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Abstract: The Fluid Dynamics Branch at the NASA Marshall Space Flight Center has assembled a portfolio of simulation tools to predict Plume-Surface Interaction (PSI) environments during extra-terrestrial propulsive landings. Particular focus is on engineering support for lunar landers such as robotic Commercial Lunar Payload Services (CLPS) and the Human Lander System (HLS). Extension of existing PSI simulation capabilities are required to accurately capture the complex plume flow conditions and surface soil particle composition effects that arise in the lunar environment. The required model development and implementation, and extensive verification and validation of the key simulation tools, Loci/Chem [1] and Loci/Boltzmann [2], and Loci/GGFS [3] are now performed under a NASA Space Technology Mission Directorate (STMD) funded multi-year Game Changing Development (GCD) project. The project will implement and mature these new modeling features and verify and validate them for the Mars and Moon environments with the aid of existing and new experiments to be performed under this project.

The Loci/Chem Computational Fluid Dynamics (CFD) tool is applied in predicting the plume flow and impingement environments for lander terminal descent PSI analyses [1]. Lander plume flow expanding into the lunar vacuum background will encounter repeated transitions between continuum and rarefied gas flow conditions across the plume impingement domain. To enable physically accurate simulations, a rarefied gas kinetic flow solver named Loci/Boltzmann [2] has been developed for integration with the existing continuum flow application, Loci/Chem, for simultaneous operation within the Loci simulation framework. Loci/Boltzmann features a solution of the Boltzmann equation based on the Discrete Velocity Method (DVM), not the popular DSMC particle kinetics approach. The DVM approach applies a PDE solver that is fully compatible for accurate two-way communication with the continuum Navier-Stokes solver. This implementation allows for automatic switching between the Boltzmann gas kinetic solver and the Navier-Stokes continuum CFD solver within a Loci/Chem simulation, on a cell by cell basis at an interface identified by traditional continuum breakdown criteria.  Initial implementation of this computational framework has been completed and current application testing and maturation focuses on efficient operation on NASA HPC supercomputers. Current attention is on efficient operation on parallel HPC architectures requiring the capability of large solution data I/O and computational load balancing between the continuum solver and the more costly rarefied solver. Progress has been achieved towards efficient production ready simulation execution. The status of current capabilities will be demonstrated with simulations performed for the Apollo LM  plume-surface impingement flow.

[bookmark: _GoBack]The Gas-Granular Flow Solver (GGFS) [3] multi-phase flow solver enables simulations of particle flows of complex extra-terrestrial regolith soil materials subject to lander plume-surface interaction to capture surface regolith erosion, cratering, crater induced upward flow redirection, ejecta streams and dust cloud lofting. The initial implementation of the gas-particle two-phase simulation algorithm and the integration of  practical particle phase mixture models capable of modeling irregular particles shape and wide poly-disperse particle size range effects dominating lunar regolith mixtures have been successfully completed. Current focus is on improving robustness of the multi-phase flow algorithm for application to the lunar environments as well as integrating the Loci/Boltzmann capability similar to that described above for the Loci/Chem tool. This integration is required to simultaneously address the highly expanded plume flow in the lunar vacuum background and the extreme cohesion effects modeling of the lunar regolith phase. 

The recent significant improvements in simulation capability and robustness will be demonstrated using a 3-D plume induced surface cratering simulation for the Apollo LM in the terminal landing phase.  Both continuum/rarified simulations using LociChem-Boltzmann and two-phase continuum simulations using Loci/GGFS will be presented. The presentation will outline the upcoming siumulation tool improvements and validation planned with support of the GCD project.
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