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Abstract: Hypersonic boundary layers can be regarded as nonlinear dynamical systems governed by the compressible Navier-Stokes equations [1, 2]. Linear and nonlinear stability theories have long served as the mainstream frameworks for explaining the instability amplification, saturation, and modal interaction prior to the onset of hypersonic turbulence [3]. Here, we introduce nonlinear dynamical analysis and chaos theory as a complementary framework for interpreting the transition process in a Mach 6 boundary layer over a sharp cone. Three-dimensional unsteady flow fields are obtained by direct numerical simulation under freestream random forcing [4]. Perturbation time series of flow variables are extracted and analyzed using phase portraits, fractal dimension maps, and the largest Lyapunov exponent, with time delays referenced to the dominant frequencies of second-mode or first-mode waves [5, 6]. Below the sonic line, the second-mode-referenced Lyapunov exponent first increases and then decreases, following a trend similar to that of the second-mode wave amplitude. This indicates that the near-wall dynamics in the early stage of transition is dominated by the second mode. The strongest chaotic divergence occurs when the second-mode waves reach saturation, accompanied by enhanced nonlinear modal interaction. Between the critical layer and the sonic line, both first- and second-mode-referenced Lyapunov exponents increase downstream, consistent with spectral broadening in the late stage of transition. Lagrangian material-surface tracking [7] further reveals the development of soliton-like wave structures during the nonlinear modal evolution. These structures organize the formation of other coherent structures, such as the hot streaks and vortices. The resulting structure organization intensifies chaotic dynamics, as indicated by the increasing Lyapunov exponent. Our work establishes a novel link among modal evolution, soliton-like structures, and chaos generation in hypersonic boundary layer transition, demonstrating that the nonlinear dynamics and chaos theory can become powerful tools for analyzing the route to hypersonic turbulence.
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