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Characterization of JAXA/ISAS Arc Wind Tunnel Facility 
 

by 
Takayuki Shimoda and Kazuhiko Yamada JAXA/ISAS ,Yusuke Takahashi(Hokkaido University) 

 
ABSTRACT 

JAXA Sagamihara Arc wind tunnel was established as 1MW high power arc tunnel in 1996. It had contributed to the development of 
“HAYABUSA” capsule successfully and “HAYABUSA2” which will be launched in this year. After “HAYABUSA2,” the exploration to 
Jupiter orbit is planned. The returned capsule of the vehicle will be exposed heat flux of over 30MW/m2. Sagamihara Arc tunnel is 
preparing to update the performance to develop the highly heat resistant material for the recovery to the earth. The wind tunnel also started 
its activity as Inter-University Research facility in 2014. The heat flux and other physical characteristics are under re-investigation and 
identification for stable operation. We report the results of them so far. 
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JAXA 相模原アーク風洞の特性評価

, Yusuke Takahashi(Hokkaido University) 
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MHD パラシュート効果による超軌道再突入環境下の空力加熱低減の可能性
下澤雄太，益田克己，藤野貴康

(筑波大学 )

Possibility of Reduction in Aerodynamic Heating by MHD Parachute Effect 
in Super Orbital Reenty Flights 

by
Yuta Shimosawa, Katsumi Masuda and Takayasu Fujino（University of Tsukuba）

Abstract
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3 次元磁場配位による磁気シールド効果への影響

○永田靖典（岡山大学），山田和彦，安部隆士（JAXA/ISAS）

Infl uence of 3-Dimentional Magnetic Confi guration on Electrodynamic Effeect
by

Yasunori Nagata (Okayama University), Kazuhiko Yamada and Takashi Abe (JAXA/ISAS)

ABSTRACT
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Rise time

Numerical Study on Rise Time Prediction of Sonic Boom 
with Thermal Nonequilibrium 

 
by 

Rei Yamashita and Kojiro Suzuki (The University of Tokyo) 
 

ABSTRACT 
In order to investigate a formation process of rise time in the sonic boom propagation, axi-symmetric Euler analyses with thermal 
nonequilibrium have been numerically conducted. In the thermal nonequlibrium model, the harmonic oscillation is assumed and the 
Landau-Teller relaxation model is used to take into account the effect of molecular relaxation with respect to molecules of O2 and N2. The 
flowfield around an axi-symmetric paraboloid is solved in the computational domain extending from the near field around the body to the 
normal distance of 1000 times larger than its length from the body axis. The solution adaptive grid is constructed to align the grid lines to 
both the front and rear shock waves generated from the body. The atmospheric conditions are set as the geometric mean of the atmospheric 
properties at an altitude of 25 km and at the ground. The freestream Mach numbers are 2 and 5.  The results show that the configuration of 
the shock wave is mainly changed by the effect of the attenuation with the sound absorption of N2. The pressure rise of the shock wave in 
the nonequilibrium case is lower than that in the equilibrium case. Moreover, the rise time at the far field increases in proportion to the 
normal distance from the body axis, though it does not change at the near field around the body. In case that the thermal nonequilibrium is 
assumed, the rise time depends on not the Mach number but the maximum pressure rise caused by the shock wave. Then, it is shown that 
the rise time at Mach 2 is longer than that at Mach 5 in the whole domain, when the radial distance from the body axis is the same in both 
cases. 
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One of the difficult design problems of supersonic transport is to improve both the low-speed and supersonic aerodynamic performance. 
This paper summarizes the authors' previous researches in this subject. First, a multi-point design method for preliminary design of 
supersonic transports to obtain a compromised solution at low speeds and at supersonic speeds is reviewed. Second, non-linear pitching 
moment characteristics which are observed at relatively high angle of attack at low speeds is discussed from design and aerodynamic points 
of view. The wind tunnel experimental results conducted by the authors are also described. Third, a simplified analytical method to estimate 
this non-linear pitching moment characteristics has been investigated and is summarized here. These methods are going to be integrated 
into a revised conceptual design method for supersonic transports. 
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JAXA JSS2

A purpose of JAXA next generation supercomputer installation and its 
composition outlines 

 
by 

Naoyuki FUJITA 
 
 

ABSTRACT 
 
JSS(Jaxa Supercomputer System) is the first supercomputer system for Japan Aerospace Exploration Agency(JAXA). On JSS, fruitful 
numerical simulation have been calculate, for example, launch pad noise analysis, liquid fuel atomization, design of rocket engine, airplane 
landing gear sound analysis, shock wave on wing, and so on. Five years or more have passed since the system operation start. From that 
time by the present, aggressive use of numerical simulation on aerospace field is continuing. As a result, supercomputer resource became 
insufficient. Main requirements are (1) Increase computing power, (2) Correspondence to the analysis of an unsteady phenomenon, (3) 
Necessity for file system and archive system, (4) Large scale pre/post-processing realization, (5) Realization of the backup function of 
experimental data and/or observational data. So JAXA decided to replace supercomputer system. This shows a purpose of the installation 
and JSS generation 2 composition outlines. 
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弱電離プラズマ流制御技術の実証に向けた強磁場源の開発と運用について

○永田靖典（岡山大学），山田宗平（早稲田大学），山田和彦，安部隆士（JAXA/ISAS）

Development and Operation of Strong Magnetic Source
to Demonstrate Electrodynamic Flow Control Technology

by

Yasunori Nagata (Okayama University), Shuhei Yamada (Waseda University),

Kazuhiko Yamada and Takashi Abe (JAXA/ISAS)
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Numerical Analysis of the Downwash Caused by a Helicopter Rotor in Ground 
Effect 

 
by 

Masahiko Sugiura, Yasutada Tanabe and Hideaki Sugawara 
 

ABSTRACT 
Helicopter downwash interferes with the ground when a helicopter takes off or lands. By encountering this highly turbulent helicopter wake, 
two small fixed-wing aircraft were rolled over in the United Kingdom. Japan Aerospace Exploration Agency (JAXA) is investigating the 
helicopter wake structure in ground effect, especially in taxiing. This year JAXA is going to conduct a helicopter flight test to measure the 
downwash. Before the flight test, the helicopter downwash is analyzed by CFD in this study to decide the measurement conditions. Firstly, 
viscous effect on velocity profiles of the downwash is investigated in an isolated rotor analysis. As a result of the governing equations 
comparison, the flow field in Navier Stokes equations is more realistic than Euler equations. Secondarily, the downwash structures are 
investigated in a rotor-fuselage configuration by changing the taxiing speed. The differences between the downwash structures are clearly 
observed and the flow field leading to a brownout condition is simulated successfully. 
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rFlow3D のロータ性能予測精度の検証
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/  

Double flame structure of hydrazine/nitrogen dioxide coaxial jets 
 

by 
Hiroumi Tani, Hiroshi Terashima, Mituo Koshi, Yu Daimon 

 
ABSTRACT 

Hydrazine (N2H4)/nitrogen dioxide (NO2) co-flowing plane jets were simulated to explore the flame structures in hypergolic N2H4/nitrogen 
tetroxide (N2O4) bipropellant thrusters. The Navier-Stokes equations with a detailed chemical kinetics mechanism were solved in a manner 
of direct numerical simulation to reveal the interaction between fluid dynamics and the distinct chemical reaction, i.e. hydrogen abstraction 
by nitrogen dioxide (NO2) and the thermal decomposition of N2H4. The combustion flames uniquely comprised two types of flames, the 
diffusion flame and the decomposition flame. The diffusion flame came from the oxidization by NO2. The decomposition flame was caused 
by the heat transfer from the diffusion flame and a high rate of heat release from the thermal decomposition of N2H4. Owing to the 
decomposition flame, the decomposition products such as NH3, N2 and H2 became the major constituents of the downstream combustion 
gases. 
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Fig. 1: Schematics of complicated multi-physics 
phenomena in N2H4/N2O4 bipropellant thrusters. 
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Consideration for Optimization of Fuel Distribution in a Scramjet Engine 

Compensation for Steep Distribution 
 

by 
Shigeru Sato (JAXA.Kakuda), Masaaki Fukui (Space Service), 

Takahiro Watanabe and Toshihiko Munakata (Hitachi Solutions East Japan) 

 
ABSTRACT 

Japan Aerospace Exploration Agency has been investigating scramjet engines in Kakuda Space Center using RamJet 

Engine Test Facility (RJTF) et al.  The engine tested at the flight condition of Mach 6 showed very steep fuel 

distribution.  The fuel injected from the vertical injector on the side wall stays near the side wall and the tap wall along 

the engine.  The steep fuel distribution is an obstacle for the engine performance completion.  In order to solve the 

problem, the authors are focusing the influence of cowl shock wave on the fuel distribution.  Being based on the 

aerodynamic effect of strut found by authors, the strut fuel injection is proposed to improve the fuel distribution.  In the 

result of simulation by visualizing the steam lines in CFD, it is found that the strut fuel injection might be able to spread 

the fuel in the engine cross section much more than the side wall injection. 
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Fig. Outline of scramjet engine tested in JAXA 
Kakuda.(4)  The engine is set upside-down on the test 
bed. (unit:mm) 
 
 

 

 

a) 5/5H-Strut configuration 

 

 
b) Boat-tail Strut configuration 

 
Fig. Two types of struts.  The 5/5H-Strut 
configuration and the Boat-tail Strut configuration are 
compared by means of CFD. (unit:mm) 
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a) 5/5-Height Strut configuration 

 
 

 
b) Boat-tail Strut configuration 

 
Fig. Streamlines and hot triangles around the struts 
in each configurations.  12 tracers are set along the 
Backward-Facing step line on the strut side surface. 
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a) 5/5-Height Strut configuration 
 

 
 

b) Boat-tail Strut configuration 
 
Fig. Streamlines and hydrogen mass fraction at the 
engine exit. 
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a) 5/5-Height Strut configuration 
 

 

b) Boat-tail Strut configuration 
 
Fig. Streamlines from the Strut and mass fluxes in 
the engines. 
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a) 5/5-Height Strut configuration 

 

 

b) Boat-tail Strut configuration 
 
Fig. Streamlines passing the points 5.5mm away 
from the injector exit surface and mass fluxes in the 
engines. 
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Proposal for New Higher-Order Flux Quadrature Scheme for Finite-Volume 
Method 

 
by 

Yoshiharu Tamaki and Taro Imamura 
 

ABSTRACT 
In this paper, a new higher-order flux quadrature scheme for finite-volume methods (FVM) is proposed. The scheme is especially for 
unstructured Cartesian grids; therefore only the information (values and its spatial gradients) of the two cells which shares the face is used 
to calculate the flux. On the FVM, cell-averaged values are updated in each cell. The values are interpolated onto the cell-interface to 
calculate numerical flux, and then the flux is integrated over the cell-interface. The spatial accuracy of the entire scheme depends on the 
accuracy of both the variable interpolation and the flux quadrature. In the conventional flux quadrature, the flux evaluated at one point on 
each face of the cell is multiplied with the area of the face, but the accuracy is only second-order. In order to enhance the accuracy of the 
quadrature, at first, the error terms of the conventional scheme are clarified. The error term is represented with the variables and its gradient 
value along the face, thus can be calculated using the value of the both cell sharing the face. Adding this error term as a modifying flux to 
the conventional second-order integrated flux, the accuracy of quadrature is enhanced to fourth-order. The new scheme is implemented in 
the verification problems on Burgers and Euler equations on the FVM framework, and the results show fourth-order convergence correctly. 
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Burgers

Euler  
 

 

ݐ∂∂  ම ௏ܸ݀ۿ + ඵ ℱ ∙ ௌܵ݀ ܖ = 0 (1) 

1 ۿ ܸ
2 ℱ ܵ

1

2
(1) (2) 2

 
1 ۿ = [(ݔ)ݑ]

௜ݑ  = 1Δݔ න ௫೔ା୼௫ଶ௫೔ି୼௫ଶݑ  (2) ݔ݀(ݔ)

௜ାଵ/ଶݑ
9) ௜ାଵଶݑ  = ௜ݑ + 12 ݔ௫௜Δݑ + 112 ଶݔ௫௫௜Δݑ + ࣩ(Δݔସ) (3) 

Taylor ௜ାଵଶݑ  = ௜ݑ + 12 ݔ௫௜Δݑ + 18 ଶݔ௫௫௜Δݑ + 148 +ଷݔ௫௫௫௜Δݑ ࣩ(Δݔସ) 
(4) 

3 1
3 2 2 4݅ + 1

( )Riemann
4

4 Green-
Gauss 2

10) (3) 3  
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9)

G-G LSQ 2 ீ,௫௜ݑ  = ௜ାଵݑ − ݔ௜ିଵ2Δݑ  (5) 

௫௜,ோݑ  =  ൜1 + 16 ൬ 2Δݔ௜Δݔ௜ + Δݔ௜ାଵ + 2Δݔ௜Δݔ௜ିଵ + Δݔ௜൰ൠ −   ீ,௫௜ݑ 16 ൬ 2Δݔ௜Δݔ௜ + Δݔ௜ାଵ൰ −   ீ,௫௜ାଵݑ 16 ൬ 2Δݔ௜Δݔ௜ିଵ + Δݔ௜൰  ீ,௫௜ିଵݑ

(6) 

(6) 4 ௫௜ݑ  = 43 ቆݑ௜ାଵ − ݔ௜ିଵ2Δݑ ቇ − 13 ቆݑ௜ାଶ − ݔ௜ିଶ4Δݑ ቇ (7) 

(3) 4
 

 

(1) 2 2 ܨ ܩ ℱ ݔ ݕ
 ඵ ℱ ∙ ௌܵ݀ ܖ = ൬ܨ෨௜ାଵଶ − ෨௜ିଵଶ൰ܨ Δݕ                        + ൬ܩ෨௝ାଵଶ − ෨௝ିଵଶ൰ܩ Δݔ 

(8) 

2
 

 
 

2 ࡽ = ,ݔ)ݑ] [(ݕ
തݑ  = 1ΔݔΔݕ න න ,ݔ)ݑ ୼௬ଶି୼௬ଶ(ݕ

୼௫ଶି୼௫ଶ  ݔ݀ݕ݀
   = 1Δݔ න ෤୼௫ଶି୼௫ଶݑ  ݔ݀(ݔ)

(9) 

ݑ ݕ (ݔ)෤ݑ 1
( 1) (3)

point value (ݔ)෤ݑ  = 1Δݕ න ,ݔ)ݑ ୼௬ଶି୼௬ଶ(ݕ  ݕ݀
    = 1Δݕ න ൜ݔ)ݑ, 0) + ,ݔ)௬ݑ ݕ(0 + 12 ,ݔ)௬௬ݑ ଶ୼௬ଶି୼௬ଶݕ(0 + 16 ,ݔ)௬௬௬ݑ ଷݕ(0 + ⋯ ൠ =     ݕ݀ ,ݔ)ݑ 0) + 124 ,ݔ)௬௬ݑ 0)Δݕଶ + ࣩ(Δݕସ) 

(10) 

෤ݑ ݑ ଶ/24ݕ௬௬Δݑ
( 2) (ݔ)෤ݑ 1

(3) ݔ = Δ2/ݔ ෤௜ାଵ/ଶݑ4 (2/ݔΔ)෤ݑ ࣩ(Δݔସ)
(10) ෤௜ାଵଶݑ  = ෤ݑ ൬Δ2ݔ ൰ + ࣩ(Δݔସ) (11) 

         = ݑ ൬Δ2ݔ , 0൰ + 124 ௬௬ݑ ൬Δ2ݔ , 0൰ Δݕଶ          +ࣩ(Δݕସ) + ࣩ(Δݔସ) ݅ + 1/2
(ݑ)ܨ  ෤ݑ

(෤ݑ)ܨ  = ܨ ൬ݑ + 124 =            ଶ൰ݕ௬௬Δݑ (ݑ)ܨ + ݑ߲ܨ߲ ൬ 124 +                     ଶ൰ݕ௬௬Δݑ 12 ߲ଶݑ߲ܨଶ ൬ 124 ଶ൰ଶݕ௬௬Δݑ + ⋯          = (ݑ)ܨ  + 124 ݑ߲ܨ߲ ଶݕ௬௬Δݑ + ࣩ(Δݕସ) 

(12) 

  
(8) 1

෨ܨ  = (ݑ)ܨ + 124 ଶݕΔ(ݑ)௬௬ܨ + ࣩ(Δݕସ) (13) 

௬௬ܨ  = ൫ܨ௬൯௬ = ൬߲ݑ߲ܨ =        ௬൰௬ݑ ݑ߲ܨ߲ ௬௬ݑ + ൬߲ݑ߲ܨ൰௬  ௬ݑ
(14) 

෨ܨ  = (ݑ)ܨ + 124 ݑ߲ܨ߲ ଶݕ௬௬Δݑ + 124 ൬߲ݑ߲ܨ൰௬ ଶݕ௬Δݑ + ࣩ(Δݕସ) (15) 

(12) ෨ܨ  = (෤ݑ)ܨ + 124 ൬߲ݑ߲ܨ൰௬ ଶݕ௬Δݑ + ࣩ(Δݕସ) (16) 

(ݑ߲/ܨ߲) =const. (16) ෨ܨ = (෤ݑ)ܨ  
4 ௠௢ௗܨ  = 124 ൬߲ݑ߲ܨ൰௬ (෤ݑ)ܨ ଶ (17)ݕ௬Δݑ 4

i+1/2 ௬(ݑ߲/ܨ߲) ௬ݑ 2
௜ାଵଶݑ  = ௜ݑ + ௜ାଵ2ݑ ௬ݑ (18) 

(17)
(13) ௬௬ܨ

(15) 2
2

 
 

Burgers
2 Burgers ௧ݑ = ଶݑ) 2⁄ )௫ + ଶݑ) 2⁄ )௬ ܨݔ = ଶ/2ݑ (17) ௠௢ௗܨ  = 124 ൫ݑ௬൯ଶ ݕ߂ଶ (19) 
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1 2 ݑ෤ݑ) ) 

 

 
2  

 
 

Euler

ۿ = [ܳଵ, ܳଶ, ܳଷ, ܳସ]் ,ߩ]= ,ݑߩ ,ݒߩ ்[ܧߩ ݔ  ۴ = ,ݑߩ] ଶݑߩ ,݌+ ,ݒݑߩ ்[ܪݑߩ
ࢊ࢕࢓۴  = 124 ൬߲۴߲ۿ൰௬  ଶݕ௬Δۿ

= ଶ24ݕ߂ ⎣⎢⎢
⎢⎢⎡ 0− ߛ − 32 ܽଵ − ߛ − 12 ܽଶܽଷܽߛସ − ߛ − 12 ܽହ ⎦⎥⎥

⎥⎥⎤ (20) 

 ܽଵ = 2൫(ܳଶ)௬൯ଶܳଵ − 4(ܳଵ)௬ܳଶ(ܳଶ)௬(ܳଵ)ଶ + 2൫(ܳଵ)௬൯ଶ(ܳଶ)ଶ(ܳଵ)ଷ  

ܽଶ = 2൫(ܳଷ)௬൯ଶܳଵ − 4(ܳଵ)௬ܳଷ(ܳଷ)௬(ܳଵ)ଶ + 2൫(ܳଵ)௬൯ଶ(ܳଷ)ଶ(ܳଵ)ଷ  

ܽଷ = 2(ܳଶ)௬(ܳଷ)௬ܳଵ − 2(ܳଵ)௬൫ܳଶ(ܳଷ)௬ + (ܳଶ)௬ܳଷ൯(ܳଵ)ଶ+ 2൫(ܳଵ)௬൯ଶܳଶܳଷ(ܳଵ)ଷ  

ܽସ = 2(ܳଶ)௬(ܳସ)௬ܳଵ − 2(ܳଵ)௬൫ܳଶ(ܳସ)௬ + (ܳଶ)௬ܳସ൯(ܳଵ)ଶ+ 2൫(ܳଵ)௬൯ଶܳଶܳସ(ܳଵ)ଷ  ܽହ= 6ܳଶ൫(ܳଶ)௬൯ଶ + 4(ܳଶ)௬ܳଷ(ܳଷ)௬ + 2ܳଶ൫(ܳଷ)௬൯ଶ(ܳଵ)ଶ− 4(ܳଵ)௬൫3(ܳଶ)ଶ(ܳଶ)௬ + 2ܳଶܳଷ(ܳଷ)௬ + (ܳଶ)௬(ܳଷ)ଶ൯(ܳଵ)ଷ+ 6൫(ܳଵ)௬൯ଶ((ܳଶ)ଷ + ܳଶ(ܳଷ)ଶ)(ܳଵ)ସ  

1 2
( ) 0  

 
Euler

MUSCL ܙ ,ߩ]= ,ݑ ,ݒ ்[݌ ݔ ۴ ,ݑߩ]= ଶݑߩ + ,݌ ,ݒݑߩ ்[ܪݑߩ
11), 12)

(21)
ࢊ࢕࢓۴  = 124 ൬߲۴߲ܙ൰௬  ଶݕ௬Δܙ

= ଶ24ݕ߂ ⎣⎢⎢
⎢⎢⎡ ௬ݑݑ௬ߩ௬4ݑ௬ߩ2 + ݒ௬ݑ௬ߩ௬ଶ2ݑߩ2 + ௬ݒݑ௬ߩ2 + ߛߛ௬2ݒ௬ݑߩ2 − 1 ௬݌௬ݑ + ܽ଺ ⎦⎥⎥

⎥⎥⎤ (21) 

 ܽ଺ = ௬ݑଶݑ௬ߩ3 + ௬ݒݒݑ௬ߩ2 + ଶݒ௬ݑ௬ߩ + ௬ଶݑݑߩ3 + +௬ݒݒ௬ݑߩ2  ௬ଶݒݑߩ
 

 

ۿ = ഥۿ − 124 ଶݔഥ௫௫Δۿ) + (ଶݕഥ௬௬Δۿ  + ࣩ(Δݔସ, Δݕସ, ΔݔଶΔݕଶ) 
ഥۿ (22)

ഥܙ  ≠  (23) (ഥۿ)ܙ
2

௠௢ௗܙ  = 124 ൬߲ۿ߲ܙ൰௫ ଶݔ௫Δۿ + 124 ൬߲ۿ߲ܙ൰௬  ଶ (24)ݕ௬Δۿ

 
(22)

 
(22) 2 (25) ഥ௫௫|௜,௝ۿ  = 1Δݔଶ ൫ۿഥ௜ାଵ,௝ − ഥ௜,௝ۿ2 + ഥ௜ିଵ,௝൯ۿ + ࣩ(Δݔସ) (25) ۿഥۿ ܙ ഥܙ2

2 ௫௫|௜,௝ܙ ഥ௫௫|௜,௝ܙ2 (3) 4

3  
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3  

( : : ) 
 

 
Burgers  

Burgers ଴ݑ
଴ݑ  = 0.5 + 0.5sin {2ݔ)ߨ + ܶ (26) {(ݕ ௘ݑ ௘ݑ  = 0.5 + 0.5sin {2ݔ)ߨ + (ݕ −  ௘ܶ} (27)ݑ2

1 1 1 ܰ
4 Runge-Kutta

3 (MUSCL
) (6) 4

(19)
Godnovܰ

(28) L1   (Error) = 1ܰଶ ෍ฮݑ௜ − ௘,௜ฮேݑ
௜ୀଵ  (28) ࣩ(Δݔ௡) ଵܰ ଶܰܧଵ ଶܧ  ࣩ(Δݔ௡) = ln ൬ܧଶܧଵ൰ /ln ൬ ଵܰܰଶ൰ (29) 

 
4 0.05

1 5  
 

 
4 (Burgers )  

 
 
 
 

1 Burgers  
3rd-order upwind-biased 
 without Modification with Modification ܰ Error ࣩ(Δݔ௡) Error ࣩ(Δݔ௡) 

8 6.021E-03 - 6.943E-03 - 
16 7.000E-04 3.105  9.018E-04 2.945  
32 1.061E-04 2.722  1.126E-04 3.002  
64 3.439E-05 1.625  1.420E-05 2.987  

128 9.859E-06 1.802  1.786E-06 2.992  
256 2.625E-06 1.909  2.230E-07 3.001  

 
4th-order upwind-biased 
 without Modification with Modification ܰ Error ࣩ(Δݔ௡) Error ࣩ(Δݔ௡) 

8 2.667E-03 - 3.483E-03 - 
16 4.258E-04 2.647  2.666E-04 3.708  
32 1.601E-04 1.411  1.620E-05 4.041  
64 4.352E-05 1.879  9.191E-07 4.139  

128 1.108E-05 1.974  5.308E-08 4.114  
256 2.781E-06 1.994  3.192E-09 4.055  

 

 
5 Burgers  

 

2
3

2
3

4   
 

Euler
Euler

(20)
( e) (30) ௘ߩ  = ቈ 1ܵஶ ቆ ஶܶ − ߛ) − ଶߨߛଶ8߁(1 eଵି௥మቇ቉ ଵఊିଵ

௘ݑ  = ஶݑ − ߨ2߁ eଵି௥మଶ ௘ݒതݕ = ஶݒ + ߨ2߁ eଵି௥మଶ ௘݌ݔ̅ = ܵஶ(ߩ଴)ఊ 

(30) 

γ = 1.4 ߁ = 5 ܵஶ = ߛ/1 ,ݔ̅) ݎ(തݕ = ඥ̅ݔଶ + ,ஶݑ)തଶݕ (ஶݒ = (√2, √2) (-2,-2)
2 45 6

Burgers  
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SLAU
2 7  

Burgers

3 4
( )

( )
 

 

 
 

6  
 

2 Euler ( )  
3rd-order upwind-biased 
 without Modification with Modification ܰ Error ࣩ(Δݔ௡) Error ࣩ(Δݔ௡) 
16 8.415E-03 - 8.353E-03 - 
32 2.080E-03 2.016 1.947E-03 2.101 
64 4.186E-04 2.313 3.751E-04 2.376 

128 6.697E-05 2.644 5.379E-05 2.802 
256 1.086E-05 2.625 6.931E-06 2.956 
 
4th-order upwind-biased 
 without Modification with Modification ܰ Error ࣩ(Δݔ௡) Error ࣩ(Δݔ௡) 
16 6.215E-03 - 6.045E-03 - 
32 9.444E-04 2.718 7.768E-04 2.960 
64 1.276E-04 2.888 6.048E-05 3.683 

128 2.780E-05 2.198 3.639E-06 4.055 
256 6.938E-06 2.002 1.775E-07 4.358 
 

 
7 Euler ( )  

 

Euler ( ) 
(21)

3 8  

(22)

 
 

3 Euler ( )  
3rd-order upwind-biased 
 without Modification with Modification ܰ Error ࣩ(Δݔ௡) Error ࣩ(Δݔ௡) 
16 8.914E-03 - 8.868E-03 - 
32 2.510E-03 1.829 2.415E-03 1.876 
64 4.286E-04 2.550 3.869E-04 2.642 

128 6.901E-05 2.635 5.036E-05 2.942 
256 1.305E-05 2.403 6.317E-06 2.995 
 
4th –order upwind-biased 

 without Modification with Modification ܰ Error ࣩ(Δݔ௡) Error ࣩ(Δݔ௡) 
16 6.876E-03 - 6.802E-03 - 
32 8.330E-04 3.045 6.643E-04 3.356 
64 1.668E-04 2.320 3.890E-05 4.094 

128 4.157E-05 2.004 2.431E-06 4.000 
256 1.037E-05 2.002 1.396E-07 4.122 
 

 
8 Euler ( )  

 
 

2

4

Burgers Euler
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HR-SLAU2 HR-AUSM+-up  

HR-SLAU2 and HR-AUSM+-up towards 
High Resolution Unsteady Aerodynamic Simulations 

 
by 

Keiichi Kitamura (Nagoya University; currently at Yokohama National University) and Atsushi Hashimoto (JAXA) 
 

ABSTRACT 
The reduced dissipation approach has been applied to AUSM-family flux functions of SLAU2 and AUSM+-up towards high resolution 
transonic buffet simulations on unstructured grids. In this approach, the dissipation term (of the pressure flux) in each flux function is 
locally controlled (0 < HR < 1,  HR: dissipation coefficient) where a cell-interface orientation angle is small (i.e., cell geometry is nearly 
squared) and/or where flows are smooth, and the original methods are recovered otherwise ( HR =1). Numerical tests demonstrated that the 
proposed HR (High-Resolution) -SLAU2 achieved better resolution (while maintaining robustness) for a double shear layer problem (Mach 
0.01) and decaying isotropic turbulence (Mach 6×10-4), compared with the original counterparts ( HR =1) or an existing method (HR-Roe), 
whereas HR-AUSM+-up showed degraded resolution due to a large cutoff Mach number required for a stability reason. 
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Vi i t Qi

Fij i j Sij

1  
 

 
 

HR-Roe 
Roe(15) HR-Roe(14)(23) 

HR-Roe FHR-

Roe FL/R

QL/R  

 
1 2

HR 0 1 HR =0 HR =1
Roe =0

Winkler (14) HR  

min =0.2 (25)  

 
face i ij
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Sound source distributions in isotropic compressible turbulence 
by 

Daiki Terakado, Taku Nonomura, Makoto Sato and Kozo Fujii 
 

ABSTRACT 
We investigate the effects of compressibility on sound source distributions using direct numerical simulations of isotropic 
decaying compressible turbulence at various turbulent Mach numbers. The sound source is obtained numerically from the 
Lighthill equation. As a first step, we study the sound source from the Reynolds stress, which is the dominant source in flows at 
low Mach numbers. We find that, as the Mach number is increased, overall sound source levels are weakened by the 
compressibility; however, once the supersonic region appears, sound generation associated with shocklets occurs. This sound 
generation strengthens the overall sound source levels in the high Mach number turbulence.  
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Tab. 1 Parameters used in the direct numerical simulations. 
Values for Mt0 and R 0 are the initial values; values for the 
resolution parameter kmax  are those at t/ =1.56. 
 

Case Mt0 R 0 kmax  
A 0.1 72 2.19 
B 0.2 72 2.15 
C 0.3 72 2.12 
D 0.4 72 2.10 
E 0.5 72 2.08 
F 0.6 72 2.06 
G 0.7 72 2.04 
H 0.8 72 2.03 
I 0.9 72 2.02 
J 1.0 72 2.02 
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Fig. 2 Snapshots of instantaneous fields at z/2 =0.5 for (a) 
normalized negative second invariant of the velocity gradient 
tensor -Q/Qrms and (b) normalized sound source S/Srms for 
Mt0=0.2 and Mt0=1.0 at t/ =1.56 . 
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Fig. 3 Iso-contour lines of log10PDF(S/Srms, Q/Qrms) at 
t/ =1.56 for (a) Mt0=0.2 and (b) Mt0=1.0. 
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Fig. 4 Iso-contour lines of log10PDF(S/Srms, Q/Qrms) at 
various dilatation levels for Mt0=1.0 t/ =1.56. 
 
 

 
 

 
 
 

 
Fig. 5 Iso-surface of dilatation  color-coded for sound 
sources S at (a) / rms=-3 and (b) / rms=1 for Mt0=1.0 at 
t/ =1.56.  
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The simulation about adjustment method of shock level of 
Nano satellites 

 
by 

Toru Hatamura , Hirokazu Masui, Mengu Cho (KIT)  
Kazuo Maeno (KNCT) 

 
ABSTRACT 

Development of small satellites (50kg or less) is undergoing all over the world. Regardless its size, any satellite has to be tested for space 
environment. Various environment tests, such as vibration, vacuum, low and high temperature are necessary. Especially, shock test is one 
of the most difficult tests. The shock test satisfies the SRS (shock response spectrum) requirement imposed by the launcher. If the SRS 
obtained in the test does not exceed the imposed SRS level, the test is invalid. At the same time, the SRS level as low as possible while 
satisfying the requirement is desired to protect the satellite from the overstress. SRS obtained by an air-gun type shock machine was 
analyzed using LS-DYNA to investigate the SRS at low frequencies, 100 to 300Hz, which is very difficult to control in the actual test.  
The analysis showed that controlling the friction of the slide table is effective to change the slope of SRS at the low frequencies, the lower 
the friction, the higher slope is obtained. 
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ABSTRACT 

In this study, the bow-shock shape has been studied in front of finite length semi-circular convex, concave cylindrical arc and flat plate at 
hypersonic Mach number 7. The experiments were carried out in hypersonic wind tunnel for drag coefficient measurement and shock 
visualization using Schlieren method. Further, numerical simulations were performed for the finite length concave, convex and flat plate 
geometries by solving three-dimensional Navier-Strokes equations for wind tunnel test-section conditions. The effect of curvature on shock 
envelope and drag coefficient for these three geometries is studied. It is also observed that the same reference area of concave arc can 
produce instabilities in shock wave, which can lead to starting problem of tunnel. Hence, the Schlieren images were captured using high-
speed camera with 5000 fps. The different patterns of shock instabilities have been observed in case of concave shape cylindrical arc. 
Among the different instability patterns, particle induced instability pattern has been studied by numerical simulation by using static 
particle located upstream of concave geometry in hypersonic flow simulation. 
 
1. Introduction 

The fore-body shape of a moving object is an important 
parameter, which influence the flow field around it and the drag 
force on the body. In hypersonic flows, the total drag on a blunt 
body can be classified into three main components as wave drag, 
base drag and skin-friction drag. The fore-body shape influences 
the wave drag and heat transfer in hypersonic flow, because of 
the shock strength and shape of shock wave. To reduce the wave 
drag and to decrease the heat load in hypersonic flows at the fore-
body, many active and passive controls has been studied. But, the 
main aim of all techniques is to modify the shape of the bow 
shock in front of fore-body. 
   The breathing blunt nose (BBN) concept as a passive technique 
in hypersonic flows has been demonstrated by Imamura et al. [1], 
which enables to bring bow shock closer to blunt nose by taking 
the flow through the nose and this concept was further 
investigated for lifting body configuration by Khurana et al. [2]. 
Similarly, the effect of forward-facing cavity on aerodynamic 
coefficients and heat transfer was investigated by Saravanan et al. 
[3].  

To push the bow shock away from the lifting body 
configurations, the application of aero-spikes at Mach number 7 
hypersonic flow, has been studied by Khurana et al. [4]. The 
effect of supersonic counter-flow jet at the bow shock in front of 
blunt body has been studied in hypersonic flows as an active 
technique by Bala et al. [5], which works as virtual aero-spike. 
Similarly, Laser induced aero-spike was also used as active 
technique for drag reduction [6]. The passive techniques have 
been advantageous over active techniques, as passive techniques 
do not require extra energy source. The aim of passive or active 
techniques is to modify the bow shock shape in front of the fore-
body by bringing it closer to the blunt body or by moving it away 
from the blunt body. 
   In low subsonic speed, the effect of concave, convex arc and 
flat plate shapes on flow field around the geometries have been 
studied by Sharma et al. [7], and it is found that flow field around 
the body can be manipulated by these geometrical shapes as 
location of stagnation pressure point as well as shape of twin 
vortices behind the body changes because of curvature. The effect 
of concave shaped geometry has been studied for parachute 
application in supersonic flows by Keishi et al. [8]. 
   The main aim of this study is to study the effect of different 
geometric shapes, convex cylindrical arc (CVA), flat plate (FP) 
and concave cylindrical arc (CCA) on the shock shapes to 
understand the flow field around these cylindrical arcs and flat 

plate at hypersonic Mach number 7. The three geometries have 
been tested at Mach number 7 hypersonic flow experimentally 
and three-dimensional numerical simulation was carried out for 
the same standard test-section conditions. The drag coefficients 
for these geometries are compared experimentally and 
numerically. The flow visualization of shock waves is also 
carried out by using Schlieren method and compared with the 
numerical simulation. The flow visualization by using high-speed 
camera, with 5000 fps, reveals the shock instability for all shapes 
of geometry. The shock instability in the case of concave arc is 
more frequent than in case of convex arc or flat plate. Mizukaki 
et al. [9] has studied the instability characteristics of shock waves 
before the hemi-spherical shell in supersonic flow and found that 
the shock wave oscillations appear above Mach 3. It was assumed 
by Mizukaki et al. [9] that density disturbances in the cavity 
might have caused the shock oscillation at supersonic speeds. As 
in the present study, the instabilities have been seen with convex 
shape arc and flat plate also, it is understood that there might be 
several reasons of shock instabilities e.g. high-speed flow 
perturbations, structural oscillation of object in high-speed, 
instability of the vortices in the stagnation zone of the geometry 
(aerodynamic instability) or high-speed particle impact at the 
shock wave. From many reasons of instability it is required to 
identify the different pattern of instability. In this study one 
pattern of instability has been presented, which is assumed to be 
because of particle impact. A static particle at certain upstream 
location is assumed and shock interactions were computed 
numerically and compared with unstable shock shape visualized 
experimentally. 
 
2. Experimental Method 
2.1. Wind Tunnel 

The experiments were carried out at Kashiwa Hypersonic and 
High-Temperature Wind Tunnel [10], at Graduate School of 
Frontier Sciences, The University of Tokyo. Fig.1 shows the 
perspective view of wind tunnel facility. 

The wind-tunnel test-section is designed for uniform core of 
120 mm diameter Mach number 7 flow-field with maximum 
stagnation pressure as 950 kPa and maximum stagnation 
temperature as 1000 K. The specifications of hypersonic wind 
tunnel are listed in Table 1. The force measurement was done by 
six-component force balance system. The time averaged drag 
force has been calculated in this experiment. Although, the 
stagnation pressure was remained almost constant as 957 kPa, the 
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stagnation temperature varies from 500 K to 600 K, during the 
run time for the three blows of wind tunnel. 

 

 
Figure 1: Kashiwa Hypersonic and High Temperature Wind 

Tunnel 
. 
 Table1: Hypersonic Wind Tunnel Specifications [10] 

Mach Number 7.0 
Unit Reynolds Number 1.0 x 104

 (1/cm) 
Stagnation Pressure Maximum 0.950 MPa 
Stagnation Temperature Maximum 1000 K 
Mass Flow Rate Maximum 0.39 kg/sec. 
Nozzle Exit  200 mm diameter 
Run Time 60 sec. 

 
2.2. Experimental Model 

In this study, three shapes of geometries have been used as 
shown in isometric view in Fig. 2. Initially, the convex, concave 
cylindrical arc and flat plate were fabricated with the same 
projection area of 30 x 30 mm2. During the experiment it is 
observed that concave arc of same projection area as other two 
geometries can lead to the starting problem of tunnel. In most 
cases, the starting problem of wind tunnel is due to blockage 
caused by test model. In case of concave shape cylindrical arc, 
which has more blunt-nosed portion compared with the other two, 
it may cause higher effective blockage area which makes the 
blockage constraint severe. Hence, it was required to reduce the 
size of concave shaped model. Further, the concave cylindrical 
arc has been fabricated for 20 x 20 mm2 projection area. All the 
experimental results have been compared as non-dimensional 
parameters for the geometries used in the experiments.  

The two-dimensional projection views of experimental 
models are shown in Fig. 3. The experimental models were 
attached to force balance with ϕ 6 mm screw as connecting rod in 
the test-section with zero angle of attack.  
 
2.3. Flow Visualization 

The flow visualization was conducted using twin mirror 
Schlieren system with sodium lamp as light source. A high-speed 
video camera, Phantom Miro eX4 was used for capturing the 
Schlieren video and further frames test-section extracted for the 
same. The frame size captured in test section was 320 x 240 
pixels around the model. The frame rate was used as 5000 fps 
with exposure time of 197.5 μsec. The camera was manually 
triggered after the flow was established in test-section to capture 
the shock wave in the hypersonic flow. Due to internal memory 
capacity limit, the video was captured for 3.6824 seconds. Further, 
the instabilities in the flow field have been observed with high-
speed camera for flow around concave cylindrical arc as well as 
for flat plate and convex arc. The X-direction is assumed in the 
flow direction, while Y and Z- directions were assumed as shown 
in Fig. 2 for three geometries. The flow visualization was done in 
XY plane to visualize the shock waves in the plane of curvature 
of concave and convex arcs and XY plane of flat plate. 

 

 
Figure 2: Isometric Views of (a) Convex Cylindrical Arc, (b) Flat 

Plate and (c) Concave Cylindrical Arc. 
 

 
Figure 3: 2-D Views with of (a) Convex Cylindrical Arc, (b) Flat 

Plate and (c) Concave Cylindrical Arc 
 
3. Numerical Method 
3.1. Computational Domain 

The numerical simulations were carried out for qualitative 
visualization of shock shape in three dimensions as well as to 
compare the drag coefficient for different geometries. Further, the 
computation was carried out to visualize the particle-induced 
instability pattern captured during experiment only for concave 
semi-circular shape finite length cylinder. 

The two dimensional structured grid was generated for 
concave, convex arc and flat plate which is shown in Fig. 4. It is 
required to highly refine the domain near the arc and flat plate 
zone to capture the shock wave. The whole domain was filled 
with grid points, while during computation, the boundary 
conditions are given as zero velocity inside the geometry and no-
slip boundary conditions at the surfaces. The grid points in three 
dimensions are shown in Fig. 5 for all the three geometries. 

All the three geometries were considered as concave arc, 
convex arc as semicircle with diameter 20 mm and thickness of 2 
mm, and flat plate with 20 mm reference length with 2 mm 
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thickness. The height of the cylindrical arcs and flat plate was 
considered as 20 mm. The main aim of this study is to 
qualitatively compare the shock shapes for these three geometries 
and compare the drag coefficient. Hence, the grid is much refined 
at the upstream of the geometry and it is coarser near the center 
of base, which can reduce the computation time also. 

Further the flow instability has been investigated by 
extending the domain upstream and introducing a static particle 
in form of solid cell of size 0.2 mm at upstream location (-20,0,0) 
with no-slip boundary condition. 
 

 
Figure 4: 2D Structured Grid for Convex, Flat Plate and Concave 

Cylindrical Arc. 
 
 

 
Figure 5: 3D domain for Convex, Flat Plate and Concave 

Cylindrical Arc. 
 
3.2. Numerical Scheme 

The numerical analysis was conducted using three-
dimensional Navier-Strokes equations for unsteady laminar 

compressible flows. As a spatial discretization method, second-
order Yee’s Symmetric TVD Scheme [11] is employed and the 
viscous terms are evaluated with second order central differential 
scheme. Third order TVD Runge-Kutta method [12] was 
employed as a time integration method. The boundary condition 
at the inlet surface is used as hypersonic wind tunnel test-section 
conditions, Mach no. 7, stagnation pressure as 950 kPa and 
stagnation temperature as 600 K. The boundary condition at the 
side boundaries is used as free-stream, while supersonic outlet for 
the outflow surface. The wall boundary is assumed to be a no-slip, 
and with isothermal constant temperature, as 300 K. 
 
3.3 Grid Independence Test 
   The grid independence test was performed for three grid sizes 
for concave arc (CCA), 173x173x101 (grid 1), 221x221x101 
(grid 2) and 261x261x101 (grid 3), respectively. The drag 
coefficient was calculated for these three grids with solution time 
of 100000 iterations. The calculated drag coefficient is shown in 
Fig. 6. The difference in drag coefficient is almost same as 
between grid 1 and grid 2 as the same between grid 2 and grid 3. 
Hence grid 2 (221x221x101) was used for numerical study for 
concave cylindrical arc, to reduce computation time. Similarly, 
for convex cylindrical arc and for flat plate grid sizes of 
201x201x101 and 161x161x101 were chosen, respectively. 
 

 
Figure 6: Drag Coefficient for three different grid sizes 

 (in X-Y) for CCA 
 

4. Results 
It is to note that during the experiments, the reference area for 

concave cylindrical arc (CCA) is 20 x 20 mm2, while reference 
area for convex, cylindrical arc (CVA) and flat plate (FP) is 30 x 
30 mm2 and for numerical simulations all the three geometries 
were used as 20 x 20 mm2 reference area. 
 
4.1. Drag Coefficient 

The time averaged drag force is calculated by the measured 
drag force for the geometric models, during steady operation of 
wind tunnel test-section. It is further non-dimensionalized by 
free-stream dynamic pressure and projection area to calculate the 
drag coefficient (Cd). In the experimental model, the model is 
connected to the balance with the connecting rod. The 
experimental and numerical drag force coefficients are plotted 
w.r.t. three geometries in Fig. 7. It is observed that the 
experimental drag coefficient is minimum for convex geometry 
(CVA) and it increases for flat plate (FP) and further increases for 
concave geometry (CVA). It is expected, as streamlined convex 
geometry should have least drag coefficient than flat plate and 
concave geometry. However, between flat plate and concave 
geometry, it is higher for concave geometry because of cavity 
like trapped higher stagnation area than flat plate. 

The numerical drag coefficient was calculated for steady state 
solution and there is no connecting rod in numerical simulations. 
It is observed that numerical drag coefficient is lesser than 
experimental drag coefficient for all the geometries. It can be 
explained as presence of connecting rod, the viscous drag of 
connecting rod can contribute in experimental drag coefficient, 
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while its presence can also reduce or elongate the wake area, 
depends on the wake of geometry, hence it can also contribute 
towards reducing base drag. Hence, the numerical drag 
coefficient is lesser but comparable for experimental drag 
coefficient of convex cylindrical arc and flat plate. Further, the 
difference between concave arc of 20 mm reference length and 
convex arc of 30 mm reference length is more comparable area 
behind the base is occupied by connecting rod, which may lead to 
higher experimental drag coefficient than numerical drag 
coefficient for concave geometry. 

 

 
Figure 7: Experimental and Numerical Drag Coefficient w.r.t. 

Geometries 

 
Figure 8: Schlieren images for (a) CVA, (b) FP and (c) CCA 
from experiments, (d) Comparison between numerical and 

experimental Shock Shape for CCA 
 
4.2 Visualization of shock waves: 

The shock waves were visualized using twin mirror Schlieren 
system. The captured Schlieren images with the actual sizes have 
been shown in Fig.8a, 8b and 8c. The left edge of the image is at 
10 mm upstream distance from center point of convex cylindrical 
arc and flat plate, while for concave shaped arc, from its edges. It 

can be seen from Fig. 8a and 8b that by changing the curvature 
from convex to flat, the central area of shock wave moves 
upstream and become bigger for flat plate as well as there is 
slight change in angle of the downstream shock for flat plate as 
compare to convex arc. The normal shock zone is bigger for flat 
plate than compare to convex geometry. This structure of shock 
wave in front of flat plate leads to higher drag coefficient. 
 

 
Figure 9: Non-dimensional Shock Stand-off distance for CVA, 
FP and CCA, experimental value and numerical values for XY 

plane at z =0 and z = 10 mm. 
 

Further, by comparing the shock shape from Fig. 8a, 8b and 8c, 
it is clear that the shock envelop for CCA has been shrunk and 
elongated as the angle of the downstream shock with the 
horizontal line has been reduced, while the normal shock area 
extends and covers the whole area in front of concave arc 
geometry. The comparison between CCA Schlieren shock and 
density contour has been qualitatively done in Fig. 8d., while the 
quantitative force values may determine the higher drag 
coefficient in experimental results of concave shape than compare 
to numerical drag coefficient. 

The shock stand-off distance has been calculated for convex 
geometry and flat plate as a distance from stagnation point and 
further non-dimensionalized by reference length, while for 
concave geometry, it is calculated from the edge of concave arc 
to the extent of shock wave at the center of arc. It is also non- 
dimensionalized with reference length of arc and flat plate. The 
non-dimensional shock stand-off distance (SSD) has been plotted 
for the geometrical shapes in Fig. 9. The numerical shock stand-
off distance has been calculated for XY plane at the center 
location and at the edge (z= 10 mm) of the geometries. It is 
observed that the highest shock stand-off distance is for flat plate 
(FP), while for concave shape, the shock becomes a little closer 
to the geometry. As the experimental shock visualization is 
conducted by Schlieren system, which captured the light rays 
passing through the three-dimensional shock envelop. It can be 
seen that experimental shock stand-off distance lies between 
central shock stand-off distance the shock extent at the edge for 
concave, convex cylindrical arc and flat plate. Although, all the 
experimental non-dimentionalized shock stand-off distances 
closely match with the shock extent near the edge for numerical 
shock stand-off distance, It can be observed there is significant 
gap between numerical results of shock stand-off distance 
between center plane and z = 10 mm plane. This gap is minimum 
for convex arc, while it increases for flat plate and concave arc. 
This is because the shock angle at the edge changes more for 
concave in comparison to flat plate or convex shape arc. 

The density contours has been shown in Fig. 10 as numerical 
results for CCA, FP and CVA. The contours have been plotted in 
XY and XZ central plane. In Fig.10, from the XY plane contours, 
it is quite visible as the minimum shock stand-off distance is for 
concave geometry, while the flat plate pushes the shock wave 
more upstream direction than concave or convex arcs. By 
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comparing the XZ plane density contours, it is observed that 
minimum shock stand-off distance is for convex shape, while 
concave shape shows more area of stagnation because of cavity in 
front of concave shape. While from the edges of concave arc, the 
shock stand-off distance remains lesser than convex arc or flat 
plate.  

From the above observations, it is quite understood that, the 
shock stand-off distance is highest for flat plate, as well as extent 
of stagnation zone in front of flat plate while for concave shape 
the shock stand-off distance is lowest among three geometries 
because the cavity in front of concave arc can accommodate the 
stagnation zone. Further, the drag coefficient is highest for 
concave shape cylindrical arc as compare to flat plate and convex 
shape cylindrical arc. 
 

 
Figure 10: Density Contour for (a) CVA, (b) FP and (c) CCA 

from experiments, in XY and XZ planes. 
 
4.3 Instability of shock wave shape 

During the experiment of 30 mm reference length concave arc, 
it was observed that same reference area as flat plate and convex 
shaped cylindrical arc, the concave shape cylindrical arc, can 
produce unstable flow in the wind tunnel test-section which can 
lead to starting problem of tunnel. Hence, it was decided to 
reduce the size of concave arc to 20 mm reference length as well 
as to capture Schlieren images by using high-speed camera. By 
using 5000 fps camera, it is found that there are many pattern of 
instabilities in the case of concave shaped cylindrical arc. 
Although, small amplitude shock oscillations were also observed 
in case of convex shaped arc and flat plate, with very less number 

of small shock instability as compare to concave shaped 
cylindrical arc, where the shock wave shape has completely 
modified. 

There can be many reasons for shock instability for concave 
cylindrical arc as high perturbations in flow field, structural 
oscillation of concave edges, and instability of trapped vortices in 
cavity area which can leads to weakening the shock (aerodynamic 
instability) or impact of small particles from the stagnation 
chamber to the shock wave. 

In the present study, the instability pattern due to particle 
impact has been observed and simulated by numerical simulation. 
Here, in numerical simulation, the motion of particle has been 
neglected and one particle is assumed as static at certain location. 
The particular location of particle can be calculated by Schilieren 
image of instability pattern. Although, steady state numerical 
simulation cannot address the complete phenomenon of particle 
induced instability, but this numerical simulation can help to 
distinguish the instability pattern induced by particle and its 
extent in three dimension.  

 

 
 

Figure 11: Schlieren image of one instability and corresponding 
CFD results for instability due to particle. 

 
Figure 11a, shows the experimentally observed instability. In 

Fig. 11a the four frames are sequential frames with the time 
interval of 0.2 msec. The instability appears at time t0 + 0.2 msec 
and disrupt the center of the shock wave and the central shock has 
been moved to upstream. This instablity has weaken the shock 
wave in next frame at t0 + 0.4 msec. After 0.6 msec, the shock has 
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been positioned at the same location. To further understand the 
flow physics during the instability it is required to use higher 
frame rate camera or use numerical simulation. 

In the numerical simulation, one cell of the size 0.2 mm at the 
location of (-20, 0, 0) mm has been given as zero velocity and no-
slip boundary condition at its wall to see the effect of its shock 
interaction with main shock and shock pattern through numerical 
simulation. 
 In Fig. 11b, the steady state density contour is plotted for XY 
plane as well as for XZ plane. It can be seen that the experimental 
shock pattern of Fig 11a (ii), can be compared with numerical 
result in Fig 11b (i). The shock generated by the particle can hit at 
the edges of the concave arc and produce the similar pattern as 
seen in experiment. From XZ density contour, it can be further 
seen that the shock generated by particle, does not interact with 
the main shock near the body as the main shock is already more 
inclined near the edges for without particle case. 
 
5. Conclusion 

In this study, the three different geometry shapes concave, 
convex and flat plate have been tested in form of finite length 
semi-circular cylindrical arcs in hypersonic wind tunnel. The 
first observation was made that the same size and projection 
area geometry of concave shape can produce high instabilities, 
which can lead to starting problem for tunnel. Further, the effect 
of different geometrical shapes on total drag and shock stand-
off distance has been studied. It is found that the concave shape 
geometry is subjected to highest drag among three geometries 
because of bigger stagnation zone in the cavity. The shock 
stand-off distance can be observed maximum in flat plate, while 
minimum in case of concave shape. The shock envelop also can 
be shrunk and elongate with concave shape geometry among 
the three geometries studied. Further, particle induced 
instability pattern has been studied numerically as steady state 
and compared with one of the instability pattern found during 
the experiments with Schlieren image capturing with high-
speed camera.   
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Effects of Surface Accommodation on  
Hypersonic Rarefied Aerodynamics  

 
by 

Takashi Ozawa, Toshiyuki Suzuki, and Kazuhisa Fujita (JAXA) 
 

ABSTRACT 
At Japan Aerospace Exploration Agency (JAXA), a hypersonic rarefied wind tunnel (HRWT) has been developed for the purpose of 
studying rarefied gas dynamics. In accordance with our previous work, this wind tunnel is capable of producing 25-mm hypersonic rarefied 
core flows with a Mach number greater than 10 and a Knudsen number greater than 0.1 with a 5-mm model. In this work, we first 
investigate a measurement system for surface accommodation parameters by measuring the displacement of sphere pendulous models, and 
discuss the capability to determine surface parameters of various materials.  
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Highly-accurate Computation of Supersonic Flows around a Concave Body 
 

by 
Akihiko Ozaki, Risa Toyosato, and Yoko Takakura 

 
 

ABSTRACT 
The supersonic parachute has been used to many space probes for aerodynamic deceleration at the time of the atmospheric re-entry. 
However, its detailed aerodynamic characteristics have not been made clear. The purpose of this study is to investigate basic flow 
phenomena and aerodynamic characteristics on a rectangular concave body in supersonic flows by means of high-resolutional numerical 
computations using the WENO scheme. As results, the following characteristics have been captured: 1) in the case of quasi-stationary 
flows, vortices are shed from the detached bow shock wave, and especially in mean stream Mach number greater than three the vortices are 
to flow toward the inner portion of the concave body; 2) in time history of lift coefficients, peaks of low and high frequencies are observed 
in the FFT analysis, and the former and the latter oscillations are due to the outer and inner regions of the body, respectively; 3) in the 
transient cases when disturbances are given, pressure waves go and return in the space between the detached shock wave and the concave 
bottom, and vortices are shed from the center portion of the shock wave, with movements of shock location. 
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Fig.6 Time History of Lift Coefficients ( ) 

 

 

Fig.7 Time History of Lift Coefficients for internal and External Surfaces ( ) 
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Fig. 8 Pressure and Cp Distribution about Concave Body (  , t=13.02) 

 

 

Fig. 9 FFT Analysis for Lift Coefficients
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Fig. 10 Time History of Shock Location 
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大気圏再突入時における ESA ARD 周りの高エンタルピー流

に関する非構造格子解析モデルの検証
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Construction of Interface model in Solid-fluid Interaction Problem and Application 
to High Speed Flow Analysis 

 
by 

Takuji Kurotaki (JAXA) and Takahiro Sumi Tottori University  
 

ABSTRACT 
A new interface model in solid-fluid interaction problem is presented. A level set function is used for the definition of shapes and flow 
properties are corrected within three layers of stencils around interface. This approach is very simple and robust and can capture the detail 
of flow structures including discontinuities such as shock waves and slip lines etc.. Some basic important 2-D Euler flow problem are 
solved to verify effects of this approach with WCNS (Weighted Compact Nonlinear Scheme) including a new type of compact scheme to 
improve robustness including the transonic flow around a 2-D airfoil, the supersonic duct flow around a prism and a circular cylinder and 
the moving-shock/obstacle interaction problem (Schardin’s problem). The extension of this method to the moving problem with body 
deformation is straightforward. 
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Fig.9 Snapshots of density distribution for Schardin’s problem.
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超臨界圧条件下における遷臨界乱流境界層の高精度シミュレーション
河合宗司（宇宙航空研究開発機構 宇宙科学研究所）

High-fidelity numerical simulation of transcritical turbulent boundary layers at supercritical pressures

Soshi Kawai (ISAS/JAXA)

Key Words: direct numerical simulation, supercritical flow, transcritical state, turbulent boundary layer

Abstract
This paper proposes a numerical strategy that is robust and high-order accurate for enabling to simulate trans-
critical turbulent boundary layers at supercritical pressures. The method is based on introducing artificial density
diffusion in a physically-consistent manner in order to capture the transcritical thermodynamic jump robustly,
while solving a pressure evolution equation to achieve pressure equilibrium. The unique thermodynamic and
transport properties (real fluid effects) are tabulated by using NIST database, and the tabulated look-up table is
used to estimate accurate thermodynamic and transport properties in the simulation. Direct numerical simula-
tion of transcritical turbulent boundary layers at supercritical pressures is conducted, and unique and interesting
interactions between the real fluid effects and wall turbulence and its turbulent statistics are reported.

1. Introduction

液体ロケットエンジン開発において，燃焼室の再生
冷却技術の確立やその予測技術の向上は，信頼で
きるエンジンを設計する上での重要課題の一つで
ある．この再生冷却流路内の極低温水素は，超臨界
圧条件下 (パラ水素の臨界圧は pc = 1.28377MPa)

にあり，非理想性が強い超臨界流体としての特性を
持っている (図 1)．また流路内は発達した乱流境界
層となっており，「超臨界流体における乱流境界層」
の予測技術は重要な研究テーマとなる．その他にも
超臨界流体の応用例として，超臨界流体を作動流体
とする高効率化を図った超臨界蒸気タービンやヒー
トポンプの冷媒等が挙げられ，これらについても液
体ロケットエンジン同様に「超臨界流体における乱
流境界層」の予測は重要なテーマとなる．
この超臨界流体の特徴的な振る舞いとして，圧力

一定の条件下で定圧比熱 cpが最大となる擬臨界温
度 (Tpc: 図 1中の赤点線)をまたいで界面流体のよ
うに熱力学物性や輸送係数が急激に変化する，すな
わち理想流体から大きく逸脱することが挙げられ
る．この擬臨界温度をまたぐ条件を本研究では遷臨
界条件と呼び，この遷臨界条件を乱流境界層内に有
する境界層を遷臨界乱流境界層と呼ぶことにする
(図 1中の青矢印)．図 2は，超臨界圧条件下におけ
るパラ水素の密度と cpの温度依存性を示したもの
であり，この擬臨界温度をまたいで，cp や比熱比
γは急激に上昇する一方，密度や熱伝導係数，動粘
性係数は急激に減少する．
この「超臨界流体における乱流境界層」における

工学的興味は，乱流熱伝達特性や摩擦応力特性とな
るが，興味深い事に，このような工学的諸量につい
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ても，擬臨界温度をまたいで大きく変化することが
実験的に示されている．しかし，高圧環境下での実
験計測では，境界層内の速度や温度，乱流統計量分
布の計測は非常に困難であり，壁面での乱流熱伝達
特性を流体現象として理解するためには，乱流境界
層の速度や温度，乱流統計量，また非線形な振る舞
いをする熱力学物性と乱流との相互干渉現象の詳細
な理解が急務となる．
信頼できる境界層内の速度や温度，乱流統計量

データが存在しない「超臨界流体における乱流境
界層」の現状を考えると，直接数値計算 (DNS)は，

KeyWords: direct numerical simulation, supercritical flow, transcritical state, turbulent boundary layer

Abstract
This paper proposes a numerical strategy that is robust and high-order accurate for enabling to simulate trans-
critical turbulent boundary layers at supercritical pressures. The method is based on introducing artificial density
diffusion in a physically-consistent manner in order to capture the transcritical thermodynamic jump robustly,
while solving a pressure evolution equation to achieve pressure equilibrium. The unique thermodynamic and
transport properties (real fluid effects) are tabulated by using NIST database, and the tabulated look-up table is
used to estimate accurate thermodynamic and transport properties in the simulation. Direct numerical simula-
tion of transcritical turbulent boundary layers at supercritical pressures is conducted, and unique and interesting
interactions between the real fluid effects and wall turbulence and its turbulent statistics are reported.
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非常に魅力的である．しかし現状，「超臨界流体に
おける乱流境界層」，その中でも乱流熱伝達特性や
摩擦応力特性という観点から特に重要となる遷臨界
乱流境界層について，最もシンプルな遷臨界平板乱
流境界層のDNSや LESであっても，驚くことに著
者の知る限り報告例は存在しない．これは遷臨界条
件での急激な熱力学物性変化により，数値振動がお
き計算がしばしば不安定となるからだと本研究結果
より推測する (第 3章にその実例を示す)．
このような現状の中，本研究では超臨界流体にお

ける遷臨界平板乱流境界層をターゲットとし，高次
精度空間差分法 (6次精度コンパクト差分法) を用
いた超臨界流体計算手法を確立し，圧縮性Navier-

Stokes 方程式の直接数値解析 (DNS) を実施する．
本 DNSは，著者の知る限り世界で初めての遷臨界
平板乱流境界層解析であり，本研究で詳細な乱流統
計量を提供し，非線形な振る舞いをする熱力学物性
と乱流との相互干渉現象を詳細に解析する．解析対
象とする計算条件領域は，図 1中の青点線で囲ま
れた，超臨界流体特有の振る舞いにより理想流体か
ら大きく逸脱する超臨界圧条件下における擬臨界温
度をまたいだ遷臨界条件である．

2. Challenges in transcritical simulations

保存型の圧縮性流体方程式を用いて急激な熱力学
物性変化を伴う “界面”を数値的に捕獲すると，界
面の物理的条件 (速度平衡や圧力平衡)を乱す非物
理的な数値振動が発生する [1]．本研究で行う遷臨
界条件での超臨界流体解析でも同様の現象が発生し
(後に示す)，計算の不安定化や数値振動が乱流に干
渉してしまうため，この非物理的な数値振動を起こ
さない計算法の確立が不可欠となる．以下では，ま
ず数値振動を起こさず，速度・圧力平衡を保つこと
を可能とする数値解析法について 2.1.節および 2.2.

節で述べ，その後，非理想性が強い超臨界流体の熱
力学物性や輸送係数の取り扱いを 2.3.節で述べる．
また 2.4.節では本提案手法のまとめを記す．

2.1. Velocity equilibrium

本研究では，圧縮性Navier-Stokes方程式の直接数
値解析 (DNS)を行う．この際，用いる密度および
運動量の支配方程式は以下となる．

∂ρ

∂t
+∇ · (ρu) = 0, (1)

∂ρu

∂t
+∇ · (ρu⊗ u+ pδ

¯
− τ

¯
) = 0. (2)

ここで，τ
¯
は粘性応力テンソルである．

遷臨界条件では，急激な熱力学物性変化により
(図 2)，わずかな温度変化により密度が 10倍以上
も急激に変化する．本研究では，この “界面”のよ
うな遷臨界条件での急激な密度変化を数値的に安定
に捕獲するため，密度の式の右辺に数値的な密度拡
散項，∇ · (Aρ)を付加する [2, 3]．ここで，

Aρ = χart∇ρ, χart = Cχ
cs
ρ

∣∣∣∣∣
3∑

l=1

∂4ρ

∂ξ4l
Δξ4l Δl,χ

∣∣∣∣∣, (3)

であり，Cχは無次元定数であり (詳細は第 46回流
体力学講演会論文集を参照)，他の表記に関しては
Kawai [3](Appendix B.) を参照頂きたい．本密度
拡散項は，LAD法 [4, 5]と同様に，高階微分とガ
ウシアンフィルター (スムージング)による定式化
を用いることで，本密度拡散項は密度の数値的な不
連続面で自動的にアクティブになり，その他の領域
では Aρ ≈ 0となるよう設計されている．
ここで注意すべき点は，著者等が示してきたよう

に [2, 3]，何も考えずにこの密度拡散項を導入する
と物理的な速度平衡を保てず，非物理的な振動が発
生してしまうことである．簡単のため 1次元非粘性
流体を考え，n時間ステップ時に速度・圧力は一定
とすると，n+1ステップ時の密度と運動量は以下
のように求められる．

ρn+1 = ρn − Δt

Δx
DL,i [ρu−Aρ] (4)

(ρu)
n+1

= (ρu)
n − Δt

Δx
uDL,i [ρu] . (5)

DL,i は，任意の精度を持つ線形スキームを示して
いる．ここで，運動量の式の右辺に∇· (AρU)を付
加すると，密度と運動量の式から un+1 = un を導
くことができる．すなわち首尾一貫した項を運動量
の式に付加することで，速度平衡を保つ事が可能な
ことを示している [2, 3]．本研究では密度拡散項を
付加しつつ速度平衡を維持する，本手法を用いる．

2.2. Pressure equilibrium

圧力平衡の維持に関しては，代表的な手法として
エネルギーの式を解かずに，理想流体で 1/(γ − 1)

の移流方程式を解く方法 [1]や非保存型の質量分率
を解く方法，圧力の時間発展方程式を解く方法 [6]

等が提案されている．多成分流体では γ の移流を
解く方法が広く使われているが，本研究で取り扱う
超臨界流体では，状態方程式の定式化が困難なため
(次節でも示す)，これらの手法を用いることは困難
である．そこで本研究では，より一般的な状態方程

2.   Challenges in transcritical simulations

This document is provided by JAXA.



第46回流体力学講演会/第32回航空宇宙数値シミュレーション技術シンポジウム論文集 159

式に対しても圧力平衡を満たすことが可能な，エネ
ルギーの式の代わりに圧力の時間発展方程式を解く
方法を用いる．
本研究で対象とする単成分流体の圧力の時間発展

方程式は，圧力を一般的に p = f(ρ, e)(eは内部エ
ネルギー)と記述して，その対流微分をとることで
導出できる．非粘性流れに関しては参考文献 [6, 7]

に，粘性流れについては参考文献 [8]で導出されて
いる．用いる粘性流れに対する圧力の時間発展方程
式は，

∂p

∂t
+ u · ∇p+ ρc2s∇ · u

− αp

cvβt

[
1

ρ
{τ
¯
: τ
¯
∇⊗ u−∇ · q}

]
= 0. (6)

ここで qは熱流束ベクトルである．また cv は定積
比熱，αpは熱膨張率，βtは等温圧縮率，csは音速
である．式 (6)からも明らかなように，非粘性流体
では，あるタイムステップnにおいて速度平衡・圧
力平衡が満たされていれば，pn+1 = pnとなり，ど
のような状態方程式でも，また本研究のようにデー
タベース参照を行う場合であっても，圧力平衡を満
足できる．ここで示した圧力の時間発展方程式 (6)

と参考文献 [8]中の圧力の式 (式 30)では，粘性拡
散項の形が異なっているが，正しくは本式 (6)であ
ることに注意されたい [9]．

2.3. Real fluid effects

超臨界流体，特に遷臨界流体では，状態方程式や熱
力学物性のモデル化 (非理想性のモデル化)も数値
スキームと並んで非常に重要な要素となる．液体
ロケットエンジン関連では 3次型状態方程式とし
て知られる Soave-Redlich-Kwong (SRK)や Peng-

Robinson (PR) 状態方程式モデルが良く用いられ
ているように思われる．また粘性係数や拡散係数で
は，Chung et al. や Ely and Hanley のモデルが，
現状良いモデルと見なされている．
図 3は，圧力 4MPa下のパラ水素における，SRK

状態方程式モデル+Chung et al.輸送係数モデル，
NISTデータをテーブル化し，そのテーブル参照を
行う方法およびNISTデータベースとの，熱力学物
性や輸送係数の温度依存性を比較している．本研究
でターゲットとしてる遷臨界条件では SRKモデル
や Chung et al.のモデルの精度がかなり悪いこと
が分かる．本研究では，既存モデルの擬臨界温度付
近での精度の悪化を考慮し，事前にテーブル化した
NISTデータを計算内でテーブル参照する方法 (図
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Figure 3: Variable thermophysic and transport

properties for para-hydrogen at p = 4.0MPa. cir-

cles, NIST data; blue, tabulated look-up method;

red, SRK EoS with Chung’s transport coefficients.

3中の青線の方法)を採用する．具体的には，支配
方程式 (1), (6)により得られる ρおよび p を引数
とし，テーブル参照することで，計算中で使用する
T , cv, cs, αp, βt, μ, κ等の熱力学物性や輸送係数
を算出する方法を用いる．

2.4. Summary of the propsoed approach
本研究で提案する超臨界圧条件下における遷臨界
乱流境界層の高精度シミュレーションを可能とする
手法は，支配方程式として，圧縮性流体に対する保
存型の連続の式および運動量の式，および圧力の時
間発展方程式を用い，遷臨界条件特有の大きな密度
ジャンプを数値的に安定に捕獲し，かつ速度平衡を
保つ 2.1.節で示した人工密度拡散項を導入する:

∂ρ

∂t
+∇ · (ρu) = ∇ · (Aρ) , (7)

∂ρu

∂t
+∇ · (ρu⊗ u+ pδ

¯
− τ

¯
) = ∇ · (AρU) . (8)

∂p

∂t
+ u · ∇p+ ρc2s∇ · u

− αp

cvβt

[
1

ρ
{τ
¯
: ∇⊗ u−∇ · q}

]
= 0. (9)

また支配方程式から得られる ρ および p を元に，
NISTデータのテーブル参照を行い，計算で使用す
る T , cv, cs, αp, βt, μ, κを算出する．
支配方程式の空間離散化には 6次精度コンパク

ト差分法を用い，時間積分法には陽解法である 3階
3次精度の TVD Runge-Kutta法を用いる．また計
算安定化のため，8次精度の low-passフィルターを
用いる (αf = 0.495)．遷臨界乱流境界層の DNS解
析における時間刻み幅は dt ∗ cs,∞/δ0 = 0.0004と
し，最大の CFL数はおおよそ 0.7である．
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3. Capability for transcritical flows

本章では，遷臨界乱流境界層の DNS解析を議論す
る前に，遷臨界条件下での 1 次元非粘性移流問題
を考え，本手法の有効性を示す．遷臨界乱流境界層
解析と同様の超臨界圧パラ水素を対象とし，圧力
p =2MPaおよび 4MPaの 2ケースについて，速度
u = 0.25として，計算領域 0 ≤ x < 1に対して，密
度を 0.25 ≤ x ≤ 0.75の領域では ρ = 70[kg/m3]，
その他の領域ではそれぞれ ρ =5および 10[kg/m3]

とする．温度はそれぞれの領域で p = 2MPaでは
T ≈23.2および 97.4[K]，p = 4MPaでは T ≈25.6

および 97.2[K]となり，擬臨界温度をまたいだ遷臨
界条件となる．格子点数は計算領域に対して 200点
(Δx = 0.005)とし，周期境界条件を用いた．
図 4は p = 4MPaのケースにおける，第 2章で

示した本研究での提案手法，および圧力の時間発
展方程式 (9)に代わって，エネルギーの式を解いた
ケース，またそれらと厳密解との比較を示してい
る．2.2.節で述べたように，エネルギーの式を用い
ることにより，密度・温度界面での圧力平衡が保て
ず，圧力に非物理的な振動が発生する．またその影
響により他の密度や温度，速度まで非物理的な振動
が発生している (図 4中赤線)．一方，本提案手法
(青線)を用いることで，遷臨界条件特有の大きな密
度ジャンプを数値的に安定に捕獲し，かつ速度・圧
力平衡を満たすことが可能となる．またここでは示
さないが，p = 2MPaのケースでも本提案手法は同
様に良い結果を示した．一方で，エネルギーの式を
用いる手法では，非物理的な振動により計算が発散
したことを言及しておく．このように，本手法は遷
臨界条件下における超臨界流体の高精度シミュレー
ションに非常に有効であることが分かる．
このエネルギーの式を用いることによる圧力の

非物理的な振動は，本研究対象である遷臨界乱流境
界層解析でも確認されている．詳細は省略するが，
図 5は加熱壁面により加熱され，境界層内で擬臨界
温度をまたぐ超臨界圧パラ水素の遷臨界乱流境界層
であり，y+ ≈ 20の壁面に並行な面における圧力と
温度を示している．本提案手法は，圧力振動も無く
遷臨界乱流境界層を計算できているのに対し，従来
のエネルギーの式を解く手法では，擬臨界温度をま
たぐ遷臨界界面で比較的強い非物理的な圧力振動が
発生し，またこの圧力振動により非物理的な速度擾
乱が発生することも確認した．
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Figure 4: 1D transcritical interface advection in

uniform flow at t = 4 with Cχ = 0.1. Black, ex-

act; blue, present method; red, total-energy-based

method (solving Eqs. 7,8, and total energy equa-

tion with tabulated NIST look-up method).

(a) Present method (b) Energy-based solver

Figure 5: Proposed method and conventional

total-energy-based solver on a heated transcriti-

cal turbulent boundary layer. Pressure contours

(3.8 × 106 ≤ p ≤ 4.5 × 106 [MPa]) (on top) and

temperature contours (25 ≤ T ≤ 50 [K]) (on bot-

tom) in wall-parallel plane at y+ ≈ 20.

4. Transcritical turbulent boundary layers

本章では，以上で構築した超臨界圧条件下におけ
る遷臨界流体の高精度シミュレーションを可能と
する手法 (2.4.節参照)を用いた，超臨界圧パラ水
素の遷臨界乱流境界層の直接数値計算 (DNS)につ
いて議論する．計算条件は，流入の超臨界圧パラ
水素の温度を T∞ = 25K < Tpc とし，壁面温度を
Tw = Theat = 100および 200K > Tpc と設定する
高温壁により加熱する完全発達した乱流境界層と
する．T∞ < Tpc < Tw 条件より，発達した乱流境
界層内部で擬臨界温度をまたいだ遷臨界条件の解
析となる．圧力は超臨界圧である p =4MPaおよび
2MPa> pc(= 1.28377MPa)とし，一様流マッハ数
をM∞ = 0.3とした．
本 DNS では，図 6 に示すように，非加熱壁を

3.   Capability for transcritical fl ows

4.   Transcritical turbulent boundary layers
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Rescale-reintroduction

Extract for inflow

10δ0

25δ0

15δ0

12δ0

Unheated wall Tw=T
5δ0

Heated wall Tw=Theat

Figure 6: Direct numerical simulation of tran-

scritical heated para-hydrogen turbulent bound-

ary layer under supercritical pressure conditions.

Mach number contours in side, cross, and wall-

parallel (at y+ ≈ 20) planes.

持ち発達した Tw = T∞ = 25Kの超臨界乱流境界
層を計算し，加熱壁を持つ計算領域の流入境界条
件を作る領域 (図 6左)，および加熱壁 Tw = Theat

を持つ遷臨界乱流境界層計算領域 (図 6右)，の 2

つの計算領域を並行して実施する．加熱壁を持つ
遷臨界乱流境界層の領域では，0 ≤ x/δ0 < 5では
非加熱壁 Tw = T∞ とし，5 ≤ x/δ0 では加熱壁条
件 Tw = Theatとする (ここで δ0はおおよそ遷臨界
乱流境界層DNS領域における流入位置での 99%境
界層厚さ)．計算領域は流れ方向 (x)に，流入条件
計算用領域では 15δ0，遷臨界乱流境界層領域では
30δ0 とした (下流には大きなバッファ層を設置し，
境界からの反射を防いでいる)．また両計算領域共
に，壁面垂直方向 (y)に 10δ0(そのうち y方向遠方
境界 6.6δ0 はバッファ層)，スパン方向 (z) 領域は
6δ0とした．スパン方向は周期境界条件を用い，壁
面境界条件は non-slip，壁面垂直方向に圧力勾配無
し条件を課し，壁温度を Tw に設定する．
加熱壁面を持つ計算領域の流入境界 (非加熱壁

Tw = T∞ 計算領域の x/δ0 = 10 位置) に基づく
レイノルズ数は Reθ = ρ∞U∞θ0

μ∞
≈ 1, 000，Reτ =

ρwuτδ0
μw

≈ 400である (uτ =
√
τw/ρw)．ここで注目

すべきは，Reθ の値に対してReτ が比較的高い値
となることである．これは超臨界流体の非理想性の
ため，擬臨界温度付近で動粘性係数 ν = μ/ρが最
小となるためであり，Tw = T∞ < Tpc である非加
熱壁条件では，加熱壁条件 Tw = Theat部よりも高
レイノルズ数となる．
図 6に示す，超臨界圧パラ水素の加熱壁面を有

する遷臨界乱流境界層のDNSでは，4.1.節で解析
した格子解像度による影響より，本 DNS解析で用
いた格子解像度は，最も条件の厳しい (最もレイ
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Figure 7: Turbulent statistics at p = 4MPa.

Tw = 25K (black); Tw = 100K (blue); Tw =

200K (red); circles in (a), incompressible ideal-

fluid DNS by Spalart at Reθ = 1, 410 [10]; thin

gray line in (a), U+
vd = 1/0.41 log(y+) + 5.2.

ノルズ数の高い)Tw = T∞ = 25K 条件において，
Δx+ = Δz+ ≈ 7.3, Δy+ ≈ 0.23 − 7.3である．流
入条件計算用領域および遷臨界乱流境界層領域の
格子点数は，それぞれ (Nx, Ny, Nz) = (791, 191,

301)および (1581, 191, 301)であり，総格子点数は
約 1億 4千万点となる．ページ数の制約上，格子解
像度の影響やスパン方向計算領域の影響については
割愛するが，本格子解像度で乱流統計量の格子収束
性が得られており，また本研究で用いているスパン
方向計算領域が十分であることは確認している (詳
細は流体力学講演会論文集を参照)．

圧力 p = 4MPa における遷臨界乱流境界層の
DNSで得られた乱流統計量を図 7に示す．データは
遷臨界乱流境界層計算領域の x = 25δ0位置におけ
る統計量であり，その位置において，Tw = 100K

のケースでは Reθ ≈ 1, 500，Reτ ≈ 365 であり，
Tw = 200KのケースではReθ ≈ 1, 600，Reτ ≈ 150

となっている．Tw = T∞ = 25K のデータは，非
加熱壁計算領域の x = 10δ0 位置 (Reθ ≈ 1, 000，
Reτ ≈ 400)のデータである．

興味深いことに，境界層内部で遷臨界条件による
急激な密度変化を持つ本DNSでも，Van Driestの
密度加重変換を用いることで，平均速度分布は同じ
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(a) Temperature: 25 ≤ T [K] ≤ 80

(b) Density flctuation: −0.5 ≤ ρ′/ρ∞ ≤ 0.5

(c) Reynolds stress: −0.008 ≤ −˜u′′v′′/U2
∞ ≤ 0.018

Figure 8: Instantaneous snapshots of heated tran-

scritical boundary layers in wall-parallel plane at

y/δ ≈ 0.12 under p = 4MPa and Tw = 200K.

対数則にのることが分かる．また加熱壁温度の上昇
に伴い，局所レイノルズ数Reτ が減少することか
ら，対数域が狭くなっていく様子も見て取れる．
T̃ ′′(ここでは示さないが ũ′′も)は壁面近傍で最大

値を取るのに対し，興味深いことに密度変動は壁面
からやや離れた位置で最大となる．これは遷臨界流
体特有の現象である．p = 4MPaにおける擬臨界温
度は Tpc ≈ 43Kであるが，Tw = 100Kの加熱壁面
では y/δ ≈ 0.075で T̃ ≈ Tpc となり，Tw = 200K

では y/δ ≈ 0.24で T̃ ≈ Tpcとなる．この Tpc を挟
んで熱力学物性が急激に変化することから，おおよ
そ T̃ ≈ Tpcとなる付近で密度変動が大きくなる．ま
た加熱壁面を持つ境界層内の遷臨界条件付近では，
全てのレイノルズ応力が急激に減少しており，その
影響から−˜u′′v′′は通常の理想流体の乱流境界層で
は見られない遷臨界乱流境界層特有のピークが壁面
近傍に現れる点も非常に興味深い．
図 8は，p = 4MPa，Tw = 200K のケースにお

いて，密度変動が最大となる y/δ ≈ 0.12位置での
壁面に平行な断面における瞬間の流れ場である．加
熱壁面により温度が Tpcをまたぐ流れ方向位置辺り
で，瞬間の密度変動も大きくなっていることが分か
る．またその付近より，瞬間のレイノルズ剪断応力
も減少している様子が見て取れる．紙面の制約上，
圧力 p = 2MPaのDNS結果については示さないが，
定性的な傾向は p = 4MPaの結果と同様である．

5. Conclusions

本研究では，超臨界圧条件下における遷臨界乱流
境界層の高精度シミュレーションを可能とする手法

を提案し，遷臨界乱流境界層の DNS解析を実施し
た．著者の知る限り，(LESも含めても)本DNSが
世界で初めての遷臨界平板乱流境界層解析である．
ページ数の都合上，簡単にではあるが，通常の理想
流体乱流境界層では見られない，遷臨界乱流境界層
特有の熱力学物性と乱流との興味深い相互干渉現象
や特異な乱流統計量を示した．
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Aerodynamic Characteristics of the Corrugated Wings  
at Very Low Reynolds Number 

 
by 

Masato Okamoto, Keita Ebina, 
 

ABSTRACT 
A dragonfly shows a good performance in its flight at very low Reynolds number. The wing section of a dragonfly is thin and corrugated 
profile. The purpose of the present study is to ascertain the aerodynamic characteristics of the corrugated thin airfoil at very low Reynolds 
numbers range provided between 1000 and 10000. The thin aluminum wing models were made in imitation of the wing section of a 
dragonfly for this study. The specific low pressure wind tunnel developed by authors was used for measuring the very small forces and 
moments acting on the wing model. The lift, drag and pitching moment coefficients of the thin corrugated airfoils were discussed by 
comparing with those of thin flat plate in the same Reynolds number. When the corrugation was inserted in a profile of thin airfoil at an 
appropriate position, the minimum drag coefficient decreased and the maximum lift-to-drag ratio increased. From these results, it has been 
revealed that the corrugated thin airfoil such as dragonfly wings shows a good performance in the lift coefficient and the lift-to-drag ratio at 
Reynolds number less than 5,000. Further, it was worthy note that the minimum drag coefficient is small in comparison with that of the thin 
flat plate. It was found through the flow visualization in the water tank test that the fixed vortices seen in the concaves of the airfoil are 
effective at very low Reynolds number. 
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Performance Prediction of MPD Thruster by MHD Simulation  
Considering Electrode Phenomena 

 
by 

Kawasaki Akira, Kubota Kenichi, Funaki Ikkoh, Okuno Yoshihiro 
 

ABSTRACT 
For a steady-state self-field magnetiplasmadynamic (MPD) thruster (ZT3 thruster, which was investigated experimentally at the Institute of 
Space System of the University of Stuttgart), a magnetohydrodynamic (MHD) simulation of a plasma flow is conducted under 
consideration for electrode phenomena by incorporating a theoretical cathode sheath/presheath model into an MHD fluid model as a 
boundary condition. The influence of the incorporation of the cathode sheath/presheath model on numerical performance prediction is 
discussed for the operation in a propellant (argon) flow rate of 2.0 g/s and a discharge current of 10 kA. By incorporating the cathode 
sheath/presheath model, the predicted discharge voltage (21.0 V) agreed well with the experimental result (ca. 20 V). Estimated average 
voltage drop within the cathode sheath/presheath accounts for 31% of the discharge voltage. It was therefore confirmed by numerical 
simulation that the existence of the cathode sheath significantly affects the operation of the MPD thruster. 
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