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ABSTRACT

Accurate numerical simulations of external hypersonic flows
and high-speed air-breathing propulsion systems present
fundamental challenges, primarily due to the complex
interaction between discretization errors, grid quality, strong

shock waves, and disparate scales, both spatial and temporal.

Grid generation is a major bottleneck in simulations of
vehicles undergoing hypersonic flight because it requires
significant manual intervention to align mesh interfaces with
shock surfaces and provide adequate resolution within the
boundary layer in the wall-normal direction; failure to do so
often leads to spurious numerical artifacts and nonphysical
heating anomalies. The Moving Discontinuous Galerkin
Method with Interface Condition Enforcement (MDG-ICE) is
an optimization-based, $r$-adaptive formulation that treats
both the computational grid and the flow field as solution
variables. In doing so, this approach overcomes traditional
bottlenecks by automatlcally repositioning grid points to
both align grid interfaces with discontinuous flow features
and resolve sharp, but smooth, gradients. Not only does this
method improve workflow automation by automating shock
alignment and boundary layer grid generation, but it also
produces highly accurate solutions without the need for
artificial stabilization. To address the accurate prediction of
flow physics in high-speed air-breathing propulsion systems,
where finite-rate chemistry and multicomponent species
transport must be resolved at the small spatial and temporal
scales characteristic of scramjet combustion environments, a
fully conservative, positivity-preserving, and entropy-
bounded discontinuous Galerkin scheme for the chemically
reacting, compressible Navier-Stokes equations is presented.
This scheme guarantees the positivity of species
concentrations, density, and pressure, thereby preventing a
common cause of catastrophic simulation failure. Taken
together, the optimization-based, high-order, $r$-adaptive
formulation and the structure-preserving high-order scheme
represent complementary advances toward automated and
reliable, high-fidelity simulations of the fully coupled
hypersonic flight and propulsion environment.
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