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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 trend in hypersonics

CAS JF-12 (2012; Mach 5-9, 

Altitude 25-50km, 130 msec)

HGV (Hypersonic 

Glider Vehicle)

CAS JF-22 (30 May 2023; 10 km/sec)

“China’s JF-22 hypersonic wind tunnel 

blows by US”

JF-22 detonation-driven high-enthalpy 

shock tunnel

“The goal of the JF-22 wind tunnel is to 

accelerate the development of a space-

to-earth shuttle system.”(Zonglin Jiang)

(ASIA Times on June 7, 2023)
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Recent trend in reusable space plane

China's reusable Shenlong space 

plane

China's (robotic) space 

plane returns to Earth after 

9-month orbital mission

Touched down Monday (May 

8, 2023) at the Jiuquan

Satellite Launch Center 

(www.space.com on May 09, 

2023)

U.S. Space Force's robotic X-37B (Orbital Test Vehicle, OTV)

6회 OTV-6/USSF 7(2호기) : 2020년 5월 17일 ~ 2022년 11월 12일, 총 980

일 20시간
X-37B 4,990kg, 8.9 meters long, 4.5 wingspan

Atlas V 8,250 ~ 20,520kg (LEO), 4,750 ~ 8,900kg (GTO)

Falcon 9 22,800kg (LEO), 8,300kg (GTO)

낙하산으로 바다에 착수하는 오리온 다목적 유인 우주선(개발중)과 대비

참고: 누리호 3,300kg (LEO)

차세대 발사체 10,000kg (LEO) 

(KSLV-III 개발 사업 2023-2032년 2조 132억원)
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Winged Reentry Vehicles

Edge of space

(Kármán line)
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Winged Reentry Vehicles vs Non-winged RV

Hirschel & Weiland (DLR), Selected Aerothermodynamic 

Design Problems of Hypersonic Flight Vehicles, Springer, 

2009.
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Big picture: Lifting body and control

SpaceX

2

 or 
Re Re
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Multidisciplinary Design Optimization

Pankaj Priyadarshi (Vikram Sarabhai Space Center, India), 

Multifidelity Multiobjective Multidisciplinary Design Optimization 

(M3DO) of a Semi-Ballistic Reentry Vehicle, IIT Kanpur, 2015.
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Experimental Investigation of Rarefaction Effects 

Schlegat, T., Experimental Investigation of 

Rarefaction Effects on Aerodynamic Coefficients 

of Slender and Blunt Re-entry Vehicles, Ph.D. 

Dissertation, Justus Liebig University, Germany, 

2018.

J. Lu et al., 

Uncertainty and 

sensitivity analysis 

of heat transfer in 

hypersonic three-

dimensional shock 

waves/turbulent 

boundary layer 

interaction flows, 

Aerospace Science 

and Technology 

123 (2022) 107447



Talk 9/33 Seminar
R. S. Myong, Gyeongsang National University, South Korea July 6th (Thu), 2023 – KARI

Main issues

▪ 우주비행기의 과학적 Mission 계속적 발굴 (국방 Mission의 경우 “우주통제”, “우주전

력투사; 재사용 무인 우주비행체 고도화 기술 특화연구센터 (서울대, 2023))

▪ 우주비행기 해석 및 설계 핵심기술 도출 (세계 대비 독창적 기술)

▪ 실험과 시험에 얼마 만큼 재원 투입할 지 결정 필요

CFD     Wind Tunnel    Flight Test    3축 체계

에서 

CFD     Flight Test 2축 체계

(Wind Tunnel은 시편 단위의 CFD 검증용으로만 사용하여 대용량 WT 구축/운용 절감)

▪ 기술적 Issues: 

Pitching Moment Anomaly, 물리적/해석적 Uncertainty, 벽면의 희박(slip-jump) 효과, 

Thermochemical-rarefaction-radiation 복합 효과, 희박영역 추진-공력 상호작용, 효율

적 Stability Derivatives 계산 등
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우주 희박기체 및 우주비행기 관련 수행 연구과제

1999-03 한국과학재단 특정기초 “희박기체 및 MEMS 유동장 해석에 관한 기초연구”

2012-15 한국연구재단 중견연구 “Non-classical 열유동 물리법칙에 기초한 마이크로-희박 기
체 연구의 새 패러다임”

2015-16 ADD 용역과제 “NCCR-CFD 기법을 이용한 연속체-희박 유동 통합해석 연구” (인하대 

이승수 교수)

2015-18 한국연구재단 우주핵심 “달착륙선의 로켓플룸-월면 상호작용 및 표토입자 분산 연구”

2017-20 한국연구재단 중견연구 “희박·마이크로 다원자 기체와 점탄성 복잡유체에 관한 볼츠
만 기반의 메조스케일 모델링 및 시스템 설계기법”

2017-20 우주핵심기술개발사업(위탁) “지구 재진입시 우주비행체 형상에 따른 공력가열특성 

수치해석 연구”

2022-25 스페이스챌린지사업 (위탁) “대기 진입 시 우주비행체 보호를 위한 열 보호 시스템 개
발”

2022-25 US Air Force Research Laboratory (AFOSR Grants) “Ultra-fast DSMC based on 

explainable AI for all flow regimes including rarefied hypersonics” & “Assessment 

of the applicability of quantum computation for solving the problem of numerical 

hypersonic flow”
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비행체 운동학 및 공력가열 관련 수행 연구과제

2003-04 ㈜한화 “로켓 비행체 예비설계용 공력 예측 프로그램 개발” (DATCOM)

2008-09 ㈜한화 “카나드 제어 유도 로켓 시스템의 사거리 최적화를 위한 공력 및 항력 특성 연
구”

2009-11 ㈜한화 “차기 다연장 유도 미사일 공력특성에 관한 연구” (천무)

2013-13 ㈜한화 “유도무기고앙각 영역에서의 롤 안정성 향상 연구” (천무)

2018-19 LIG넥스원 “공력가열 및 Plume 적외선 신호 계산 알고리즘 위탁용역연구”

(Beckwith (1957), Fay & Riddell (1958), van Driest (1959) 경험식)

이지현 등, KSAS, 47(11), 768-778(2019) 

Vinh-Busemann-Culp의 우주비행체 질점 모델 (1980)

Vinh, N. X., Busemann, A. and Culp, R. D., Hypersonic and Planetary Entry Flight 

Mechanics, University of Michigan Press, Ann Arbor, MI, 1980, pp. 19-28
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재진입 비행체 공력가열 해석 예

CFD-FASTRAN (US) code based on 

Navier-Stokes, 5-species air, 

Park’s two-temperature model s

A puzzle

Chae, J. H., Mankodi, T. K., Choi, S. M., Myong, R. S., Combined Effects of Thermal Non-

equilibrium and Chemical Reactions on Hypersonic Air Flows Around An Orbital Reentry 

Vehicle, International Journal of Aeronautical and Space Science, Vol. 21, pp. 612-626, 2020.

Japanese orbital reentry experiment 

(OREX) vehicle
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Plausible explanation on the puzzle

Japanese orbital reentry experiment (OREX) vehicle

Two competing effects: 

the shortcoming of the 

first-order law of heat 

flux in the NSF, and the 

inaccurate description of 

the effects of thermal 

non-equilibrium on 

chemical reactions in 

Park’s two temperature 

model.

The former dominates 
around the altitude of 
70 km, while the former 
and latter effects cancel 
out at the highest 
altitude of 80 km, 
leading to an excellent 
match with the actual 
flight test data

M∙Kn
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비행체 6자유도 운동 분석을 위한 공력 데이타

DATCOM Output

⧫Basic Output (one time run)

⧫Center of Pressure:

⧫Coefficients: 

⧫Primary stability derivatives:

⧫Secondary (damping) stability derivatives:

⧫Control derivatives: available by running multiple cases

⧫Examples: 

n}m,{l,D}{L,Y}A,{N, C ,C ,C

C.P.X

 n}l,{Y,m}{N, C ,C

m}{N,r}q,p,{n}m,l,Y,A,{N, C ,C

l}{m,C

⧫Basic Output (one time run)

and Re) ,or  ,,,,function(M  C n}m,l,Y,A,{N, += 

),r,q,,function(p  C n}m,l,Y,A,{N,  =
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우주비행기 열공력모우멘트 해석 코드 현황

DS1V,DS2V,DS3V Original DSMC codes by Graeme Bird

DAC From Jay LeBeau's group at NASA

MGDS From Tom Schwartzentruber's group at U Minnesota

dsmcFoam (2010) & 

dsmcFoam+ (2018)

OpenFoam packages developed by Scanlon et al. (C&F 39-10, pp.2078-2089, 

2010) and White et al. (CPC 224, pp.22-43, 2018)

Monaco From Iain Boyd's group at U Michigan

SMILE
From the Khristianovich Institute of Theoretical and Applied Mechanics in Russi

a

PI-DSMC Parallel version of DS2V and DS3V by Martin Rose of the PI-DSMC company

SPARTA Stochastic PArallel Rarefied-gas Time-accurate Analyzer developed by Sandia 

National Laboratories

Commercial CFD codes base don Navier-Stokes-Fourier equations

CFD-FASTRAN ESI CFD, Inc. (US)

Multi-species air, Park’s two-temperature chemical reaction model

CFD++ Metacomp Technologies Inc. (US)
Multi-species air, Park’s two-temperature chemical reaction model

nccrFOAM suite (GNU) 2nd-order constitutive laws with the vibrational mode (two-temperature)
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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

 2,
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▪ Maxwell’s equation of transfer for molecular expression
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Relationship with conservation laws
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Constitutive equations and balanced closure
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2nd-order closure

2nd-order closure

Conceptual inconsistency of Eu’s closure (B. C. Eu 1992)

Tr( ) / 3 0  Vanishing heat flux

0  Cannot be zero in general
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− = 

= 

ccc ccc I

ccc

New balanced closure with closure-last approach (PoF 2014)

 =2nd-order for kinematic LH  2nd-order for collsion RH
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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

( ) , ( )l l x xx x f x dx e e f x dx= =  
 

Then we have 

0 1

=  where 
! !

exp
l l

x
l

l

l

l

e x
l l

 

= =

 
=  

  
   



22
1 2

0

ln ; , , (mean, variance)
l

x
l l

d
e x x x

d





  


=

 
= = = − 
  

   

( )22

2 3

polynomical

1

2!

cumulant

1 1
1 ,

2 3!

e p

!

x

x

x x x
x

e x x x

e

 
+ − + 

 

= + + + +

=

( )

( )
( ) ( ) ( )

22

3

polynomial

1

2!

cumul nt 2a

e

1
2

3

xp exp exp sinh2 / 2
nd

x x

x x
x xx x

e e x x x

e e x

−

 
− +  + − +−  

− = + + 


 − = − 
   



Talk 24/33 Seminar
R. S. Myong, Gyeongsang National University, South Korea July 6th (Thu), 2023 – KARI

Conservation laws (exact 

consequence of BKE) ( )
( )

p
t
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u
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in conjunction with the 2nd-order constitutive relations (CR)
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Non-local term

NCCR: Nonlinear Coupled 

Constitutive Relation

Can be used as a breakdown parameter 

in CFD-DSMC hybrid scheme

Onsager-Rayleigh dissipation function

Navier-Fourier laws inclusive

like onion!
1st-order theory

2nd-order theory Sinh{1st-order theory}
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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
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JCP 2022
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Velocity-slip and temperature-jump conditions

Boltzmann (or 

similar) in 

bulk flow

Gas-surface atom 
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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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Future topics: scientific aspect

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
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