Timing Effects on In-Cylinder Mixture Formation
As can be seen in Figure 3, the symmetry was colored by the equivalence ratio and the balls, which were colored by velocity and size dependent with droplet diameter, were denoted as droplets. It is obvious that penetration distance of the droplets increased as the IT delayed, which was mainly determined by the difference of the distance between nozzles and piston surface. Besides, it was very important to note that the droplet-wall impingement intensified fiercely as the IT advanced, especially at IT of 300 CA BTDC. Also, the maximum equivalence ratio is about 7.5, which is similar with the results in Chen et al. (2019). Figure 4 compares the velocity field during injection at different ITs. It is apparent in Figure 4 that advancing IT corresponds to higher velocity and more intensified flow motion, which also can be inferred from Figure 5. The main reason for the difference in speed is the intake flow that is stronger at the beginning of intake stroke due to lower pressure. Figure 5 shows the effect of IT on total kinetic energy as the indicator of intensity of flow motion. The first peak was caused by exhaust flow and the second peak corresponded to intake flow. It was of interest to point out that disturbance caused by injection at different IT has an apparent effect on the peak value of total kinetic energy. This was probably because the velocity direction of injected fuel was more similar with the in-cylinder flow motion at advanced IT, contributing to decrement of the dissipation of kinetic energy, which was supported by the combination of Figures 3 and 4.
[image: Figure 3]FIGURE 3 | Effect of injection timing on injection process at cylinder symmetry at several CA after SOI.
[image: Figure 4]FIGURE 4 | Effect of injection timing on mixture formation at cylinder symmetry at several CA after SOI.
[image: Figure 5]FIGURE 5 | Effect of injection timing on total kinetic energy.
To further study the fuel–gas mixture formation, the cylinder symmetry colored by equivalence ratio and velocity field is shown in Figures 6, 7. Different columns represent the in-cylinder fuel–gas mixture formation at various ITs and each row showed the results of different crank angles. At the beginning, the fuel–gas mixture accumulated on the piston surface, as expected, because of a collision phenomenon during the injection process. Significantly, an anticlockwise tumbling flow was formatted during the compression stroke. This tumbling flow drove the fuel-rich mixture near the piston to the intake side and head of the cylinder. Comparing the mixture formation at different ITs, advancing IT made the mixture more uniform, regardless of likely tumbling flow. The time spent on mixing seems to be the main reason for the difference between mixture uniformity. Because the earlier IT corresponds to longer in-cylinder mixing process, it also corresponds to a stronger degree of turbulence, which widens the gap in the mixing level, as shown in Figure 5. For example, the fuel-rich mixture of 300 CA BTDC injection timing had moved to the center of the cylinder at 160 CA BTDC; meanwhile, the fuel-rich region of 270 CA BTDC was still gathered around the surface of the piston.
[image: Figure 6]FIGURE 6 | Effect of injection timing on mixture formation at cylinder symmetry at several CAD before spark timing.
[image: Figure 7]FIGURE 7 | Effect of injection timing on mixture velocity vector diagram at cylinder symmetry at several CAD before spark timing.
From Figure 7, it can be found that the velocity distribution for different ITs were similar, indicating the little effect of IT on in-cylinder flow motion, which corresponded to the overlapping area of Figure 5. A clear anticlockwise tumbling flow was formed in the cylinder by the combined action of the piston and intake flow. Comparing Figures 6, 7, it can be found that the tumbling flow dominated in-cylinder mixture formation process. Consequently, as Figure 8 shows, the in-cylinder mixture formation results were colored by equivalence ratio. Also, the results at the IT of 300 CA BTDC were satisfactory, while delayed IT corresponds to the fuel-rich region, especially at the IT of 270 and 280. The gathered fuel mixture region was located at the intake side near the cylinder, which influenced combustion performance remarkably. This is because the flame can be ignited easily and propagate at the stoichiometry ratio region and excess equivalence ratio region tends to be slower, even freezing the flame propagation. Besides, it was of interest to note that the eq around spark plug is near stoichiometry ratio.
[image: Figure 8]FIGURE 8 | Equivalence ratio and velocity field at cylinder symmetry when sparked at different injection timings.
Injection Timing Effects on Emission
Nowadays, as environmental issues are gaining more attention and emission regulations are becoming stricter, many researchers are exploring methods to improve engine efficiency and reduce emissions. It is a great way to use GDI engines to achieve the purpose of energy saving and emission reduction. However, if the operating parameters of the GDI engine are not well controlled, the GDI engine will have higher emissions than the PFI engine, which is contrary to the original objective. Therefore, it is very important to investigate the in-cylinder emission formation and oxidation process. In this study, the generation of carbon monoxide (CO), unburned hydrocarbons (UHC), nitrogen oxides (NOx), and soot has been investigated, although soot of gasoline engine is not in the emissions regulation.
Figure 9 shows the various species of emission variation at different ITs. UHC is most sensitive to IT, followed by soot. The UHC, soot, and CO emissions have a significant negative correlation with the advancing of IT, while NOx emission has an insensitive positive correlation. Overall, with the advancing IT from 270 to 300 CA BTDC, the CO emission has decreased by 80.6%, and UHC and soot had been reduced by 99.2% and 97.5%, respectively; NOx emission had increased by 151.7%. The next section will discuss the effect of IT on emissions.
[image: Figure 9]FIGURE 9 | Effect of injection timing on emissions.
To investigate the effect of IT on NOx generation, the 3D clouds and graphs of NOx and oxygen radicals in the cylinder at different injection angles are as follows. Nitrogen oxides (NOx) and hydrocarbons (HC) under strong sunlight, through a series of chain photochemical reactions, will generate ozone (O3) and peroxyacetyl nitrate (PAN), that is, the generation of secondary pollutants such as photochemical smog (Duronio et al., 2020). Also, the smog is highly oxidizing and causes stinging eyes, strong respiratory irritation, dizziness, and vomiting. Also, it is very harmful for both plants and the atmosphere. Therefore, it is necessary to study the process of NOx generation at different injection advanced angles.
NOx mainly consists of NO and NO2, and the engine combustion process mainly produces NO and a small amount of NO2 (Ambrogi et al., 2019). It is generally known that NO accounts for more than 90% of NOx and 3D diagram mainly discusses the NO to replace the NOx. Also, the NO calculation is based on the extended Zeldovich mechanism. The NO oxidation rate, N oxidation rate, and OH reduction rate equations are based on Eqs 1–3, respectively.
[image: image]
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The condition of NOx formation includes high temperature, oxygen concentration, and reaction time (Ambrogi et al., 2019; Duronio et al., 2020). Figure 10 shows that the NOx emission had increased considerably with the IT advancing. Moreover, NOx was first generated around the spark plug and then mainly generated at the exhaust side of the combustion chamber. Considering the conditions of NOx formation, Figure 11 shows the cylindrical symmetry with O as the color, leading to the conclusion that NOx is mainly produced in the region of high temperature and high oxygen concentration. Comparison with mixture formation and combustion mentioned in the next section reveals that the flame speed variation at different combustion chamber sides resulted in higher temperature. Those regions where the equivalence ratio was close to the stoichiometric ratio have faster combustion speed and higher oxygen concentration than the fuel-rich region, leading to more NOx formation.
[image: Figure 10]FIGURE 10 | Effect of injection timing on NOx emission at several CAD in combustion duration.
[image: Figure 11]FIGURE 11 | Effect of injection timing on O formation at several CAD in combustion duration.
To further study the correlation between NOx formation and IT, Figure 12 is used to show the NOx formation at different ITs. Advanced ITs indicated more uniform in-cylinder mixture, better combustion performance, and higher temperature. As the temperature increased with advanced IT, the NOx rising is mainly caused by increasing in-cylinder temperature with similar generated oxygen radical, as expected. As mentioned previously, advancing IT resulted in more uniform fuel mixture, improved combustion performance, and eventually increased NOx emission.
[image: Figure 12]FIGURE 12 | Effect of injection timing on NOx formation.
There are three main pathways for HC generation: incomplete combustion, wall quenching, and wall-moving film adsorption (Ambrogi et al., 2019; Duronio et al., 2020). For incomplete combustion, unburned hydrocarbon (UHC) emissions may be due to uneven oil–gas mixing, misfires, and other phenomena. For wall quenching, it is the major reason for UHC generation. There are various narrow gaps in the combustion chamber, especially the chamber seam between the piston head and the cylinder wall, etc. In the compression stroke, some fuel mixture was compressed into the crevice attributed to the high pressure in the cylinder. Moreover, the quenching effect is very strong due to the crevice with large surface-to-volume ratio. Also, the flame cannot spread into the crevice to continue to burn. Moreover, during the expansion and exhaust stroke, the cylinder pressure drops and the unburned mixture in the gap is exhausted along with the exhaust gas. For oil film adsorption, lubricant oil film on cylinder wall surface and carbon buildup on intake and exhaust valves will absorb the unburned gas mixture during the intake and compression strokes. Also, in the expansion and exhaust stroke, the UHCs will be released in the cylinder. In this study, CH4 was used to represent UHC due to the fact that CH4 has a strong chemical bonding.
UHC emission has a significant correlation with IT, as shown in Figures 13, 14. CH4 as an indicator of UHC is mainly produced at the flame front on the intake side, where the mixture combusted incompletely. With the IT advancing, the UHC has decreased. Figure 13 indicates that the fuel-rich mixture that did not fire may not be the main reason for the rapid increase of UHC. Considering the previous section, the fuel-rich mixture region, which is especially obvious at 270 and 280 CA BTDC, resulted in an unburnt area. Hence, UHC has a sensitive correlation with IT.
[image: Figure 13]FIGURE 13 | Effect of injection timing on UHC emission.
[image: Figure 14]FIGURE 14 | Effect of injection timing on UHC formation.
The soot emissions of conventional PFI engines come from fuel combustion. Also, when there are droplets on the wall in the combustion chamber, GDI engines will generate soot due to the fact that the after-treatment system only has a three-way catalyst (TWC), but no DPF (diesel particulate filter). Soot is mainly composed of PM2.5 and PM10, of which PM2.5 is the most harmful to the human body and environment. Therefore, the soot investigated in this study is mainly PM2.5, which is represented by C2H2 (Yu et al., 2017). Moreover, the soot is hazardous to human health and reduces atmospheric visibility, which is harmful to the human respiratory system and may cause symptoms such as asthma and cancer. Also, soot will create carbon deposits that decrease the efficiency of the aftertreatment. Hence, the soot needs to be eliminated as much as possible and the study of soot generation is very necessary.
GDI engine has more soot emission than traditional PFI engine due to higher wall temperature (Wang and Shen, 2021b; Yu et al., 2022). Using C2H2 as an indicator, Figure 15 shows the soot formation at different ITs. As can be seen from Figure 15, soot emission increased rapidly as IT delayed. Moreover, soot is first formatted around the nozzle and then mainly formatted at the intake side of the flame front, especially at 270 and 280 CA BTDC. As mentioned previously, on the intake side of the combustion chamber, at 270 and 280 CA BTDC, the incomplete combustion of the fuel mixture is severe, even without ignition, causing a significant increase in soot formation. Besides, it can be also found in Figure 16 that as IT advanced, less soot was generated. This is because the in-cylinder mixture was more uniform at earlier IT, thus improving the combustion performance.
[image: Figure 15]FIGURE 15 | Effect of injection timing on soot generation at several CAD in combustion duration.
[image: Figure 16]FIGURE 16 | Effect of injection timing on soot formation.
It is commonly recognized that the affinity between CO and hemoglobin (Hb), which is the carrier of oxygen delivery in blood, is 200–300 times higher than O2 (Duronio et al., 2020). Also, it can easily combine Hb to form carboxyhemoglobin (CO-Hb), which greatly reduces the oxygen delivery capacity of blood and leads to serious oxygen deprivation in the heart, brain, and other vital organs. In addition, CO is a product of incomplete combustion and is produced due to the unevenness of the in-cylinder mixture and wall quenching effect in the crevice of the combustion chamber. Therefore, it is of great significance to investigate the in-cylinder CO concentration distribution at different ITs, which can be used as a reference to explore how to reduce CO emissions from GDI engines.
Figures 17, 18 show the CO formation at different ITs. From Figure 17, it can be seen that CO emission was increased with the delayed IT. Furthermore, the results indicated that CO is probably mainly produced at the flame front and severely at the intake side at 270 and 280 CA BTDC injection timing where fuel–gas mixture combusted incompletely. This is because the equivalence ratio of the intake side area at the spark timing was much higher than stoichiometry ratio at 270 and 280 CA BTDC injection timing, as can be seen in Figure 8. As mentioned previously, the homogeneity of the mixture varied obviously with advancing IT. Fuel gathered at the intake side of the combustion chamber as IT delayed. As a result, the incomplete combustion was intensified, especially at 270 and 280 CA BTDC injection timing. Eventually, the total CO emission was increased due to non-uniform fuel mixture and incomplete combustion. Consequently, with the delayed injection timing, the CO produced at the intake side was markedly increased and total CO emission was the most at the IT of 270 CA BTDC.
[image: Figure 17]FIGURE 17 | Effect of injection timing on CO emission.
[image: Figure 18]FIGURE 18 | Effect of injection timing on CO generation at several CAD in combustion duration.
SUMMARY AND CONCLUSION
This paper set out to study the effect of IT on mixture formation and emission performance. By analyzing the numerical CFD simulation results at different ITs, the research showed that advancing IT leads to a more uniform fuel–gas mixture and hence reduces the UHC, soot, and CO emission sharply but gradually increases NOx emission. The results indicated that with the IT advancing, the fuel mixed more uniformly under the effect of tumbling flow, which is hardly influenced by IT. Therefore, the time available for fuel–gas mixed seems to be the main reason for the different uniform mixture. As for emissions, when advancing the IT, and the UHC emission had reduced sharply. The fuel-rich region of the mixture at delayed IT combusted incompletely or even not on fire, resulting in a rapid increase of UHC emission. Moreover, the soot emission decreased by 97.5%, and improvement in combustion efficiency is the main reason. Also, the NOx emission has increased by 151.7%. As the advancing IT, the more uniform mixture was formed, which resulted in better combustion performance and higher in-cylinder temperature, and therefore increased NOx emission. Furthermore, the CO emission decreased by 80.6%. The in-cylinder more uniform fuel mixture is the main reason for the decrement of CO emission.
Overall, this study contributes to understanding how IT influences mixture formation and various species of emissions. As far as this study is concerned, 300 CA BTDC is the optimized IT. Considering the different models and conditions of various GDI engines, the optimized IT cannot be determined simply the same as this investigation. Moreover, this paper provides a reference to optimize the IT of the GDI engine to enhanced power performance and reduced emissions.
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