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Aerodynamics? Aerothermodynamics?

Definition of air (aero): the mixture of gases that 

surrounds the earth

(1990, NASA Ames)

Edge of space

(Kármán line)

(1992, Chemistry, McGill)
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Background & motivation: Re-entry
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Background & motivation: Lifting body and control
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A brief history: Superaerodynamics

Albert F. Zahm (US)

“Superaerodynamics,”Journal
of the Franklin Institute, 
Vol. 217, pp. 153-166, 1934.

Eugene Sänger (Austria)

Silbervogel ("Silverbird") 

(1944)

Ludwig Prandtl (Germany)

Theodore von Kármán (US, 1946)

Hsue-shen Tsien (錢學森, US) 

Munk (developer of the thin-airfoil theory ) at NACA disliked Zahm’s manuscript submitted to J. of the Aeronautical Sciences?
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Recent: RGD32 & hypersonic shock tunnel

With Chul Park 

(2016, 1st HTGD, 

Beijing)

CAS JF12 (2012; Mach 5-9, 

Altitude 25-50km, 130 msec)
http://www.rgd32.org/

(Seoul, July 4-8, 2022)

HGV (Hypersonic 

Glider Vehicle)

http://www.rgd32.org/
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Park’s two temperature model (1988)

From now on, no consideration on air-solid molecular interaction, ablation, and radiation 

(“The Limits of Two-Temperature Model,” AIAA 2010-911: It describes what the 

two-temperature model is, and why it was developed. It then explains why the 

model is the way it is, and what it cannot do. It suggests a three-temperature

model recognizing the rotational temperature or a radiation temperature different 

from heavy particle translational temperature.)

("Assessment of Two-Temperature Kinetic Model for Dissociating and Weakly-

Ionizing Nitrogen," J. of Thermophysics and Heat Transfer, Vol. 2, pp. 8-16, 1988)

Argon Nitrogen Carbon dioxide t2xy

z

Translational degree of freedom

Rotational degree of freedom
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 With the recent development of high-fidelity ab initio based 

computational chemistry algorithms, Potential Energy Surface 

information of various gas particles can be acquired using Complete 

Active Space Self-consistent Field (CASSCF) and Second-order 

Perturbation Theory (CASPT2) techniques.

 By combining this information with the Molecular Dynamics simulation 

based on the Quasi-classical Trajectory technique, the  cross sections 

and rate coefficients of a chemical reaction can be calculated. (Luo, H., 

Kulakhmetov, M., and Alexeenko, A., “Ab Initio State-specific N2 + O Dissociation and 

Exchange Modeling for Molecular Simulations,” Journal of Chemical Physics, Vol. 146, 

074303, 2017.)

 It is crucial to realize that, although Park’s two-temperature model over-

predicts dissociation rates at lower vibrational temperatures, it is widely 

used today because of its clear and simple implementation.

 A physically-motivated model for non-equilibrium reaction rate 

coefficients suitable for the NSF equations is proposed. (Mankodi, T. K., 

Myong, R. S., Quasi-classical Trajectory-based Non-equilibrium Chemical Reaction 

Models for Hypersonic Air Flows, Physics of Fluids, Vol. 31, 106102, 2019.)

NETT (Non-equilibrium Total Temperature) Model
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NETT (Non-equilibrium Total Temperature): results

Park's model with 0.5

ln ln (1 ) lna tr vT T T



  



 

Evolution of O and O2 for simulation starting with vibrationally cold conditions

NEPI (Non-equilibrium 

Piecewise Interpolation) Model

NETT Model
v
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Boltzmann kinetic equations

 A first-order partial differential equation of the probability density of finding a 

particle in phase space with an integral collision term
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Relationship with conservation laws
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Constitutive equations and balanced closure
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Closure of dissipation terms via 2nd-law

Key ideas; exponential canonical form, consideration of 

entropy production σ, and non-polynomial expansion 

called as cumulant expansion (B. C. Eu in 80-90s)
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Cumulant expansion method
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Conservation laws (exact 

consequence of BKE)  
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Topology of 2nd-order NCCR (shock structure) (PoF 2020a)

Mach 5.0
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Topology of 2nd-order NCCR (velocity shear) (PoF 2020a)

Carbon dioxide
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Role of the vibrational mode: Modified Boltzmann-Curtiss
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3D mixed modal DG method for the 2nd-order model

t inv vis( ) ( , ) 0    U F U F U U

Discretization in mixed form

t inv vis

0

( ) ( , ) 0

 

    





S U

U F U F U S

NSF model (П, Q) = flinear(S(U))  

NCCR model (П, Q)NCCR = fnon-linear(S(U), p, T)

       
0 0

( , ) , ( , )
k k

i i i i
h j h j

i i

t U t t S t 
 

  U x x S x x

inv inv vis vis 0,

0,

I I I I I

s s

I I I

φdV φ dV φ d φ dV φ d
t

φdV T φ dV T φ d

 




          


      


    

  

U F F n F F n

S U U n

Dubiner basis function, Lax-Friedrichs inviscid flux, central flux for viscous terms 

NCCR: Nonlinear Coupled 

Constitutive Relation

JCP 2022
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2-D hypersonic rarefied flow past a cylinder

Argon gas 

Mach 5.48 

Knudsen 0.02

Argon gas 

Mach 5.48 

Knudsen 0.2
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A body with side-jet: DACS (Divert Attitude Control System)

Number of density contour (nitrogen gas, velocity=2km/s, Knudsen=0.1)

NCCR-DG DSMC
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Full 3-D hypersonic rarefied flows around a vehicle

A suborbital re-entry vehicle

Velocity contours of nitrogen gas flows; Mach 5.0, Knudsen 0.02
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Concluding remarks and thanks

Pushing the Limits of Traditional 

Aerodynamics and Going Beyond the 

Navier-Stokes-Fourier!

Non-classical flow physics including mixture, chemical reaction and radiation modeling

Extension to multi-phase flow problems

Aerothermodynamic data for design and control

More accessible (via OpenFOAM of NCCR-FVM) and efficient computational algorithms

Combination with machine learning and quantum computing


