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Modeling non-equilibrium flows is of vital importance for the wide range of applications: aerospace science, vacuum 

technologies, low-temperature plasma. Depending on the Knudsen number and kinetic scaling based on the ratio of 

characteristic times of collisional processes to the fluid-dynamic time, the flow can be treated as weakly or strongly 

non-equilibrium. In the frame of the continuum approach, weakly non-equilibrium effects are captured by transport 

coefficients in the Navier-Stokes-Fourier equations. Under strongly non-equilibrium conditions, fluid-dynamic equations 

are to be coupled to relaxation equations for additional variables such as vibrational energy, chemical species densities, or 

vibrational state populations. To develop a closed model of a non-equilibrium flow, it is necessary to derive constitutive 

relations for the transport terms in these equations.  

For monoatomic and diatomic species, the kinetic theory of non-equilibrium transport processes is well established 

[1-2]. For polyatomic species like carbon dioxide, methane and others, the presence of multiple vibrational degrees of 

freedom leads to serious complications of transport phenomena. Vibrational modes with considerably different frequencies 

may be out of equilibrium with both translational-rotational modes and other vibrational modes. The state-to-state approach, 

which works well for diatomic species, is prohibitively computationally expensive, when applied to polyatomic gases [3]. 

Therefore, development of accurate multi-temperature models based on reliable kinetic scaling in polyatomic gases is 

highly relevant for modern applications. 

The present study is devoted to the development of advanced models for non-equilibrium flows of CO2, CH4, and 

mixtures with noble gases. The models of different complexity derived in the frame of the generalized Chapman-Enskog 

method [2] include extended sets of governing equations together with their closure: constitutive relations for the transport 

terms and algorithms for the transport coefficient evaluation. The developed models are then applied for solving several 

benchmark gas-dynamic problems: adiabatic bath relaxation, shock wave structure, quasi-one-dimensional nozzle flow. 

Several strategies are assessed to speedup resource-demanding simulations while keeping reasonable accuracy: applying 

hybrid models [4] derived on the basis of state-to state ones, and using machine learning techniques [5] for fast predictions 

of thermodynamic and transport properties. The effects of bulk viscosity, mass and thermal diffusion, diffusion of 

vibrational energy in different modes, non-equilibrium free stream conditions and rate coefficients of vibrational energy 

transitions on the flow variables, viscous stress, and heat flux are analyzed.  
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