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The predictive capability of CFD calculations of sprays depends on many factors, principally: (i) adequacy of the underlying mathematical formulation, (ii) accuracy of the closure relations, especially those for the physical sub-models representing droplet heat and mass transfer, (iii) numerical accuracy of the solutions to the model equations, and (iv) the availability of experimental data or analytical solutions for comparison and validation.  Outstanding challenges and recent progress in each of these areas is discussed. These recent developments motivate an integrated program for predictive spray model development, which is outlined in this work. 

MATHEMATICAL FORMULATION

The principal spray modeling approaches currently used in computational fluid dynamics (CFD) calculations of sprays are based on either the Eulerian-Eulerian (EE) formulation for two-phase flows, or the Lagrangian-Eulerian (LE) formulation. The point-process statistical representation1 which forms the basis for the mathematical formulation of the LE spray modeling approach, provides a more suitable framework than the EE approach, to represent nonlocal interactions that characterize the evolution of dispersed droplets in sprays. However, existing LE formulations are restricted to dilute sprays with low liquid volume fraction. In this work we show that the LE approach can be extended to dense sprays. The extended LE (ELE) approach consists of locally representing the spray as a realization of a Matérn process of non-overlapping droplets that correspond to the average number density obtained from the LE approach. This allows for a more realistic calculation of interphase heat and mass transfer source terms that accounts for inter-droplet spacing effects through the pair-correlation function of the Matérn process. In fact, even collision modeling in sprays can be improved using this approach.

PHYSICAL SUB-MODELS

Accurate modeling of heat and mass transfer from the droplet liquid phase to the vapor phase is critical for predictive spray computations.  The principal challenge for statistical models is describing the collective behavior of spray droplets from our knowledge of heat and mass transfer in single droplets, droplet arrays and droplet groups. Recently, Chiu2 has developed improved correlations for droplet heat and mass transfer based on the pair-correlation function in a cloud of droplets. However, these correlations assume the scales of turbulence are larger than the range of inter-droplet interactions. Direct numerical simulations based on solution of the Navier-Stokes equations with exact boundary conditions on the droplet surface offer a promising approach to extend these correlations to account for the effect of turbulence on scales comparable to inter-droplet interactions. Such correlations can be combined with the ELE formulation to represent nonlocal droplet-droplet interaction in the presence of turbulent flow of comparable scales. This would enable the LE formulation to be extended to dense sprays, provided suitable modifications are made to the Eulerian gas-phase equations to account for displaced-volume effects (i.e., non-unity gas-phase volume fraction).

NUMERICAL CONVERGENCE AND ACCURACY

Devising a numerically convergent scheme to solve the system of equations in the LE approach, and validating the accuracy of the numerical solution is a necessary step for predictive spray modeling. Recent studies have demonstrated the non-convergence of popular numerical implementations of the LE approach to spray modeling3. However, if proper attention is paid to testing and validation of the numerical implementation, it is possible to obtain accurate, numerically convergent solutions using particle methods4.  Accurate estimation of the number density and spray source terms is needed in realistic spray simulations. Some ideas for developing test problems that can be used to validate the numerical convergence and accuracy of spray computations using kernel estimation methods5 are discussed.


SUMMARY AND CONCLUSIONS

Although significant progress has been made in specific sub-areas, such as—the mathematical formulation of spray theory1, 2, 6-8, improving accuracy of the closure relations for the physical sub-models representing droplet heat and mass transfer9, 10, and improving the accuracy of numerical solution to the model equations3, 4, 11—the ultimate goal of developing a truly predictive and robust CFD spray simulation remains a challenging, unsolved problem. While most research efforts have focused on developing accurate closure relations for droplet heat and mass transfer9, the importance of other factors such as numerical accuracy, and adequacy of the underlying mathematical formulation is being recognized. An important conclusion of this work is that integration of knowledge in the specialty sub-areas is critical if we are to make progress in solving the spray problem, even for the simple test case of a single-component sub-critical vaporizing spray.  An integrated approach to a CFD spray simulation requires assessing the impact of (i) the adequacy of mathematical   formulation, (ii) the accuracy of closure relations for droplet heat and mass transfer, and (iii) the numerical accuracy of the computational scheme, on prediction of spray characteristics that are relevant to design engineers. 

Such an assessment would help identify where spray modelers should focus their efforts. Systematic studies of the sensitivity of predicted of global spray characteristics to numerical parameters, model constants, and underlying mathematical formulation can be very useful in guiding a program of spray modeling development. Preliminary studies indicate that spray predictions using Lagrangian-Eulerian codes exhibit strong sensitivity to numerical parameters3. A similar systematic assessment of sensitivity to the model constants has not yet been reported in the spray literature. It is considerably more difficult to assess the sensitivity of model predictions to the underlying mathematical formulation.

It is anticipated that the issue of obtaining accurate numerical solutions to the spray problem will be resolved in time, given the increasing availability of inexpensive computational power, and the development of better algorithms for solving the model equations. The same is true for the development of more accurate closures for droplet heat and mass transfer using direct numerical simulations and experimental data. What is likely to remain a more long-term challenge is the development of better mathematical formulations to address the complex multiscale, nonlocal and nonlinear interactions in sprays. A rigorous mathematical formulation that bridges the internal flow in the nozzle through breakup and atomization into dispersed spray droplets of a given size distribution and initial spray angle, would be a significant breakthrough in spray modeling and simulation. The final conclusion is that the predictive capability of CFD calculations of sprays will improve with improved numerical implementations, more accurate sub-models, and significant enhancements to the underlying mathematical formulation, some of which have been described in this paper. 
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