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Abstract: This study addressed key challenges in numerical simulations of the coupling between multi-scale flows
and immersed bodies, including the breakdown of continuum assumptions, prohibitive costs of dynamic mesh
regeneration, and difficulties in enforcing conservation constraints. A unified gas-kinetic immersed boundary method
tailored for non-equilibrium flow-structure interactions was proposed. Integrating the unified gas-kinetic scheme with
the immersed boundary method on Cartesian grids, the approach achieves unified modeling and simulation of cross-
scale flow physics from continuum mechanics to rarefied gas dynamics. Within this framework, direct forcing terms
derived from no-slip/slip wall velocity models were incorporated into the gas-kinetic equation, naturally embedding
complex boundary constraints into the phase-space distribution function evolution. This eliminates the physical

inconsistencies of conventional macroscopic force models in non-equilibrium regimes. To mitigate numerical
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artifacts — notably spurious heating from force-term discretization in discrete velocity methods and computational
bottlenecks in high-dimensional velocity spaces — Hermite polynomial spectral expansions for both distribution

functions and external forces were employed. This transforms velocity-space differential operators into algebraic
mappings of spectral coefficients, combined with implicit velocity correction and multi-step iteration strategies to
effectively suppress numerical slip and streamline penetration near moving boundaries. Without requiring empirical
parameters or dynamic mesh updates, the method rigorously maintains energy conservation and asymptotic preserving
properties. Benchmark cases demonstrate the scheme’s accuracy and robustness across continuum, slip, and transition
flow regimes, establishing it as an efficient, unified solver for complex geometric flows in the whole flow regimes.

The framework provides an accurate and efficient strategy for numerical simulation of non-equilibrium fluid-structure

interactions.
Keywords: rarefied gas dynamics;

scheme; Hermite spectral method
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