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A numerical study has been carried out to understand the effects of Unsteady Reynolds Averaged Navier-Stokes (standard k ― ε and RNG k ― ε model) and large eddy simulations (LES) on a multi-hole gasoline direct injection (GDI) system. The fuel injector considered in this study is the Spray G nozzle from the Engine Combustion Network (ECN). A blob injection model, based on empirical rate of injection (ROI) profile, is considered in this study. The latest data on spray penetrations from Engine Combustion Network is used for model validation along with experimental findings on suction velocity and local droplet diameter. The spray breakup is simulated by using the KH-RT breakup length model. The turbulence model constant [image: image], is tuned to match with the experimental data of liquid and vapor penetrations in simulations while using the standard k-ε turbulence model. On the other hand, the Kelvin-Helmholtz breakup model time constant [image: image] and Rayleigh Taylor breakup length constant [image: image] are tuned for the RNG k ― ε turbulence model. From this work it is observed that by increasing the breakup length model constants [image: image], the radial dispersion of the spray increases, and the extent of breakup is lowered. The set of optimized model parameters used with RNG k - ε is also used for LES modeling studies with different sub-grid models. The spray penetrations with standard k ― ε turbulence [image: image] model are reported underpredicting, and the RNG k ― ε and LES sub-grid models predicted well with the latest and recommended data from ECN. In terms of gas axial velocity comparison, the standard k-ε [image: image] simulation setup does not perform as well as the simulation setups using RNG k-ε and LES turbulence models (with breakup parameters: [image: image] = 16 and [image: image] = 32). However, the standard k-ε [image: image] simulation setup perform better than the simulation setups using RNG k-ε and LES turbulence models (with breakup parameters: [image: image] = 16 and [image: image] = 32) when it comes to predicting local droplet diameter at 15 mm downstream of the injector tip. A parametric study is also performed considering the geometry of the stepped holes in the computational domain. The rate of injection based simulation is initiated at the end of the smaller hole. The case including the stepped holes led to over-prediction compared to the case with the usual computational domain (i.e., without the stepped holes), in terms of spray penetrations, but exhibited higher levels of fluctuations in the spray morphology. Finally, parametric studies were carried out to understand the relative importance of the individual spray sub-models (breakup, evaporation and collision) and the results are conclusive that for a spray simulation the breakup models are the dominant factors.
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INTRODUCTION
Emission regulations have become more stringent over the past decade, especially for internal combustion engines (ICE). To comply with the emission norms and to improve engine efficiency, studies aiming at better air-fuel mixing and better combustion quality are highly warranted. Liquid fuels are still preferred due to their ease of storage and higher energy content on a per unit volume basis. One of the important processes for an ICE running on liquid fuel that determines the combustion and the formation of pollutants is the preparation of the air-fuel mixture governed by fuel injection. There are two main strategies for fuel injection in a spark ignited (SI) internal combustion engine (ICE). The most developed strategy is conventional port fuel injection (PFI), in which the fuel is injected into the intake port. The other relatively modern strategy is gasoline direct injection (GDI), which injects the fuel directly into the combustion chamber. The GDI system is a promising technology that increases the engine’s overall volumetric efficiency, compression ratio when compared to conventional PFI engine systems (Zhao et al., 1999; American Petroleum Institute, 2013; National Research Council, 2015). The automotive industry started working on this GDI technology in the early 1980s (Harada et al., 1997; Takagi et al., 1998). For the past 2 decades the impetus for research on the GDI technology has escalated across the globe to meet the stringent emission norms (Duronio et al., 2020a; Duronio et al., 2020c).
The quality of the air-fuel mixture for combustion depends on the fuel injection timing or the mode of engine operation. An ICE typically runs either at full load or part load conditions. An ICE engine can run in homogeneous charge mode under full load conditions and in stratified charge mode when running under part load conditions. For a GDI engine, during a full load condition, the fuel will be injected at the start of the suction stroke, and in part load conditions, the fuel will be injected during the start of the compression stroke, where the intake valve is closed. Whereas, for a PFI engine, the amount of fuel has to be injected during the suction stroke itself, and it is controlled by a throttle depending on the load. In a PFI system, as the fuel is injected into the back of the intake port, there is a higher probability of fuel film formation in the intake valve area of the port (Zhao et al., 1999). This results in a delay of fuel delivery into the combustion chamber during a cold start condition, and also the engine may experience a misfire or partial burn during the initial cranking period, as a result of which the unburnt hydrocarbon emission will increase. This problem is completely avoided when the fuel is injected directly into a combustion chamber, as in the case of a GDI system. One of the main advantages of a GDI system over a PFI system is the charge-cooling effect. In a GDI system, as the fuel is injected directly into the combustion chamber, the fuel spray will absorb the heat from the surrounding gas, reducing the chamber temperature, which allows more air intake and thus increases the volumetric efficiency and reduces the chance of knocking. However, the PFI system has an advantage over the GDI system in regard to the amount of time available for the preparation of charge. The effect of not having enough time for charge preparation in a GDI engine can be negated with fuel injecting at higher pressures, leading to better atomization. ICE cranks at a speed of several thousands of rotations per minute. The fuel is injected into the GDI engine for a shorter duration, on the scale of milliseconds, and with fewer crank angle degree rotations. Consequently, the time scale for the entire process of injecting the fuel and mixing it with the air to form a properly combustible mixture is very small (Zhao et al., 1999). As the mixture preparation is the primary reason behind the combustion quality and extent of fuel utilization, it is crucial to study the spray characteristics in a GDI engine environment.
The fuel injected from the nozzle hole into the combustion chamber will undergo disturbances created by the aerodynamic forces. The shear between the plume and the surrounding chamber-gas in the vicinity of the nozzle exit will break the liquid jet into ligaments, which then undergo further breakup at downstream locations to form small droplets, resulting in the formation of fuel spray (Fundamentals of Mixture Formation in Engines, 2006). Recent technological advancements have enabled the modern GDI engines to handle injection pressures of up to 70 MPa (Montanaro et al., 2019), despite the fact that injection pressures are still typically in the range of 20–30 MPa. This means, GDI injection pressure is almost an order of magnitude lower than that of diesel injection systems (Saha et al., 2019). To have a homogenous air-fuel mixture, the fuel is mostly injected during the suction stroke, where the piston is moving from top-dead center (TDC) towards the bottom-dead center (BDC), unlike in the case of a diesel engine where the fuel is injected at the near-TDC positions during the compression stroke. GDI injectors have a shorter length-to-diameter ratio (L/D) than diesel injectors. Reducing L/D ratio results in increased atomization as a result of increased jet velocity, mass flow rate, and air entrainment. Furthermore, GDI injectors are designed with counter-bore holes. While the liquid flows from the upstream location (sac) to the inner nozzle hole, the high-pressure injection causes the liquid flow from the sac region to make a sharp turn towards the internal hole, resulting in a flow that is not attached at the internal nozzle hole’s entrance, thereby decreasing the effective flow exit area and increasing exit velocities. When using larger L/D ratio injectors, the flow will reconnect with the injector wall and exit through the diameter of the nozzle hole. There are more intense interactions between air and liquid at the end of the smaller nozzle hole, which leads to better droplet breakup and wider spray angles (Tu et al., 2015). Due to this the GDI spray inclusion angle is narrower (from 60[image: image] to 90[image: image]) than the typical diesel injector (from 140[image: image] to 160[image: image]), which could lead to plume-to-plume interaction for a multi-hole GDI injector (Parrish, 2014). This additional complexity further necessitates detailed investigation of GDI spray characteristics.
Multiple CFD-based modeling approaches are available in the literature to understand the spray characteristics of a GDI injector. These approaches can be differentiated from each other by the methodology adopted. Depending on the nature of the modeling approach, higher accuracy in results demands higher computational cost. To understand the spray characteristics, most of the spray community follows the Eulerian-Lagrangian approach, which is also called the Discrete Droplet Model (DDM) (Kong et al., 1999; Fan and Reitz, 2000; Rotondi and Bella, 2006; Hildenbrand et al., 2007). For, this kind of approach, the spray simulation is based on the experimentally measured rate of injection (ROI) profile, i.e., fuel injection rate vs time (Som et al., 2016). The gaseous phase is treated as a continuum. The liquid parcels are tracked, and different sub models are employed to capture different spray phenomena such as collision, breakup, evaporation and coalescence. This ROI approach uses the blob injection method at the nozzle exit, which means the initial drop of the spray coming out of the nozzle exit is almost equal to the nozzle hole diameter (Reitz, 1987). However, the major limitation of the ROI approach is that it does not consider the in-nozzle effect and the hole-to-hole fluctuations for a multi-hole GDI injector.
One approach to incorporate the effects of internal nozzle flow and hole-to-hole fluctuations on spray modeling of GDI systems is a two-fold methodology (Som et al., 2010; Battistoni et al., 2012; Wang et al., 2015; Quan et al., 2016; Saha et al., 2017). This method is called the “one-way coupling approach”. Firstly, the nozzle flow is simulated and the data of essential flow variables at the exit of the holes is extracted and saved in an output file. In the second stage, this output file is used as input for the blob-injection approach of the Lagrangian spray modeling. This approach is physically more correct than the ROI based approach, since the internal-nozzle flow fluctuations may show an effect in the spray results, which is not possible with the ROI approach. The one-way approach is computationally expensive due to the low time-step size requirements of the simulation of the internal nozzle flow. Nevertheless, the one-way is still computationally feasible, keeping in mind the developments in computational facilities around the world, and the approach is physically correct.
The most detailed spray modeling approach reported in the literature for GDI sprays is the ‘dynamically coupled ELSA approach’ where the internal nozzle flow and the spray formation are simulated simultaneously (García-Oliver et al., 2013; Saha et al., 2018; Arun and Saha, 2021). Such an extensive modeling approach demands a significant computational resource (15–20 days on 100–200 processors in a high-computing facility (Saha et al., 2018; Arun and Saha, 2021)). The Eulerian-Lagrangian Spray Atomization (ELSA) approach has been originally developed and implemented for diesel and gas turbine injection systems (Lebas et al., 2005, 2009), where the internal nozzle flow is typically not considered. Therefore, in case of GDI systems it has been demonstrated by different modeling groups in ECN that inclusion of the internal nozzle flow characteristics renders higher physical accuracy for GDI spray model predictions. Nevertheless, consideration of internal nozzle flow for spray modeling in a reacting IC Engine CFD problem is still not a tractable approach. For this reason, ROI based blob injection approach is still desirable path for spray modeling community.
The purpose of spray studies is to help in understanding spray behavior, air-fuel mixing and to facilitate engine combustion modeling. Unsteady Reynolds Averaged Navier-Stokes (URANS) RNG k-ε model and Large Eddy Simulations (LES) based turbulence models are typically used in CFD studies of an ICE (Han and Reitz, 2007; Richards et al., 2014; Som et al., 2016; Krastev et al., 2017). However, it has been observed that in spray modeling, i.e., non-reacting simulations, the majority of the scientific community uses the standard k-ε turbulence model and tunes the turbulence model constants to match the experimental data. Naturally, the knowledge gained from spray simulations using the standard k-ε model cannot be applied to engine combustion modeling. Thus, there is a significant scope for developing a modeling framework where the turbulence modeling approach is consistent across the spectrum – from non-reacting to reacting simulations. As a result, numerical investigations are carried out to assess the viability of using RNG k-ε and LES turbulence models in addition to the standard k-ε turbulence model, in case of a multi-hole GDI spray in terms of data on spray penetrations, local droplet diameter, and suction velocity. To the best of the authors’ knowledge, such an endeavor has not yet been reported in the literature.
Other than the Spray G injector from ECN, several researchers across the globe are working on the other available gasoline direct injection systems. The following literature are a few to mention (Schmitz et al., 2002; Zigan et al., 2011; Badawy et al., 2018; Robin et al., 2018; Gong et al., 2019; Yamaguchi et al., 2019, 2020; Li et al., 2020; Ji et al., 2021; Miller et al., 2021; Pratama et al., 2022). Most of the aforementioned literature did not explore the effects of breakup model constants as well as the turbulence model in the context of GDI spray. The extent of information available for Spray G such as ROI, [image: image], injector dimensions, liquid and vapor penetrations data, suction velocity, and local droplet diameter, is a plethora of information available for modeling the Spray G, and this work is carried out to validate the extensive information already available. In this work, a multi-hole counter-bored GDI injector developed by Delphi, called “Spray G” by the Engine Combustion Network (ECN), has been considered. ECN is an open-access research database on the spray and combustion of internal combustion engines, involving various research laboratories, industries, and different universities, across the globe working on IC engines. It has been observed from the literature that, the validation of the Spray G is carried out mostly by varying the turbulence model constants and/or by an unusually wide spray cone angle (Saha et al., 2017; Sphicas et al., 2017; Paredi et al., 2018; di Ilio et al., 2019; Sparacino et al., 2019; Duronio et al., 2020b). Most of the previous modeling studies validated their model setups using the spray penetration data provided by Manin et al. (2015). However, in the recent past, due to the latest experimental investigations by different research groups, the data by Manin et al. for spray penetration is no longer recommended. The latest experimental data from different groups indicates that the penetration values are actually higher (∼10 mm at 1 ms). The latest and recommended experimental data have been updated on the ECN website (ECN, 2022b). The numerical approaches available in the literature, which validated with the old data on spray penetrations (Manin et al., 2015), are using tuning parameters (Saha et al., 2017; Paredi et al., 2018; di Ilio et al., 2019; Gerbino et al., 2021), which may not be physically correct. To elaborate on this aspect, the following Table 1 shows the comparison of the published literature on Spray G to emphasize the relevance of the current work. Only the modeling studies using the ROI-based Lagrangian approach are presented in Table 1.
TABLE 1 | Comparison of modeling approach and tuning parameters used on Spray G simulation from the published literature.
[image: Table 1]According to the literature shown in Table 1, the standard k-ε turbulence model is used in the majority of the simulations on the Spray G injector using the Eulerian-Lagrangian approach (ROI-based). It has been observed that majority of the work carried by using the standard k-ε turbulence model, the turbulence model constant [image: image] and the plume cone angle are chosen as the tuning parameters, to match the experimental data. It is also worth noting that the KH breakup model constant (breakup time constant [image: image]) is also considered as one of the tuning parameters in the literature. Interestingly, (Mohan et al., 2020), found that tuning the [image: image] turbulence model constant of the RNG k-ε turbulence model resulted in good agreement with the penetration results. Furthermore (Mohan et al., 2020), stated that the work done by Saha et al. (2017) involved tuning of the RNG k-ε turbulence model’s model constant. However, a careful examination of the work by Saha et al. (2017) revealed that the RNG k-ε turbulence model was not employed. Rather, their work was done using the standard k-ε turbulence model and tuning the [image: image] value of the standard k-ε turbulence model which yielded the best performance, as shown in the literature summary in Table 1.
Moreover, in most of the spray simulation studies, model validations have been done based on data on spray penetrations. Only the work done by Paredi et al. (2019a), Duronio et al. (2020b), Payri et al. (2021) compared the model predictions with 1) latest and recommended data on spray penetrations, 2) data on gas axial velocity in the central region of the spray and 3) data on local droplet diameter. However, all the above-mentioned works reported that it was really challenging to achieve reasonable agreement on all three aspects: spray penetrations, gas axial velocity and local droplet diameter. Furthermore, (Paredi et al., 2019a; Duronio et al., 2020b; Payri et al., 2021), did not explore the options of RNG k-ε and LES turbulence models. Thus, the extensive literature review presented before, reinforces the importance of the objective of the current modeling study. The goals will be to develop a validated model setup by: 1) tuning turbulence model constant while using standard k-ε, 2) tuning breakup model constants while using RNG k-ε turbulence model and 3) comparing different LES turbulence models using breakup parameters of the best case scenario with RNG k-ε turbulence model. The above-mentioned modeling approaches will be evaluated with respect to 1) the latest and recommended data on spray penetrations, 2) data on gas axial velocity in the central region of the spray and 3) data on local droplet diameter.
Additionally, in this work simulation is carried out by considering the effects of the stepped holes on ROI-based Eulerian-Lagrangian spray simulation. For this work, a case setup is prepared that consists of Spray G stepped hole domain, and the ROI-based spray simulations is initiated at the exit of the smaller diameter hole. To the best of the author’s knowledge, this kind of work has not been reported in the literature so far.
Finally, parametric studies are carried out to understand the relative importance of the individual spray sub-models, such as breakup, collision, coalescence, and vaporization. Simulations are carried out by turning off each sub-model in each simulation (e.g., simulation is carried out by activating the collision, and breakup models, but deactivating the evaporation model) to see the overall effect on a GDI spray characteristics. Such analysis is also not seen in the literature for a multi-hole GDI injector, to the best of the authors knowledge.
The paper is structured as follows. To begin, the model setup of Spray G and its Eulerian-Lagrangian submodels, as well as the turbulence modelling, are discussed. Second, a detailed discussion of spray breakup is provided, as well as the proposed spray simulation methodology for this work. This is followed by the Results and Discussion section, which begins with a detailed discussion of the modelling approaches’ validation using the most recent and recommended Spray G experimental data. Following a validity assessment, the authors present and discuss the results of an investigation into the effect of including the stepped hole geometry in a ROI-based spray simulation. Finally, the results and discussion sections conclude with a discussion of parametric studies conducted to determine the effect of various spray sub models on a GDI injector. The conclusion section summarizes the work based on the numerous findings from the exhaustive numerical study described previously.
MODEL DETAILS
Computational Domain
As stated in the previous section, an eight-holed counter bored GDI injector called Spray G from ECN is considered in this work. The injector has five dimples, and eight holes which results in uneven flows passages. The Spray G dimensions are mentioned in Figure 1.
[image: Figure 1]FIGURE 1 | Spray G injector nominal geometry details and dimensions.
In this work all simulations are carried out using the conventional ROI approach, in which the mass flow rate in each nozzle hole will be the same. The operating conditions of Spray G injector are shown in Table 2. A cylindrical domain of dimensions 108 mm diameter and 108 mm length is used as a computational domain, as shown in Figure 2. The injector tip is located at the center of the domain on the top surface. The close view of the stepped holes, which is placed at center on top surface of the computational domain is shown in Figure 3.
TABLE 2 | Spray G standard operating conditions and injection characteristics (ECN, 2022a).
[image: Table 2][image: Figure 2]FIGURE 2 | Computational domain (A) top view and (B) side view.
[image: Figure 3]FIGURE 3 | Magnified front view of the stepped holes of the Spray G injector.
CFD Model Details
This work is carried out using the commercial CFD code CONVERGE v2.4. In this study, a single-component fuel, which is isooctane is used as it replicates the physical behavior of gasoline. The code solves the mass, momentum, species, and energy conservation equations. The transport equations are solved using the Pressure Implicit with Splitting of Operators (PISO) method (Issa, 1986), as it is expected to work well for unsteady compressible flow problems. The Redlich-Kwong gas equation is used to couple the density, pressure, and temperature. Furthermore, the code also solves the sub-models of spray, such as spray breakup by using the Kelvin-Helmholtz (KH) Rayleigh-Taylor (RT) breakup length model, evaporation by using the Frossling model. In this study the spray plume cone angle is considered to be 25°. This specific value of plume cone angle was estimated from the internal nozzle flow simulations carried out by Saha et al. (2017). In that work, using Eulerian simulation, it was observed that the liquid jet coming out of the stepped hole is not a round jet, but rather an elliptical jet. Saha et al. (2017) examined in the near-nozzle region how the liquid volume fraction varied for a specific jet in the radial direction and thus estimated that the liquid jet was expanded more in one specific direction and much less in a direction perpendicular to that specific direction, in which jet width seemed to be maximum. Averaging the spread of the liquid volume fraction in the radial direction, 25° was estimated as the plume cone-angle. It is to be noted that if the plume cone angle needs to be measured with the help of the internal nozzle flow simulations, the estimation should be done within the near-nozzle regions. The plume cone-angle indicates the angular spread within which spray parcels are supposed to be injected, and if Eulerian simulations are used to get that estimate, using jet widths estimate in the far-way regions would be misleading. The drill angle (Figure 1) obtained from the experimental studies is 37°. However from the patternation data analysis done by Manin et al. (2015) and from the x-ray radiography measurements done by Strek et al. (2016) at 2 mm from the injector tip, they have observed the spray plume deflection towards the injector axis. From the studies carried out by Moulai et al. (2015), Saha et al. (2016), it has been observed that, there is a backflow of the chamber gas into the counter-bore, which causes the spray plume to deflect towards the injector axis. Due to this, it is also reported that the resultant spray is ellipsoidal in shape, rather than an approximately round jet. Hence in this work, the simulations are carried out using the plume injection angle as 35°. While postprocessing to make the spray penetration length along the injector axis, the penetration length results are multiplied with cos35°. It is to be noted here that most of the modeling studies in the literature explicitly do not state the methodology of estimation of spray penetrations from the CFD output data, except for Pati et al., (2021). In this study, variable timestep algorithm has been chosen, where the code automatically calculates the timestep size using the maximum allowed Courant-Friedrichs-Lewy (CFL) numbers, spray, and evaporation time-step values. A blob injection model, based on empirical rate of injection (ROI) profile, is considered in this study.
The code creates an automatic mesh while performing the simulation of the maximum grid size. Fixed embedding is used to refine the grid at specific locations in the domain to attain accurate results at that location. While performing the simulations, the Adaptive Mesh Refinement (AMR) technique is also adopted, which refines the grid based on the fluctuating conditions (velocity in this work). The base grid size, or maximum grid size of the simulation, is 1 mm, and the minimum grid size obtained by the AMR and embedding level of 3 is 0.125 mm. The results obtained with a maximum and minimum grid size of 1 and 0.125 mm are shown to be promising with the experimental data for ROI-based simulations (Som et al., 2016; Saha et al., 2017).
The conservation equations of mass, momentum, energy, and species are solved using Favre averaged values. In spray studies inside constant volume chamber, turbulence needs to be accounted for, though there will be a quiescent environment before injection starts, as the spray injection induces chaotic movement of the gas mixture. The spray modeling, i.e., non-reacting studies, has heavily relied on the standard [image: image] model for matching the spray penetrations by tuning turbulence model constants. Limited modeling efforts also resorted to Large Eddy Simulation (LES) or RNG [image: image] models, but with unusually wide spray plume cone angles. For CFD studies on engine combustion, LES and RNG [image: image] models are preferred in the modeling community. As a result, both URANS (standard [image: image] and RNG [image: image]) and LES (Smagorinsky, Dynamic Smagorinsky, Dynamic Structure) approaches are tested for the Spray G setup. Such parametric studies are still warranted since the experimental data has been updated on the ECN website by several research groups, as specified before in the “Introduction” section. The classification of the different LES turbulence modeling approaches considered in this study are as follows:
Smagorinsky: Simple to implement and requires adjusting a viscosity coefficient for each case
Dynamic Smagorinsky: Dynamically determines the viscosity coefficient and it requires additional averaging to remain numerically stable
Dynamic Structure: Contains more physics and directly models stress tensor without a turbulent viscosity.
As mentioned in the “Introduction” section, the simulations ran using the standard [image: image] are tuned using the [image: image] model constant from the dissipation equation. As the model constants for the RNG [image: image] turbulence model is derived from the application of a rigorous statistical technique (Renormalization Group Method), the breakup model constants (KH breakup model time constant [image: image], and RT breakup length constant [image: image]) are used as the tuning parameters for the simulations. Several simulations are carried out to finalize the KH and RT constants, and the best-case values are used to run simulations using the LES approach as well.
Spray Breakup
As mentioned in the previous section, the blob injection approach is used in this study to distribute the number of droplets, and the injected drop sizes are equal to the nozzle hole diameter (Reitz, 1987). For the liquid spray breakup in this work, the Kelvin-Helmholtz (KH) and Rayleigh Taylor (RT) breakup length models are considered.
Kelvin Helmholtz–Rayleigh Taylor Breakup Length Model
The KH breakup model assumes that the droplet with radius r, breaks up due to unstable surface wave into smaller droplets of radius [image: image], so that
[image: image]
where [image: image] is the wavelength with maximum growth rate of [image: image], corresponding to the KH wave. [image: image] is a model constant, which is typically set to 0.61 based on the work by Reitz (1987). The smaller [image: image] value results in the smaller droplet size after breakup.
During the breakup the rate of change of the parent droplet size is calculated using
[image: image]
where [image: image] is the breakup time, defined as:
[image: image]
The value [image: image] has been given a variety of values between 10 and 60. From the literature it has been observed that for a diesel injector, simulations were carried considering the [image: image] values varied from 5 to 15 (Senecal et al., 2007), and work done by Xin et al. (1998) it is recommended as 40.
Primarily in this work the KH instabilities are considered for the initial or primary breakup of the liquid jet and both the KH and RT instabilities are activated for the secondary breakup of the liquid jet. The RT model predicts the instabilities on the surface of the droplet, that grow until a certain characteristic breakup time when finally, the droplet breaks up. The unstable RT waves are assumed to occur due to the deceleration of the droplets from the magnitude of the drop force. The RT model is also derived from the wave instabilities, where the frequency of the fastest growing wave is [image: image] and the corresponding wave number is [image: image].
If the wavelength is smaller than the droplet diameter, RT waves are assumed to be growing on the surface of the droplet. On the surface of the droplet, once the wave begins to grow, the time of wave growth is tracked and it is compared with the breakup time, which is defined by:
[image: image]
where, [image: image] is an adjustable constant which is assumed as 1 (Xin et al., 1998).
In this work, for a given spray both KH and RT breakup models are considered. However, for a given liquid core length from the start of fuel injection, initially only the KH breakup model is accountable for the breakup. After, crossing the mentioned liquid core length in the model, both the KH and RT breakup models are activated on the spray jet. Where, the liquid core length is called as the breakup length. Similar spray modeling approach has been reported in the literature for diesel injection (Xin et al., 1998; Beale and Reitz, 1999; Senecal, 2000).
The breakup length is calculated from Levich theory (Wissler, 1963)
[image: image]
where, [image: image] is a model constant, which is used to increase or decrease the spray breakup. It has also been found from the literature that Eq. 5 is shown consistent with the measured core lengths for a diesel spray (Chehroudi et al., 1985).
Assuming higher gas Webber number, which can be seen in a typical diesel injector, from the literature it has been shown that the KH breakup length is reduced to Eq. 6 (Senecal, 2000).
[image: image]
[image: image]
On comparing the liquid core breakup length (Eq. 5) and KH breakup length (Eq. 7) the breakup length constant is equal to the half of the breakup time constant ([image: image]). On tuning these two constants, an accurate validation of vaporizing spray penetration has been achieved by Beale and Reitz (1999). In this work several simulations were carried by varying the breakup time constant and breakup length constant to validate the latest and new Spray G data from the ECN.
RESULTS AND DISCUSSION
Model Validation With ECN Data
Liquid and vapor penetrations are two important key parameters for characterizing spray behavior. As a result, most of the modeling studies attempt to validate the modeling approaches by comparing the predicted values of liquid and vapor penetrations with the estimated values from experimental studies. Spray penetration estimates help to understand how far the liquid droplets and fuel vapor are spreading in a combustion chamber. The CONVERGE code calculates the liquid penetration length and vapor penetration length (LPL, VPL) for each nozzle/hole. To estimate LPL, the CONVERGE code calculates the total mass of spray parcels coming out of a specific nozzle at a given time-step. Based on a penetration factor (say 99%) the code evaluates the distance from the nozzle exit where 99% of the spray mass is contained in that given time-step. This distance is used as the liquid penetration prediction for the specific time-step.
To estimate the vapor penetration length of the spray, the CONVERGE code considers two parameters, the vapor penetration factor and a bin size. The code calculates the VPL from the nozzle hole center to the farthest position of the cell, where the mass fraction of the fuel vapor in the given cell is higher than the mentioned value in the simulation. In estimating the VPL, the code also considers only the cells that are equal to or higher than the mentioned bin size. Cell size smaller than the bin size are not considered in estimating the VPL. If the cell size is less than the bin size in a given spray cone, the CONVERGE code considers the parent cell (maximum cell size) rather than the embedded cell (minimum cell size). In this work, the bin size is kept as the maximum cell size, i.e., 1 mm. Figures 4–8 shows the liquid and vapor penetration lengths compared with the experimental data using the URANS and LES turbulence models. The latest experimental data on liquid and vapor penetrations mentioned in Figures 4–6, 8, 11 are from Sandia National Laboratory, and the data is available on the ECN website.
[image: Figure 4]FIGURE 4 | Comparison of model predictions of liquid and vapor penetrations with the latest data measured by Sandia National Laboratories, available on ECN (ECN, 2022b) (Standard k – ε turbulence model used with [image: image] = 1.35, 1.40, and 1.44; [image: image] = 5, [image: image] = 2.5, cone-angle 25°, plume targeting angle 35°).
[image: Figure 5]FIGURE 5 | Comparison of model predictions of vapor penetration with the latest data measured by Sandia National Laboratories, available on ECN (ECN, 2022b) [Standard k – ε turbulence model used with [image: image] = 1.44, RNG k – ε and LES Dynamic Structure; [image: image] = 5, [image: image] = 2.5, cone-angle 25°, plume targeting angle 35°].
[image: Figure 6]FIGURE 6 | Comparison of model predictions of liquid and vapor penetrations with the latest data measured by Sandia National Laboratories, available on ECN (ECN, 2022b) with RNG k – ε turbulence model and different breakup model constants (rt10 to rt24) [[image: image] represented as rt10; for [image: image] = 10 or rt10, the breakup time constant [image: image] will be 2* [image: image] which is [image: image]; cone-angle 25°, plume targeting angle 35°].
[image: Figure 7]FIGURE 7 | Comparison of predictions of radii of spray parcels at 0.8 ms with RNG k – ε turbulence model for two different values of [image: image] with same [image: image] [(A) [image: image] = 24 and [image: image] = 3; (B) [image: image] = 24 and [image: image] = 12; cone-angle 25°, plume targeting angle 35°].
[image: Figure 8]FIGURE 8 | Comparison of model predictions of liquid and vapor penetrations with the latest data measured by Sandia National Laboratories, available on ECN (ECN, 2022b) using different LES turbulence modeling approaches i.e., LES with different sub-grid models- Dynamic Structure, Smagorinsky, Dynamic Smagorinsky [[image: image] = 16, [image: image]; cone-angle 25°, plume targeting angle 35°].
As mentioned in Table 1, the Spray G standard conditions are considered in this simulation study. Figure 4 shows the comparison of the model predictions of liquid and vapor penetrations with the latest data measured by Sandia National Laboratories and available from ECN (ECN, 2022b). The simulation results in Figure 4 are obtained using standard k – ε turbulence model with different values for the turbulence model constant, [image: image] = 1.35, 1.40, and 1.44. These simulations were carried out using the breakup model time constant [image: image] as 5 and the breakup length constant [image: image] as 2.5. It is evident that increasing the value of [image: image] leads to predictions of higher liquid and vapor penetrations. The simulated and experimental results of vapor penetration data with the standard k – ε turbulence model and the turbulence model constant [image: image] of 1.44 differ by 7%. Additionally, a difference of 15 and 23% has been noted when compared with the results obtained using the [image: image] as 1.40 and 1.35. In this regard, it is important to mention that researchers obtained reasonable agreement with [image: image] (Saha et al., 2017). However, those studies relied on old data on ECN, which reported experimental values of penetrations to be lower than the latest dataset available on ECN. Therefore, repeating parametric studies already explored in the literature, is still relevant since the experimental data on ECN has changed. In the spray modeling literature, it has been a common practice to increase the value of [image: image], beyond the default value of 1.4 to match the experimental spray penetration (Paredi et al., 2019b; Payri et al., 2021). The idea behind this approach is to reduce the radial dispersion of the spray plume, which helps in achieving higher penetration. Pope (Pope, 1978) stated in his work, that by using the higher value of [image: image] may yield better results as a round jet correction. For a diesel spray, which is approximated as round jets, when an increase in [image: image] values resulted in better agreement with the experimental data (Torelli et al., 2015). It is important to note here, [image: image] seems sufficient to get reasonable agreement for liquid and vapor penetrations. Therefore, the round-jet correction may not be needed for a GDI spray. In this context, it is worthwhile to mention that due to the geometry of the GDI injector hole, i.e., the stepped hole (Saha et al., 2017), there is a partial hydraulic flip during GDI spray injection, where the gas in the chamber undergoes backflow into the counter-bore region of the GDI injector hole. Hence, the cross-section of the spray coming out of the GDI injector hole may not be circular in nature. Most likely, for this reason, round-jet correction for GDI spray may not be needed.
In an IC engine problem, the length scales vary from 0.1 mm to 0.1 m (i.e., starting from the fuel injector hole to the engine stroke/bore dimensions) (Richards et al., 2014). Therefore, adopting RNG k – ε and LES-DS (LES with Dynamic Structure sub-grid model) turbulence models for CFD studies on engine combustion are preferred, since capturing the essence of a wide range of length scales will not be possible with standard k – ε. Hence, the breakup constants, plume cone angle used for obtaining the results presented in Figure 4, are used along with RNG k – ε and LES turbulence models, and the results of vapor penetrations are shown in Figure 5 in comparison with Sandia ECN data and standard k – ε ([image: image]. It is evident that with standard k – ε the agreement is better compared to RNG k – ε and LES-DS and LES-DS is performing relatively better compared to RNG k – ε. For a turbulent case the LES approach is always preferable. It is not advisable to tune turbulence model constants in cases of RNG k – ε and LES-DS. The model constants in RNG k – ε model are analytically derived, i.e., they are not empirically obtained as in the case of standard k – ε. The Dynamic Structure sub-grid model based on LES was also developed without the provision of any tunable model constant. Therefore, to achieve better agreement in terms of spray penetrations using RNG k – ε and LES-DS there is room for tuning breakup model constants. The plume cone angle for Spray G standard operating conditions should not be too wide. Hence, it will not be wise to tune the plume cone angle to match the penetration values from the experiment.
As mentioned previously, the KH-RT breakup length model was used in the study. Using this model, the code assumes only KH breakup instabilities are responsible for drop breakup inside the characteristic breakup length. Beyond the breakup length, both the KH and RT models are activated for drop breakup. However, the code checks if droplet breakup is feasible under the RT mechanism. If the RT mechanism is strong enough then the droplet is allowed to undergo breakup due to KH instability. It is reported in the literature that the breakup length constant [image: image] can be tuned to change the spray breakup characteristics (Xin et al., 1998; Beale and Reitz, 1999; Senecal, 2000; Ricart et al., 2018; Richards et al., 2020). A parametric study has been done by varying [image: image] from 10 to 24 and the rtXX index has been used to denote [image: image] XX. As mentioned in the model details section, due to the requirement of [image: image], [image: image] values in this parametric study are chosen accordingly. The recommended values of the other breakup model constants pertaining to the KH and RT models are either on the order of or less than unity. Therefore, there is not much leeway in tuning those model constants. As a result, the focus of this study is on investigating the effect of changing [image: image] values on the GDI spray characteristics along with RNG k – ε and LES turbulence models. Figure 6 depicts the model predictions using the RNG k – ε turbulence model with model constants ranging from rt10 to rt 24. Based on the predictions of the penetration values in this parametric study it is concluded that the rt 16 case, i.e., [image: image] = 16 and [image: image] = 32 with RNG k – ε turbulence model could be a reasonable modeling approach for GDI sprays. During the post-injection period (i.e., after 0.78 ms) there is a change in the trend of the simulated penetration curve than that of the experimental curve. Matching the post-injection penetration is always challenging, physical reasoning is usually not reported in the literature. However, recently (Ailaboina and Saha, 2022) made an effort to elucidate on this aspect. In their work it has been observed that the majority of the spray parcels are sub-micron in size, which is extremely difficult to detect their presence using the experimental techniques like Mie-scattering. To effectively capture the smallest droplets in a spray, the droplets size should be comparable to or greater than the wavelength of the incoming light source.
After seeing the effect of changing [image: image] on spray penetration, it would be interesting to see how the change of this variable affects spray morphology. Figure 7 shows the spray parcels colored by parcel radius at 0.8 ms, for two different simulation cases with RNG k – ε turbulence model – 1) [image: image] = 24 and [image: image] = 3; 2) [image: image] = 24 and [image: image] = 12. It is evident that by increasing values of [image: image] 12, the radial dispersion of spray increases, and the extent of breakup is lowered. Additionally, due to an increase in [image: image] there is an increment in spray parcel diameter at the farthest downstream locations due to coalescence. For this parametric study the consistency of [image: image] = 2 [image: image] is not maintained. The purpose of this study is to understand how the [image: image] values affect the spray structure, and it is evident that widening of the spray plume must be leading to lowering of the spray penetration. It is important to look at the distribution of the spray parcels in the domain and assess whether the predictions of spray formation are physically correct and not just rely on matching the spray penetration data.
LES modeling predictions are considered more reliable for an unsteady turbulent problem, such as the GDI spray problem, which is the topic of this study. Several publications in the literature explored the differences in the model predictions for IC engine sprays with URANS vs. LES turbulence modeling approaches (Xue et al., 2013; Som et al., 2016; Rutland, 2017). For diesel sprays it has already been demonstrated that LES with Dynamic Structure sub-grid model provides reasonable predictions when compared with ECN experimental data, where different approaches for modeling sub-grid scale characteristics were tested (Xue et al., 2013). To the best of the authors’ knowledge, similar exercise have not been reported for Spray G – standard, i.e., a GDI spray case.
The same grid resolution (1 mm maximum grid size, 0.125 mm minimum grid size, peak cell count ∼12–13 million cells, injected parcel count ∼800k) is verified for the parametric study involving the different sub-grid models of LES available in the CONVERGE code. The predictions using the LES models for the liquid and vapor penetrations are plotted along with the latest and recommended Sandia ECN data in Figure 8. The results from the different LES models are almost overlapping throughout the simulation time. This could be due to the higher numerical viscosity. As for the LES cases, all the simulation parameters are kept same as those of the RNG k – ε turbulence model. For liquid penetrations, with all the LES models, there is excellent agreement with the experimental data till 0.8 ms and the maximum deviation (2–3 mm) is at 1 ms. In case of vapor penetration also, with all the LES models the deviations increase mainly after 0.8 ms. The slope change in the predicted values beyond 0.8 ms must be due to the end-of-injection time at 0.78 ms, when injection of fresh parcels into the domain stops. Figure 8 indicates that the rt16 model setup which provides reasonable agreement with the RNG k – ε turbulence model also works with the LES turbulence models. As shown in the literature, when it comes to using LES models for spray simulations there is a practice of using multiple realizations using random seeds which perturb the initial injection of the parcels to capture the essence of shot-to-shot variability (Xue et al., 2013; Som et al., 2016). It is to be noted that the LES simulation results presented in this work are based on single realizations. From some of the internal studies it seemed that predictions from five different realizations for a given case did not lead to considerable differences in the predictions. The reason behind trying only five realizations is that the work by Som et al. (2016) on GDI sprays that averaging over five spray realizations of LES simulations may yield more than 99% of the relevance index when compared with the predictions of the 18 realizations of the same case.
The grid resolution (1 mm maximum grid size, 0.125 mm minimum grid size, peak cell count ∼12–13 million cells) used in this study was also adopted in the study by Som et al. (2016), and the same CONVERGE code was used. Moreover, the findings reported in the literature indicate that the integral length scale in the spray regions of internal combustion engines is in the order of 1 mm (Barroso et al., 2003; Aleiferis et al., 2017). Therefore, the minimum grid size (0.125 mm) used in this study is easily 1 order smaller than the corresponding integral length scale. Additionally, the minimum length scale that maybe resolved using the URANS approach for the spray problem in this study was calculated based on the formulation suggested in the literature and it came in the order of 0.25–0.3 mm. The values of the flow-field variables at the spray plume tips obtained from the CFD simulation are used for estimating the minimum URANS resolvable length scale. This means that there is no point in going for further refinement while using URANS approaches. For LES models, the 0.125 mm minimum grid size resolution is already 2.5 times smaller than the URANS length scale. Som et al. (2016) also mentioned in their study that a 0.125 mm minimum grid size maybe sufficiently fine for these GDI spray simulations.
As a result, coarse grid resolutions cannot be the reason behind not seeing the considerable differences in the predictions from multiple realizations of LES simulations for a specific case. The possible reasons for not seeing such variations in this work could be two-fold – 1) the injected parcel count in this study is 800k and the injected parcel count in the study by Som et al. (2016) was 50k and 2) the plume cone angle used in this study is 25° and the plume cone angle used in the study by Som et al. was in the range of 35°–40°. Using such a high number (800k) of injected parcels for multi-plume GDI sprays has been reported in the literature (Saha et al., 2017).
Gasoline injection sprays are different compared to diesel sprays mainly in two different aspects – 1) considerably lower injection pressure for GDI sprays and 2) considerably lower injection angle (the angle between the injector axis and the spray plume axis). The liquid penetration in a diesel injection scenario typically reaches a quasi-steady state, which is not seen in the case of GDI sprays. Due to the lower injection angle, there is a high chance that the multiple plumes of GDI spray will interact with each other and may merge to behave like a hollow-cone spray. This phenomenon of plume merging and subsequent plume collapse has been reported and investigated already in the literature through experimental and numerical endeavors (Sphicas et al., 2017; Wu et al., 2019; Du et al., 2020). The measurements done by (Sphicas et al., 2017) provide interesting insight on this aspect by providing gas velocity along the injector-axis measurements during spray injection, where negative velocity meant plumes merged and gas flow was moving up towards the injector tip and positive values indicated that after the plume-merging plume collapse stage had arrived. The same work also showed through numerical studies, that it is extremely challenging to capture this trend both qualitatively and quantitatively. Nevertheless, it is worthwhile to check whether the modeling framework that captures the latest trend of spray penetrations is also able to capture the essence of plume-merging and plume-collapse in the case of Spray G standard condition. All the URANS and LES turbulence models, which are tested for comparison with the data for spray penetrations, are also compared with the axial velocity data obtained from (Sphicas et al., 2017) and the results are presented in Figure 9. These measurements of axial velocity were taken at a distance of 15 mm downstream of the injector tip on the injector axis. The predictions using the standard k – ε turbulence model does not do a good job qualitatively and quantitatively compared to the predictions using RNG k – ε, LES- Smagorinsky, LES- Dynamic Smagorinsky, LES- Dynamic Structure. The best agreement comes with the predictions from RNG k – ε turbulence model and there are non-monotonic slope changes after 0.6 ms in Figure 9, as it is seen from the experimental data also. The predictions using the different LES turbulence models overlapped throughout the duration of the simulation time, and they also exhibit slight non-monotonic trend after 0.6 ms. However, the predictions with LES models do not do a better job compared to RNG k – ε turbulence model. This is unusual since predictions using LES modeling approaches are supposed to be more realistic compared to URANS approaches. This indicates there is room for further improvement using LES turbulence modeling approaches, which constitutes scope for future work. Nevertheless, it is to be noted that the predictions of all the models tested in this study doing a better job compared to the numerical predictions reported in the study by Sphicas et al. (2017) using OpenFOAM and CONVERGE codes. The authors believe the main reason behind the success in capturing the trend of axial velocity in the current study, is the availability of the latest spray penetration data, which is higher than the previously reported data, with which the previous modeling studies used to tune their approach. Matching the older penetration data was misleading, and the modeling approaches earlier were failing to capture the trends in spray penetration as well as the axial velocity. It is imperative for developing trust on the modeling approaches for the multi-hole GDI sprays, solely relying on spray penetrations will not be the right path. Through the comparative studies with data on spray penetrations and gas axial velocity it is evident that the LES simulation setups with the Smagorinsky and Dynamic Smagorinsky sub-grid models do not offer any advantage with respect to the Dynamic Structure sub-grid model.
[image: Figure 9]FIGURE 9 | Comparison of the predictions of axial velocity of the gas in the chamber during the spray injection using with the experimental data of (Sphicas et al., 2017) [Standard k – ε turbulence model used with [image: image] = 1.35, 1.40, and 1.44; [image: image] = 5, [image: image] = 2.5, cone-angle 25°, plume targeting angle 35° and all other cases with [image: image] = 32, [image: image] = 16, cone-angle 25°, plume targeting angle 35°].
It has been shown that the model predictions using RNG k – ε and LES turbulence models along with KH-RT breakup-length model ([image: image] = 32, [image: image] = 16, cone-angle 25°, plume targeting angle 35°), provide reasonable agreement in terms of spray penetrations and the gas axial velocity along the injector axis. It would also be important to see how the predictions of the size of the spray parcels fare compared to the experimental measurements by the Phase Doppler Interferometer (PDI) technique for Spray G condition at 15 mm downstream of the injector tip, available on the ECN workshop presentations (Scott, 2014). The measurements indicated that the SMD of droplets at 15 mm downstream locations was around 10 µm. Figure 10 presents the comparison of the radii of the spray parcels at 0.8 ms against the backdrop of vertical plane with scale, using the three different turbulence modeling approaches: standard k-ε, RNG k-ε and LES Dynamic Structure turbulence models. The first row-shows the entire spray structure and it is evident that the spread of parcels is in tandem with the liquid penetration predictions shown in Figs. 4, 6, and 8. The drastic reduction in radii of parcels with standard k-ε seem unnatural when compared to the variations seen with RNG k-ε turbulence model and LES Dynamic Structure. The hole diameter used in this study was 165 µm and hence, the size of the initial parcels is of 80 µm radius for all the three turbulence modeling approaches. The following two rows after the spray structure in Figure 11 shows the zoom view of the parcels on the downstream locations in the range of 14–17 mm. The color-scale first shows the full range of the parcel radii followed by a specific range for parcel radii (1–10 µm) for all the three turbulence modeling approaches. The predictions of parcel radii in the downstream location range of 13–17 mm with standard k-ε are very good keeping in mind the PDI measurements and seem better compared to the predictions of the RNG k-ε and LES Dynamic Structure turbulence models. Therefore, the variations in the parcel radii are due to cumulative effects of turbulence modeling approach and breakup model constants. Nevertheless, predictions of parcel radii in the range 13–17 mm with LES Dynamic Structure are relatively better when compared to the predictions with RNG k-ε. Overall, with all the three approaches, a substantial number of parcels with diameters close to 10 µm are seen in the range of 13–17 mm. In this computational study, the authors are demonstrating the effect of turbulence models, breakup model constants on a GDI spray and comparing the predictions with experimental data of gas axial velocity, spray penetrations, and local droplet radii. To the best of the authors’ knowledge such a computational study has not yet been reported in the literature.
[image: Figure 10]FIGURE 10 | Comparison of the predictions of parcel radii at 0.8 ms using three different modeling approaches [Standard k – ε turbulence model used with [image: image] = 1.35, 1.40, and 1.44; [image: image] = 5, [image: image] = 2.5, cone-angle 25°, plume targeting angle 35° and all other cases with [image: image] = 32, [image: image] = 16, cone-angle 25°, plume targeting angle 35°].
[image: Figure 11]FIGURE 11 | Comparison of model predictions of liquid and vapor penetrations with the latest data measured by Sandia National Laboratories, available on ECN (ECN, 2022b) using LES Dynamic Structure turbulence model with and without the stepped holes in the computational domain [[image: image] = 32, [image: image] = 16, cone-angle 25°, plume targeting angle 35°].
Figure 3 shows the magnified view of the stepped holes of the Spray G injector. The internal nozzle flow studies by multiple research groups (Saha et al., 2017; Mohapatra et al., 2020; Sforzo and Nocivelli, 2020) have demonstrated that the physical understanding of the evolution of the multi-plume GDI spray is incomplete without the inclusion of the Spray G injector geometry. The stepped hole geometry leads to backflow of the chamber gas into the counter-bore region leasing to partial hydraulic flip. Such a phenomenon also pushes the spray plumes more towards the injector axis, resulting in a lower spray-plume injection angle (∼33°–35°) than the drill-angle (37°) of the Spray G injector geometry. However, doing a detailed spray simulations including injector geometry and the transients caused by the needle movement will be computationally expensive, and such a spray modeling approach may not be feasible to adopt in a multi-cycle engine combustion CFD analysis. In the typical ROI based spray simulations, there is no hole geometry included in the computational domain and spray injection is modeled as point injection. However, it would be interesting to see how the spray characteristics would change if these point injections were initiated with the eight stepped holes, i.e., at the exit of the smaller hole, but the spray parcels would have to pass through the counter-bore region before entering the chamber environment. The model settings that are used for ROI-based LES Dynamic Structure simulation are also used for a LES simulation case where the stepped hole is included in the ROI spray simulations. The comparison of the predictions of liquid and vapor penetrations using LES Dynamic Structure with two different computation domains: 1) with the stepped holes and 2) without the stepped holes (the usual ROI computational domain) is presented in Figure 11. The case including the stepped holes led to over-prediction compared to the case with the usual computational domain (i.e., without the stepped holes). Despite the over-predictions, the performance for the case with stepped holes in the computational domain is still promising. The effects of inclusion of the stepped holes will be more evident in the following result.
The simulation setups that showed promising results in terms of liquid and vapor penetrations for the Spray G standard condition are – 1) Standard k – ε - [image: image] 1.44, [image: image]- 5, [image: image] – 2.5, 2) RNG k – ε, [image: image]- 32, [image: image] – 16, 3) LES Dynamic Structure [image: image]- 32, [image: image] – 16, and 4) LES Dynamic Structure [image: image]- 32, [image: image] – 16 with stepped hole geometry. Figure 13 present the density variations respectively of the gas mixture at 0.8 ms on a vertical plane cutting through the mid-section of the injector location. The horizontal plane provides impressions of spray patternations and provide insights on the extent of plum-to-plume interactions for all the four different above-mentioned modeling approaches. Going through the results from left to right in Figure 12 it is evident how the local fluctuations increase as the dampening effect due to higher turbulent viscosity decreases. In fact, the results including the stepped-hole, bear proof of higher turbulent fluctuations. The presence of the stepped holes leads to additional disturbances at the points of injections which are manifested in the fluctuations even at the locations of the tips of the spray plumes. Similar variations are also seen in the temperature as well. Using this approach the reseachers may investigate further the temporal fluctuations and even extend this methodology to a combustion CFD simulation.
[image: Figure 12]FIGURE 12 | Comparison of the predictions of density variations at 0.8 ms using three different modeling approaches for Spray G standard conditions [Standard k – ε turbulence model [image: image]- 1.44; [image: image] = 5, [image: image] = 2.5, cone-angle 25°, plume targeting angle 35° and all other cases with [image: image] = 32, [image: image] = 16, cone-angle 25°, plume targeting angle 35°].
Influence of Spray Sub-Models
Unlike diesel fuel injectiors, the GDI system will run at almost one order of magnitude lower injection pressure, and with narrower plume injection angles (angle between the axes of the injector and the hole). In this regard, different spray submodels play vital roles in predicting the overall spray characteristics. In this work, parametric studies are also carried out to understand the effect of individual spray submodels on a GDI spray. For each of these parametric cases, one of the spray submodels is deactivated and the simulation is carried out. Such investigations are only possible in a numerical study, and they will help in understanding which spray sub-model is dominant. This kind of parametric study has not been reported in the literature yet, to the best of the knowledge of the authors. Details of the cases studied in this work are as follows:
• Case 1: Activated model: Collision; Deactivated model: Breakup model, evaporation model
• Case 2: Activated model: KH and RT breakup models; Deactivated model: Evaporation model and collision model
• Case 3: Activated model: KH breakup model; Deactivated model: Evaporation model and collision model
• Case 4: Activated model: RT breakup model; Deactivated model: Evaporation model and collision model
• Case 5: Activated model: Evaporation model; Deactivated model: Breakup model and collision model
The results are presented in such a way, that the effects of each case mentioned in the above are compared with each other and are shown in Figure 13. The variables that are used for this comparison are listed below:
A) Density contour, representing vertical cut section of two opposite plumes
B) Density contour, representing the horizontal cutsection at 15 mm downstream of the injector
C) Temperature contour, representing vertical cut section of two opposite plumes
D) Temperature contour, representing the horizontal cutsection at 15 mm downstream of the injector
E) Droplet radius along a single hole axis from the injector
F) Droplet temperature along a single hole axis from the injector
[image: Figure 13]FIGURE 13 | Effects of deactivating the spray submodels on different variables.
From the results shown in Figure 13, significant differences are observed. Case 1 and 5 resemble each other, where in case 1, only the collision submodel is activated and in case 5, only the evaporation model is activated. The commanality between these two cases is that the breakup model is deactivated. A difference of around 10–15 K is observed in the parcel temperature between case 1 and case 5, and the temperature differences shown in temperature contour at 15 mm from the injector are a clear indicator of the effect of the evaporation model (see Figure 13, section F).
The effect of deactivating and activating the breakup model on the GDI spray is seen clearly from the results. Significant variations among the results are observed between cases 2, 3, and 4. Case 2 is with the activated KH breakup model and case 3 is with the activated KH and RT breakup length model. However, it is observed that both case 2 and case 3 results are similar in nature. It also indicates the effect of the KH breakup model in the KH-RT breakup length model. When a KH brekup model is activated, it is evident from the results that the spray becomes wider after a certain distance of spray travel from the injector. However, when only the RT breakup model is active it is observed that the spray is not wider and the breakup of droplets is effectively faster than the rest all other cases studied in this work. The effect of RT breakup length is seen as both KH activated cases and the RT alone activated case have different spray shapes. From the B and D results, it is also conclusive that the spray shape of the RT breakup model alone is not wider and there is no effect of the neighbouring plumes on a given plume. Additionally, the surface wave instabilites are seen clearly on a KH-RT breakup length model case and KH breakup model alone activated case. Near nozzle atomization can be expected to be more severe compared to diesel atomization. Even though the injection pressures for GDI are not high as diesel injection cases. This could be because low l/d ratio of the GDI holes are adopted to promote faster atomization. In the cases where the breakup model is activated (cases 2, 3 and 4), the majority of the droplet radius is reported to be lower (10–35 microns) than in the deactivated cases (cases 1 and 5) which are reported at around 65 to 70 microns. This clearly shows the effect of the breakup model in a spray simulation.
In all the cases presented in this work, except for case 5, rest all cases are with a deactivated evaporation model. In such a case with the activated evaporation model (case 5) the parcel temperatures are reported very low, only at the bottom end of the spray domain, the spray parcels are at higher temperature (approx. 520–540 K) than the injected temperature (363 K), wheras the surrounding gas temperature is at 573 K. However, in all other cases, it is observed that the droplet temperatures reach a very high temperature, ideally when a droplet is induced in a higher temperature environment, the parcel will undergo vaporization and vapor fuel will mix with the surrounding chamber-gas, to form a combustible mixture. From this parametric study, it is evident and conclusive that for a spray simulation, the breakup models are dominant.
SUMMARY AND CONCLUSION
In this study, different modeling approaches are proposed to simulate the multi-hole GDI spray for the Spray G standard condition, obtained from ECN. Different turbulence modeling approaches, different breakup model constants are used to arrive at reasonable model setups which are capable of predicting spray penetrations, gas axial velocity in the central region of the spray, local droplet diameters at certain downstream locations of the spray with reasonable accuracy. The current work prioritizes on validating the latest and recommended experimental data on spray penetrations of Spray G injector from ECN using ROI-based Eulerian-Lagrangian approach. The spray simulation setup is validated using 1) tuning turbulence model constant while using standard k-ε, 2) tuning breakup model constants while using RNG k-ε turbulence model and 3) comparing different LES turbulence models using breakup parameters of the best-case scenario with RNG k-ε turbulence model.
The key points to take away from this study are summarized below:
• Parametric studies were done using standard k-ε turbulence model with different values for the turbulence model constant, [image: image]. These simulations were carried out using the breakup model time constant [image: image] as 5 and the breakup length constant [image: image] as 2.5. It is noted that increasing the value of [image: image] leads to predictions of higher liquid and vapor penetrations. The idea behind this approach is to reduce the radial dispersion of the spray plume, which helps in achieving higher penetration. Such findings are already reported in the spray modeling literature. However, limited work in the literature is available where simulation using standard k-ε is validated with the latest and recommended data for spray penetrations available on ECN network. The work published earlier on Spray G setup used lower values of [image: image], to match the previous penetration data which were also lower.
• Additionally, simulation setup using standard k-ε ([image: image] = 1.44) is also used to compare the predictions with gas axial velocity and local parcel diameters at a downstream distance of 15 mm from the injector tip. In terms of gas axial velocity comparison, standard k-ε ([image: image] = 1.44) simulation setup does not perform as well as the simulation setups using RNG k-ε and LES turbulence models (with breakup parameters: [image: image] = 16 and [image: image] = 32). However, standard k-ε ([image: image] = 1.44) simulation setup perform better than the simulation setups using RNG k-ε and LES turbulence models (with breakup parameters: [image: image] = 16 and [image: image] = 32) when it comes to predicting local droplet diameter at 15 mm downstream of the injector tip.
• In this study, focus is on exploring the effect of changing [image: image] values on the GDI spray characteristics along with RNG k – ε and LES turbulence models. Several parametric studies are carried out by changing the breakup model constants [image: image] 10 to [image: image] 24. From the obtained results shown in this work, it is concluded that the model predicted well with model constants of the rt 16 case ([image: image] = 16 and [image: image] = 32) with RNG k – ε turbulence model, in terms of spray penetrations and gas axial velocity.
• From parametric studies it was also inferred that by increasing values of [image: image], the radial dispersion of spray increases, and the extent of breakup is lowered. Additionally, due to increase in [image: image] there is increment in spray parcel diameter at the farthest downstream locations due to coalescence.
• Parametric studies are carried out using LES turbulence models with the different sub-grid models - Smagorinsky, Dynamic Smagorinsky and Dynamic Structure. In these simulations the breakup model constants performed well using RNG k – ε ([image: image] = 16 and [image: image] = 32) are considered. The results from the different LES models are almost overlapping throughout the simulation time. For liquid and vapor penetrations, with all the LES models, there is excellent agreement with the experimental data till 0.8 ms and the maximum deviation (2–3 mm) is at 1 ms. The slope change in the predicted values beyond 0.8 ms must be due to the end-of-injection time at 0.78 ms, when injection of fresh parcels into the domain stops. However, LES simulation setups with the Smagorinsky and Dynamic Smagorinsky sub-grid models do not offer any advantage with respect to Dynamic Structure sub-grid model. Hence, further parametric studies are considered using LES Dynamic Structure sub-grid model.
• Additionally, in this work, a simulation is carried out by considering the effects of the stepped holes on ROI-based a Eulerian-Lagrangian spray modeling results. For this work, a case setup is prepared which consists of Spray G stepped hole domain, and the ROI-based spray simulations is initiated at the exit of the smaller diameter hole. It was observed that inclusion of stepped-hole in the ROI simulation led to higher fluctuations in the spray downstream. This means if the hole-geometry is known for a given injector the modeling community may consider the stepped-hole geometry in the ROI simulation to provide realistic predictions.
• In this study, comparisons are made with density and temperature variations of the gas mixture at 0.8 ms on a vertical plane cuttung through the mid-section of the injector location and the horizontal plane provide impressions of spray patternations. These comparisons are made with Standard k – ε (using [image: image] = 1.44; [image: image] = 2.5 and [image: image] = 5), RNG k – ε, LES Dynamic Structure with and with out stepped holed (using [image: image] = 16 and [image: image] = 32). These study provided insights on the extent of plum-to-plume interactions for all the four different above-mentioned modeling approaches it is evident how the local fluctuations increase as the dampening effect due to higher turbulent viscosity decreases. In fact the results including the stepped-hole bear proof of turbulent flucturations. The presence of the stepped holes leads to additional disturbances at the points of injections which are manifested in the fluctuations even at the locations of the tips of the spray plumes.
• Finally, parametric studies are carried out to understand the relative importance of the individual spray sub-models, such as breakup, collision, coalescence, and vaporization. Simulations are carried out by turning off each sub-model in each simulation (e.g., simulation is carried out by activating the collision, breakup models, but deactivating the evaporation model) to see the overall effect on a GDI spray characteristics. From this study it is evident and conclusive that for a spray simulation the breakup models are dominant factors.
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NOMENCLATURE
AMR Adaptive Mesh Refinement
BDC Bottom Dead Center
CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy
DDM Discrete Droplet Model
DS Dynamic Structure
ECN Engine Combustion Network
ELSA Eulerian-Lagrangian Spray Atomization
GDI Gasoline Direct Injection
ICE Internal Combustion Engine
KH Kelvin-Helmholtz
LES Large Eddy Simulations
LPL Liquid Penetration Length
PFI Port Fuel Injection
PISO Pressure Implicit with Splitting of Operators
ROI Rate of Injection
RNG Renormalization Group
RT Rayleigh-Taylor
TDC Top Dead Center
URANS Unsteady Reynolds Averaged Navier-Stokes
VPL Vapor Penetration Length
ε Turbulent dissipation rate
k Turbulent kinetic energy
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