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Figure 1 (Color online) Schematic of continuum hypothesis and statistical scale
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Figure 6 Mechanisms of interactions between local discontinuous medium effects and the supersonic turbulent boundary layer induced by strong
shock interference under Mach 2.25. (a) Schematic of Mach 2.25 supersonic shockwave/turbulent boundary layer flow; (b) visual comparison of
turbulent mean and instantaneous fields predicted by DNS/DNCCR; (c) quantitative analysis of turbulence statistical averages of different orders
(velocity and turbulent kinetic energy production) affected by local non-continuum effects (DNS represents the direct numerical simulation method
based on the Navier-Stokes equations, and DNCCR represents the direct numerical simulation approach based on the Boltzmann moment method)
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The multiscale nonequilibrium transport mechanism of
rarefied gas and turbulence
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At the main forum of the 26th Annual Meeting of the China Association for Science and Technology (CAST), the
association released the “Top Ten Frontier Scientific Questions of 2024”. Among them, the “Transport Mechanism of
Multiscale Nonequilibrium Flows” recommended by the Chinese Society of Theoretical and Applied Mechanics, was
successfully selected. This issue focuses on two classical gas flow phenomena—*“rarefied gas flow” and “turbulence,” both
of which exhibit distinct multiscale effects and nonequilibrium transport characteristics. Rarefied gas flows primarily occur
in high-altitude environments with sparse gas density, where the classical continuum hypothesis gradually fails, leading to
the coexistence of continuous and rarefied multi-domain gas flow features. This phenomenon reflects the multiscale
transport effects ranging from macroscopic waves to microscopic particles. Insufficient molecular collisions in rarefied
gases hinder the flow’s transition from nonequilibrium to equilibrium states, resulting in intense nonequilibrium transport
processes. Turbulence, in contrast, is composed of vortices of various frequencies, scales, and energies, forming a complex
nonlinear nonequilibrium flow system with distinct hierarchical vortex structures and energy cascade transport
characteristics, which are widely observed in nature and engineering.

This paper interprets CAST’s recently proposed frontier scientific question by exploring the fundamental characteristics
of multiscale nonequilibrium transport mechanisms in rarefied gas flows and turbulence, examining relevant research
methodologies, and analyzing the key challenges and focal issues in each area. The main content of the paper is organized
into four sections. The first three sections delve into the topics of “Multiscale Nonequilibrium Transport in Rarefied Gas
Flows”, “Multiscale Nonequilibrium Transport in Turbulence”, and “Cross-Domain Turbulence with Multiscale
Nonequilibrium Transport”, respectively, with the final section addressing future challenges and potential research
directions. The first section begins by discussing the “nonequilibrium” and “multiscale” characteristics of molecular
motion in gas flows, highlighting the failure of the continuum hypothesis in rarefied environments and the limitations of the
traditional Navier-Stokes (NS) equations, leading to the introduction of the Boltzmann equation as a core approach for
rarefied gas dynamics and its three main solution methods. The second section reviews key findings, the development
history, and schools of thought in turbulence research, from “multiscale transport”, “energy cascade and dissipation”, to
“nonequilibrium turbulence”. The third section focuses on the emerging topic of “cross-domain turbulence” in aerospace,
resulting from the interaction between rarefied gas and turbulence effects. By examining the similarities and differences
between molecular and turbulent pulsations, as well as their cross-domain multiscale evolution and interaction, this section
explores potential commonalities between these distinct physical transport mechanisms and provides insights into potential
solutions for cross-domain non-continuum turbulence. Finally, the paper addresses the challenges posed by the cross-
domain turbulence research in situations where the continuum hypothesis does not hold. Building on the commonalities of
rarefied gas/turbulence and their statistical methodologies, it proposes three potential future research directions in cross-
domain turbulence, aiming to answer the questions of “What?” (discover new laws), “Why?” (clarify intrinsic
connections), and “How?” (predict turbulence). This raises the question of whether the Boltzmann methods and techniques
for non-continuum media research could be applied to model the cross-domain turbulence and discover more general
turbulence laws.

nonequilibrium turbulence, rarefied gas, continuum hypothesis breakdown, multiscale effect, Boltzmann methods
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