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Validation of 7 -Re, Transition Model for the
Supersonic Boundary-layer on Cones

y
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ABSTRACT

The y-Rey Transition Model was applied to predict the supersonic boundary-layer transition on cones and the results were

compared with flight experiments and wind tunnel ones. The model failed to predict important effects in high Mach number

flows, i.e. higher mode instability, heat transfer and entropy layer. Although the prediction accuracy of the current y-Reg

Transition Model in high Mach number flows is not good, the distinctive advantages of the model such as low computation load

and suitability for parallel computing are desirable and should be maintained in improvement to come. Fundamental data to

make the correlation which involves the effects of Mach number, heat-transfer, entropy layer and cross-flow etc. are needed.
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Computational Pressure Estimation using Multi-plane Stereo PIV Measurement
in the Wake of a Wing

Ginga Yamaguchi, Kisa Matsushima (Toyama University) and Hiroyuki Kato (JAXA)

ABSTRACT
A pressure estimation system which uses the 2.5 Dimensional model of a Poisson equation has been developed in order to let PIV
measurement more advantageous in aerodynamic design. In this article, the system is examined in the view point of its ability for practical
application. First, the isentropic relation of pressure and velocity is introduced as a convenient technique to impose boundary conditions for
the Poisson equation. Then, the system is examined if it is available to the variety of configurations of PIV measurement regions. The
results show it has good ability for the variety of the region size, shape and the number of divided sub-regions.
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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 “HAYABUSAZ2,” 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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The Characteristics of Plasma Flow Produced by 10 kW and ® 75 mm Large
Diameter ICP Heater

y
Satoshi Miyatani (The University of Tokyo), Kazuhiko Yamada (JAXA/ISAS) and Takashi Abe (JAXA/ISAS)

ABSTRACT

A low ballistic coefficient atmospheric re-entry system, which applies a flexible membrane aeroshell to a spacecraft, attracts attention
recently as a next-generation technology for space transportation. In order to realize this innovative technology, one of the important
subjects is heating resistance evaluation of the membrane material for this flexible aeroshell. Therefore, inductively coupled plasma (ICP)
heater was newly developed which has the ability to simulate the heating environment of the low-ballistic-coefficient re-entry. This ICP
heater has 10kW electric power supply and ¢75mm glass tube. In this paper, the operating range of ICP heater and the result of heat flux
distribution and dynamic pressure of air plasma flow are introduced. It is confirmed that the plasma flow produced by this ICP heater is
axisymmetric and its core flow has a diameter of 40mm. Furthermore, the heat flux is controllable from almost 100kW/ m? to 250kW/m>,
which is enough to evaluate the durability of the membrane material for the atmospheric entry vehicle.
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Possibility of Reduction in Aerodynamic Heating by MHD Parachute Effect
in Super Orbital Reenty Flights

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

Abstract

The MHD flow control in super orbital reentry flight is numerically analyzed with taking MHD parachute effect and radiative heating into
account. We conducted a coupled numerical simulation of MHD flow and flight trajectories of a reentry body, where the initial altitude and
velocity are set to 75 km and 12.4 km/s, respectively. The initial flight path angle is also set to 5 degree. In the simulation, the strength of
magnetic field is varied parametrically in a range of 0 to 1.0 T. The numerical results show that the MHD flow control in super orbital reentry
flight can mitigate the total heat flux, which is defined as the sum of the convective and radiative heat flux, owing to a decrease in flight
velocity by MHD parachute effect. In order to reduce a peak amount of the total heat flux at stagnation point, the use of weak magnetic fields
such as 0.25 T is desirable because an increase in radiative heat flux by MHD flow control at high altitudes can be suppressed. In order to
reduce a time integration of wall heat load from 75 km to 45 km, however, strong magnetic fields such as 1.0 T should be used because
convective and radiative wall heat load can be mitigated due to a decrease in flight velocity by strong MHD parachute effect.
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(b) Variation of radiative heat flux at stagnation point by applying magnetic field
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SRITHIBERALIC L DR —IL FNR~ADEE
Ok HiFEH# (FILXZE), WHME, TEHEL (JAXA/ISAS)
Influence of 3-Dimentional Magnetic Configuration on Electrodynamic Effeect

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

ABSTRACT
In the electrodynamic flow control, weakly-ionized plasma flow behind the strong shock wave could be controlled by the applied magnetic
field around a reentry vehicle. To control the flow field, a very strong magnetic field is required and it could be applied by the superconducting
magnet. However, the superconducting magnet system, including a superconducting magnetic coil, an electrical current source, a cooling
mechanism, and refrigerant, is large and heavy for a reentry capsule such as the Hayabusa capsule. Thus, in this study, to avoid the use of
the superconducting magnet, the electrodynamic effect by multiple weaker magnets such as permanent magnets is numerically investigated.
According to the MHD simulation, the drag force can be also enhanced by the multiple magnets and it is clearly affected by the magnet array.

Especially, the aerodynamic force part is significantly affected because the wall pressure is varied near the magnet. Therefore, the multiple

magnet array might be as effective as the strong single magnet for the electrodynamic flow control.
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Fig. 1 Schematic view of the electrodynamic flow control.
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Table 1 Uniform flow condition.
Velocity 6500 [m/s]
Angle of Attack 0 [deg.]
Temperature 222 K]
Pressure 6.07 [Pa]
Density 9.48x 1073 [kg/m?]

005 01
X[m]

(a) Single magnet case (Rysc. = 0)

(d) Type 3 (Ryc. = 0.89)
Fig. 3 Applied magnetic field intensity distributions (left; on the
capsule surface, right; on the plane passing through the magnet
center).
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Fig. 4 Computational grid.
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Fig. 5 Computational domain and boundary conditions.
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Fig. 6 Influence of the magnetic configuration on the drag coefficient.
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Fig. 7 Pressure profiles along the plane including the magnet center.
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Fig. 8 Lorentz force distribution and pressure contour in the case
of type 3.
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Fig. 9 Pressure contours on the plane including the magnet center.
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Fig. 12 Front view of spacial distributions of induced electric current.
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BHIETEETIVICE DY = v U T—L Rise time FiBIIZBE 9 4 BUBERIBER

WAL (RABR) , AR ZER (RAHEE)

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 O, and N,. 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 N,. 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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CFD Analysis on Sweep Angles of the Leading and Trailing Edges of a Wing
in a Supersonic Flow.

Kazuya Takeuchi, Kengo Naoi and Kisa Matsushima (Univ. of Toyama)

ABSTRACT
To systematically investigate the aerodynamic characteristics of wings with 30, 45 and 60 degree swept-back angle, and different taper
ratio, Navier-Stokes simulations for flows over a wing have been conducted. The Mach numbers of the flows are from 0.8 to 2.8. The
planforms of wings are in various shapes whose half span aspect ratio is 2. The simulation and investigation has revealed new knowledge
on the relation between swept-back angles and aerodynamic characteristics of a wing in a supersonic flow. Not only the swept-back angle
of a leading edge but also that of a trailing edge take important role on aerodynamics of a wing.
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Fig.1 Section Airfoil and Planforms.

Table 1 Parameters for planforms.

1 307 IR 30° 30° 1.0 1.0 0.667
I 45° il 45° 45° 1.0 1.0 0.667
I 60° il 60° 60° 1.0 1.0 0.667
V| 2V y7 R 2R 45° 31.0° 1.4 0.6 0.702
V| 7V 7 R FLsR 45° 11.3° 1.8 0.2 0.809
VI| 7V vy 7 RFLsR 60° 45.9° 1.7 0.3 0.776
3. #EFZX

AT 24T 218720 AW R U 3 koo EfEtt
7B Tl Navier-Stokes FFER TH 5, ZEfBERLIZ. Bt
THIZ%F L CIE MUSCL Z IV 3 RESEE & 7= TVD %3 1
L. ﬁﬁ@ Wt LTI 2 RS 22y ik & 7z, e
71X LU—SGS % Tdh D, £7-. E&LHiE T /1L Baldwin-
Lomax S AV i LAY

1%%10H@%%%%%mwT%W%ﬁoko%%ﬁ@

X 345 (FpRAFMEmEME V) X58 (A Hm) XT3
( 2 HEEN S J5m) T, Bim RIS 185X42 AELE LTz,
WP RERE R T A A A X E e L X/\/jilﬁﬁ’ Y i, 3
[ HIEFERIZE - T, X, YIZ Z ZHhEELo T,
FOTEBRMIH ORI TH D, VI = I/~~‘/a e LT
LA IV RE2.0X107, —KEifi~ v B 0805 2.8 ETD
mh%ﬁ%btoitxﬁﬁfigﬁﬁ LoD Z &
ZE KPR LD EG 2RV UMRER C, Cp &
LLTW5,

This document is provided by JAXA.



42 FHIML 22T TEBR FE AR RI B JAXA-SP-14-010

4. Co-MHif (EFEMIKI D)

Fig.2 IZHiifg & higO®%IBAEZZTN TN TR UAE L LT
WABEEWE T T IHZ W T, 33 0=0° D e DI HAREL
Cp & —Hkit~ v B M, ORZRZ RS, Hho®EGFIL
CFD(N-S)FFHIZH N T Cp DR E 2R D —kkfi~ v I %
T, ZO% v N EERG LTI My & EFET D, — I
& My (TR DOHBIBAICE D BT EHEEINTED,
Fig2 THHERT DI LN TE D,

] 8]

e [ il WA =iy =30

na Bl NA =4 =i

155

“E'IH

u":ll:ﬂ

[l e

T

oad ._.--'l""i

s 121 1 58 585
L LB 1M L4 I L 6 RN 1M a0 28

—
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Fig. 6 Shockwaves in the Vicinity of Leading Ege. ( I, y=0.0)
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Fig.9 Cp-Mach Curves. (1 IV, a=0" )
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Fig.11 Trailing Edge and Mach cone. ( M..=1.2)
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Investigation on Supersonic Transport Conceptual Design towards Optimized
Take-off Performance

Kenichi Rinoie*, Kosuke Toyoda®™ and Dongyoun Kwak™ (“The University of Tokyo, “JAXA)

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

by

Naoyuki FUJITA (JAXA)

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

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

ABSTRACT

In the electrodynamic flow control, a weakly-ionized plasma flow behind the strong shock wave could be controlled by the applied magnetic

field around a reentry vehicle. It could be an innovative technology for reentry vehicle design because it will realize an aerodynamic control

device without moving part. To demonstrate this technology on the flight condition, a light-weight, compact, and strong magnetic field source

must be required, which must be able to be magnetized tesla order. We have developed a prototype magnetic field source which contains a

superconducting bulk magnet cooled by solid nitrogen and it was applied to some experiments including HIEST wind tunnel test. However,

the prototype model has some problems for the magnetizing and cooling processes, which has significant impact on the flight operation.

Therefore, the next model is planned to improve and ease the operation by using a Stirling refrigerator instead of liquid refrigerant.
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Fig. 2 Flight sequence for high flight velocity test using a sound-

ing rocket.
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Fig. 3 Compact strong magnetic field source containing a super-

conducting bulk magnet.
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Fig. 4 Estimated magnetic field distribution around the super-

conducting bulk magnet.
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Fig. 5 Magnetization of the compact strong magnetic field

source using the superconducting magnet 6T-CSM.
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Fig. 6 Prototype pulse magnetizer.
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Fig. 7 Peak magnetic field intensity generated by the pulse magnetizer.
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Fig. 8 Magnetic field intensity magnetized by the pulse magnetizer.
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Fig. 9 Magnetic field intensity distributions on the plane normal

to the axis of the strong magnetic field source.
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Numerical Analysis of the Downwash Caused by a Helicopter Rotor in Ground
Effect

by
Masahiko Sugiura, Yasutada Tanabe(JAXA) and Hideaki Sugawara (Ryoyu Systems Co., Ltd.)

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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Verification of the Prediction Accuracy of Rotor Performance by rFlow3D

by
Hideaki Sugawara(Ryoyu Systems Co., Ltd.) and Yasutada Tanabe(JAXA)

ABSTRACT
This paper presents the verification of a rotorcraft analysis code »Flow3D which based on the Raynolds-Averaged Navier-Stokes
equations with the Spalart-Allmaras turbulence model. Two-dimensional flat plate and NACAO0012 airfoil are selected as basic
verification cases. Validation with a model rotor has also been carried out. In the flat plate case, the velocity profile and the
surface skin friction coefficient are confirmed in good agreement with the theory solution and CFL3D results. In the NACA0012
airfoil case, lift and drag coefficients are also in good agreement with the experimental data and CFL3D results. And also,
pressure and skin friction coefficients on the wall are obtained the good agreement with CFL3D results. In the model rotor case,
the rotor performance is predicted qualitatively in good agreement with the experimental data, but a small offset of rotor torque

was observed. Further validation using a finer grid is expected.
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Double flame structure of hydrazine/nitrogen dioxide coaxial jets

by

Hiroumi Tani(JAXA), Hiroshi Terashima(The University of Tokyo), Mituo Koshi(Yokohama National University)
and Yu Daimon(JAXA)

ABSTRACT
Hydrazine (N,H,)/nitrogen dioxide (NO,) co-flowing plane jets were simulated to explore the flame structures in hypergolic N,H,/nitrogen
tetroxide (N,O,) 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 (NO,) and the thermal decomposition of N,H,. The combustion flames uniquely comprised two types of flames, the
diffusion flame and the decomposition flame. The diffusion flame came from the oxidization by NO,. 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 N,Hy. Owing to the
decomposition flame, the decomposition products such as NH;, N, and H, became the major constituents of the downstream combustion

gases.
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Fig. 1: Schematics of complicated multi-physics
phenomena in N,H,/N,O, bipropellant thrusters.
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Table 1: Injection conditions.
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Fig. 3: Time history of the temperature, heat release rate
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Fig. 5: Instantaneous contours of the temperature and major species of the N,H,/NO, co-flowing jet after

the flame reached steady state.
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Fig. 7: Instantaneous contours of the temperature and major species of the NO,/N,H, co-
flowing jet after the flame reached steady state.
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Propulsion-Integrated Aerodynamic Analysis of the Spaceplane with RBCC
Engine at Hypersonic Speeds

by
Yurika Funasaka, Yasumasa Watanabe and Kojiro Suzuki(The University of Tokyo)

ABSTRACT

To promote the space utilization, reusable space planes have been attracting our attention from a viewpoint of the cost reduction in
transportation. Among various design concepts, in the present study, we consider the space plane with the RBCC (Rocket-Based-
Combined-Cycle) engines because of its wide coverage of the operation velocity at Mach number from 0 to 10 and above. However, the
flow around the vehicle significantly interferes with the flow from the core rocket. To understand the fundamental nature of the
aerodynamic characteristics of the space plane with RBCC engines, the two-dimensional Euler analysis has been conducted. The thrust
performance is evaluated by the effective specific impulse, considering both the thrust and the drag force. The results show that the
effective specific impulse exceeds the specific impulse of the pure rocket engine at the Mach number less than 7. The effects of the cowl
shape, the main body shape and so on are also investigated. Additional analysis has been conducted to clarify the influence of the cowl and
the rocket jet upon the aerodynamic characteristics. As a result of this analysis, it is shown that both the drag and the lift decrease by the
cowl. On the other hand, the drag decreases and the lift increases by the jet of the rocket engine. Consequently, the aerodynamic
characteristics are expected by the jet flow from the rocket engine, if the engine configuration, especially the position of the cowl, is
appropriately designed.

ik v hE— REEWERGIV X DB EV A 7 VP TH
I LeHES 2o

Isp, HRNEHES) RBCC = VU & H# LIz A=A T L—2F, HEIKT
F oy b UHET 2 & > TERDIEMCIIEET 9 720, A kn=
D L ALSTIWA D OEEERELTCWDEERD, TDED, =V
Cr 0y b D UHE SRR Ry ERRIRE D OZEROWNN T L, F TR X
Ca WAL DD AT AR OMAUTHEEZZ T B, o
C P TIZDAN—=AT L—2 OVEREZRfRNT T D 1= 011d, IR
Cn vy F U A MR LU VU ERIRICHZ DD TIEARL . A LTI AT
m R IMIEND D,

p prodey AR TIX, =Y EBRIRTE D OO R
u IR Ty REROMERRELEATHEBZONDAY T LAYz hE
v FE[E 7 [ — FIZER L, R L = oD A L s 2 i gy
p 77 Dfft 4T -7, £i2, MR THIILOEE, K=
E HAEEHT- Y DL RLF— T DIy NI Y UM O X 5 Z5E R E D2 b A
S BRE S it L, A=A T L — 2 OMRE~DZHEIZ DN TELT
A ahy bV VAR %,

AT Spaceplane

00 — kR

exit ) AVHA

1. [ZC&HIZ

FHAM 245 B EIRESEL72DI20E, FIHLRiTax

PR S ELOMERH D, T A MHEOTZO DR E LT,

BUATOHENETr 7 > Mot 5, ARG s o A
T ADBANET HND, B2, KREEEEREE T 5 FFH
ARERTFHARE TH D A=A T L —, ZDOIEHRD
T EFEXHTHAD,
ZDANR—=AT L— T, EXWDVIAB AT D
FEHOHFT SN T D, BbAlE L TESEH WD 29,
AR OFBHEZJ S L, DN E5 Z N TE
Do HTHMEIAWITEE 2% L 72 RBCC (Rocket Based
Combined Cycle) =P "AEASH TS (K12
H) o RBCC = P INEicury hm o P U AN S
NnNTEH, MTHEICL-T, =V H—TVxzy FE—
F,. 75V zy hE—FR, AT LY==y hE—FR, v’y

¥ 1 RBCC = ¥ &M

This document is provided by JAXA.



82 FHIML 22T TEBR FE AR RI B JAXA-SP-14-010

2. fi#ik
2.1 @BHFETIL

ABFFETIZH 1 D X 5 7 SOHOBKREFH R G L L
TW5, FATEIRIE, HEM SO 2 24 & I2K 217
TEIOCHELZ, ZITEZLZTNDAR—AT L—20F,
Z DR SEEAR T DRI TR O R ITHER RV & &
2 HiLd, T T, WIEWENT S LTI 3ICTRT ST 42T
L. “RTNTEITH 2 & & Ui, BATHMITHEME &
Im ERELTWD,

(21.01,3.43)

(19.01,3.01)

(37,0.23)

(14.47,4.32)
(21.01,3.01)

B2 AT YA E 7L

Ty kv ) A)VHA

X3 FHERST (75 201X 141)
2. 2 XEAER
SEFRRA L LT, ROWSRT RIED A A T — sk

EHES . AIEITIIANTC i % 10, FEREECILER I
BT,

00 9E oF
4=
at  oOx Ody

p pu pv

N Y I L O B
Q=|pp|-E= puv F= pv2+p
E; (E¢ + plu (Ec +p)v 1)
2. 3 EEARELHEEH

—fRJEFE 7 T Yee @ Symmetric-TVD & % — 24 ¥ % VT
R AT T2, BRI 2 BB DL 7 T 2 iEE
W7o,

B2 R ISR T, RITEEIL30km & LT, —4k
VOS], R, BEEHTND,

Flo, vy b DU LTL, L EARSTORES
EHE, RO~y R E L, #E-RotE Ty e e
—HNEREL T AVHAOSE 252 T0n5, Zoln

DR, M3WRLEZasry Py ) ZVHAE
INMCEERSEAEE LT, M O0OBITEICOE & LT
2 T05, oMs Tl HERo&E2Ees LTn
B

X 3R LI DV EEA N CE 2 L RE L,
B OV CREmSR A 52 T D,

AT O4 & VIRTRHEER Th L3, SRIOFHE
TIXHFEE AN O & U TRIZAMEL T 5,

vy YO BIEEU) . BT ROE y T
7e—A v MEthZzhX Q). 3). @). )LV, Hkc
ELTEHEL TS, CIER() TERSNDENERTH
be ZIZT, AX/ AVHODIEE LT 042, SITHEEE
ELLT3T2527, VL d—HROEE~RY ML, 1
VXBEE DR 7 L, bld— BRI TR 72 7 ) 0D BEAL A~
7 MVTHD,

_ MUeyit + (Pexit — Poo) X A

Cf = (
1 2)
C 1ﬂf W:*ﬁ (3)
== —- N
R T
1 >
q=§ﬂqmm® (4)
1 -
%=§ﬂ%bm% (5)
P~ Pw
C. =
’ %%%> ©
# 1 FHEEME
R 30km T RS
JEEV) 1.2X103 [Pal
B 227 [K]
i 1.8 102 [kg/m3l
v’y b D4
X EBSTET 1.0X 106 [Pa]
X EHaIRE 4000 [K]
PR~ v IR 3
H AFE 78R E

3. HEPFUER
3. 1 IYNHIZKZFNBEDNEL

AW TIE, 2TOFHHEICBNCGEAIZ 0EL LTWD,
~ w4710 THAT LB AN, ERRof i citE
LT EJ15540 2 C EN 4~6 12T, MO E#RITIE
BEDOHLDTHD, 4130058, HM501F0.028x,
B 613 0.01 B XICEEMAE S o, BIRRTT CHEM S
228N B U CHEICIEMf SN T P U NIZAD
ary b VOHER E & BICHAR S CIEIES T Tun
Do HINDREETI VNI CRIOERE AL T
TWAED, 7w OB, B O E R T 7L
ODBE~LFTNTND, iz, v 3o Clinsry b=
Yy RV A DN D T T B MR A VR T A T
DI oTe,

This document is provided by JAXA.



4GRS J7 T 2 /S 32 RIMZE T B S L L — S a i AR O MG U 83

oy by ) AVHANSAEUTEEN & T
SeunCA U7 i U, M%7 OREH TR LT
WHDEET NN D, ZORGHT K> THRIKE 7 OBEIZ )
DDEINIEEMT 5, K 7 3R E S FmE x Bilcii- 72,
~ v N 4,7,10 28T D EEEIE RO i R, 20T
Z 7 X0 TTIEFE MR ME E 1% TEEE I D E SN K
&L MEITHESHMNTND Z EnbaD, AlloEt
BT, ~ w7 CHIFEER & %% FBEIS D 173
DVEWV, FUNTIFIFEO0 LD, Ty BN T LY
INEWE L BIFRERIC D DT ET T EER L 0 K& <
RDHDTHINIADHEE LD, DFV ., BEIK FHE MBI/
L UTHEREL ., k& LTHEAINT 5 2 Lo 5,
F7o. FREIC~ v/~ 4,7.10 TEHR Lo~ v "B D5 %
X 8~10 (2~ 7, JENDAT ERERIZ, = v T &< v /N10
DAL, BRI 5 A U= 8k 3 B 7 VS © b
LCEESN TS, £~y 4T AvEOns T
T TG A3 7 T L TR Y | EER % T Tl
EORTAAONS, LvL, =u /T, = v 10 T
7 RV A DS B 1T LD ST A U R
B ETFWL, HUNETEL TR, o T vy
W ORESAT OFRFIITRIT~ v NI Ko TEL TV D
N,

ON MO
o

8 ~u UM (v 4)

» - - - - - - - =
n A A A A A N A i

ON & 00 -

9 B (o)

ON MO
o

10 ~ oyt (= vy 10)
3. 2 HAIILDESIIZLIFNBOE

WIZH I NDORSEEZ Tl B R ER~T, v v
N E AL LT, BUNOERONEEEZTIC, RS %
ELLTEHEERZIT-o7 W11E2H) , £, v~ v %
7L LT, FEERICH UV OO EIFEZ TS, B L
THEZIT-7= (KM122W) . 22 CTHENREER
T, B11130.058 %, 1213 0.02 BEITEmRE 50
TWb, ZINENDOEEITRT DL & % FEEm T
PUMREOMaRME 2 32 2 1R T, FEIMN OB T coh &
NCHE LESAOPMRETH 5, BRI b O
BT 7 AT G T2 > TN D DG FREEN 2D DJE 18
U, BEEEOFNTED T EEZ NS, L,
T IUNADHAETROND X 91T, BIDEREONEIC L
S CTIXTFRERIZ A DD TS EEINT 5, 56> THEIR e
b DB 2 RO U, O U - B R o0 1% 5 B ©
HORHETA L2 RESODIANTIOBDITITEE L
WwWeEzohs,

M6 JENpA (= v/n10)

X4 JESmA (vvn4g)

FED 346 (=)

<] 5

Hif 7 BE T % J7BEH K11 B IAERELS LEREOENNF (v v4)
= — >
o | 5 e 4+
i) Me T ;
14} ¥ g & T~ A
12t 4 -
| i‘ K12 HoAEEL LESADENN (=N 7)
anp 't
o | + X #2 BEROHMEK
02 | = o F TR % R
X . P =% 7 [x10%] [X10°%]
T & W W W B W » N 4 16.4 (10.7) 28.6 (20.9)
! 7 7.4 (7.5) 5.9 (7.5)

X7 BEIEIERE D54

This document is provided by JAXA.



84 FHIML 22T TEBR FE AR RI B JAXA-SP-14-010

3. 3 AYL, OFy FEFOEEICLKIEE
3. 3. 1 FhHOZEIL

WIZ, Bk, WiEShizary v O
DEBIZ L > THRNGN ED L S5 IZBbT 5z L,
K13 12T~ v N T OREO B I EF Y - a4y MER
HY, HULEY - vy NEFEL, AULVEL - 0
v NEFHEY ATV L - vl MERELD 4 3% —
VDIEN AR E ENDIRICRT, 72K 14 IZHRIT~ v
Bk 7ICEE LR OB Rk o i r~d, KT &
FIREIC, AR S HmE xiiicE o~ Tnd, ERiEr oL
HYDBEITHONTH 7L LETORESMREZ, T3k
RN ORER T % E%E 7 1 > L TWA,

X 13, 14 2> SEERRTS OBERICEB L T E0HAICE
WTHREICEMEZRLTWDR, ary MEHNA DS
Alx ANV AESZOBER CENIN ER L, DIALNRED
SO E I NS 5 720 MR % I RER CE 2 B
HLTWbZEnbhnd, WoThuLfFgh, alry Mg
S OBANR BB TRERICH D ENNRKE N, £,
T IIVINE BT I I BEIZOIDAENRKRE L,
OF VR EIL T H0MBNTWD Z ERbnnd,

P [Pal

e

X 13 AT~ v B TSR D ES oA

07

vl Cowl, i Rociont
06 w Cowd, wio Rockel &
05
0.4
&

1 A
~

0
ot
0 .
o 5 w1 0 2% 3 38
L
o7 - : - -
wi' Cowd, wi' Rocket
06 wi Cowl, wio Rockat ©
05 wio Cowl, w Fiocket
e Cowl, wio Rocker
04
&os }i
0z &
ﬂ(-“mm_-‘-zq;éﬂ:::::E
o1, 5 W 15 ®» B N B’ N0

R4 H 9L & HE OB E SRR 0T
3. 3. 2 HEuhtiHA

BEWC, Aok aly MNEFOFRIZL D, HIKko
HES) & 22 JIMERE DB DWW T EBET 5, Ekoay
TR AT AN AV EREOFREIC AW S, L,
A= AT L — N IRA DL T D 2R ) e BRI
Bb, WoTZ Z T, BIKDZ T B DHEE I 275K
®)DAEBNMES D ZHELT IRy D W OFHImIZ V=, X
151CAUNDPHE LYGE L BMWGEORME 277,
e LTI iEn ry b P DHBOH DT,
FI250[s] T D, 777 X0, BUANEBLEIIRITIE
FEN< o NT LRGN E . BRIHE I A e HED) % ElRl 5 C
WAHZ ERDND, 16 I NVDOFE, arry Mgk
DOHBZ L DN 0L\ ERT, 79710, oL
FHY. vry NEYOEENRBIANVEL 20, FFic~
UNTLU RN TIHADEE & D, fEoT, BUMIL>TK
HENHERELE, oy b P ORRDOTHICE -
THERPUIRA L, ~ o T TF TRy b v
DHOHES B Z T HEENERE R R LTV D L E 2D,

Fo. BUNANREILAICELT, vy T ey b
TV OHEN AL SETEAICBW T, BiTEER & 1%
JFREME COPIMREOMIHEE 72y N Lizb D& 17
IR, ZOROnry hmr Y OFMRE 3ITRT,
oy b OHETJ OB B, BT REE O HU IR
B3k Launas, % ITEEm OPLIMR BTN T 572,
BASEOF N 2D SE5 2 nbhotz, U bEns,
0y bV UM OSSR AR OB T 5T D
EWNWH T EBRDLND,

lsp =g @

This document is provided by JAXA.



PAGIRIGR ) Fal S/ 2RI 22 T H B S L2 L — Y a i AN Oy Wi SR 85

3. 3. 3 ZT=hMREDEL

D
I, =15p><(1—F) ®
3. 3. 2 TIEHEITHRBIONZOWTIl L=, 22
T DOZELZINZDOWTIEE T 5, X 18 IZH IR O%E
fbxm5Rd, EvFrrlE'E—A FOFHE LTIE, T—A

Isp (Rocket) =15 Cowd I (i

| :ﬁ-ﬂp' e — : SR uml VA0 LD A THDREF LA HWVTR 19 IR LTV

'y Do AEHLITHE S & 0%, HRLIHE 100% & L CHIRE
155 . SHEOMER 7 ay FLTW5D,
S Et S T SR BACSNT, Y ABESHAE, /13, 4IRS &
s % ™ A TN BIESIDBREL FREDNBBETHT-
2 x i b WA T S, vy NERICE LTI, Bko%
Mo X 4 FREFZ DB IEND R X o CHABRIMT 5, 7.
}m X HINDBE L6, DOV ERL T Lm0 L ik
230 - » RFED B B ONEIERMED 7= D85 &£ 72 0 | KRS
730 * Y MZBL TR, B UL REB W AR R L
4 5 & 7 8 9 W U 1 S Ao
Bach mumber
15 HZILLHES) & i) D28 4L & w/ Cowl, w/ Rocket  »w/ Cowl, w/o Rocket

< wio Cowl, w/ Rocket = wifo Cowl, wfo Rocket

#w Cowl, w) Rocket  » wyf Cowl, wfio Rocket 012
< wio Cowd, w/ Rocket = wfo Cowl, wfo Rocket 0.1
oo Qs -
0,015 l 0.06 oo
* J 004 . i
a0l L S i i H i R Gl G SR R
ooos ¥ o ®
S # b . o * °* b v > : I 4 |
: ot
-0.005 *
=LK 4 5 B T 8 8 0 11 11
— T Mach number
3 B [ K ) 2R
4 5 & 7 B 3 1B U N 18 EHREOZIL
Mach numbser
16 LIREDZLL o w/ Cowl, w/ Rocket  sw/ Cowl, w/o Rocket
— - < wifo Cowl, w/ Rocket = wjfo Cowl, w/o Rocket
| » MHUE & @NUE it
0.014 2 150 < f
f012 & = 0 S
ol E ito - -
& - ]
7 ouoos - . & " g 100 ™ @ L * -
0.006 L a 20 4
i b o o : i E ﬁ * * i
0,002 = -50 :
o E .100
o 0.05% 0.1 0.15 0.2 0.15% ﬂ_]_;n,
G -200
17 R ITHE ) & LRI D BIR 4 5 & 7 B 2 W 1 w
Mach numbses
R3 87y hxr DR 19 EER OO
HEYRTTHES) 0.05 0.10 | 0.15 | 0.20
X EBRES 4. %%
[MPal 0.5 1.0 1.5 2.0
£ EB IR 4000 KGR TIT o, A=A T L— Ok =P
[K] e Lz RO TOWMNGGOMFITIC L 0, LT O A
PR~ v B 3 BT,

o ZUUUHEBTIEROBERESRE L, T
NERH TN DRESEDRIIC Lo TERERRTF

This document is provided by JAXA.



86 FHE LA TR BR FE A R B R

HBLAES> TWDEO NS 5, FHIHE®R T OBER T
OEBER ORI L - T, BEmENIER L, 290
FEPRIC B A B2 D,

. IR CAE U 2 D VTR NT 2 Lo
TEDHREICHUNERGT D L. BRI
I35 E WS FERER TN, v oo
DAL K- Tk, B L2 @880%1c K - THERRT
T OBEENZ D P BNERT D AHEE L H D DT,
HICHET 2 0ENH D,

o AEOFHEEETIZ, HIANELHRE, ~ v T
T CHEMHESIN I HE 1 % Rl 572, <~ v NTLLR T
IR D FE S 2 AL LTOMEETR L, H#
NEHEIMEETWB EEZLND,

o HEEFMUSOZERINTER LTEBAE. AUk
ST, BHOWD ML N T ADRZEERAET
Do W TR THOW IR ET LV E E T2
L. #Eo Licoo P ongy, Bz bmEo
HBMEI L0 REBICT D E VWS EWENLETH
Do

e vy hEUVUOHR EBETH TOZEKDIIL
OFWIZ L - T, AN Hihowd) | B
DI RRH 5,

ARITA B OFEHT IR 2 AN L ARSI L2
ZOF D, WUNDELEBRE LR L 2T, B
KL T TN DICRDEACTNIZ ED K5 Rz 5
2B, Flemly MERFOZE TR D H 2 7R
Mz oW TR 5,

Fo. HRUKEEMF v oS AT TR S R 925k 4
FToTnd, X201Zmd, rYyy o V2L
J AN WNE LT A -V CRIRER 21TV, 22500
DRER ZR TR HOWCTHRIET D TETH S,

“WIt /) A)v

—Y

20 R SRR

ABFFEIL, JAXA JERIBFE (2 =it A £ 5 =7 7
U=V sy VU TSTO 7 — 2 2 — D7 ket
DIAREZIT TRz, 2 ZIOR#OEERT 5,

SEXH

1) Tomioka, S. et al. : System Analysis of a Hydrocarbon-
fueled RBCC engine applied to a TSTO Launch Vehicle,
ISTS, 2013-a-36, 2013.

2)

3)

4)

JAXA-SP-14-010

il {E—fth : PR TSTO 7 — A ¥ —Ee~ D %
HEE U 72 Z2 KA BAR O RFFRIRDL, 5 56 M5 HiRk 74
fiv L B 2R AR, 3503, 2012.

Yee, H. : Upwind and Symmetric Shock-Capturing
Schemes, NASA Technical Memorandum 89464, 1987.

W ERML  ARHE~O B AEERE HfE L
RBCC = ¥ v DY AT LR, AR 24 4 EEF 1k
UV T AGEEESE, STCP-2012-036, 2013.

This document is provided by JAXA.



FRAIRIHL AR ) FRE I R/ S B2 22 T B S T2 b — v a i L AN U L SR 87

RO LTy b UDUBBERBIESfIZF (=45t
— PR E DM IE X
B X (FEMEMEREEEAR). BHEH (RR—IXAY—ER),
EBZR (ALY Ya1—Y 3 XERAR), REFE (BiZV ) a—aryXEAR)

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 RamlJet
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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b) Boat-tail Strut configuration

Fig.4 Streamlines and hydrogen mass fraction at the

engine exit.
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Proposal for New Higher-Order Flux Quadrature Scheme for Finite-Volume
Method

Yoshiharu Tamaki and Taro Imamura (The University of Tokyo)

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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ERTHIH SN, 2 B ERTREL 2D LW IHIFILERH
L. LT, EBEoFREAICBW TEEREDRIZOWT
THRB.

(14)

3. 2 Burgers 1=
2 kot Burgers R u, = (W?/2), + (w?/2), Tidx 7w
WF=u?/280, RADITRAT D L,

1
Froa = 57 ()" 4y* (19)
LREND.
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EEEEEE I_!{-I}

£
L3

L

i ‘EH*I
¥y

k2
1
“"I

B 1 2 WITEAREFIZBT 57 mBIZERm M @ o LR
BEE LCurs Wi 247 9)

il

_I_'-_I_-'__..

1™ uy)

- {nvernged value)
|

j"F u (eentered value)

=
e vty

2 EPPEME & EO BEER

—

e

3. 3 Euler AR (RE2MMH)

A IREFHIE B O TR IS L > TRIFED £
BWENFEFINDLN, OV ESEEZDE LR
~HHT O HEEEALD. RAFEITQ =[01,0203 0] =
o, pu, pv, pE]T, xFHF WM DK~ T kN VILF = [pu, pu? +
p,puv,puH]" CHE X b D . Ko TAN T —FHEOK: & [
FRIIEIERREZHET LU TFTO LIk 5.

1 F
Finod = 24 (§_Q>y QyAyZ
0
-2 o
y—1
yas — 2 Qs
=771,
o 20)° 400,00y | 2((01),) (22)?
! Q1 (01?2 Q)3
L _2@)" 400,00y 2((@1)y) (022
2T (01)? [GDE
o = 2002)y(Q)y  2(Q0),(Q2(Q3)y +(@2),05)
T Q1 (01)?
. 2((Q1),)" 0205
Q)3
o = 2(02)y(Q4)y B 2(Q1)y(Q2(Q4)y + (QZ)yQ4)
T (Q1)?
.\ 2((01),)" 0204
Q)3
as
605((02),)" + 4(02),03(Q3)y +202((Q5),)’
Q)2
_ 4(Q1)y(3(Q2)2(Q2)y +20Q20Q5(Q3)y + (QZ)y(Q3)2)
Q)3
. 6((Q1),)"((Q2)* + Q2(@2)?)
Qp* '

THD. ZITHBRETHLE 1170, BE21TICEEND
JEJI(WH= RV X)DIEIL 0 L 72 5.

3. 4 Euler AR (BEAEHMH)

MUSCL T L EEOB RN O RFEL —~EEARq =
[p,u, v, p]T 1T L THBAEEMMM AATV, x )7 M KF =
[ou, pu? + p, puv, puH|TIZEW T H A F — AN AL LD
ZEnHBH WD, XRFEAIRTFRICE > TERbLS
ThY, EREBIZLD2DDOTEHAVWI LIZHEBENLETH
5. ZITHERICEERREZKRD S L, Q)DL STk
5.

1 (OF ,
'mod = ﬁ (a)y quy
2pyu,,
1y 4pyuuy, + 2pu; (21)
=57 2pyuyv + 2pyuvy + 2puy v,
yTyluypy + ag
72,
ag = 3pyutu, + 2p,uvv, + pyu,v? + 3puud + 2pu, vy,
+ puv}

ThHo.

AR CIEBITHINEMTH Y, EEKOREED
EHHN D THORIER D 5. —F CRIFREZ AR~
LA BB ITRDIEE R LETH 5.

RAFEIZ BV TEAEEEN S B/ LA~ DZEHLITLL
TOXIIZETS.

Q = (_2 - %(QXXAXZ + nyAyz)

+ 0(Ax*, Ay*, Ax2Ay?)
TIEHEQITR L CRF RN O AR ~DLEMEZIT-> T
b, BRPIERIECTH D20,

q+qQ (23)
THY, ZERFEEIL 2 WITIE 5. ZHUIZEED LFHE
~OBEHOEA LR TH WIEIEHE
1 /0 1 /9
Qmoa = ﬁ (%)x QxAxZ + ﬁ (%)y QyAyz (24)
M TEET LI ENTES.

WEZEL-DDOL 5 —o0FEL LT, K@) MG
ERHWCEE A PLMEERET 2 HFENRTOND. 2
T, RO D 2 BERRAEIERQS) TEBIES NS,

Quxlij = %(QHIJ —-2Q;; + Q1) + 0(Ax*) (25)
X oT, BEBEDICL > TROONZQIE, LD
DBRIZ L > TEAFLMEQIZAHR TE 5. I BITITHINC
Ko TR EnNZEARBEORIMEQIC OV T 2 BHEE
RONIZ BV EHMEQTRT Z ENTE D, £z, B
RNZ N D 2 BEROASE L SN T, BV HUME D B SEE
ANOEBIZAN b0 i v, REnsiE, v
FUMEZ IO TS B IV D Q| 13 2 T DB/ 5
FfE Qi j & 72T 2 L3 T, K@) TITFTEI Y AN 4
WERDMLTHDH. LLFOFETIEZ O /LOME %R
U7 #E A5, DL EORIEERE B & O A
EHWEROREO 7o —F v — N &K 3R

(22)
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| Calculate Q; referring adjacent cells
Il
Convert to g; Calculate Qg
ICaIl:ulate Qy; and Qix using 6-G I using G-G

Calculate q;

Calculate §, using G-G

Interpolate G4y

Evaluate F(Qu41/2)

Calculate ?“. 12

Evaluate Fyoq

|Evalua':e F(flis1/2) | |E\raluate FM
|

Calculate Fiyq /2

K3 FHEo7o—Fv— b
(e RAF AR, A5 FaA R

4. fEERGERRE
4. 1 Burgers FiE=

Burgers 2R I W TRRENTAE D & 2 MBI DWW TH
WEEE ATV, WELARIET 5. PIEHu L T X9
H52%.

uy = 0.5 + 0.5sin{27(x + y)} (26)
Z OWE, B RRT ORI TIZ 351 2 fifAT fRu 1L,
u, = 0.5 + 0.5sin{27(x + y) — 2u,T} 27)

THEZLND. B, EBRICIKEHRICL > TREES.
FHEMIEIL 1X1 OESFEHERTHY, 1| FHbIZONOE
JZEESEI LT, FREIRE 01T 4 IRFEE Runge-Kutta %, 22
A — NIERD 3 WHEEER E/NA 7 A EMUSCL, it
IR LR OR(OITR L Al Em T ki X b 4 Ik
KR LS 7 2 B2V, RA)DETFERHEOAMEIZ X
HEFIZOWTHET S, ok, BERIOH L Godnov
B LA EREEH WS, RBEMINIIEELVEENE L
TRQ)D L HIZ L1 /A THEMT %

N
1
(Error) = mznul — Ul (28)
=1

F7m, ZEHFEOX™IE, — NN, N,DE/LE%EFF>
e ECRAZEDNE,, E, ThNT,
(B2 Ny
0(Ax™) = In <E_1) /In (N_z) (29)
TRDOHNS.
FEOMPME A 41253, E, HERITEMT 0.05 #%
LS CREFI 2 1T - R R 1 MO 5 1SR

o

nl

03 [F ] L nx 1

0
4 WEFEREBurgers 7RI T B WIHMKE

% 1 Burgers FEEAIZI T D RAE
3rd_order upwind-biased
without Modification

Error 0(Ax™) Error

8 6.021E-03 -
16 | 7.000E-04 3.105
32 | 1.061E-04 2.722
64 | 3.439E-05 1.625
128 | 9.859E-06 1.802
256 | 2.625E-06 1.909

with Modification
0(Ax™)
6.943E-03 -
9.018E-04 2.945
1.126E-04 3.002
1.420E-05 2.987
1.786E-06 2.992
2.230E-07 3.001

4"_order upwind-biased
without Modification with Modification

Error 0(Ax™) Error 0(Ax™)

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

R
A

10* . = =
SN \N* SN 3rd
=10 \“‘ = "g\ Y
=] \\ \\ T8
Elm* 4th™\_ 0

=+==== 3rd without modification P«
—0—— 3rd with modification N

=r==lr== 4th without modification 7 \3
—A——  4th with modification

10' N 10°
5 Burgers FFERIZI T A& TULHR

FERIV, mMESEEEZITTDROEEE, K E2n<
LTI CTZEM] 2 RBEE IR F LTV Z &0y
5. ZAVUIFTOIDRAEICE D 3 L EOIAD IR
L, HEDICEEND 2 IROMAEEN LR ->TL 5
HThD., —FHCTHEPEEEZEDD ETNENIEIE 3
WHEEE, 4 RIS D TIEN GO S.

4. 2 Euler AKX (RE=MHM)

Euler FE E Tz ba BIROBRICOW TS,
M RFRIZOW T, XQODEBIERKRZ AW 5.
B, NIRRT elIRGEO)THEZ LS.

1

1 G-Drz L\t
Pe = [Q(Too - 8]/77,'2 e
r

1-12

= ——e 2 ¥y
Ue = Uy =o€ T Y (30)
r 1-r?
= _— 2 X
Vo = Voo + 5-¢ 2%
Pe = Seo(p%)Y

7272 Ly=14, I'=5, S, =1/yThH Y, Fi=(xy) L+
DD REEEZR L, r=X2+72ThbH. —FERBE
1 (Uoo, Vo) = (V2,V2) & L, FIINLIE (-2,-2)7 B MR ST ]
2 DR, 45° H~BikSE5. YIEEX 6 [T, &7
BN, ZEf A — A, EERFE) 1T Burgers SRR OK &
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FLTHY, A EFRKROFMIL SLAU W5, 72k, &

AT TR S, FHREEREZR 2B IV 7R

Burgers SFHERORE & [FERIS, WESEIEZ S DR
FIIBERTRRONALIOICR L, BESMMEELZEZD D L
FNER 3R, 4 WKEENER IS, Eo, BRI

L TR DD 72 DX PRI S RAZE ORI R 5 5.

mks, VFE TOLRKE, ABUED G 7 IHMEEEDN &
5 T2 (A BN W L O RAE), Z ORIZHOWTITdE
DRHPD %

4. 3 Euler SEX(EAXEMHM)

FARBMRER L OB EREE AT, s [
U R TE CRgAT 21T 5 . AiEl & RARICRAZERE M 21T\,
# 3B IO IR

AR BN MEEEME O LR U TH Y, B[AEDH
SHEBHIFIETEDL S . KRy TEREINLBEAFLMEL &
VR LMER OB BEAER A > TWVB R, Z OEEIT LR
Tl

Tl

723 EBuler FREERGEAEMM)ICH I D REZE

3rd_order upwind-biased

without Modification with Modification

N Error 0(Ax™) Error 0(Ax™)

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

4™ _order upwind-biased

without Modification

with Modification

N Error

0(Ax™)

Error

0(Ax™)

16 | 6.876E-03

6.802E-03

6 i bu BRI T D R )M

# 2 Euler e (R EAM)IC B T 2 FHRFGE

32 | 8.330E-04 3.045 6.643E-04 3.356

64 1.668E-04 2.320 3.890E-05 4.094

3rd_order upwind-biased

128 | 4.157E-05 2.004 2.431E-06 4.000

256 | 1.037E-05 2.002 1.396E-07 4.122

without Modification with Modification
N Error 0(Ax™) Error 0(Ax™)
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

4™_order upwind-biased

without Modification

with Modification

N Error 0(Ax™) Error 0(Ax™)
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

10"
10 T~
N& ‘\\
IOJ e . \_‘
~ \‘\.. > "‘.\3l'd
= 10" \\ S < \‘\
= 4th NN N\
Ko N SRS
N
\Q
10° N
===~ 3rd without modification \\\n
2| —0——3rd with modification N,
107 B — et 4th without modification N
28— 4th with modification '
L) I”Ilb! I I .NI”I]O: I —

7 Euler JFREA(PRAF BAHIR)IC I 1T 2 K7 IUR

10"
, s,
~
10° A >N
NN ™ N Jrd
4 b Bl S
l'o"' | U \\ = - \\
E 4th \\b\ R
m 1 0-5 \‘ i S
\\ . ~
lu‘“ \‘&
===-=-= 3rd without modification ‘\\
2 [|=——0——3rd with modification N
107 B emoctemem 4th without modification N
fi——8—4th with modification '
10'  S— —— I I I I  — Il I} 1

10’ N ' |10=
8  Euler FEXGEABEMM)ICI T 24 T- IR

5. i

HMEET — ¥ OEAFEF KT D3 H 4 RFEIC BV e,
AIRARHEIC I T D @R R A F— L &R LTz,
WIDIZ, GERD TFTBIEEAMIF J O 2 YABE O it H ik F
SYDOELRRFEHEZY LN Lz, I, ROZEEHEE
EWHRE L TCmOMRICMZ D Z LT, 4 WIHEE ORI
R 5AT O HIEEHE U, RFEILWARH B i o miM-&
NVOEDHTEFRISNTIY, FFHEE T~ Ou 2
BHTHD. Elv VLA RN MlEZTH> 2 LT,
B X OMEERROBER 2RO T2 Z EnrmaShi. i
%Iz, AF— L& FEEEL T Burgers HFEAE L Euler 77
BRICB W TRAEFEZ 1T o 7o R, 250 4 R E OR 1
IR BT,
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HR-SLAU2 & & U HR-AUSM*-up :
EfREEEEELTEHIAL— 3 VIZAITFT
ItHE— (BHEKRE - T EEEILIKE) , BRI (JAXA)

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

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 < yur < 1, yur: 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 (yur =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 6x10-), compared with the original counterparts (yar =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.

1. [ZC&HIZ

JEREYER IR OEAEfigik L, Da b~ o 0.1~15 ©
FEIRIZ B D CRIZIERA L TEB Y, A Y AN — D fE YR
R, HHEEEOmWEEE TS, 2 EvIT
D CFD FETIE, IEFI/NS BB ZEE THRREL
W2 2RO IPT 2 L0 S R < T35 5 IS BE A
BT BEO, LU s, iy & Lo o E
ENDEMERYHRBICE N TE, WEEICFIEIC L 5
SORBERRKEN. FIZITEEHEANT = METIZBNT
W, MR, HIFRBI%L, FAEALE, T L CELRTET LA
WENCRSET, EHREBLOIEIREZENPORER 1
ZDHHENPIFETH S, Brunet H@DF LY Deck®(L, Zonal
DES % = #iZeki v o0 3 LB EH AT = v MENT &
1TV, EBERLEBN—BEH/ D, LELIDOHET
LR HEEEIR 2 HE L TR BERD Y, HAMICXK
T5. FEBERRSE, SLEE T VLA ORI OWTIE
AR TWR, U CIE, MIZem ez i g L
T AHLGEITIE, FEEKR TOOZ AN HR R E 72D
DOBH LN, BRSO N ST L HIE D ThRVIER
TERETZITRER OO N0 UE L 70 5

Z 9 L7z, Winkler H09%, RFEMRIETREDO —>
T % Roe {EWODOHHHIA % AL DIRIESC B AFRIZIG LT
PRI HHET, EMER ISR A LR R O E & 1A |k
SHT.

—J7C, Roe EIZITW O OFEMNRI SN TEDY,
VAR D [EAEPE TR RS CIE L 0 ({8 i~ Z FEE 23
W& ENDH AUSM I O FiE (AUSM-up'®, SLAUUY,
SLAU2U®72 &) BHWBNLEMNSL V. AUSM J&lE, Roe
FIZHARTTROFEND 5.

TEPEEIZ |2 35\ T HLi Ay ER 22 (19)20)
A EATHN AR E K= 2 b, SR e i

PEAE R
(S~ (RERIRY ~OATLEE L i3 LC) i
A@2)

T TEHEDLIL, WEROEMRGE Roe £ (LLIF,
“HR (High Resolution) -Roe” & FE5Y) 1T 2 FEE LT,
TR IE & HIfH L7z AUSM & A % — A “HR-SLAU”, “HR-
SLAU2”E L OHR-AUSM ™up” 2 L C& /2. B4 T
I ORTHE & LT, Biktfctym #EE L THX, 2

NENELTD5 (BoREZ/NSLT5) FCEBICHIE-
ZEDD A, HEH2KICEE Y OFT A N r—ZITHB WD
THEFELZ®, g TIIKDO AT v 7 & LT, ymr OfE%E
TNOSEMITEFET DA E LTk, @REOHEND 7
— ZZOWTATEO O N A MEZIR L@, KFETIE,
ET N T —IZ L0 AERSNDE L OS5 ERLE &
>y, HR-SLAU2 3 L8 HR-AUSM™-up DR E % it kT
EOZFNE T 5.

2. XfEAER

e HREUIFEMEME Navier-Stokes FRENTH Y, TRed
L2 ETD GRIETIEFIRT & L, m, n 121, 2, 303UA
Inbd) .

oQ  oF, _dFy,

(la)
ot ox, Ox,
P PUy
Q=|pu, |, ¥, =|puu,+pd, |,
PE pu H
1b
0 (1b)
Fv, = T
U, T, +K
Ox,
Ou, Ou, | 20u
T, = 4| =L+ —L|-=—=15 1
L {&n %]3&n4 (1e)

ZIT, p I, w lTHERS, EXRTRLF, pld
EJ), HIZETVEZLVEH=E+ (p/p)Thb. KEiTse
PREDIER (LEtby =14) , 77 > MVEIL Pr=0.72 T
BD. IR T E L, BURESR e & 1T x=cpu/Pr
OB DD (cp ITEEHEY . 7272 LIEKEHEFHH (Buler
FER) OBAIEu=0 TH5. ZHFTF A2 ERTKRO L
TR D.
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v,
i +Z(Fm. ~Fv,,)S,, =0 )
J
ZIT, vidtov i OFEE, A 3RERA 2, AQ: IFERAF
BOREHZ, Fildtr i bzobEtenr j Lol s«
WOIREE (BfiE) R THDL (K1 E2SH) .

Vl'

Fig. 1 Schematic of cell geometric properties.

3. BRPLUEE
3 — 1. HR-Roe

F9, 1EKFGILETH S Roe™F LN HR-Roe'H23) |25
Tt 9 %. HR-Roe DE/AEESFICHIT HEIER K EZ Fur-
Roe EFHFLT DL, BAREOLEEIZEBITAHIHE Fir L
BRFE Qurz HWTC, ITO X HIZEITS.

1
Fir roe = E (FL +F, )_ 7;IR

AlQ-Q) ©

FOF 1 HITFLESE, 52 HIIHRHETH S, 22T
YR X 0205 1 O OETH Y, yur =0 THLZES, yur =1
DAY P F LD Roe IEIIFAET L. 7272 LEREIZy=0 &
WETHE, HENRLZEIZR2ENRMOLNTEY,
Winkler 59 Jymr ZLA T DO X 5 I2H % 7.

7/HR = max(ymin’ }/2’ yw) (48.)
X Cymin=02 &2, Flep i,

1 B e 2120°

I s .{§c05(¢fm)+;} 0" <, <120°

(4b)

THD. GuelTvF i, BABEROFLL G, L TRV
FLbjO3RTIESNDIAETHY, Zb 3 EN—EHR
iz SR r & 725 (K1) . 2O, =172
SIEy2=0 THD. e ¥ 120 FELLEDORRX, FIZA Y U
D Roe WHAWVHEND. % LT fal% DDES IZHIT 58T A
LTI LN, KO X 5 72IeftEd L TR Tl
HIZ 1 &7 5.

— iy lE, UFEMETHEIC 1, £ TRWEEIT0
LT 5.

(V) -n, [ [vg). n,]<0 (40)

(v9): n, }H9). -n,]<0 (4d)

ZZTC, ¢=(pu v, wp), (V¢)C.nl_j:(¢j—¢i)/‘rj—ri <

b5, YR DIRE)T D &I (wiggle) Tyw=1 £ 725 %,
1wl wiggle detector & FEIEIL D .

PLEX D, BB pIc ek LBl S, WL EN g
NN T BHAEICO Iy 28 1 XV /NSWEEZTY,
Roe IENMEIKE E 72D, 29 TRWHEIZITAY Vo
Roe WA SN 5B, ZRBEEMEEMHRFT ABIAD, EE
Wyur < 1 25 SN DD (BABERIERTmO) EH)RE
BRAFOXDOHZTH Y, BREEFOXE L L FRIFD
SUTIHEE T E S L.

T BARRTIE, E)572 2 Wtk T OHE MG ET HT2D,
HZyp=0 & 7%, F72, F@do)-dd)ix

¢ = (¢1 _¢i—]>.(¢i+l -9 )< 0 (4e)

¢ E(¢i+z_¢i+1)'(i+1_¢i)<0 (40
Lk sd. £ LRI S L,

yo- 1sign(mi;1(¢5l , )) (4g)

L7eb, BHEDLE, ZITlddé=p LT5.

3 — 2. HR-SLAU 3 & () HR-SLAU2

RIZ Shima HIZ L > THF SN, LIk, BRx 222 HRE,
THEMESE RSN TS AUSM A F—ALTH D
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Sound source distributions in isotropic compressible turbulence

Daiki Terakado(The University of Tokyo), Taku Nonomura, Makoto Sato and Kozo Fujii(ISAS, JAXA)
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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E U7, PLEORBEREIC L0 —BR%E 7 M R e 1 Sl
PODNSZEAT 5. AHFSE T ldshocklet 3 {FAE T 5 LS
EWONVENLD. O, FMHEEERLREND
shockletZ T 2 7= DIZLL F DA 77U v RikZE Fn
TLEMBERL 21T 72 o 72, FF, MBSz L T6
VR JE skew-symmetric splitting A 23— KU &S H 4% .
& 512, shocklet 73 U % FH I 1T 1% 6 K i weighted
non-oscillatory central upwind (WENOCU6) A % — Lo
o E! 1 2580195 Z & TshockletZ ffi 4 %. Z Z T,
shocklet 23 177 9~ % fHI & {F1E L 72 W fE IR 0 ) & 1%
Ducros sensor' & W CT{To 72, F7o, FERIFERICIZ4
VRS £ Runge-Kuttais 2 F 7.
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JET) & BT IEEAEE L N P r E—DRED b
LICEHEOXRDOEHEZID Z LI KV ENNTZULT
DPoisson FEEFUZ L W IRET 5.
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JIT, MMEEIIEAR L2, E£7, L EWELTE v
HOHRT — AMe=1.0TIZADE N Z BT 5 72012
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OHII DT~ Mo D I % [EREME O FaEE & LCH
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(i), R = v N Lok~ v B E S
ZBHEE, By b —%FETHI LT, Lighthill
TR O FIRE % AT L CER AT .

P&, MG SZE = b e V-0l
ERWAZ LTI TICHEHRNIBSENHF LN TV DK~
IR E TS RE RO RN E v AR OE N
P BEMNIT 5.

Tab. 1 Parameters used in the direct numerical simulations.
Values for M,y and R, are the initial values; values for the

resolution parameter k.7 are those at #/7=1.56.

Case MtO R}.O 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

3. R & ELE

ARFHE T, I OFELIR~ v iM% 0.1-1.01IZFRE L,
# # o Taylor £ & A -3 < Reynolds %%
Ri=<p><(ud)/3>"<u> 1T T OFHEr — 2 2BV TT2
E T % (Tab. 1) . 2 Z T, 1 IF Taylor £
J=<u3/(uloxH3>PTIH D . AN TIE R D= v
BOWK AT D 720, W ORIEITHES < large-eddy
turn-over time t%& W CHF OEBLEZITH. Z 2T,
ARy al—ra T, TRVF -7 ML ER
TR Y=1.56 CEFRIRRBIZET D 2 &, £/, ¢=1.56
FCILZ A MR T4 —RE—TE2HIH5T 05
#t=1.56 % Rt R EHRIRRE & U CRE RO el 21T - 72
Tab. ZHEFHHEERIREEIZ BT DRUBEE X T A —F ket
BT 2 O Chpax 35 KW ThlidKolmogorovE TH 5.
ETOHAETr — 2BV Thpay >2THDH T E LD, HL
DR/ NAr— N BB TN D . REE T,
WD~ v ~NHIR0.5% 2 5 i TIX B AT 28 35l
FIRABN D720, T OFHE S — A Tlidshocklet 73
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WZHEET 5.
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WBMR, T~ v R (Me>0.7) TIEde5 034 56.21228 0
D Sns- Cthems’ > & 72D . Z DRI DO ZEACIZR AT 2285 3
S HE T 208 2 IRFEL TS, ZhuEk TR
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BRRKEL 2D REOFEFRENRRD HNHT-DTH
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FBEIFa LD b/ EL< 2 5.

SEOID, RO RICH HBERY = v Mk
\F B3 ORI T — 20N T OO PR TR
IZOW TSRS . WilliamsPY I EHEY = v Mo
BT EFITEBE R CBENT 5 KHEHE IS DR ET
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MYz MEHEOIRUN BT 5 &0 ) filama B
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Z 85 Williams D T & 13872 0, ELIE OGRS &
DEB DD ELHEB AR EZEZ TWD. 2D,
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Fig. 1 Dependence of rms sound source strength Sy,;’on the

initial velocity rms u,, (0) for M,,=0.1-1.0 at #/==1.56.
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(M=0.2) OEE, -0/Ous & S/Sens X RRED /31 & 72 5 .
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()W EFIRSZ QDK Z Wk Ic B TBIN .
(i)OPFE & A EIFHAE LR E Z A ETESN BT 5.

(b)S/S s

LY |

Fig. 2 Snapshots of instantaneous fields at z/2z=0.5 for (a)
normalized negative second invariant of the velocity gradient
tensor -Q/Qns and (b) normalized sound source S/S,,s for
M;=0.2 and M,;=1.0 at #/==1.56 .
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[ZOWTHEPET 5. Fig. 3-(b) £ Y M=1.000 & SOFEA
=98 FE RIS 12 D D RF & FED. 12138 & Q5RO
B & R38R (Fig. 3-b-i) T, b 9 1D1XQ=0FHI TV
W LE O B (Fig. 3-b-il) Td 5. Ed dilatation level (2
BT I B2 DDRHERIN BB 2 N E TR D720
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12, dilatationlZ K % G-+ & i 2 M=1.008 & QDFEE
e 22 P A5 U AT = 72 A SR & Fig. 4l
T, JEMEREE ([1, o)) D DB PR~ E ikl Tab. 2
TRELIITHNEVDTINSDXITEAK TS, SE0
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A EEREETICHEIT 5. 5, O=0ffiI T ER%E
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5. Fig. 5ITM=1.00D F RS THEE ¥ = 417z dilatationd>
0=-30,ms (FRVNEREREIR) & 0=0,ms (55 IEHERER) 12 1)
DA & R, 0=-30,msDdilatation D EAE H X Wang et
al. P2 3 s Uiz b o LU 72 O EER I 0 X5 el
EEFODITH L, 0=0mDEEEILZ > T D LHD
L OBREEERFOZ LD D. EBIT, 0=-30mD%
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Fig. 3 Iso-contour lines of log;¢PDF(S/Ss, O/Oms) at
t/7=1.56 for (a) M,;=0.2 and (b) M,,=1.0.

Tab. 2 Percentage of sound source strength S° in flow regions

with various dilation levels for M,=1.0 at t/t=1.56.
[ 0/0uns | [-00,-2] | [-2,-11 [ [-1,0] | [0,1] [ [1.2] | [2. 0] |
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Fig. 4 Iso-contour lines of 10g;oPDF(S/Sims, O/Oms) at

various dilatation levels for M,;=1.0 #/==1.56.
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Fig. 5 Iso-surface of dilatation @ color-coded for sound

sources S at (a) 6/6,=-3 and (b) 6/0,,=1 for M=1.0 at
t/=1.56.
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The simulation about adjustment method of shock level of
Nano satellites

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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Measurement of unsteady aerodynamics of a two dimensional wing in

adaptive wall wind-tunnel and its analysis

by
Kenichi Saitoh and Norio Yoshimoto (JAXA)

Abstract
A validation of a CFD code for transonic unsteady flow is important to the aeroelastic design of an aircraft. The wind-tunnel test
was performed at the Transonic Wind-tunnel Goéttingen to measure the unsteady pressure distributions in the DLR - JAXA
cooperative frame work. A two-dimensional wing which has NLR-7301 profile was excited in pitching and flap motion. The test

results measured in the adaptive wall test cart were compared with the NS analysis with free stream boundary condition. Higher

harmonic component of the pressure distributions were also compared in this paper.

Key Words : Transonic Flow, Unsteady Flow
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Analysis of wall interference effect for the ONERA-M6 wind tunnel testing

by
Taisuke Nambu (Waseda university), Atsushi Hashimoto, Takashi Aoyama (JAXA) and Tetsuya Sato (Waseda university)

ABSTRACT
The wall interference effect of the ONERA-M6 wind tunnel testing is analyzed using CFD analysis. The computational domain includes the
wind tunnel walls, and the effect of the porous walls, which are set at the top and bottom of the test section, are computed by the porous wall
model. The computational result gets almost the same shock wave shape as the experiment, which could not be captured in the past works.
The interference by the porous walls decreases the Mach number and the incidence, and the swept angle of front shock wave and the location
of rear shock wave are altered. The lift and drag coefficients are also affected by the interference of the porous wall. The lift coefficient
becomes small due to decrease of the incidence. The smaller Mach number decreases drag coefficient, meanwhile decrease of the attack angle

causes additional drag by similar mechanism to induced drag.
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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

This document is provided by JAXA.



128 FHIML 22T TEBR FE AR RI B JAXA-SP-14-010

stagnation temperature varies from 500 K to 600 K, during the
run time for the three blows of wind tunnel.

Flow Direction || Nezzle

Figure 1: Kashiwa Hypersonic and High Temperature Wind
Tunnel

Tablel: Hypersonic Wind Tunnel Specifications [10]
Mach Number 7.0

Unit Reynolds Number 1.0 x 10*(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 mm” 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 mm® 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 ¢ 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 psec. 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.
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Figure 2: Isometric Views of (a) Convex Cylindrical Arc, (b) Flat
Plate and (c) Concave Cylindrical Arc.
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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.

& A " "
.= . . ) -

(8) VA Dosmain, XY Grdd: 20100014

. [}

) CCA Domain, X¥ Grodi 3308831
Figure 4: 2D Structured Grid for Convex, Flat Plate and Concave
Cylindrical Arc.

(0) VA, Grdd: 2012015100 (0) FP, Grid: 18110613108
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(0 CCA. Grié: 2215221108
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.

Drag Cocflicient for CCA Grids
-

167

166
165
164
163
162
161 A
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Drag Coellicient (Cy)
>

173173 ZEEN 261261

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 mm?, while reference
area for convex, cylindrical arc (CVA) and flat plate (FP) is 30 x
30 mm? and for numerical simulations all the three geometries
were used as 20 x 20 mm?” 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 (Cy). 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.
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Figure 7: Experimental and Numerical Drag Coefficient w.r.t.

Geometries
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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.

- * Exp. (XY Plane)
a * Nom. (XY Plage) 2 -0
% 028 * Num (XY Plne), £ = 10mm
E 0.24 ‘
g oz
A

-? L8 [ a
7. on
7. $ 3

08

«\a 114 CCA

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
clongated 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.
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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.
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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 t, + 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 t, + 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(Tokai University)

ABSTRACT

The supersonic parachute has been used to many space probes for acrodynamic 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.

1. [FLoIc WFZEL2NT 3V T, TR I 25K 1 DL VR 3 (AL L Cds
ZNET, RREFZEAREOZ I NEEE B DM T 0. BT 7 v A ST, 2 CARBZETIE, B

NT&E, ZORPTHNRT va— ME, MRICRERHUIES MEBRE OIS RIREBZOJRKFEH D7D DF0372

BT LINTE D RICE) D= Y MIITE D L) BT 2D EAME L, EREOMEEEL R LIk T4

WD, D, 4 FE THZE  ORBHAO K TIE TR N T R LR AR RS K 0 MR E D Y Ot

NIV a— PG INTE T, —h T, ZDZEDFFETONT IR AT 572,

1337 32— b O FTEREERE & O TN K DR

DIZOH BN 72> TORVEHZV, BEE AT v a— ok 2. &

TR Z PR AARS B 72012, ATHERMEA- S L7 Willfko>. < LI BRI Navier-Stokes J7 30 A MU TEAL L T2,
T a— MIBET IR ST 5, @ .\ 9(E — Re"1E,) . a(F — Re'Fy) o

SR B OJEIRFERIZISNT, /37 2 a— bR EROMIfE Tl at ox dy

Lo & & OFHBHTINT, BT DI RB e o

2. ZOEBITY v BAEL 22 HIEEAE LT RS q_lf}

PR LC b, FROVERIARREUCES = & Avi S, - pu [ 0

B DIE, T Y a— FORMET L L LML E= mﬁ;p,ﬁ= o ,
UCKHA S CRIBETRNOBIHE ATV, bRl e L B L =]
525 LMEENIT LD 7 4 — Ay 7 BIGN R 5 Z L & AR [ 0 '
L, AR DI REN 5| & D ATREMEAS 8 % & F=| o p| Fo= o

Lyt e+l [ttty + 5 (050
T, Bllc 2T, AR LBORIRERINT, FARLDE oy au

WG SR, MRS L7 SR L TS “X:A%§+5)+ZW§’

T EDIRBRENT, T DX D AR EEN I ) S R & R
WHANER A SRS L7213 E L2 0 Lo 72 0 L, R
BT o a— MRS 7R EREHER Th A9, L, £D du  dv v
) ) ) Tyy 7\(—+—)+2u—
SEIR A N = X NIRERATH 5,

du oOv
Ty = Tyx = ”(a_y+&) )

0x dy dy

This document is provided by JAXA.



140 FHIML 22T TEBR FE AR RI B JAXA-SP-14-010

BEE LS LC, ZEROBER LI I BRIAIRILE A IRy
(2T B WKEEED TVD Vo5 Bk Tz, FEREERAR ORI
(I, it & R O b A RS g B 72 iz, WENO A%
— LM (ZERERE 9 WRSEE) & B ABERIC BV T HLLC flux
Riemann Y /L 3—% U RPEEIZIE 2 DR EE RG24y, ST
FUZI% Sub-Grid Scale Smagorinsky 57 /L% V-,

Fig. 1 IZRHRICIW TS 1 & | RS OMIEZ <7, K
UBRCERE NSRS T > 2 — &2 T /UL LTtk
ThHY ., WIERAOx FOR S A FER X 1 & Uiz, 5o
BRI )RS O FL MR IR (Fig.2)7> H(@I31 ) 2 AE B
TR ICAD &9, WA~ v/ 1.86 it Lok Fiaxdr1n)
121085 /Ay AT 532 sl G~ v/ M 2 DR TI3EEd 485
S B32 B, ¥ w3 DXL 385 L 532 s, A
~ w8 8.5 DI FIEZNZH 380 i, 420 ATH D,

FHAMEI O /EMNIIR AL R, A MF L O L T oL
BERE Uiz, £/, VA VBN S 2 R EE S
—RRFE DT A RFEE L LT, Re = 1.0 X 105D 7N %
BAEEtEIC L v kDT,

3. BEBLUBR
3.1 EERRENBES

T, EWRRMAOER L LT, BEBEER I OALE
PIRE—E L o T RBEDHE L § 5, Fig3 I —#kifi~ v~ E
3O L ZXONRIEE DY OFEF I ALE 2 BB & i
BUZ LV RT, ZORNGIEMIE LA AE T 5 SR OBER
W & IR 5 O R E 22 E I EBIC RO T B, E
HEIZRRASHZ BN T MR IRTE 4 0 di G s A s 03 A 1189
WCHREN T D BiGe s Bl S vz,

3.1 WA vy N EDFR

RPRSMEL LT, MR~ v R 136, 2, 3, 3504
WY &5 2T, Figd [ZENENDOERMEITIGT DL 0%
R B G MR ERRTT B U 7o SRR A L C
WD ZENGZDY L WAY vy RO E LT, = v BN
i < 78 D 1% E R R o0 BE BRI R < e 0 AL T
| BEERMICITE T T~ v NS HRE T B,

3.1.2 BEDVEREER LS EH S5
~ w8186, 2, 3, 3.5 DT RTOFHREIZEBNT, EHF
H 72 TRV F U CHIERL AR B2 357 15 7> & 8 H LS A i &

Fig. 1 Enlarged View around Concave Body

(c) My, = 3.0 (d) My, =35

Fig. 2 Grid on Whole Domain

Fig. 3 Flow-flied around Concave Body (M., = 3.0)

This document is provided by JAXA.



FEABIRIEAR S Rl e /S 2RI U S 2 L — S a Hl T AR KNER U AR 141

S|
figte |

..
H
g
EHIHED

(c) My, = 3.0 (d) M, =35

Fig. 4 Pressure Contours

NDBENHBNT, x5 D~ v A NRIZBIT D HHG O
DATDK % Fig. 5 (R T, ZOiOFRAE, SRIEER o5
DAENRET DICONE R DMK OW IR ENENT DD
T, WAMCEE TR b r BN D iR EAET D
LWH s yapERIC LV HAEShS, Fig 5LV, vy
AH1.36 BRTY 2 TIEAAL S ALl MR RIS bR
T A, o B 3B K TUN8.5 TIE, AR S iAs MLk
WANIBICAS 9 & LTV AEEFR R TR,

3.1.3 HHE

—BEFE~ v 2.0 RO EF R 2R TRV BT D MR R
OB IR ORI % Fig.6 1RT, KLV, (KEEORE
T OFIZE A OREA IS TV DER AR 67z, S
BT, MURBIRSNB O ESNTEIN T 2850475 (Fy) &
PR ETEE S 2 50585 RV ORI L% Fig.
TIORT . A XMRINB O E /5 % x TRy, %EIEM
IWNEBDIE 8% % x TR L TRLREZLDOTH D, vy
O ABIE NS R T 285 I TN SO TERR LA
Mmole, ZHIVEY . MRDE D5 B AKEKOREN T IK
DOIMAOFEAUS | A OIREY LA O PRI O FiEA LI B K 3
5T ENRH LMo T,

S BT, K t=13.02 123317 DMl & NI D R 657 1 )
53 % Fig. 8(a). (D). SMAIE WO W) IEFKE > Cp 734
z@©), (IR, ZORITBWT, WIRNEROE ) DAmI

(c) My, = 3.0 (d) M, =35

Fig. 5 Vorticity Contours

AT > TWD DT L, SMNBOIE N SARITE o ThDH 2 &
L ARJER OIREN IR DSMANT = OIRENTIEDON
NCERT D Z & &P LT 5,

WA~ v~ H 2, BEON3.5 2B 25 /1R 5D RERH]
At % FFT fifhr L7=fE % Fig9 (Rt i & bIERAEED
KBRS AR 8 0 | B ERIZ & W < O DSBS Ay 8 D
ZEWGyIN D AN X OMRE M O FFT MRS & 8570147
BOLEERIEEE D, v v " E2ICBTHEEKEDOE—2
I3 Fig.7 (KA 013 F D 7 7)) O JAHE I HRD S,
#UOTIREE] 160 ORINCK 9 I TH D, D2, BT
0.05625 L 720 | FFT fRHTIZI T 2 FRERORE R O v — 212
Y L TWa, RERICEER O Y — 21X Fig.7 (BEE KR 1E
RO T T 7) O HRD i, HERITHE 20 25
40 OFRITET D & £ OJHIL 50 I TH -7z, £D%
JEMEE 2.5 L7220 FFT MRATICIT D AR# O S E M O B —
ZITHNET D,

FFT fRMTAE R L0 . ~ v B E < 72 D &ARJE I CRLMENE
DPHELTWD Z e ghiote, EREBEICIESNE—27 2
Mo TS, ZIUTFEARNY S OWEIT B> T D EFIREE
EENDRER LFFEAT B LT D,

Fio, MERIIERE F OFEHBEIRORB A B A THD &
R E By O ©— 7 IRENEE LRI U A R L0, F=E
ORBIIMENT L OHSNICLDRETHDL &5 %
LD,

This document is provided by JAXA.



142 FHIML 22T TEBR FE AR RI B JAXA-SP-14-010

0.002

Lift coefficient
[-]
o

e
o
S
o

0 20 40 60 80 100 120 140 160

Fig.6 Time History of Lift Coefficients (M., = 2.0)

= 0.002 internal side external side |
3 0.001 I [y | T T T T [ T T T T 1 -
8
§'0.001 T I 1 HH
5-0.002 £
0 20 40 60 80 100 120 140 160
Fig.7 Time History of Lift Coefficients for internal and External Surfaces (M, = 2.0)
=
*if :
0 : i i
(a) Pressure contours outside body (b) Pressure contours inside body
0.2 \
0.15 a 2 —
01 \ ( —A4 T &) —WNTF
: L — Wk
(&:05 T T T T T T X 1.9 T T T T T T );
@) 0 02 04 06 08 1 1.2 0O 02 04 06 08 1 1.2
(c) Cp distribution along outer surface (d) Cp distribution along inner surface
Fig. 8 Pressure and Cp Distribution about Concave Body (M., = 2.0 , t=13.02)
32
@
% 1 \\\ A
- "“h\\ N Al hJ | I
0 —= s MBChZ.0
0.001 0.01 0.1 q1/¢[] 1 10 100 == hiachi 5

Fig. 9 FFT Analysis for Lift Coefficients

This document is provided by JAXA.



FRAIRIHL AR ) FRE I R/ S B2 22 T B S T2 b — v a i L AN U L SR 143

3.2 BEMRTENBS

EHRFNBRICB O CEBEL> 2HEEH B34 L
TR o Tolo, WIT R~ v 0 2 DEFINZRIREEN G
WA Y NI HI0% DEELNE T E LTy oy 2 725
X 222 & UCEHR AT o7z, MEROURE & iz ds )
DEBEWATE DT T 7 % fig. 1012, BEIAG, JELO0A, i
JE o5 Aii & Fig. 11 1R,

PEELZ N2 7= 5, BALZ N Z AT (Fig.11() O E# 1)
FREAL) &b U BEEL A N X P21 I IR S T 1 ()
RICIE-3< 1) imde (Fig. 11(b)) . 17738 23 e i 5
P & MERDENEICAFE L (Fig. 11(0)) . ¥R < SO
U 72 JE I 3 OB LB I 12 F1 > 5 (Fig 11() o JE 73
DSBS I BT D & AL E IO R AT R
0 | BRSO LRI S ONMER RN I 11 22> C
W< (Fig 11(d) . & 9 W o 72 JE )R O % Flnlig v i
LEblT, BERAE KONV E NS EE N FEE L
(Fig.11(e)) | BERE 5% 0> 3.1.2 HiCTHLY LiF 7= ith (Fig.5(b)
D) SIFXER HAE (ERE I Ao AEL, M
Wtk NG BT 5 (Fig.11(0),

ZOiIE, MRITRER] 587 THIO THER Sav, MR ITRFR]

620 £ CTRIKRMICHEAET D ONHERTE 20, ZO®%KEXRN
TRIMOFEAENIREGR CEX 72 Dr o7, 2O & & Fig10 X0 | flf
BRALE O ZACIZEDNIRAFEAEL TWD LR D,
I TIRIRAS v NBOEEAE AND Z LT LD FERE
LD & & BITENEDIEE & DOIEENHER Sz,
FARNS I LOVKEB S 0 BIRER T, ~ v 3 3 BLEIC
BOWTHER ORBIRGE N AET L2 LARESINTEY .,
DR D@~y N ETIRE T W72 B A3 MR N ER A~ &
f70 9 (3.1.2 Hiz i),

-2.4
-2.5
2.6

ae
2.7

-2.8
2.9 r

570 580 590 fiﬁ)O 610 620

Fig. 10 Time History of Shock Location

LS KV BT D BEEL N E BRI O HER R RS 2 5] X i
I AREED D D

4. &R

D EFRBZREIUC I CHEN E B d 2> & i S 2
I, vy 186, 2, 3, BRUNB5 DR TOEAITHEET
&lz, o, w3 U LEORIT, BHIRNEICAS D
ELTOVBBETF R TR,

2) HHOGEMBEORIITWIEONMOFIIZ ., KK O
IR DOIMA O FEIITER LTV 2,

3) WA NRICHEELEZ 5.2 5 Z L2 Lo T, MRMIEN
EA~DETIE &N O ORSFHE AR S, £ OB
& PEM TR B 23 5 UL TR OO (L 8 2RIV BT B R v ok
WA RN S 5,

4) =y BREWVIELE D) OBEREER I S B E D
WK A~ & > T O T, EELE LTER LTl
B DOIERFRIIRE & 5] & Z T ATREMEN B D,

HiEF
Teeplot 12X DKDFRITIT, SiGEEHEN GUERT) O
SxM, ZZICHEERT D,

SE Xk

(1A GfHE EE IR I 2 Bk 0 22 T Retk I B3
% EERIIFEIE”, FORRAE LRI, 1992.

2] @A HET, AR FHEE, FbRdR BE T o MRy
REDY OFNIZZHOWT?, 5 41 BRI RS M2
THEE Y I 2 b= a VHIF R Y T A 2009 GEEE,
2009.

[3] Takafumi KAWAMURA and Toshiharu MIZUKAKI,
“Aerodynamic Vibrations Caused by a Vortex ahead of
Hemisphere in Supersonic Flow,” 20th ISSW, 2011.

[4]Chi-Wang SHU, “Essentially Non-Oscillatory and Weighted
Essentially Non-Oscillatory Schemes for Hyperbolic Conservation

Laws,” ICASE Report No.97-65, 1997.

This document is provided by JAXA.



144

(a)t=570

(b)t=578

(c) =580

(d)t=584

(e)t=586

(Ht=587.5

FHITZE IR TE PR R HEAE AR BIE B JAXA-SP-14-010

Density Distribution Pressure Distribution Vorticity Distribution

Fig. 11 Transient phenomena

This document is provided by JAXA.



FRAIRIHL AR ) FRE I R/ S B2 22 T B S T2 b — v a i L AN U L SR 145

RABEBEARFIZEITHESA ARDAYDEI U2 ILE—HR
[ZB8Y B EBERFRITE T ILOREE

HEHE |, SEMN’ KBMTL BHRES MEbE-°
1. EBERPERFRIER
2. tBMEXRFRZRIZEHER
3. FHMEMEMAKE

Validation of High-Enthalpy Flow Prediction around ESA ARD
during Atmospheric Reentry with an Unstructured Grid Solver

by
Reo Nakasato(Hokkaido University), Yusuke Takahashi(Hokkaido University),
Nobuyuki Oshima, Yasuhiro Mizobuchi and Keiichi Murakami(JAXA)

ABSTRACT
When a reentry vehicle enters the planetary atmosphere, a strong shock wave is generated and the strong aerodynamic heating appears. Gas
temperature in front of the vehicle exceeds 10,000K and chemical reactions (ionizations and dissociations) occur behind the shock wave.
Because the reentry vehicle is damaged by the aerodynamic heating, accurate evaluation of the aerodynamic heating in high-enthalpy flow is
necessary for design and development of the vehicle. In this paper, three-dimensional numerical analysis was conducted to consider an angle
of attack and unstructured grids were used to make it easy to generate computational grid around the vehicle with complicated shape. We
reproduced the actual flow field around ARD (Atmospheric Reentry Demonstrator) which was launched by the European Space Agency
(ESA) in 1998 and revealed the aerodynamic heating and flow properties. In the solver used here, thermochemical nonequilibrium was
assumed and temperature was separated into translational, rotational, vibrational and electron temperature. For chemical model, 11 chemical
species and 49 reactions are considered. The computational result showed good agreement with measured pressure at the stagnation by the

flight experiment.
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Construction of Interface model in Solid-fluid Interaction Problem and Application
to High Speed Flow Analysis

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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High-fidelity numerical simulation of transcritical turbulent boundary layers
atsupercritical pressures

by
Soshi Kawai (ISAS/JAXA)

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.

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

1. Introduction
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Figure 1: Pseudo-critical temperature and trans-

critical condition on a phase diagram.
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Figure 2: Variable thermophysical properties for

para-hydrogen. p = 1.2858MPa (Black); 1.5MPa

(red); 2.0MPa (blue); 4.0MPa (green).
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2. Challenges in transcritical simulations
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2.2. Pressure equilibrium
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2.3. Real fluid effects
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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.
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2.4. Summary of the propsoed approach
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3. Capability for transcritical flows
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Figure 4: 1D transcritical interface advection in
uniform flow at ¢t = 4 with Cy = 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).
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(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 x 10° < p < 4.5 x 105 [MPa]) (on top) and
temperature contours (25 < T < 50 [K]) (on bot-

tom) in wall-parallel plane at yT ~ 20.

4. Transcritical turbulent boundary layers
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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 yT a 20) planes.
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Figure 7: Turbulent statistics at p = 4MPa.

Tw = 25K (black); T, = 100K (blue); T, =
200K (red); circles in (a), incompressible ideal-
fluid DNS by Spalart at Reg = 1,410 [10]; thin
gray line in (a), U}, = 1/0.41log(y™) + 5.2.
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(a) Temperature: 25 < T[K] < 80

e O S et e T
(b) Density flctuation: —0.5 < p//pss < 0.5

(c) Reynolds stress: —0.008 < —17/\1)/”/U§o <0.018
Figure 8: Instantaneous snapshots of heated tran-

scritical boundary layers in wall-parallel plane at
y/d ~ 0.12 under p = 4MPa and T, = 200K.
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Suppression of a boundary layer separation over an airfoil surface
using a pulsed DBD plasma actuator at Re = 30,000
-Relationship between modulation frequency and behavior of vortexes flow-

Hiroki Maruyama, Tomohisa Ohtake and Akinori Muramatsu (Nihon University)

ABSTRACT
In low Reynolds numbers region’s flow, a laminar separation region and separation bubble are observed on an airfoil surface, these
separation flow contribute to deterioration aecrodynamics of the airfoil. We intended to improve the aerodynamics of a NACAO0012 airfoil
using a pulsed DBD plasma actuator as a flow control device for suppressing the separated flow. We visualized the flow field around the
NACAO0012 airfoil and measured aerodynamic forces of the airfoil to examine an effect of induced flow by the plasma actuator at 30,000 of
Reynolds number. The actuator was only driven in a pulsed modulation wave mode which both of the duty ratio DR and non-dimensional
modulation frequency F'. As the results, we confirmed that a maximum lift coefficient and a stall angle were changed by flow field existing

vortices on the airfoil surface which depend on F* changing.
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PA %X E LZENEBEONEEZIT-7 Y. TORE, PAIC
Ko Tk animnic X 2R LR o REEomil
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E—7 TA Y —iEEH, N AE— KB AT (FASTCAM
SA-X2, ( #)Photron #) IZ L VA, o =1~ 15 deg. (23517
LEmEHFORNEZN TS L LT, N 2 E—

This document is provided by JAXA.



164 FHIML 22T TEBR FE AR RI B JAXA-SP-14-010

ATDT7 L —ALL—RE 5000 fps & L7-. MERAEIED
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EH L7z, b L —WIZIEmE T 7 0 2 0.

2—2. ZEKIIOWE
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Fig. 1 Configuration of plasma actuator
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Fig. 2 Block diagram of flow visualization system
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Fig. 3 Block diagram of force measurement system
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AT D728, NACA0012 B DZEL S OPE & FJEH Y D
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Fig. 4 Streak line with pulse modulation
(a=1 deg., Re =30,000)
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Plasma actuator

(a) Actuator not operated (a) Actuator not operated

(b)F =2 (b)FF=2

(c)F' =6 (©)F =6

(d)F =10 (d)F'=10
Fig. 5 Streak line with pulse modulation Fig. 6 Streak line with pulse modulation
(o =5 deg., Re =30,000) (o =15 deg., Re = 30,000)
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Aerodynamic Characteristics of the Corrugated Wings
at Very Low Reynolds Number

by
Masato Okamoto and Keita Ebina (Kanazawa Institute of Technology)

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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M AROBOWHIEIF XV LimalF— g a2 Ff

100(W)mm x160(H)ymm 0> 5 TEWIE % 52 IR E 5 T,
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Okamoto et al.? D77 L7 ¥ ¥ o~ 1 WA E0 M i % E 1L
BB A 1,000=Re= 10,000 (ZF\ T XY FEMRHERE
To7z, 7ok, ZORELVA /v REGE O EBRE 4T 9 7=
O, ME OIRERRZ#EH L,

Tp¥s. AR 46 BIVRIAR ) FaklHas /5 32 [BIfTZEFH
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Fig. 1 RFEBRIAE A U7 AR 2R

3. EERER

Ll FEER L= B % Fig. 2 ([0~ T, Airfoil 1 1, ¥ ¥
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Do T DR (flat plate)ds & OT 0 il 1 3 (airfoil 4)
DT DIz T2, BRITHEEERE c=20mm O 3
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— T ——
Airfoil 1 flat plate
S— T ——
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Silicone grease Airfoil 4
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Airfoil 3

Fig. 2 F2 AT - 7o BRI B
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Initiation of cylindrical detonation wave in an enhanced reflection type
detonation initiator in multi-cycle operation conditions

by
Shota KAMEYAMA, Keita KIKUCHI, Tsunetaro HIMONO, Masashi WAKITA, Tsuyoshi TOTANI and Harunori NAGATA
(Hokkaido University)

ABSTRACT

To achieve practical uses of large bore Pulse Detonation Engines, the authors have proposed the enhanced reflection type
detonation initiator. Here, successful transmission from a planar detonation wave in a predetonator to a self-sustainable
expanding cylindrical detonation wave at a cylindrical path is a key issue. In a previous single-cycle research, the authors
revealed that the necessary overfilling radius of the driver gas (stoichiometric H,-O, mixture) to initiate a cylindrical wave is 75
mm. The aim of this study is to investigate the effect of multi-cycle operation condition on the transmission to a cylindrical
detonation wave. The result shows that a planar detonation wave with theoretical CJ speed is formed but a cylindrical detonation
wave is not formed at any overfilling radius from 50 to 175 mm. Soot track records at the cylindrical path surfaces and a mixing

analysis of driver and target mixtures using ANSYS FLUENT strongly indicate that residual nitrogen gases at the exit of the

predetonator have a negative effect on the transmission.

1. i

AWMIRETIE, KOSV AT hRx—va oy
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50, 75, 100, 125, 150, 33X TN75 mm D63 —2
TRRBEFBR A AT > 7. Table.l (ZFEBRCHA L7zt
TR KL ¥ 2 L—2 D 2 WEHOBRERT.

y=1.2464 x+0.1514 (2.1)
y=4.3728x +0.1478 (2.2)

Table.l Table of experiment conditions

AR EERE  KEMKEET) BRRAEED
R mm MPa MPa
50 0.25 0.32
75 0.33 0.46
100 0.45 0.62
125 0.59 0.92
150 0.77 1.24
175 0.98 1.61
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Fig.2 Schematic diagram of the experiment device

This document is provided by JAXA.



FRAIRIHL AR ) FRE I R/ S B2 22 T B S T2 b — v a i L AN U L SR

Pre-Detondor 0% |55 £ -~
e 7.
Spark Phug oo |+ [ 200
Time [ms]

Fig.3 Ignition sequence

# H2 Experimantal value

Regulsicr pressure [MIFa]
* s

0.2 *
— L izreaieatiom
0.1
1]
L1 .l 0 03 04 [ 3
H: Volume [1]

Fig.4 Influent volume of hydrogen

Fl2
£ 1 ——ik

0.8 s

e
0.6 "
e

y 04 & | & O Experimenta] valos
gﬁz | — Linearization

o

1] nos 0.l 0. 1% 02 LM

O Violume [1]
Fig.5 Influent volume of oxygen

.:'-\'|Hi-il'||
Cap
o] 0 e

Fig.6 Schematic diagram of filling the driver gas and

ignition

3. ERERB LB

A TR TG S AU 7 1 FR I O B &l R A B
R OBR T T 7 %Fig] \ZoRd . 77 7 1XHtdhAs il
ESNTBREEECH O, 2B ERE R
Lo TV, F~——TRERHZEA LT
K= NOBFTEIELTND. Vo 1 RT A R—H
MR G R OBEREE &, V, 134 =5y M A
RIEAROHGEEZRL TS, fMELY, @t
FEEEEE R = 50 ~ 100 mm O TITBEIERE T
DIREFEIL DOEFE LV DI2MBERE L oo TWND T
EBRHER SNz, ZHUTES AR — M TR I
B LB O, BRSNS WSS, 1B
PEENICH =7y P ADEY L, DDTHEENE
KlpolztzbtEZ NS, MI-M2 [ O 18§k
FEWL S — 7 N A DB E DOF0.4FFEE & 72
S>TEHEY, HoNTEEEG ) S b & A S R
SNTHEBRIERICEE TE TV RN &R
STz MUTSRFERE 020 542 mmOALE I H 5
=%, P2-M1 M2 ToOWMERBERICB T RI A
PN T AT SIVT WA CTH 525, R H
FEI T Ve & 0 BBV, BREEZR T AGT12 O 1R BRI O3
JE 2 MI-M2[ O X (89800 [m/s] ) EARET
% LP2-RBEGR N EEE DS, P1-P2RE] O SEHERE (19
3000 [m/s] ) LIEE—HTHZ &, BLOBREER T
R B S NI ERICE ISR RN FET 22 &0 b
B RRIEE > O NS U 7 8 TR0 03 B T | fliF 28 L 72 4%
WCHR LIz EEZEZbD. 1BIERE DD AS LT
[ R REIE 1L Fig.8 12”3 K 912, BRBESS T i TR
%, DU U7 IR #R I 03 RBEsR Bim CHBCHI 2 i He
ERCHEBREICEERT 2R LNE RS
TW5 D -, Bleds B & T i O BEEEE &
g2 2Lk, BRRESER L WL 5T A

WA ENFRETH A, Mtas EmBs L O T
TH&G SN @G EEEE7S mm (28T 2 BB 4
ZFig9 , WAL IEEEIS0 mm (238 1) D LA 4 4
Fig.10 (Z/R¥ . i@MAGHERE7S mm (T3 T, BABESS
FETHEA SO 5 (Fig9 o fidik v
) I AEERONTRICHER L TS Z L
OBRBESR TS 22 U2 1R A b O S
NTWDN, HEEZERLTND Z ERERSI
7o, EBHEGEEEEA K E < L72150 mm O5METIE R
[ C O AR Z gl T X3, BRBERR T i I 28 1%
FEICBRRE A EET 5 E TOMICEAL TV D
Z NIRRT,

HEROFK E LT, BREENICBITL K742
—HADIRENAR+Y 5 THHZ L, BN TOIL
BIZ L DIREDOFE, RILKMBICBT 2EEOHRY
NEZ N, RIANR=HADORAEICE LTI,
=6 OERRTIIKFE -—BEERESRE TIRS

This document is provided by JAXA.

175



176 FHIML 22T TEBR FE AR RI B JAXA-SP-14-010

BIRBESINIC I L T e dizxk LT, AFEBRTIX
BRI AN THERIC L > TRAEZIT>TWVWA -
DThHDLH. IREDEEEREST H720ICF—F v B
HADERREEZ0%E U TRBEEREZIT- 7=, 1Bk
W FE & FR R o bl & AR B 0O BIAR % Fig. 11
W2, BREEERNZ R T A N—H A Clili7z L7 RAE Tt
KFEBRZAT G S AU 7 LB {4 4 Fig. 12 12”7 .
Fig11& v, 2ToOBEMEGERETY —7 Yy T A~
TR OB R S, BREENTRAD 5
AT TS Z LR I L. At Rk 125
mm (Z 35V TR FR I B P oD Jak BRI 3 < FH
SNz, EHRIEOSI S ERY A oL RRTH
5722 L/ BDDT W TR <, MO BRERI S HE
SR Tnb EEZLND. BEERNEE R 74N
— AT 72 LI2RRE CHRKEBRZITV, ISR T
i CHUS S 7o i #% 4 Fig.12 127”77, Fig.12 X
D, R =15mm DK TII/NEINELEEN R =
15 mm OFEKTEAY A AR KEXL Lo TWNSE D
ENFERR SN2, Fig9 ICBW T, R =15mm DFE
WICE M EERERSNDSHOD, R Z15 mm O
FEIAZ B W TIL BV SR S LA DAL E TIHRK
LTCWDZEDNHEFETE 5. Fig10 (2B WV TILE%RE
BEOAPHERSNTEY, R=15mm X9 /MUDHE
WMTRABICHEA TV Z EAHRTE .

i
i Vi 3 5 - 4|
s & .| * Mm
- AP ¥ . P2MI
-E i L] - = I

W hememmsm s - = M2
g i — Ve
5 1z H " H ] H B | ===ty

L] I

L4
-

™ (o] m =

Over filling radius & ()

Fig.7 Relation between detonation velocity and over
filling radius

olo?

8w«m

Fig.8 Mechanism of detonation transition

)

Upper flange

Wi

Lower flange

Fig.9 Soot track record at the upper flange and lower

flange in case of R =75 mm

Fig.10 Soot track record at the upper flange and lower

flange in case of R = 150 mm

This document is provided by JAXA.



FRAIRIHL AR ) FRE I R/ S B2 22 T B S T2 b — v a i L AN U L SR 177

14
-

-
i
5 s n 5 [|emeRm
T ! * . P21
% 0s o010
x|
et

L] :

2 78 124 17
Owver filling radius [mm]

Fig.11 Relation between CJ velocity ratio and over filling

radius at target gas N, = 0%

Fig.12 Soot track record at the lower flange

in case of filling the driver gas

J— el

= LN & ™

E_m * * PLPZ

T Ea I ]

'E:m b ssasssasstassslacasta o MIMZ

g 1500 Vieg
i - - i e | ===Fig |

= |

hL bE (B2 (ke
Crver filling madius & [mm]

Fig.13 Relation between detonation velocity and over

filling radius in the 1sec wait condition

WIZ, KT A= AFE% OPRBER N T OILE
IR DIRAORELTRD OB EDER L [F
BRICEANVTEB O 1R K EITo 72, FBR
fit B A Fig.13 (2”3, Fig.13 OREEILNE S -1
FRIHETH Y, BREHARIERE S oo T D
FBRAER LY, Fig7 OFER LRI, 2 Toilbfk
WIEHEC X — 7 v N A~OEEITER TS, [

FIERE~OEBNR TE TWholz, ZD7Y,
PRI LD RARMOEET W ERH LN E
Tpol-.
INDLOEBRBEREIY KT RX—FADRIE)
EDOEFITNE S Wil O AL BILRKE AT O 2 —
T NHADKRBICEBEE G 2B 2o B
e N DRI FE 34 & 1 5 T2 O E )R — R P1
BT 2EERREZNEL, S L-EEREE A
W CIRMT 24T - 2. T TIEFig.14 (28 BESe T
D (FHE2SHS5 mmOALE) (23100 D sk FDE R
BN EREPE L. AT R & Fig.15 127,
Fig.15 TIEMed 2N 2T /023, il 2 BRBER D
BRGMEIZRLTREY, ERIIARERO SUKRET
& 2 BlE AN TVEENE D 550 ms IR ARSI T D MY
A, ERIEAR— AL T A L7 E O
FEE O 2R LTBY, R—AASLTEE D 1%
DFEFTFER & 72> T D

Mass flux inlet

o107 |

| Combustion chamber

o
01

! :

A
f [mm])
Analyzed arca
@ 200

Fig.14 Schematic diagram of analysis

=
=

Mz Mole Fraciion
R S N
LB - E ) ah

o 100 200 MM}
Combastion chamber mdras [mm)|

Fig.15 Relation between N, Mole fraction to
combustion chamber radius at R = 100, N, = 55.6 %

This document is provided by JAXA.



178 FHIML 22T TEBR FE AR RI B JAXA-SP-14-010

TSR LD, REBRFIETORKF A I LI T

IR E E T DM ORI E RN ERE LT
WA ZENHERENT-., T OWBEOERTITY —
Ty NHACEGENDEREZBNVHL T A 3N—
HADIBOFEWN TE TSI ENHERTEXS. 18
R E DO AG 3 2 1B IR & 2208 L T MR8 #R
ICER S D70, MRS ICERS T 55K
(R Z=Z45mm ) ETRIANRN—HATHGT=TZ
EWNEBETHL P . INLORELY, KERT
TR LZZRICE D KK > TRIEEDA AL
LY, B A XN KRELRDR =15 mm O
WMCTEAEEZMER TN TEP, HELEL
EBZ oD, EEERSE TGRSO L
R THLHRBEREICER CE Ao En
O, SIEKREICITE MG IRRE A T E R0 R
LTWbEBxBND.

4. fEwm
KRG L - TEMEEN CTHoICRA %
1TV, BRI 24T 2 2 ENAETHD. LnL,
PRBERRNTR CIXER R LB ST, RTIA43—H
AP PEG STV ZRWEIRDFEL TV 5. 7%
Lo R DA Ul e B2 KFE L, MEE
HHA~DOEBEZHEL VD EEZLND.
WREERR G C X — 7y N T A~E#EIE 2 55
SHLHIHOITIE, SIERHICB N TEFEL AR SE
B ERLS RTIANR=H A% R = 45 mm D&
FCEAET 2 FEERFT AL ERH D,

5. ke
A2 1ZISPSEMFE 25870006 D B % % 52 1T 7= &
DT,

6. Z#H3CHK

() WA, WHH, g EH, kKB, 7#&, Lk
BRERGKEBITT 27 br—va VEICKIETK
R DASTFMEN R, HAIRPE AR 484514575,
pp-265 - 272, 2006.

(2) WAKITA, SAJIKI, HIMONO,
NAGATA ,
propagation of cylindrical
TRANSACTIONS OF THE JAPAN SOCIETY FOR
AERONAUTICAL AND SPACE SCIENCES ,
AEROSPACE TECHNOLOGY JAPAN, Vol. 12, No.
ists29 pp.Pa_1-Pa_7, 2014.

) =%, F, WE, 74, KM, “RHAfEOL
AF R F—varm VUL ==X BT 5
M7 b — a OGBS 20987, 5544
[ e TR I 2 v —va

TOTANI and
“Influence of detonation cell size on

detonation wave” ,

Ffii s oA Y7 220125304, pp.73 - 78, 2013.
4) KR¥EE, B8, &k, NFE, =k & &K i
H “HRRE/ OLAT hfr—vard—bBromrorv
OYERR” |, HBAEREE S R U LG R SCE,
pp.494-495, 2005

(5) B, Kilr, MK, &HE, VR, RJUK, X
NAF R = a P OREEICET 53
— VRO R KOV A O ANz
P2 CHE Vol.54, No.628, pp.204-209, 2006
(6) T, AR, IR, AR, MR, EEEAE (R
[HER NV T AW 7SV AT b xp—3 g v
DOMEREREAN” , LZeFHHHAF Vol.10, pp.107-112, 2011
(7) Bed, <3, MH, T4, kH,  “KRHRFR
BRBESR BT DT hx—v a VRIS A8
787, HABEEAT) RS M TR R =
L—va VEI Y R YT 201156 S0, pp.27-32,
2012.

This document is provided by JAXA.



FRAIRIHL AR ) FRE I R/ S B2 22 T B S T2 b — v a i L AN U L SR 179

BBRREZRELE-ERRAI2L—2a30IT&b

MPDRXTRZNDMERET A
JIESR ", EAE—" MARK—F" BRBEEHR"
THEEIEKRE T FEMEMERREE

Performance Prediction of MPD Thruster by MHD Simulation
Considering Electrode Phenomena

y
Kawasaki Akira®, Kubota Kenichi™, Funaki Ikkoh™ and Okuno Yoshihiro®
(*Tokyo Institute of Technology, “JAXA)

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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