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ABSTRACT

Large-scale DNS and LES are increasingly applied to multiphysics flows in which kinetic energy con-
tinuously exchanges with other energy forms, such as potential, internal, surface, or electromagnetic
energy. Classical energy-preserving and symmetry-preserving discretizations have primarily focused on
the conservation of quadratic invariants [1, 2], most notably kinetic energy, in order to control numerical
dissipation and improve robustness [3, 4]. While this property is essential, it is not sufficient for mul-
tiphysics simulations, where the correct representation of energy exchanges between different physical
fields is often more relevant than the preservation of a single invariant.

In this work, we revisit symmetry-preserving discretizations of the incompressible Navier—Stokes equa-
tions from the perspective of discrete energy exchanges. We show that preserving fundamental operator
symmetries at the discrete level not only guarantees the conservation of quadratic invariants, but also pro-
vides a consistent and physically meaningful framework for coupling kinetic energy with other energy
reservoirs. Importantly, a numerical method may conserve total energy while still producing spurious
inter-energy transfers, leading to qualitatively incorrect multiphysics dynamics.

This viewpoint is particularly relevant for buoyancy-driven flows [5, 6], multiphase systems with surface
tension [7], and magnetohydrodynamic problems [8], where artificial energy exchanges can severely
contaminate the solution. Emphasis is placed on formulations suitable for complex physics and complex
geometries, requiring unstructured collocated meshes and robust pressure—velocity coupling strategies.

The proposed approach highlights consistent energy-exchange preservation as a guiding principle for
the design of artificial-dissipation-free, stable, and physically consistent discretizations for multiphysics
flows on unstructured grids.
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