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The increase in injection pressure makes it more challenging to accurately control the injection quantity of the injector of a gasoline direct injection (GDI), thus necessitating the optimization of the parameters of the nozzle holes and the clarification of such parameters in terms of their influence on the injection characteristics, so as to improve the injector’s consistency of injection characteristics. This article adopts the computational fluid dynamics (CFD) approach to investigate the influence of nozzle angle on the gas-liquid flow, cavitation state, and fuel injection rate in the hole. The results show that when the angle of concentric holes of the nozzle exceeds 65° and keeps rising further, it will lead to the gradual decrease of the injection rate during the stable period and the continuous rise of the sensitivity to the nozzle angle. The rising injection pressure would increase the sensitivity of the injection characteristics to the angle of the concentric holes, with the strongest level of sensitivity ranging between 70° and 75°. The negative pressure area on the upper inner wall of the hole would increase with the accretion of the hole angle. As the negative eccentricity rises, the injection rate would gradually drop in both the transition period and the stable period. In contrast, the increase of positive eccentricity would lead to the gradient escalation of the injection rate in the stable period. The impact of negative eccentricity is greater than that of positive eccentricity, implying that it is necessary to reduce the deviation of negative eccentricity as much as possible during the machining and positioning process so as to ensure positioning accuracy.
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1 INTRODUCTION
As environmental problems are getting increasingly prominent across the globe, environmental laws and regulations have also been more and more stringent, pushing the engine industry to an unprecedented pursuit of energy conservation and environmental protection, while the fuel system of an engine plays a pivotal role in the engine’s overall performance and emission control. The injector’s characteristics affect the combustion process of the GDI engine significantly (Duan et al., 2021). Presently, the injection pressure in the fuel system of gasoline engines keeps increasing, posing more and more challenges to the accurate control of the circulating injection quantity. To improve the consistency in fuel injection characteristics of injectors and thus enhance the product performance, it is imperative to optimize the injector’s structural parameters.
It is necessary to design the injection angle between the holes of a gasoline direct injection (GDI) injector according to the positions where the injection spray drops and the status of the spray changes with the airflow. Brandon et al. (Sforzo et al., 2022) studied the detailed internal geometry of the GDI injector through the use of hard X-ray tomography, the counterbore dimensions affected the injection characteristics significantly. Due to the relation between the axial and the radial positioning, the machining process includes both concentric and eccentric nozzles when nozzle machining is carried out in the same coordinate position of the injector’s nozzle. The structure of the nozzles is an important factor that affects the characteristics of in-nozzle flow (Wu et al., 2016). Jeonghwan et al. (Park and Park, 2022) studied the step holes of GDI injectors, and the results show that the step hole dimension has a strong effect on the spray characteristics and prevent the accumulation of combustion by-products in the step hole. Substantial studies have investigated the influence of nozzle structure on the internal flow of a nozzle from the perspectives of experiment and simulation (Yao et al., 2016) and proved that the nozzle structure has a significant impact on the spray process and subsequent combustion (von Kuensberg Sarre et al., 1999; Dong et al., 2016; Som et al., 2011; Salvador et al., 2018). Zhang et al. (2016) have used the approach of high-speed X-ray phase-contrast imaging to carry out an experimental study on the impact of hole-to-hole angle on the characteristics of the near-field spray of diesel nozzles, which specifically includes the investigation of the near-field flow state at the angles of 0°, 70°, 130°, and 160°. The results show that the increase of the angle in an umbrella-shaped spray will induce a vortex flow, which would reach its strongest state at the angle of 130°. Jun et al. (2010) have simulated and analyzed the internal flow process of VOC (value covered orifice)-type and sac-type diesel nozzles, and the results show that increasing the injection pressure would aggravate the cavitation in the nozzle while enlarging the angle between the nozzle axis and the surface of the needle valve seat could smoothen the flow in the hole and reduce the cavitation.
This article discusses the influence of the difference in injection angle between the nozzle holes of a GDI injector on the injection characteristics by a CFD software AVL fire. The sensitivity of the injection characteristics to the variation of nozzle angle is analyzed. The definition of the angle between the positive and negative orifice based on the orifice axis is proposed, and the influence of the relative position between the nozzle axis and the ball center of the needle valve seat on the cavitation phenomenon in the nozzle is studied. It attempts to provide references for the optimized design of consistent injection characteristics of the holes and the identification of a reasonable eccentricity range in the machining of each nozzle.
2 MATHEMATICAL MODEL AND VALIDATION
To investigate the internal flow process inside the nozzle holes of a GDI injector, it is necessary to consider different factors, including the two-phase flow, turbulence, and cavitation. As the cavitating flow of a hole would contain a large amount of micro-bubble swarms, the Euler–Euler approach would be suitable to analyze the multi-phase flow (Xie and Jia, 2016). This model treats both the liquid and bubble swarms as two different phases in the same flow field and regards them as continuous media, while the phases at the inner-nozzle points in the flow field can coexist and penetrate each other. This article has used the Reynolds-averaged Navier-Stokes method (RANS) to represent the turbulence of fuel flow inside the nozzle holes of the GDI injector and adopted the modifiable two-equation (the model) eddy viscosity model as the turbulence model.
2.1 Turbulence Model
The turbulent kinetic energy could be expressed by the following equation:
[image: image]
where [image: image] is the dissipation rate of the turbulent kinetic energy of Phase k, while [image: image] is the generation term of shear stress, and [image: image].
(2) The dissipation of turbulent kinetic energy could be expressed by the following equation:
[image: image]
To close the turbulence equation, the following assumptions are listed:
1) The equation of turbulent kinetic energy and the equation of dissipation for single-phase flow is assumed to be closed;
2) The dissipation term is assumed to be identical to the turbulence intensity of the continuous phase;
3) The inter-phase interaction on the interaction surface could be ignored.
In terms of turbulent viscosity, the viscosity caused by shear stress (SI) and that caused by bubbles (BI) could be calculated through the Sato viscosity method as follows (Sato and Sekoguchi, 1975; Sato et al., 1981; Theofanus and Sullivan, 1982):
[image: image]
where the turbulent viscosity caused by shear stress is represented as: [image: image]
And the turbulent viscosity caused by bubbles is represented as:
[image: image]
where [image: image] is the closure coefficient of the equation at the value of 0.6; the subscript d represents the dissipation term; Vr represents the relative velocity.
In the turbulence equation, the empirical coefficients for the equation of turbulent kinetic energy and that of dissipation are shown in Table 1:
TABLE 1 | Empirical coefficients.
[image: Table 1]TABLE 2 | Mathematical models, nozzle.
[image: Table 2]2.2 Cavitation Model
Cavitation directly affects the distribution of the gas and liquid phases in the nozzle holes, and one phase is of different parameters than another, such as volume fraction, velocity, density, and temperature. Furthermore, through the exchange of momentum, energy, and mass, one phase would be coupled with another. Nevertheless, bubble dynamics equations are needed as supplements to close all the governing equations. If n0 is defined as the number of bubbles contained in a unit volume of pure liquid, the following correlation would exist in the volume fraction between the vapor phase and the liquid phase (von Kuensberg Sarre et al., 1999):
[image: image]
where R is the bubble radius.
Through the continuity equation, we could obtain the steam generation rate (Sato et al., 1981) as follows:
[image: image]
Therefore, we could calculate the variation rate of the bubble size according to the Rayleigh equation:
[image: image]
where [image: image] represents the effective pressure difference and [image: image] the density.
2.3 Model Verification
To verify the gas-liquid flow in the micro-nozzles, it is necessary to verify the cavitation model and the turbulence model. As mentioned earlier, a visualization experiment through a simplified nozzle at the angle of 0° has been carried out (Salvador et al., 2010; Qiu et al., 2016; Li et al., 2018; Li et al., 2019). The results show that with the increase of the injection pressure, a variation process of cavitation that is approximate to that in the experiment is simulated as Figure 1. The generation, development, and stability of cavitation are in good agreement with the experimental results. The number of mesh models is 974,000; the grid independence analysis shows that the simulation results are not affected by the number of grids when the number of grids exceed 500,000.
[image: Figure 1]FIGURE 1 | Cavitation comparison between experiment and simulation. (A) Experiment data. (B) Simulation data.
Figure 2 represents the variation curves of the mass flow rate of corresponding holes under different boundary conditions, from which we can see that as the injection pressure rises, both the experimental and simulation results show an identical variation trend. The figure also presents the relative errors between the simulation results and the experimental results, which indicates that the maximum relative error between the simulation and experimental results of mass flow under different pressure differences is less than 8%. Therefore, we could conclude that the selected turbulence model is effective for the quantitative analysis of the mass flow rate in the holes.
[image: Figure 2]FIGURE 2 | Flow comparison between the experimental results and the simulation results.
3 CLASSIFICATION AND MODELING OF NOZZLE ANGLE
To better understand the concepts of concentric and eccentric holes, the structure of the related nozzles is presented in Figure 3. Specifically, Figure 3A shows the partial structure of the injector nozzle, where the hole is of a “Spray G″ structure that includes the needle valve, a single hole, and the needle seat. Conversely, Figure 3B presents the schematic diagram of the nozzle parameters. Figure 3C shows the grid mesh. The angle between the hole axis and the injector axis is defined as α/2, which is half of the nozzle angle, and the connecting line between the spherical center on the inner wall of the needle valve seat and the inlet center of the nozzle is regarded as the benchmark to define the nozzle angle. In that case, the nozzle angle can be defined as the angle of concentric nozzles (hereafter referred to as “concentric nozzle angle”) when the nozzle axis passes through the spherical center on the inner wall of the needle valve seat. The offset distance relative to the spherical center on the inner wall of the needle seat could be defined as Y when the nozzle axis passes through a point on the injector axis. When Y=Y1, that is, the intersection point is distant from the spherical surface of the needle seat, it would be defined as a positive nozzle angle (the actual nozzle angle is less than the concentric nozzle angle); when Y=Y2, that is, the intersection point is close to the spherical surface of the needle seat, it would be defined as a negative nozzle angle (the actual nozzle angle is greater than the concentric nozzle angle). We could use the eccentricity f Y1 and Y2 as a variable in the subsequent analysis for ease of analysis. Therefore, Y1 is defined as a positive value during the modeling analysis with a variation range at 0.05, 0.10, 0.15, 0.20, and 0.25 mm, while Y2 is defined as a negative value during the analysis with a variation range at -0.25, -0.20, -0.15, -0.10, and -0.05 mm. In terms of investigating the injection characteristics of the injector under different injection angles, the variation of the concentric nozzel angle ranges from 55°, 60°, 65°, 70°, and 75°. Based on the aforementioned definitions of the dimensions, the fluid domain model of the nozzles with different eccentricities was constructed and analyzed, and the sensitivity of injection characteristics to the variation in injection angle of different nozzles was obtained by comparing the internal flow characteristics. As a result, it identified the influence of the deviation in angle positioning on the injection characteristics during the machining process of the nozzles.
[image: Figure 3]FIGURE 3 | Schematic diagram of the definitions of nozzle angles of the injector. (A) Electron microscopy scan. (B) Structural parameters. (C) Grid model.
4 RESULT ANALYSIS
4.1 Influence of Concentric Nozzle Angle on Injection Characteristics
4.1.1 Influence of Concentric Nozzle Angle on the Pattern of Injection
Figure 4 shows the curves of the injection pattern at different injection angles and the distribution of gas and liquid phases in the nozzle when the injection rate of the corresponding angle is stable under the injection pressure of 35 MPa and injection back pressure of 0.5 MPa. As can be seen from the figure, in the stage of needle valve opening, that is, during the rapid rising period, the opening of the needle valve makes the injection rate spike rapidly with no impact from the concentric nozzle angle, while the variation trend of the injection rate stays mostly consistent. Conversely, during the transition period, as the nozzle angle increases, the transition period lengthens with a relatively low injection rate. And, when the nozzle angle is less than 65° during the stable period of the injection rate, the nozzle angle basically does not influence the injection rate. However, the steady injection rate drops with the further increase of the nozzle angle. According to the cavitation degree in the hole under different hole angles, an excessive hole angle will easily lead to the enhancement of jet flow and the aggravation of cavitation, thus reducing the liquid phase ratio in the cross-sectional area of the nozzle outlet. Furthermore, according to the mass flow formula, it can be deduced that the mass flow injection rate also decreases, and the injection pattern under different nozzle angles will be consistent as the needle valve is settling down in the seat. As the injection pressure varies, the variation trend of the nozzle angle on the injection rate remains unchanged, but the transition time and the variation gradient of the injection rate are different under different injection pressures.
[image: Figure 4]FIGURE 4 | Influence of concentric nozzle angle on injection pattern (pin = 35 MPa).
To further quantify the relationship between the liquid phase ratio at the outlet of the inner hole and the injection rate during the stable period, Figure 5 shows how the liquid phase ratio at the outlet and the injection rate during the stable period change to the nozzle angle under different concentric nozzle angles. As can be seen from the figure, when the angle is small, the gradient of the injection rate and liquid phase ratio changing to the nozzle angle is also small, indicating a low sensitivity level for both. When the nozzle angle reaches 70°, the variation range of both the injection rate and the outlet liquid phase ratio spikes sharply, indicating the abrupt increase in the intensity of jet flow and local cavitation.
[image: Figure 5]FIGURE 5 | Influence of the concentric nozzle angle on the injection rate and distribution of gas and liquid phases at the nozzle outlet during the stable period.
4.2 Sensitivity Analysis of Injection Characteristics to Concentric Nozzle Angle
To identify the consistency of the injection characteristics of different nozzles in a multi-nozzle GDI injector under different nozzle angles, it is necessary to analyze the sensitivity of the circulating injection quantity to the nozzle angle. The sensitivity coefficient (Sr) indicates the influence of the current structural parameter value on the fuel injection characteristics. Figure 6 shows the pattern of single-nozzle circulating injection quantity and corresponding sensitivity coefficient changing with the increase of the nozzle angle under different injection pressures. As can be seen from the figure, with the increase of the angle, the single-nozzle circulating injection quantity decreases, but the gradient varies in different ranges of the change. Specifically, when the angle is large, the nozzle angle will have a greater influence on the difference in single-hole circulating injection quantity, but such impact is basically gone when the nozzle angle is small. The sensitivity of each section can be obtained through the sensitivity coefficient calculation formula. As can be seen from the results, with the increase of the injection pressure and nozzle angle, the sensitivity of single-nozzle injection characteristics to the concentric nozzle angle also increases. Within the range of the nozzle angle, the sensitivity is the strongest when the single-nozzle circulating injection quantity is between 70° and 75°. The machining accuracy of the nozzle angle is about ±1°. Therefore, within the allowable range of machining fluctuation, the injection pressure is 35 MPa, the injection back pressure is 0.5 MPa, the injection pulse width is 1.5 ms, and the fluctuation of single-hole circulating injection quantity is about 0.054 mg/cycle.
[image: Figure 6]FIGURE 6 | Effect of nozzle angle on the injection characteristics.
4.3 The Difference Pressure and Velocity Field of Inner-Nozzle Under Concentric Nozzle Angle
By analyzing the in-nozzle pressure and distribution of the gas-liquid phases, the influence mechanism of the concentric nozzle angle on the injection pattern and circulating injection quantity can be identified. Figure 7 is a representation of the pressure distribution field and the distribution field of in-hole gas-liquid phases under different concentric nozzle angles. As shown in the figure, with the increase of the hole angle, the negative pressure area on the upper wall of the nozzle hole and the cavitation intensity in the relative area increases accordingly. Therefore, the proportion of liquid phase in the outlet section of the hole sees a gradual decrease while the cross-sectional area for effective flow also drops. According to the flow calculation formula, it can be seen that the mass flow also goes down.
[image: Figure 7]FIGURE 7 | Pressure field and distribution field of gas-liquid phases under different concentric nozzle angles.
4.4 Influence of Nozzle-Axis Eccentricity on Injection Characteristic
During the machining of an injector, the positioning deviation of the nozzle axis will make the injector prone to eccentric nozzle angle, which will influence the injection characteristics. To clarify the degree of such an influence, the sensitivity degree of injection characteristics to eccentricity has been identified by analyzing the influence of different eccentricities on the injection pattern, circulating injection quantity, and cavitation in the nozzle, providing references for machining positioning.
4.4.1 Sensitivity Analysis of Injection Characteristics to Axis Eccentricity
According to the definition of eccentricity in the previous section of this article, the curves of the injection pattern have been obtained through modeling and simulation. Figure 8 shows the difference in the injection pattern curves under different eccentricities. To reduce modeling complexity and make the process more specific, the inlet chamfer angle of the eccentric nozzle angle was set at r = 0.00 mm. Specifically, Figure 8A shows the injection pattern under negative eccentricity (i.e., negative angle of the eccentric nozzles), from which it can see that the variation trend of the injection pattern is consistent with the trend of r = 0.00 mm, the inlet chamfer of nozzle mentioned earlier. As the negative eccentricity increases, the injection rate in the transition period and the stable period drops accordingly. This is because the angle between the nozzle axis and injector axis increases with the rise of negative eccentricity, and the acute angle of flow on the upper wall at the inlet of the nozzle decreases while the jet flow increases, under the prerequisite that the intersection point between the nozzle axis and the inlet center remains unchanged. Figure 8B shows the injection pattern under positive eccentricity (i.e., positive angle of the eccentric holes), it can see that as the positive eccentricity increases, the injection rate gradually rises during the stable period because the increases in the positive eccentricity would lead to the drop in the angle between the hole axis and the injector axis. Meanwhile, the obtuse angle of the upper wall of the hole inlet increases, while the intensity of the jet flow decreases, and the acute angle of the lower wall of the inlet also decreases, making it prone to cavitation and thus affecting the flow. However, due to the substantial difference in flow velocity between the upper and lower sides of the inlet, the lower wall has a limited effect on the increase of the flow rate.
[image: Figure 8]FIGURE 8 | Influence of eccentricity on injection rate (pin = 35 MPa). (A) Influence of negative hole eccentricity on injection pattern. (B) Influence of positive hole eccentricity on injection pattern.
In the above text, the influence of eccentricity on injection patterns has been analyzed and the direction of the influence trend has been identified. To further clarify the degree of such influence, Figure 9 presents the injection rate, the circulating injection quantity, and the sensitivity coefficients in response to the eccentricity variation during the stable period. As can be seen, the injection rate and single-nozzle circulating injection quantity increase during the stable period with the increase of eccentricity, and the trends of the two better coincide with each other when the eccentricity is negative, while a certain level of deviation would occur as the eccentricity increases. From the curves of the sensitivity coefficient of circulating injection quantity to eccentricity, it could be seen that the influence degree of negative eccentricity is greater than that of positive eccentricity, in view of which it can be concluded that the deviation of negative eccentricity should be curtailed as much as possible to ensure the accuracy of positioning.
[image: Figure 9]FIGURE 9 | Sensitivity analysis of injection characteristics to eccentricity (pin = 35 MPa).
4.5 Influence of Eccentricity on Cavitation
To clarify the influence of both positive and negative eccentricities on injection rate, circulating injection quantity, and internal flow area, Figure 10 shows the distribution of the gas-liquid phases in the nozzle hole under some eccentricities. Also, the distribution of the liquid phase has been analyzed by using the cavitation on the surface and cut-plane cross-section, so as to understand the influence of eccentricity on cavitation in the nozzle. As can be seen from the change of surface cavitation to eccentricity, the image of surface cavitation when R = 0.00 mm and Y = 0.00 mm will still have some areas covered by the liquid phase on the lower inner wall of the nozzle near the outlet. Compared with the cut-planes of the same dimension, a smaller gas phase has appeared on the lower wall of the inlet of the nozzle, indicating that cavitation has developed at the time in this area, and the proportion of liquid phase in the outlet section of the nozzle is 0.7441. As the negative eccentricity increases, the cavitation area on the surface decreases gradually, and judging from the proportion of liquid phase on the cut-plane, the cavitation on the lower wall of the nozzle inlet starts disappearing gradually. However, the cavitation on the upper wall of the nozzle increases, and when Y = -0.25 mm, the liquid phase ratio at the outlet of the nozzle decreases to 0.7122, with the cross-sectional area of effective flow decreased. As the positive eccentricity increases, the cavitation area expands gradually, and when Y = 0.15 mm, fuel vapor materializes on the wall of the nozzle. Also, the proportion of gas-phase increases with the rise in the value of Y. From the cut-planes under corresponding parameters, it can be seen that the cavitation on the lower wall of the hole keeps increasing, and when Y = 0.25 mm, the proportion of liquid phase in the outlet section of the nozzle is 0.7534, indicating the increase in the cross-sectional area of effective flow.
[image: Figure 10]FIGURE 10 | Influence of different eccentricities on the distribution of gas-liquid phases.
5. CONCLUSION
In view of the machining consistency of injector nozzle holes and machining deviation of the nozzle axis, this article has investigated the sensitivity of gas-liquid flow in the nozzle hole, as well as the circulating injection quantity to the nozzle angle and the deviation of the nozzle axis, and drawn the following conclusions:
1) When the concentric nozzle angle exceeds 65° and increases further, it will lead to a gradual decrease in the injection rate during the steady period. When the hole angle is larger (α ≥ 65°), the degree of cavitation in the hole and the sensitivity of the injection rate to the angle will continue to rise.
2) As the injection pressure and nozzle angle increase, the sensitivity of single-hole injection characteristics to the angle between the concentric nozzle holes is enhanced, and the sensitivity of single-hole circulating injection quantity gets to the strongest level between 70°–75°. As the angle enlarges, the negative pressure area on the upper wall of the nozzle enlarges, and the intensity of cavitation in the corresponding area also increases.
3) With the increase of the negative eccentricity, the injection rates in both the transition period and the stable period decrease correspondingly. As the positive eccentricity rises, the injection rate in the stable period gradually increases. From the sensitivity coefficient curve of circulating injection quantity to eccentricity, it can be seen that the influence degree of negative eccentricity is greater than that of positive eccentricity. Therefore, during machining and positioning, it is worth trying to reduce the deviation of the negative eccentricity to ensure positioning accuracy.
4) When Y = -0.25 mm, the liquid phase proportion at the outlet of the inner nozzle decreases to 0.7122, and the effective flow cross-sectional area decreases. With the increase of positive eccentricity, the cavitation area on the surface gradually becomes larger. When Y = 0.15 mm, fuel vapor basically appears on the inner nozzle wall, and the gas phase proportion increases with the increase of the Y value. At this time, the sensitivity of circulating fuel injection quantity to eccentricity is the lowest.
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