 Development of a Next-generation Spray and Atomization Model Using an Eulerian-Lagrangian Methodology 

Asmita Bhaisare
Department of mechanical engg.

K.D.K.college of engg.,Nagpur

monicanagardhane@yahoo.com
9595566185

Abstract
 A next-generation spray and atomization model for high-pressure diesel sprays has been developed and imple-mented into an engine computational fluid dynamics (CFD) code (KIVA-3V), together with a nozzle flow cavitation model and an evaporation model for the Eulerian liquid phase. In contrast to the widely used Lagrangian atomiza-tion models that are based on liquid jet instability analyses, such as Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) instability analyses, the new model is based on the assumption that high-pressure spray atomization under modern diesel engine conditions can be described by considering the turbulent mixing of a liquid jet with ambient gases. In the present study, several previously proposed techniques are used to correct for vortex stretching and compressibility effects in high-speed free jets. To describe the dispersion of the liquid phase into a gaseous medium, two transport equations based on the turbulent mixing assumption are solved for the liquid mass fraction and the liquid surface density (liquid surface area per unit volume). At an appropriate time, a switch from the Eulerian ap-proach to the Lagrangian approach is made in order to benefit from the advantages of the traditional Lagrangian droplet treatment beyond the dense spray region near the nozzle. As in the existing ELSA (Eulerian-Lagrangian Spray and Atomization) model, the drop size, drop number and drop distributions are determined using the local liquid mass fraction and local liquid surface density. As an integral part of this study, a three-dimensional homoge-neous equilibrium model (HEM) was developed to simulate the cavitating flow within diesel injector nozzle pas-sages. The effects of nozzle passage geometry and injection conditions on the development of cavitation zones and the nozzle discharge coefficient were investigated. Vaporization in the Eulerian liquid phase is also accounted for with an equilibrium evaporation model, which was also developed and implemented in this study. Finally, the inte-grated spray and atomization models have been used to predict diesel spray development and atomization under various operating conditions, and the numerical results compare well with experimental data obtained from X-ray and other measurements. 

Introduction
High-speed diesel injection is an enabling technol-ogy for modern low-emission, high-efficiency diesel engines. Unlike low-speed liquid jets in the Rayleigh and first wind-induced jet breakup regimes [1], the at-omization mechanisms for high-speed liquid jets are still not well-understood and knowledge is incomplete, even after more than one hundred years of study, both experimentally and numerically. For a typical spray in diesel engines, spray tip penetration, spray angle, drop-let size and number density and their distributions have been the primary interests of investigations. With the advent of advanced experimental techniques, it is now possible to obtain more detailed spray information, such as the fine spray structure, spray momentum, and liquid volume (or mass) fraction distributions [2] [3] [4]. All these efforts have provided and will continue to provide new insights and motivations for the development of next-generation spray atomization models. 

Lagrangian spray models based on KH-RT insta-bility analyses [5] [6] have been most widely used for more than two decades. These numerical models have been successful because they are computationally effi-cient and at the same time provide reasonable agree-ments with experimental measurements, mostly in terms of penetration and spray angle, and in limited cases, also in terms of drop size, number density and their distributions. 

Two-fluid methods with surface tracking or captur-ing, such as level set (LS) and volume of fluid (VOF) methods, are powerful tools for computing two-phase flows with propagating interfaces [7] [8]. In the LS method, a natural choice for the level set function is the signed distance to the interface, thus the interface is defined by locations where the level set function is zero. One of the advantages of the LS method is that it is easy to calculate curvatures of the interfaces, while a major drawback is that the LS method tends to lose or gain mass due to insufficient resolution [7] [9] [10]. The VOF method, on the other hand, has the advantage of mass conservation while it is difficult to compute accurate interface curvatures and normal vectors due to the discontinuity at interface [9]. In the VOF method, the interface is defined by locations where the liquid volume fraction is between 0 and 1. When applied to computations of high-speed liquid sprays, both the LS and VOF methods require a numerical mesh size of the order of a few microns in order to capture the smallest surface wave structures. This requirement either dra-matically increases computational cost or significantly limits the extent of the computational domain. 

Numerical methods based on potential flow theory have also been developed for spray atomization model-ing purposes. Since the governing equation for these methods is the Laplace equation, only surface meshes of the liquid jet with a finite length are required. Re-searchers at Purdue University developed a non-linear atomization model based on the boundary element method (BEM) and boundary layer instability analyses [11] [12]. The model was intended for applications to two-dimensional axi-symmetric, inviscid and incom-pressible flows. By solving the governing equation for the velocity potential on the interface, nodal velocities were calculated and the surface evolution was tracked. Similar to the aforementioned two-fluid methods, a mesh size of the order of the smallest surface wave-length is required in order to achieve sufficient resolu-tion. Evaluation of surface curvature is challenging for complex surface structures, and re-meshing of the mov-ing surface requires certain reconstruction and smooth-ing algorithms. As also pointed out by Heister et al. [13], extending the two-dimensional axi-symmetric jet to the fully three-dimensional jet geometry is not prac-tical in the present computation environment, due to prohibitive requirements for computation time and computer memory. 

A three-dimensional source panel method based on potential flow theory, has been applied to model Lamb’s oscillating drop, a classical test problem for CFD code by Ning [14]. However, it was found that mass conservation is a difficulty due to insufficient resolution of the surface. One possible solution to alle-viate this problem might be to use extremely fine panels and to adopt parallel computing to try to reduce compu-tation times. 

From this discussion it is clear that attempting to resolve the details of the liquid interface with either two-fluid or potential flow methods can be computa-tionally prohibitive, even with the increased computer power now available. Furthermore, all these methods are based on the postulated breakup mechanism that considers surface wave evolution on an intact liquid core or a liquid jet of finite length. With ultra-high in-jection pressures (e.g., up to 300 MPa) proposed for modern diesel engines, the basic question of whether an intact core even exists for such high-pressure sprays is still under debate. New spray visualization techniques, such as X-ray absorption and ballistic imaging methods, suggest that no intact liquid core exists or that it is ex-tremely short for high-pressure fuel injections under modern diesel engine conditions [2] [4]. 
The Eulerian-Lagrangian spray atomization method, also called the ELSA method, has been pro-posed and has been under development since 2001 [15] [16] [17]. It combines the Eulerian approach in the near-nozzle dense spray region with the Lagrangian approach in the dilute region downstream of the nozzle, and was intended for modeling high Reynolds number, high Weber number turbulent sprays. In this method, the spray is considered to be a single “effective” phase of liquid and gas mixture. The dispersion of the liquid 

phase into a gaseous environment is described by the local liquid mass fraction and the local liquid surface density, which are solved from individual transport equations. Furthermore, a switch from the Eulerian ap-proach to the Lagrangian approach is made in regions where spray is considered to be sufficiently dilute, the drop size and drop number are determined from the local liquid mass fraction and the local liquid surface density. In this way, the traditional Lagrangian droplet treatment can still be used in regions where the spray breakup process does not need to be resolved. It should be pointed out, however, that a complete Eulerian ap-proach characterization of the spray is possible if de-sired. Under modern diesel engine spray conditions, where the extent of the liquid region near the nozzle is short due to fast breakup and vaporization, the Eulerian approach is particularly useful. An evaporation model for the Eulerian liquid phase can also be developed. In the present study, the ELSA method was combined with a Homogeneous Equilibrium Evaporation model and used for the development of a “next-generation” spray atomization model.
It is well recognized that the details of the internal nozzle flow have a strong impact on the spray and its atomization characteristics. This is particularly true when cavitation occurs within the nozzle passage. With increased injection pressure, nozzle flow models based on empirical correlations become increasingly inaccu-rate, and full three-dimensional nozzle flow solutions based on the governing Navier-Stokes equations are required. In numerical simulations of internal nozzle flow, two approaches are usually considered. Two-fluid nozzle flow models that treat the liquid and vapor phases separately, i.e., two sets of governing equations, one for each phase are solved, and interactions between the phases is modeled by additional source terms [18]. On the other hand, continuum nozzle flow models con-sider the nozzle flow as a homogenous mixture of liq-uid and gases. The mixture density, which varies from the liquid density to the gas density to the cavitation vapor density, indicates the fractions of liquid and gas in a given cell. These homogeneous equilibrium models (HEMs) are most widely used and have various forms, depending on how the equation of state and pressure equations are formulated [19]. In this study, a homoge-neous equilibrium cavitating nozzle flow model has been developed and implemented into the KIVA-3V code [20]. 

Evaporation models for Lagrangian droplets are commonly available. However, for spray atomization models based on Eulerian or Eulerian-Lagrangian ap-proaches, an evaporation model for the continuous liq-uid phase is needed. In this case, the local evaporation rate must be related to the local fuel vapor mass frac-tion, liquid surface density and local thermodynamic conditions. In the present study, an equilibrium evapo-ration model for the continuous liquid phase has been adopted for simplicity.
Numerical Models
Following the approach described above, an Eule-rian-Lagrangian spray atomization (ELSA) model was implemented into the KIVA-3V code. In the ELSA model, the continuity, momentum, energy and turbu-lence equations are solved for a single phase turbulent flow. Transport equations for the liquid mass fraction and liquid surface density are also solved, which de-scribe the liquid phase dispersion into the gaseous envi-ronment. In the transport equation for the liquid mass fraction, the turbulent diffusion flux of liquid is mod-eled using a gradient law. The production and destruc-tion of liquid surface due to mean flow and turbulence stretching, collision and coalescence are accounted for with source terms in the transport equation for the liq-uid surface density. These source terms are subject to further validation and improvement. More details about these transport equations can be found in Blokkeel et al. [15] [16] [17]. 

In the ELSA method, high-pressure liquid injection is considered to be analogous to the turbulent flow of a liquid-gas mixture. Thus turbulence modeling is ex-pected to have an important impact on the computa-tional results. It has been found that the standard kε− model overestimates the spreading rate of circular jets while it predicts plane jet flows correctly. This has been confirmed by numerous experimental observations. Pope suggested that the stretching of vortex tubes by the mean flow leads to greater scale reduction and dis-sipation, less kinetic energy and a lower effective vis-cosity [21]. To correct for these effects, he introduced a non-dimensional invariant χ as a measure of vortex stretching, and assumed the dissipation rate, ε, to be a linear, increasing function of χ, which leads to the following modified turbulence dissipation equation: 
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In Equations (1) and (2), k is the turbulent kinetic en-ergy, t is the time, and i, j and k are the indexes for the  three Cartesian directions, and iu and ix are the veloc-ity components and coordinates in the i direction re-spectively. ρ is the density, tμ is the dynamic turbu-lent viscosity, and 111.44, 1.92 and 1.3ccεεεσ=== are the standard turbulence model constants.

The correction modification was explored in the present work to account for circular jet effects. Another impor-tant aspect relevant to high-speed spray modeling is the inclusion of compressibility effects. Variable density extensions of incompressible turbulence models, with-out explicit compressible terms, have failed to predict the significant decrease in the spreading rate [22]. It has been shown that in compressible turbulence, both the dilatational dissipation and the dilatational-pressure terms need to be modeled. Sarkar et al. [22] proposed a model for the compressible dissipation, based on an asymptotic analysis of the compressible Navier-Stokes equations and direct numerical simulations of the form:
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where 1.0kσ= is a standard turbulence model con-stant, 1.0α= is a constant from this modification and ( 2tMkRTγ= ) is the turbulent Mach number. This model was also implemented in this study as an option. El Baz and Launder [23] proposed an alternative ap-proach. They simply used a solenoidal (incompressible) dissipation rate equation that was sensitized to com-pressibility effects through the turbulent Mach number. These effects were accounted for through a modifica-tion to the decay coefficient 2Cε:
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where 23.2β= is a constant derived from calibration with direct numerical simulation (DNS) data. This model has also been implemented in this study. It can be easily shown, however, that the corrections in Equa-tions (3) and (4) have equivalent effects on the turbu-lence diffusivity, i.e., with2αβ=, both correction methods have the same effects on computational results of high-speed free jets. This similarity has been further confirmed numerically for both liquid and gas jets by Ning [14].

It needs to be pointed out, however, that other techniques that target the turbulence length scale, vis-boundary conditions have also been used by different researchers to correct for turbulence model effects. However, some of the model parameters are arbitrary and case dependent, thus those techniques were not adopted in the present ELSA model.

                   [image: image4.emf]
where sa the gasnic speed to the liquid sonic speed, depending on the void fraction. To be consistent with the phase calculations in the KIVA-3V code solver, the isentropic sound speed can be used to evaluate the kinematic vol-ume change as [24]:
                       [image: image5.emf]
Finally, a pressure equation for the nozzle flow simula tion is derived from the compressible continuity equa-tion, combined with the isentropic relation in Equation (5) as:
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In the current nozzle flow simulations, both the reser n equilibrium evaporation model for the Eulerian liqui voir (sac volume) and nozzle geometries were in-cluded in the computational domain. The pressure at the reservoir inlet was set to the injection pressure, while the pressure at the nozzle exit was set to the chamber pressure. Initially, both the reservoir and the nozzle were filled with static liquid fuel at the chamber pres-sure. The nozzle flow model could be improved in fu-ture to include the whole computational domain from the reservoir to combustion chamber for engine applica-tions. However, for simplicity, the current approach was to extract flow information at the nozzle exit and to couple this information into the ELSA model as an in-flow boundary condition for modeling the flow details outside the nozzle exit. 

Ad phase was implemented, where the local vapor pressure is determined from the local temperature. The equilibrium fuel vapor mass fraction is then related to the vapor pressure and other physical conditions by:
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Result And Discussion
The present implementation of te elsa model was
first applied to both liquid and gas jets to investi-gate turbulence model effects. Figure 1 shows computational results for a helium gas jet which was injected into a nitrogen environment at the sonic speed (876.58 m/s). The injection pressure was 2.080e+5 Pa, chamber pressure was 1.013e+5 Pa, the orifice diameter was 0.279 mm and the temperature was 296 K. The computational domain for this gas jet was40 60 mmmm×. Figure 1(a) shows the density contet at t=4 ms after the start of injec-tion, while Figure 1(b) compares experimental penetra-tion data [25] with results from the present numerical simulations. In Figure 1(b), improvement in the accu-racy of the numerical prediction was observed with the turbulence corrections described in “numerical models” section. Tests with other gas jets by Ning [14] have also shown that these modifications to the turbulence mod-els are useful, although in some cases the improvements are marginal. Use of the model corrections is still pre-ferred, because they provide a systematic and more physical way to account for deficiencies in the standard turbulence models, instead of the need for case-to-case calibrations. 
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 (a)density contour
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(b)spray tip penetration

Figure 1 Density contour at t=4 ms and spray tip pene-

trations for a helium gas jet injected at sonic speed
Figure 2 shows prediced liquid penetrations for liquid jets using the present ELSA model, com-pared to experimental data of Siebers et al. [26], as well as predictions made using the standard KH-RT breakup model in the KIVA-3V code (e.g., see Beale and Reitz [6]). The injection pressure in Figures 2(a) and 2(b) was 142 MPa, and the chamber pressure in Figure 2(a) was 4.606 MPa and 11.25 MPa in Figure 2(b). The nozzle orifice diameter was 0.32 mm, the ambient gas was ni-trogen at 300 K and the liquid was DF2 [20]. The spray penetrations calculated using the ELSA model in Figure 2 were based on a complete Eulerian approach, i.e., no switch from the Eulerian liquid phase to the Lagrangian droplet was made in these calculations. The good agreement with the experimental data confirms that the switch from the Eulerian to the Lagrangian approaches should not have a significant impact on the liquid spray penetrations. From the results shown in Figs 2(a) and 2(b), it is clear that the turbulence corrections in the present ELSA model significantly improve the pre-dicted penetrations of the two Eulerian liquid sprays. Similar improvements have been observed for other non-vaporizing sprays tested by Ning [14]. 
[image: image11.emf]
Figure 2 Predicted liquid p etrations using the ELSA model (with and without turbulence corrections) for two non-vaporizing liquid sprays

The present ELSA m el was further tested for non -vaporizing sprays by including the switch from the Eulerian to the Lagrangian approach. The numerical results from the ELSA model have been compared to available X-ray spray data of Malavé et al. [27]. The X-ray absorption method is a relatively new technique that allows visualization of the spray in the near-nozzle re-gion. It was developed at the Argonne National Labora- tory to make quantitative, time-resolved measurements of dense sprays. The fuel mass is measured from X-ray beam attenuation:
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Figure 3 compares the drop size and drop distribu-tions obtained from the ELSA model with those ob-tained using the KH-RT breakup models in the KIVA-3V code. In this non-vaporizing spray with diesel fuel injected into nitrogen environment at 300 K, the injec-tion pressure was 95 MPa, the chamber pressure was 1.7 MPa and the orifice diameter was 0.13 mm. The computational domain for these calculations was 10 15 mmmm× (only half of the domain is shown in Figure 3). For the ELSA calculations in Figure 3, the switch from the Eulerian approach to the Lagrangian approach was made when the local liquid volume frac-tion was greater than 10% but less than 99%. This crite-rion is subject to further improvement and validation, as part of the ongoing investigation of nozzle flow effects on the downstream spray atomization characteristics. From Figure 3 it is seen that the average drop size pre-dicted by the ELSA model is smaller than that from the KH-RT breakup models. Note that the drop size in the ELSA model is determined using the predicted local surface area density. Assumptions are made about the role of surface tension and subgrid turbulence effects in the drop size model (Blokkeel [16]). Thus, a difference in drop size between the models is not unexpected, and model calibration using detailed drop size experimental data will be required. (The “drop_size” in Figure 3 and other figures where applicable, is Sauter mean radius (SMR) in microns and SMD is Sauter mean diameter.)
[image: image13.emf]
Figure 4 displays the Eulerian liquid phase together with the Lagrangian droplet parcel locations at 100 stμ= for the same spray as in Figure 3. The “liq” contours in Figure 4 refer to liquid mass fraction, and a maximum value of 0.1 is used to highlight the spray structures. The liquid mass fraction in Figure 4 ac-

counts for both the Eulerian liquid phase and the La-grangian droplets. Figure 5 further compares the liquid penetration predicted by the ELSA model with the ex-perimental data from the X-ray measurements. It is ob-served that the penetrations predicted by the ELSA model are in good agreement with those from the X-ray measurements. In this figure, the liquid penetration in-cludes both the Eulerian liquid phase and the Lagran-gian droplets.
[image: image14.emf]
In Figure 6, the liquid volume fractions computed from the ELSA model are compared to those from the X-ray measurements, for the same spray as in Figures 3 to 5. The resized domains in Figure 6 correspond to a window in the actual test geometry, and the maximum liquid volume fraction in the domain is 0.5. In Figure 6(b), the ELSA model is seen to capture the spray structures in the dense spray region seen in the X-ray data of Figure 6(a), and the agreement is en-couraging. The liquid volume fractions in Figure 6(b) also account for both the Eulerian liquid phase and the Lagrangian droplets. 
[image: image15.emf]
A nozzle flow model has been developed in the present study to investigate the effects of nozzle inter-nal geometry and injection conditions on the develop-ment of cavitation zones and the nozzle discharge coef-ficient. The nozzle flow model was first applied to the diesel sprays of Figs. 3 ~ 6, but with four slightly dif-ferent nozzle passage geometries, i.e., cylindrical and converging nozzles with sharp and round nozzle en-trances. Table 1 shows the nozzle flow simulation con-ditions, and Figure 7 compares the four nozzle geome-tries considered in the simulations. The K or KS factor of a nozzle is defined as (-)10IDED where ID is the nozzle inlet diameter and ED is the nozzle exit diameter in microns. The K factor refers to nozzles with sharp inlets, while the KS factor refers to those with round inlets.
[image: image16.emf]
In the nozzle flow simulations, mesh sizes of 10 to 20 microns across the nozzle diameter were used. In Figure 7, 12 cells were used across the nozzle diameter and the radius of the rounded inlets was 30 microns. The diameter of the liquid reservoir above the nozzle inlet was set equal to 1.0 mm and its height was also 1.0 mm.
[image: image17.emf]
Figure 8 shows the transient cavitating flow development inside the cylindrical nozzle passage with a sharp nozzle inlet. The “vfrliq” in Figure 8 (and other figures, where applicable) refers to liquid volume fraction. The cavitation began to develop at the corner of the nozzle inlet at about 5 tsμ= ow at 20 tsμ= and then evolved into a fully cavitating fl . In Figure 9, the steady state velocity and density distributions at the nozzle exit for the four nozzle passage geometries are compared. The results in Figure 9 suggest that the cy-lindrical nozzle passage with a sharp inlet (K=0) has the maximum cavitation, while the converging nozzle passage with a round inlet (KS=2.0) has the minimum cavitation. The velocity and density profiles at the noz-zle exit were further applied to calculate the nozzle dis-charge coefficients.
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To further confirm the trends observed in the above nozzle flow simulations, the nozzle flow model was appl

ied to another set of nozzle passage geometries under different operating conditions. In these nozzle flow simulations, the nozzle inlet and outlet diameters were either 0.241 mm or 0.257 mm, depending on whether it was a converging or diverging nozzle pas-sage geometry. The sac reservoir above the nozzle inlet was cylindrical with a diameter of 1.02 mm and the sac volume was 0.7 mm3. The length of the nozzle passage was 1.0 mm. Table 2 shows the operating conditions for these simulations, where aρ is the chamber gas density, Figure 13 shows the steady-state liquid volume action distributions within the four nozzle passage eometries for nozzle flow simulation Case 1 listed in able 2. The legends for the liquid volume fraction in ese pictures are the actual maximum and minimum quid volume fractions in the domains. The results in igure 13 indicate that converging nozzles tend to reuce cavitation while sharp inlets tend to increase cavitation as expected.
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The results from these nozzle flow simulations will be coupled with the ELSA model as inflow boundary conditions for modeling the flow details outside the nozzle exit in future simulations.
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Finally, the equilibrium evaporation model developed for use with the present ELSA model has been applied to vaporizing sprays. Table 3 shows the injection condi-tions for three vaporizing sprays considered in these tests, and the predicted spray penetrations are shown in Fig. 15. It should be noted that in these vaporizing spray simulations, no switch from the Eulerian to the Lagrangian approaches is made - the purpose is to test the performance of the evaporation model as applied to the Eulerian liquid phase only.
Figure 15 shows the fuel vapor and liquid fuel penetrations calculated by the equilibrium evaporation model for the three gas densities listed in Table 3. The effects of gas density on both liquid and fuel vapor penetrations were simulated. The liquid penetration is seen to reach a maximum extent while the vapor phase continues to penetrate, consistent with experimental data of Siebers et al. [28] [29].Given the simplicity of the equilibrium evaporation model for the Eulerian liqu e, these results are ve raging. 16 further shows id and fuel vapor m at s for the porizing spray Case 2 in Table 3. The maximum liquid mass fraction in Fig-ure 16(a) was close to 1.0 at the nozzle inlet but the range was changed to 0.5 to highlight the spray struc-ture. In Figure 16(b), the legend shows the actual maximum and minimum fuel vapor ma fractions in the domain. The computational domain in Figure 16 was 30mm*60mm.
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Summery And Ongoing  Work
A next-generation spray and atomization model for high-pressure diesel sprays has been developed and implemented into the KIVA-3V code. The major com-ponents of this model include an Eulerian-Lagrangian Spray and Atomization (ELSA) model, a three-dimensional nozzle flow cavitation model and an equi-librium evaporation model for the Eulerian liquid phase. The ELSA model was first applied to non-vaporizing diesel sprays, using the complete Eulerian approach or the Eulerian-Lagrangian approach. It was found that the ELSA calculations are able to capture important spray characteristics, and comparisons of the numerical results from the ELSA model with those from the standard KH-RT breakup models and experi-mental measurements show encouraging agreements. As part of the ongoing work in the present study, the numerical results from the nozzle flow simulations are being coupled into the ELSA model as inflow boundary conditions for modeling the spray and atomi-zation details outside the nozzle exit. The numerical results, including the effects of nozzle flow cavitation physics are being compared with available experimental spray data. In the present study a homogeneous equilibrium nozzle flow model has also been successfully applied to different nozzle injection conditions to investigate the effects of nozzle geometry and injection nditions on cavitation development and nozzle discharge coeffi-cients. These effects are well captured by the model, and the predicted trends are consistent with those from experimental observations and theoretical analyses. In particular, the effects of gas density on liquid fuel and fuel vapor penetrations in vaporizing sprays are well captured by the equilibrium evaporation model. The advantage of this evaporation model lies in its sim-plicity, and in the fact that it can account for the evapo-ration effects in the Eulerian liquid phase. In the present model, the turbulent di sion flux of quid in the transport equation for liquid grad nt a stand term. T s trea be im-proved in future to predict ore realistic liquid disper-sion in gaseous environment. Techniques have also been proposed to correct for effects of compressibility on the turbulence model in this study. The corrections have proven to be useful for both liquid and gas jets, and thus have been implemented into the present model. Given the complexity of the liquid surface produc-tion and destruction mechanisms in atomizing high-speed diesel sprays, improvements of the source terms in the transport equation for the liquid surface density (which are used to determine the primary atomization drop size) will continue to be empirical in nature, i.e., the source terms will require calibration with available spray data.
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