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Application of a Rotorcraft Aeroelastic Analysis Code to Wind Turbines

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

ABSTRACT
Application of the CFD/CSD coupling analysis code rFlow3D which was originally developed for rotorcraft to the wind turbines is
described in this paper. NREL Phase VI wind turbine is selected as the test case to validate the accuracy of the analyses. It is found that
even with a relative coarse resolution blade grid, the Euler solver can predict the performance of the wind turbine quite satisfactory when
the wind turbine is operated in attached flow or deep stall conditions, but the discrepancies in the incipient stall flow region are remarkable
where the highest power is generated. With a Navier-Stokes solver, the prediction accuracy is improved with the refinement of the blade

grid and the highest power can be predicted satisfactorily.
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Validation Study of Aeroacoustics Analysis of Rudimentary Landing Gear
Using Structured Grid CFD-code UPACS-LES

Kentaro Tanaka, Mitsuhiro Murayama, Kazuomi Yamamoto, Kazuhisa Amemiya, Tomoaki lkeda and Shunji Enomoto

ABSTRACT
In this paper, a validation study of aeroacoustics analysis of Rudimentary Landing Gear is conducted using a multi-block structured grid
CFD-code, UPACS-LES, developed in JAXA. Sensitivities of the numerical schemes to solve the convective term and the order of the
scheme to the flowfield and near-field unsteady pressure are investigated. Improved effects on the result to capture finer vortical structures
and to predict far-field noise prediction are shown by the 3rd-order low dissipation SLAU scheme for low-Mach number flow as well as the
6th-order Compact scheme, compared with the 3rd-order Roe scheme. Influence of sound reflection on the floor on the far-field noise
prediction is evaluated by Ffowcs Williams and Hawkings code using permeable surface data set in space. In addition, sensitivities of the
placement of wake plane of the permeable surface on the far-field noise prediction are investigated with a method to suppress spurious

noise due to vortex passing through the wake plane.
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Improvement of near-field waveform from supersonic vehicle using multipole analysis

Masashi Kanamori, Atsushi Hashimoto, Takashi Aoyama, Yoshikazu Makino(JAXA),
Hiroaki Ishikawa(Sanko Software), Masafumi Yamamoto(RCCM) and Takuya Iimura(Ryoyu systems)
Abstract

The method for predicting sonic boom consists basically on the combination of the computational fluid dynamics(CFD) analyses on the

near-field and waveform propagation analyses on the far-field. It is, however, a tough work to conduct CFD analyses in order to obtain

accurate initial conditions for estimating far-field waveform. For a vehicle with complex geometry, several lengths of the vehicle must be

calculated with CFD analysis, which is unfavorable from a view point of computational costs. The multipole analysis technique is one of

the solutions of this problem. In the analysis, near-field waveforms are modified so as to attenuate only in the circumferential direction,

which is available by introducing the distributions of multipoles. As a result, a far-field waveform becomes independent of the location

where the initial condition is obtained.
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Fig.1 Processes for predicting far-field sonic boom waveform
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Fig.2 Schematic of the principles of multipole analysis
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Fig.3 Far-field waveforms for LBM with (left) and without (right) Multipole analysis
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Table 1 Specs and flight conditions for LBM and S3CM
LBM S3CM
Specification
length m 8 7.68
span m 0.31 3.51
flight Mach number — 1.7 1.3
lift coefficient - 0 0.12
angle of attack deg 0 4.45
Flight condition
flight-path angle deg —90 —50
altitude of
flight vehicle km 4.64 7.8
measurement point km 1 (max.) 1.3
Calculation condition
maximum H/L - 31 10.5
number of blocks - 15 15
grid points on each block [200,400,23]  [600,400,23]

total #

27.6million

82.8million
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Fig.4 Distribution of the strength of multipoles for LBM
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Fig.5 Effects of the number of multipoles on the far-field
waveform for S3CM

F9 N, ORI OWT Figh IR, Fig.5 1, BEAE R

ole
B BESBIETH Y, BHOTHED N, 2T
VI ko CRIEAEIEL, N, 79 2% 210D CIERL TL

T ENDhB. T, EEGEEZIUS UM H/L #2558
LIEBABTE, Nyge DRELEZICONTEGRICIIGE L
TVWBTENIHD. TOTEMD, JENIEYEDOLE S
KD pole £ THET 5T ENRBEIC TR 2D EERFIC, PADE
MEXITIG U T pole DEICH B FEED LIEAH 5 T LAVREE N
%. TDT LlX, Fig.6lam LTz Multipole DFRE N 5 & 1
FATCES. ik LBM &IEMIMIC, 0 XA LD 1 K05 5
F TOENR pole DEEMNIEFICKE W, FEE, Fig.6 D 6 XKLL
LD pole ZH % &, FICER L ERNATICHENX pole 734 LT
W3 EWNWS T ENGND. TDRYD, LTI N, % 1218

- pole
E U T 217> 72,
0.05-
0.025
o oth J& SIS - &
1st J
2nd
— g —
0-02% 54
4th
-0.08- 5th —
| I
0.05
0.025
0 6th - .—.&
7th
— g 8th -
0.025%- oth
10th
-0.0%- lltlh . -1
L I | | A—A I I ]
-6 -4 -2 0 2 4 6 8 10 12

T=x—BR

Fig.6 Distribution of the strength of multipoles for S3CM
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Fig.7 Far-field waveforms for S3CM with (left) and without (right) Multipole analysis
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the overpressure due to sonic boom. unit [m])
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Effect of low-boom waveform on focus boom using nonlinear Tricomi equation analysis

Masashi Kanamori, Atsushi Hashimoto, Takashi Aoyama (JAXA) and Masafumi Yamamoto(RCCM)

Abstract
Focus boom occurs when a flight vehicle accelerates or maneuvers at supersonic speed and its overpressure increases with a factor of three

in comparison with an ordinary sonic boom. As a result, upcoming supersonic transport(SST) will be likely to be restricted its flight

conditions. This paper presents the effects of several sonic boom waveforms and flight conditions on the peak overpressure of the focus

boom. The authors have developed a focus boom prediction program named FFnoise, which combines a splitting scheme and multi-grid

like acceleration, resulting in a remarkable speed of solving nonlinear Tricomi equation with sufficient accuracy. The predictions by

FFnoise show the competitiveness of the low-boom waveform not only on steady but also on unsteady flight conditions.
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L. HIREE R T TOWIE po(1) RTBRT V¥ ¥ )b ¢o (1) i ht
T, K> T Z 15T 8 5.

7 =0 — ptpy(9) (12)
ot 7) = ¢o(0) — 3190(9) (13)
O I FPTEE BB O L WEBESRICHINT 2 4 I —A# T

5%.
2. REMNE L - 1R ESMEO L DICY > TV V7L
BBT. OB, 6t 1) RO S ICRADEORIS.

otr) =max {0 - w2} (9

DUEDBIEIC K o TR OENTZRT V¥ v )b ¢ ZZ S TRl
9B ETIHES p HMEEN, DMDFDFERIE Area balancing %
[Tolcttel—DED RS, TOXSIC, Burgers Hayes i
& Area balancing DGz, EREMDOERICITS T &%
A[BEICT 5.
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ISR U THOE T2 BERRIC b Te > THEL, O TIckT
BRRZINRER TN D, 1 BB VT E il U T s
ZiTo T3, OBLEOFITRT KIS, T+—HAT—L%ZIE
UL BT B 7201iE, FEFHICE OB REBDREIC 72 5 1Y,
COXIBTFERZMVS T LICX ST, TERDENT T L Hig
LC. 10 RO @ LA ATREIC R > Tz, 7535, BB/ SR
FIC K B HERITWIASKMFITIRE L BN DRI T WS T
0, IFEOMREIC &5 BIEIERESE Ly
3.2 IREEER

T T TR, WO 70 FS LOfERZ, 2008 FEICKE N O
WETITb NIz SCAMP &I N % KHIEHER DO KRGS R 17
LTS, CTOERRTIE, iAo 7 LA zREL, <
Za—/NU7z F-18B kB DIES 7 + —h AT —LZgHI L
Tz, ZTORRICH S NTSHZM% Table 11k & Tz, A
TSk B IRENTZE DR V.

Table 1 Calculating conditions

P,. 91300 Pa
Ty 284 K
Po 1.12 kg/m?
P,. 57 Pa
M, 4.46 x 1074 -
Jae =1/Ty 8.17 Hz
R 4.88 x 10* m
1 0.0878 -

DLEOSZMZEA L, RHT7Z1T - 1245387 Fig.3 IIRY. Fig.3
ZBWT, 7K, H, SEOZTNENFIEFER, Lossy NTEICX 5
fRATRESR, 7 U CAR Tl 7z NTE fifhi 71 7' LI K B 5551
Thd. 5B, BT RBPRMEAT Y TR EDFESEME, T
T Lossy NTE DEDICEDLETH 5.

500 ‘ T

T T T
m Case C, FIt 1264, Pass 4, mic 60
| ossy NTE Prediction @ zbar = 0.15
T T T
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Fig.3 Comparison of the measurement from SCAMP'®)
with two predicted results(lossless and lossy NTE)

Fig.3 ZH % &, FFnoise DR & Lossy NTE O & 72 b
LT, A=V HENIEICDODVWTIRIFIERCMETHE T e
2h%. TT T, FFnoise & Lossy NTE (3¥FE T )L T %
EWVI RICHEREINZWV. 97405, Lossy NTE (ZWBIRY X%
LS Z IR LTV 3D, FFnoise 3 ZNEMA TWERWV. Z
DIz, ENRCTHNX TN S DFERITEEZ>TL B EE
Z5N%. EEE, FFnoise & Lossy NTE (&, Burgers 5D
it FEIE DB S, Sk ) Tld Poisson solution % FHL
TWVW3H, AT Burgers Hayes 7% W T 217> TV

HEAE S R 2 b— 3 VHEF AR Y T A 2013 GRStk 21

%. Burgers Hayes {£D¥%, Aging MU Area balancing D
VEZA T > T RIS 217 5 7o &, FRIZEURINC 2258 75 75 AN ]
Mo E#EZ5N%H, Poisson solution % WA, (XTI
HIGHEEIC K > T DEH N CEBRE OB A 21T T2, WK
JEDOBIENARLZEEDRRKENT EHHENT VS, FEE, Lossy
NTE Offfric BV TIE, YWERNREEERZMmLEnE, 2
EBICFITRETZRWVWEDT ETHS. ZFHUTH U TAMENTDFER
&, PIENIRIREER ZINA 2 2 7L, WEIK T A—h AT —
LZERNTT 52 &N TETCWS. FTz, Poisson solution & Lhiig
L CRIEAMNHMTH D, ZTOMREHICHEZEOND LWV D K
&l L CRBE 0.

—J7, FFnoise OfGH M CFERFER & 2 LT 5 &, 2fRINIC
WIENEL =L TWE T EDVHRTEDD, RRKE—VEN
fEIc DWW TIE, FFnoise DFERMDERMEL O & mH DTz R
LTW5a. ZHUCDOWTIE Lossy NTE OFERICOWTE AT
%D, FFnoise ICIREEHZINZ 2 LIC Ko T, FEbRfE%
UNCHIETZ 2 EEMENRIBENS. DT &, Figd IIRT
E— 7 ENEDOKEFARGEEN S EHE N TH S, L, Kl
IZ FFnoise OFTRERIC I 5 ¥ — V7 [E)1ME, Kiiliic Z DRsD
WF R TNENRE LT T T THZMW, W rfiziivl
T &, U= NN LR ULET 2 D0 h 5. AR,
T F— AT — LIRS T RIS 2RI EDIER ISR &
WZ EWghB. LhL, RBEETHZRAE—TESEIC
DV, HEREE O 5% BETH D, ThlFET o
FRAGIS DRE T Cittam 2 HED 5 .
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Fig.4 Grid dependence of the maximum peak pressure
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AREITE, NI — LD T +—h AT — LRz,
TEIFHIRITEMZIE LTHEL, ZOMAICDONTES
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41 FITERHEENTA—%2 1 OBEF

T F—AAT = LICBT BMITRAEDOZE, NTE Tld (4)
ATHALNBENTA =R plc KXo ThEENS. ZDHTIR
FEMITHNINT %/8F A—=&1E P, They Repy THYO, RAD
2 ZRICDVTIE, Table 1 TH X 5N 3 & 0% HEINZE & L
TEHEAL. PRUCHT % Caustic DR R, 2, &
TR ROFIETRD .
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OFFER S R T Lic kb, R T RS

% = coii 4V, ‘i—? = (I-7®@)V(—cy—V,-ii) (15)

CTTC, i BIRFMADIES < v NHEDEANRT MV TH

D, WEROMETARET. £z, V), REEEICH TS M

HERT MVTHD, ShgThztoe Lz &, EFRk

T2 L TWVAEAETE, WRHIMERE 13RS TICREITH

MoTnL. T, Hd ¢, MIRE T OBETcHO, T H

RIZICISCTEILT 2720 TH S (Fig.h BIR).

2. Caustic DIFRF¥FE R, ZROTFIETRD %

(a) M7 2 Z3%@E L, flight path FO&mh 5HE
SHTERRE, 2 = const. E DR 2 ZRD, FOHRT
wENEVWEDZ, ZTOEEICEIT S Caustic D x B
Rl IS

(b) Caustic LD 3 HZMTT v T 027U, ZTORDY}
&% Caustic DR PE LT3

3. PHROMMRNAE R, 2, ERCOFIREFEKIC L TR S
4. PEHRICHY B Caustic DI R, ZXOFNEEX D

Kbz.

(Reec) 1) 7! (16)

Rcau = ((Firay)_1 -
ERTIEEL L, Rypy B Royy KU Ry, DR TERENT
W5, T, HERE Caustic BZENFN TR Licihe
BBIBHTHY, Ry RO R, ORIEORZRNILE

V. 9hbB,

Rcau = (eray|_1 + ‘Rsecl_l)_l (17)

flight path

Caustic

ground

Fig.5 Procedure for calculating caustic

JEEEICIE, Caustic [FIFROWIEHR T D LR TIEEODY, 1
MOHF A ET/MELICES T 2Ic& > T, Caustic ZUTE
260DE Uiz, DEDTIEICKD, KEMEETT> 250, H

FIiZH1F % Caustic OMHIFRPERNTINTA—2 n 2k b izt
D% Table 2 \TRY. £z, WHO—FlE LT, MEE 1m/s’]
DRI TIRREZ i L 7285 B DR & Caustic DT Fig.6 1<
/RS, Table 2 2”25 &, NEEEICIH U T Caustic OEFAE
MAEICTD L, ZNUCEDETNRTA—Z &P LT3
TS, RETEZS K ICHIEIEDOSGEITIE, hnsE
JEDZLITH LT p i EF ERELRZEIMND, Zofio~
Za—3R, BEnE e OflAEDRICK - T, HiERERR
RANEL BN S %, ZTDle, AFETIE p% 0.01 15 0.2
FT0.01 AA TN 2TV, FREANPRIIGCTT +—H A
T—LDIRKE— T ETHEN ED K S B2 22005
KLl

42 BREATFEROZER

ARTIE, AHEEE LT Fig7 1R T 6 AR L. C
NSOWIKIE, D-SEND#2 O FiJE&Ttlic, 74 —h AT —

Table 2 Relation between the acceleration, the radius of

curvature of the caustic and the parameter of nonlinearity

Acceleration  Radius x10™* [m]  Parameter

am/s’]  Rn, R Rew n[-]
0.2 8.98 2940 8.95 0.101
0.4 9.09 359 8.87 0.100
0.6 9.20 158 8.69 0.0987
0.8 9.31 92.7 8.46 0.0970
1 9.41 91.2 8.53 0.0975
1.2 9.51 53.6 8.08 0.0940
1.4 9.61 67.8 8.42 0.0966
1.6 9.67 434 791 0.0927
1.8 9.79 35.8 7.69 0.0910
2 9.87 413 797 0.0931

Flight path
e

Fig.6 Example of caustic and rays emanating from su-

personic vehicle accelerating at 1 [m/s?]

LT KT — LI O BEOMR 2L L2 HINE L
TRE L. $bB, Table 3ITRT LIS, Vv I T—L
ELTIREEANS N LT, K7 —LFEEORMTH 2
BEROV S LA D IR, Fe8HDNL S YD E O, s b
DO (Flattop) ZIERTIMLZHETHS. WT
N, WEORHRRMELCIREZ, ZNZTNHEOES RURA
RIECTIEREL TS, 75 EADKERE, Error function I
Ko TREL, ZORMIIIIERED 10% ICREL. £z,
C-N wave U FT wave DJeiiini B EMDEIE, N EOED
D 75% ICFE LTz, UEOREE, D-SEND#2 #2551
RELIZEDTH 5.

NN

N wave R-N wave C-N wave
FT wave R-FT wave D-SEND#2

Fig.7 Six waveforms considered in this article
43 BEATTEHRICHT BT +—HRAT—LIEFEOEIL

PLEDORGEICEEDNT, HABRAITIGICHT 5T +—H A
7 — LR D2t it LTz R %2 Fig.8 IRY. TOXIZ, /X
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Table 3 Categorization of the six waveforms with respect

to the low-boom characteristics

Rise time Low front peak Flattop
N wave
R-N wave Vv
C-N wave V4
FT wave Vv
R-FT wave 4 v
D-SEND#2 Vv 4

FRA=Z p IHIET B T A= AT =L EER T Ay b
L7z DTHO, ENLMRICEZICONT p MRKZWIRIEITH
Wd B TB, TNSOWBIEE p kL TEioE— 271N
ENRKICIZ B2 BATZEDTH D, %GO —7 E)E
IEDVWTREBEL TOWARVEICHEREN L. Thzeis e, —
AT u MRKELRZDIEONT T A —HAT—LPERIETE— TN
INELIRD, RIRICERSIIEIE L EB T WD, Thi,
JERREN R AEH T2 2 SIS X o> TIHIEDTEANRKEL &
D, ZOBFHBEANCE DO EHOBEAICKI>TE—TE
WENB10THB. Tz, Fig7 LIRS LEDETAHS L, K
T— LN T 4 — N AT =L RIETIRDERTES. &
TbH, N wave & R-N wave ZHHgd % &, 75 LA D IR Z%Z
9% T & TT 4 —h AT — LB D ¥ — 7 JE 1 h b
LTWaZ enhsd. o FT wave & R-FT wave D
e s ®RN TR 225, B ENDRERIOM N X > T
TA—NAT—LDE—TENEZRDETEZMRDH 5 &0
Z%. [EERIC, E—= 7 EJHADEREIRZ M5 72D N wave
& C-N wave ZHH9 % &, JLOESMIE R0 > LTwn
VN5 ey hB. —J5T, C-N wave & FT wave & %[t
59 % &, E—7ESIEDEE VS B TR —DO%R
THBT ENThDB. {toT, LMD E—7EIldz > <8
B5TLT, TH—NAT—LOE—=7FIHEL 1D %M,
Flattop SOEZE T+ —H AT —LICH L TIEEAEHE LR
WEWI T ENWyh S, HRLIZED, FT wave I LTILH
EAOEEZAINT % &, KO —Jgili ¥ — 7 EIHEN AT
LT D%,

Table 2 ISR LTe &SI, BUPIEDEEICIZ/ ST A—2 pid
0.09 5 0.10 DI TEILT BICL EED. TDXK D IS
ThH-oTH, Fig8lIRrENB K HIC D-SEND#2 FEHED XK 5 7%
KT —LWEEOT + = Y TENENT Enghd. 2D
EMD, EFEMRITRICIL T — L TH % D-SEND#2 X, h
R = a—NFHCBF 2TV TS, N ST
T+ —NAT—=LDEIRMNARETH 2 LW 5 T enhb.

R, BT+ — AT —LEEDORKE — T [ESHE pa P78
T A—=% pkfFENZEm T 5. Fig9 &, SEANEFICH LT
p 287 A—=2L LT NTE f@fizZ11, £ TEbNTRK
E—J Iz E Db DTHS. Figd ZR2 L, plcxd
BIRKYE— VAR R E L 2 DDIRZ =T 5
N3 Eehnhs. 37%bH, N wave ® C-N wave, FT wave
ICHENS XS, plod UTHEIOEADT 2/32— &, R-N
wave % R-FT wave, D-SEND#2 O X 51, p € [0,0.2] DK
MicBNT, E—7EIMEICMREDNTET 538 —2TH 5.
BEOHE MK, WINEHIREILH ENOREZE LTV
HTH5.
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Fig.8 Variations of the focus boom waveform for six in-

coming waveforms (horizontal axis: 7, vertical axis: p)
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EHEISRIE, —RICEEOABRIIC K> TkES. 375abE, b3
WIENEITT 5 &, ZTOWEZMT LIEOWEENGFENS &
WO T ENHIBNTWS. > T, b MWDK OFEIC K>
T, BETEOMHE— T ESMAIFKRELSELT DT Lhah 5.
FEBE, N C-N, FT D7 +—Hh AT —LERE, Th5ITiL
B ENO B UIZIEDO 7 +—h A XD & ©— 7 [E 11
BNELZE>TWVS. — /4T, IEREMRIGIRIEICIS C T
b ZEENZED D PENBOLNRTH 5D, T ORFEE N
FET B L RAIOWE &R LU TIRIENNE L AS. TDLS
B DT AT K > THRIE DA S % 2 72 JAR G e & W
R ThbsEBAET B L, b EA DO IR L,
JEREE 258 92 (u ZKELT D) 2 &icE>T, ¥E—VE
JHMEZHEEICHED T 2 X5 ICBbNsD, REICEZES>%57%
V. FhUE, Caustic fETid7 <, Caustic N[h > THIEL
TV (Fig2 1D 2 > 0 I H 7 5E57) I BV T EIERE
HAER T 572 TH%5. TNz R-N wave ZHIlIC & > TEiH
T 5. p AVNTWEHEITE, Caustic NAD > TRIET 2 HICTE
M9 2IRPIEEDV NS W IDIEEE/NE L, ZDRR Caustic
T ERO R OIS K 5T N wave DJTH R-N wave
KO EENT F —H AW ZRLEHT S, p MARFICKREL TGS
&, Caustic ICFET ZHNCIHRPEIEIC K > T H LD D R
AL, Caustic LT N wave & R-N wave DN EL 25 C
LT, MRICHE O E— T FEHEIREWVEZIS K 91Kk 5.
I p 2 kELT %L, Caustic NOEFEDRHICIEFE D
WBAEHT 5728, LROIFERENEIBING. T,
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Caustic ICFET S & ZITIE N, R-N Wi & ICIREANNE L,
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Prnax DIRKNMEEF/MERTZENS D, T7xbH Figd DTT
T OIRIEARY. Table 4 #H% &, D-SEND#2 iikED% L&
AP EMMOBEICH U TR R EIEFIO NS il 725 T
W5, u DMRITEICHIE T 285 A—=2TH 5 T L BT
b, ZE Apy, BRDOEXS ICRIRTES. $hbb, Ap..
MRENEWNS T, TR T T A= AT —LD
V— 7 FEEDNZEL LT N EWNS T e Z2FEKT S, itoT, T
DELBRDRE VI IEITRITEIFIC K > T T A =B AT — LW
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Fig.9 Variation in the maximum peak pressure against

the parameter p

Table 4 Rate of change of the peak pressure with respect

to the parameter p

MAX Prax gleigl Pmax  APmax

(1) (2) (1) -2

N wave 5.544 3.148 2.396

R-N wave 4.649 3.248 1.401

C-N wave 4.191 2.833 1.357

FT wave 4.213 2.876 1.337

R-FT wave  3.562 2.612 0.950

D-SEND#2  3.005 2.067 0.939
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Improvement of Thrust Performance of the Microwave Rocket by Reed Air-breathing System
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Abstract
The reed-valve air-breathing system was developed to improve air-breathing performance of the microwave rocket.
Air—breathing performance test was conducted using a gyrotron. Pressure history in the thruster was measured and plateau
pressure was evaluated. Air-flow through the reed valve was estimated by using CFD model assuming Bernoulli-Euler
beam as the reed valve. As a result, normalized plateau pressure and normalized plateau time under multi-pulse operation

were increased at all repetitive-pulse frequency up to 200 Hz.
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Numerical Analysis of Rotating Detonation Engine:
Effect of Thickness direction and Scale effect

Kenta ZUSAI, Ayumu SAKURAZAWA, Makoto ASAHARA, Eisuke YAMADA, A.Koichi HAYASHI, Nobuyuki TSUBOI

ABSTRACT

The study about the detonation engine which is a high-performance pusher using a characteristic of the detonation is performed with many
institutes. RDE is one of the detonation engines where detonation propagates to circumferential direction in annular combustion chamber.
RDE can get a continuous thrust and can continue transmitting a detonation. However, there are many problems that should solve
sustaining of the propagation. In this study, we consider detonation propagation mechanism of RDE, and the transverse wave dynamics
and its radial direction mechanism are important to control detonation propagation. We focus on the transverse wave occurrence and
propagation, and its detail of mechanism of radial direction by 3-D numerical analysis. We report the influence of a scale effect provided
using a scale based on the actual machine size of the device of a past experiment.
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Table 1 Condition of experiment

Experimental value
Gas mixture H2/O2
Outer radius : d, 46 mm
Inner radius : dw 38 mm
Length : L 30 mm
Initial temperature 298 K
Initial pressure 0.1 MPa

Table 2 Condition of 2D numerical simulation

Scale 15 | 110 | 1/15
Gas mixture H2/O2
Grid number 6-z 1501x751 | 301x151 | 151x101
Grid size 6-z 10X100 pm
Manifold pressure 2.0 MPa
Manifold temperature 298 K
Micro nozzle area ratio 0.3
Stoichiometric ratio 1.0
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4. IRFTHEIZLDEAFRANDEE HRLEER

RDE ®7 hp— a UEmMEIL, 2 RotBUEEH R O
MR RBICBWT, T hx— a VIR CREIEMERE L,
W2, RE 20T Z LIV RETD NS T
Wb, 207, SWITHEMREEFR L FigllIcihoh
BLIEHZ AR LT, FERICHEO TSR A6 Z L
NEZ B, Table3 DA TIT- 72 3 YOIz X v
R D@ >N TERT S,

Table 3. Condition of 3D numerical simulation

Gas mixture H/O2
Inner radius | Outer radius | 0.4 [mm] | 0.45 [mml]
Grid number r-0 -z 21X1201 X301
Gridsize r-96-z 2.5X2X2 [um]
Manifold pressure 7.0 [MPa]
Manifold temperature 300 [K]
Micro nozzle area ratio 0.0657
Stoichiometric ratio 1.0

Fig.11 3D structure of detonation front

(a) t=3.017us

[c) =3.033us

Triple point

W =

0 0.18

OH mass fraction

Fig.12 Propagation of transverse waves

Fig.12 1%, OH OEE/HTHNEREEE Z, BAHIREO%
fHIEK T br—a UPiEAER LTS, Figl12(a) T,
WERBETRI(T T O AV R CRIE TS, B 23 o &

Circumference direction

MR L, BATERICLIbOREEBEZ LN, RHPNE
FITHL R L OMZEIC X W AL, WiEE A ~BET 548
We, F hx—3a WE & B ORET 5 A THEE LT
W5, £ LT Fig.12(b-c) X v, FERIRGE & & &I/~
B OB WEFABE L TS Z N ND. DR,
WERBERC Fig.12 O Wi A7 )7 M ~JEAT L 72 R8I OAFAE R &
HZ TS,

4. 1 RBARKRTY FOFRE

RIEH AR Mi%, RDE Tl 2 IRTTOFERIZRfRTIC X
0, KIRT A LB A O#EfbE & T b F— 3 VEEO
THT AT, BMICRET S ZE0N 0o TnA.
Z LT, RDEIZBIT DT hr— a VIR EE otk
BRI L WD LD, Z0 3WIeEGEEFE L < fifhr
THUNENDD.

Fig.13 Tl&, KRBT AR > FOREEIZHOWT 3WILE
BLOFER O NEREEH A 2 ROt R L7z, OH E &%
TRREERRINREEE 2, B CIE I O%EREZ, £O AW
BRCBREREABE R 20k Lz, KT, BV oRrLET
=g ViEE S, AWVEBRTR UTEEBERR Y A & R
A DR S TS DT, RO AR TR L2 B ATc At
DB AT D, T L CRIOERIL T IR AN
TRAVIATR, KD SR TR LN EREND.

Fig.14 1213, (Q)PVELEEm & (b)IMERET CORBRAT AR 7
v NOERRY A 7V E, OH OEBESFREZ A NTHERLTD
%. Figl4QQ) THE N T b — a VKNS, Rl
WA » T A ~RR T ADWE BT 5. £ LT,
Fig.14(3) CHEIE AN B 3~ A BEIZIED B U D AVRIR AT AR -
v NIRFEAET D, ZORE, RRT AR > FogA Lk
BRI RFAEL, 7 hx—a v WiE~MEET A2 L TF K
F—va YEZEICHRISETWD B2 6D,

HMEBER TR SN D ARIRT 2 DIEIT/NE <, BB
TIERE V. ZHUE, IMBEERCIEA R E W=, i
B S8R < T ) RIRAT ADRBEL THENRKE b0
WTHDHEEZOND. ZDw), IMEEERIIENE O @S
ICEVIERHEZ, KRBT AR v SPGB S0,

Axial direction
_

OH mass fraction 18

Fig.13 Unreacted gas pocket
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4. 2 MHERORELITE

PO 15 H TR A DIENR L L AR, Fire
FENTEAE LRSI NERL SN D 2 L 2 IRITT DM R E RS
XV o T, 3RITICET 2 RATEROZEE £ /-1
I E AT, RIOEEEE T OE TR S 2R, L
WA T o7z,

7 MR —va UEmMOBEER BRI SIXFiglellRmsind

FIERIZ, RHOMEENE DR S S7 & BEA T A sk D i B 5
S S HKed, Figl7, 18, 19 TS, HULEE, FMEDRFH
JBIET, RPTBRIC L 2ERERSO LRER L. EH
DOBAEFHHAITNE, TR, AME TR 2 & O
G ONLE S BIR D720, TR micd 5 LT
EFHZAT > 7=

5 TR AT DJET) Py L% T OIET PUT XV KDDL D1
8 x7.

g S = P1_P0 (1)

& Fo

E

s

0

OH mass fraction 018

{a) Outer wall surface (b) Inner wall surface

Fig.14 Unreacted gas pocket at outer and inner wall

Fig.15 Ti3, OH OH R THEEEE &7 hr— a3 &~
W22 LTV, (a)~(e) TREMIRGBIZHEV 3R T DAL
HART v NERKAY A 7 Wil >CuvA. Fig.s () Tl ) )
T3 U &R O T D KO SRR T A Fig.16 Measure points of pressure
TEREIT, Fig.15 (b)IZ W TR EEH 7> B AMEBER (27>

I, ESIICEEN T L TWD 2 ERS D, Figds (c- 30 [ey—— -
d)T, BEEARAITMAMEE L CTEEA LD 2 & TR a5 ‘
AAIry FHVER SIS, Fig.A5 (6) CIER itk 7 \c PARRE 10 f A A
Tl LB ORIT XA o AR TR B, =0 . /
DY A 7 ME2RICHNC K LTZ Fig.14 LTV D28, 7 % 10
HRELTHEOEEINALND. NEREMETEETIMIC E
B nCTnBeicky, BETHHEOMRICEEES 2 g
LEREERH D B2 LD (3WILA) . %m
15
(d] t=3.D02 s 10 ik
5 S
0 1 1 1
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Fig.17 Shock strength at inner wall
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Fig.15 Generation cycle of 3D unreacted gas pocket Time [ps]
Fig.18 Shock strength at central (middle)
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Fig.19 Shock strength at outer wall

Fig.17, 18, 19 Zhied % &, RFMEIEIC L 0 Mg R
SOALEARALI, ROFLMETO t=3.311[us] DEFR T
35077 70T hxr— g UimoOERER S Ak
ANFERCHERTE D, £, BRI AOMHZ @R T 5 X
BT 2R, EREROHEAEZT L LCEEIL
TNHOT, FERRICERGTAICBNIR CEEL TV D
ZeREZOND. ELEEREES O LAMIZERFTH
L2800, RFTIERITER TR E Z CHRRRCIAE
LTCWAZ ENyD. t=3.316[us], 3.330[us] THlh b
W & BEA T ASEIA ST IR 38 0 B 38 AR LT BRI O b
MERTE 5. ZORPTEIENORA L @R, Jeml
~Blh LA T A ORI R S 25D TV 5

BP9 S ITNBCIT TS <, AMECIFTRL 22> C
W5, RO R S T, AR CILRPTEIR R ORI
I DORETREEDL 20 EE KREVETH D Z L MNFEKRT
HKIEIT APV IR S VARRERHERF S LD 720, M
THRRATADENR SV REL RN ERN 0D, £z,
JRFTEFE DN T N F— g VIR OE R R S T—%
BLENTWDLZ 200G, RKRTADENST hF—1 3
RNV E T C ORI DFAENEZ Z HiLD.

24
Pressure [MPa]
Fig.20 Transverse wave propagation mechanism

Bl DIk % D729, Fig20ll7 h3—3 a2 Lo
JENG3AT 2 160702 BoR LI B M LT AL ()0 B (d)
ARFRISEGE LTV T, RICIE 4 SORE SR TX, R
WA, FREMEIET D, TR IR T
LTW5. FEOIiEET 5 EBERRAILO & HEET
B L, BT MRIET DRI D Z E DR TTE S

5. f&i

A — VN R D R

. A=A XS KR DIFE g 1T@m< 2> TH
0, U5 A7 =T, lyy=343[s] Td 5.

o AT NHAZXPINELRDITE, g iTm< o T
BV, 115 27—/ T 14,4=3033[s] TH 5.

o TV A XITEL R DIF L, HAEEY Y ofEIT
w2, U5 A7 —/T In=154[Ns/m2]& 72 5.

o ATV A XLV EBIRECHENTTITE L
TWRNTZ®, A7 —LZhROFET 2

JE Fr 5 1) D

o RIRT AR MINBRMOBFAEP R T 72,

o HBELRBITADOWE L FRRICENTND EEZBND.

o RIOEERIE XTI TIT I TRN T D RIR T AN
BTN AT VIREEIZ 72 > TNV D,

2RIt & 3RILD LK

o 2WILTHELNIZRIRAT AR v MMERIEFRIT 3 KT
DOWNEBERATIT EEBIL TV 5.

. SR LN DR E LT, #I o th 23 il
TE, BERAEE~ORENEZ DD,

Hif
ARWFFRIIKRIEKR AV A N—= AT 4 T & F—DREHEE
B 2T AEFIH L TITONE L. ZZICRLT, &K
WoEERLET.
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Abstract
The inviscid flows over ONERA-M6 wing computed by the spectral volume (SV)
and discontinuous Galerkin (DG) methods are compared with that given by the
conventional cell-vertex finite volume scheme using the same unstructured tetrahe-
dral grid. In comparison, solution accuracy, and computational cost are critically
examined. It is shown that both SV and DG schemes can yield highly resolved
shocked flows but their computational costs are substantially higher than that of
the conventional finite volume scheme. Laminar boundary layer flow and turbulent
flow over 3D flat plate are also computed. In particular, v velocity in laminar flow
obtained by DG scheme using hybrid cell grid agree well with the Blasius solution

even with less grid resolution.

1 #E

iz 2R E 0 D X 5 7%, 3 JoTEMEEIRE © D
NOFWHEY 2 2 L— 3 TR, IBIRESMEICENT
WABIEMER FENZHEIN TV S, ERDFIETIE,
BIVND RO 534 2 5 5V D T— 2 2 BIE L
TEZHEABBCTHMERT % T LI X b 22O E
tZX5. XOEROELUZLHAZHNEE, AT
VUV ABNCHER LR U 7R B 70Dy, JEREEHRS
T CRERATVVIVOECHMEHTE L, @G E
WREEE 725, ZHUSH L, A7)z BFICHRRE
BFICEHIMEE 2 EK T S T1E & LT, Spectral
Volume (SV) £ 1) % Discontinuous Galerkin (DG)
%2 MEEE N, FEMThbh 0%, SV iEE DG
FOEESILGADOFHIILVNICHBEEZEAT S T
ETHB. BIMERDTDICIE, ©IVNDOHHED
BT e zEZNE K. COHBEZH>T
YIVNE DY R i 7250 S 5 T LI & D RfRfiEz
EXICHMRTES. TNCK OISR T L TH-
TH, B LOREEZERT 2 EMWRHTE 5.
2T, BRI )VEADO T — 222 LUkwvwa s
7 MEMEICEK D, DS ERERDIRTES. L
WU, HERDFLEELERD & GIROXANNE L&
WEEDbNTWVS.

AWZE TR, mIREETEICB T SHEE» a7
NS TIEICEET 2 A v b EEIRRNCEE T %
TAV Y EHEBICEDRRETHHhEMGAET 5 &
ZHINE T 5. ZODICTHESMHERELIZ SV iEa—
F, (LSRR L 72 DG 0 — R B K UHILR A
FEutoeE Chi S iz, wVET S ARARETH %
TAS I— R 3) Z RO CIEMmMEIER RN 35 X UR
PERNIGOMN 21T, ZNENOFEROIERES L5
HOX 2R 5.

2 WESEE
2.1 SV(Spectral Volume) ;%

SV IRV HIRIARHE TH 2 3, JRAiED
FREROTEIMERDFEE 5%, £, SVIETIE,
3R DGE, RHEEEZ A Vic L, Thb
D+)V7% Spectral Volume(SV) EFES. ZL T, ThH
Z 9 NTCRCHETE BITHEICHEIL, b7 )Lz
AT 5. TNH5DOY T H)Lid Control Volume(CV)
EMHEN, % SV NDfFED I3 72 5 R 2 T T R
TBIDDAT VL UTHRET 2. nERENE X
MUIE CVITH L TRITER E N B TARBIEL L(p )
DEZIEN) NGAENS.

1

V, Jew, Ly(r)dV = 6;. (1)
5 37Xy H—DTIVABHTHS. i HHD SV
IS B FREER Q, 1&, CV BDXIV M Q, ;(j =
1,..,m) ETCIRBIEL L OFEDFEME LTEREND.

(J,l=1,...,m).

Qi(F,t) = Li(7)Qi;(t). (2)
J=1

CTT LIENEDOHDEBTH O, Y2 D SV &
)72 FHEZE R ORI KIE G459 % C & THICH U
LOEHVWETENTES. SVIEICBII3HHEL
WETCIRBEEIC N % IR E Bk T % . AR T,
e 2 KREED SV LR T 5728, K 1IRT X
INCPUTHIA SV DA R e ZN a2 HEd B HOE
DEFEC, T HICKHDOED & PUHEIRDE.LEEAT
4 ADNER CVITHEIT S %) BUEFR O B
LTI, AHFIEICIE SLAU i 4, KEMEIEICIE BR27E©)
WS, —75, SV OWNERD CV S TIETRRIT TR
BEEUD SRFTIIC kD 5% . IEEFE5 & LU-SGS &
figik D TS
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1: Liu OPYfifA SV O E| 5)

2.2 DG (Discontinuous Galerkin) i&

DG EIE VRO DERERETH O, LIV
WCHHEE G Z TYHBEO TS % T & T, i
DOFEREEREZTTS . XX OIS DA 7 Ot
BT OB, FEREZAS 470 2% D ZE S B RS LS
M EAT 208D 57280, YHEER (2,y, 2)
%, BIRERER (€,1,0) BXUOT VYV IVERER (1,5, 1)
WKEMT 2 R2EZS. K2IZENSIEIC, P
JENESR, BHRFER, 7 2V VKSR % RS . DGET
13, SIS RIS E NTAREER Q 1Z XD K S5 1
£EIN5.

Q. ¢ t) = Z@(tm(s,n,o. (3)

Q; (FHME, ¢; IHEBBEXT. DCIECHITSH
HIE &3, FLEREEIS 0 B BRI R BT 5. B
EFRHROFHIIC B L Cid, SHREICIE SLAU i 4, £
PEIHICIE BR2 1 6) ZHWW 5. BRI 1 VAR
efiiik 2) TS

2.3 TAS(Tohoku University Aerody-
namic Simulation) J— F

TAS a— FT, ©IVHEIRBIOARAEREZ W T
W5, MAERREE, SEHADORE D IS NIIEES
ZHH& ¥ (non-overlapping dual cell) TdH 5. HfEH
ROFHAEITIXIA Riemann @ik 2RI LU, KWL T
&, SLAU 2 W5 . @D 7z8, Hisii D
DOMBARFENDIEAZEY q 72, T DAL Ag; 2 VT
RO KDY 1 RBIEL TR L, 240 2 TpE
LT3,

q(r) = g + ®iAg; - (r —ry). (4)

CTTT, r3MENY MVT, i 3EEESTHS. @
1213 Venkatakrishnan OFIFEEIE ™) & H Wz, B
R/ 1E LU-SGS F&fifik: ) T1715.

< WEREEARR > < BRREER > < TV IVEERER >

s

4 4 4
z ¢ t
4 :‘
' 3
y n s |
T 1 3 -9
x
3 r
2 2

N\
2 3

2: DG IEICI1) % FEFTAE L 2)

3 FEREMERNIGRERICK S LEE

FHEASE ONERA-M6 B TH 5. FHHEICIE, b
BORED 2 00872V, ZNFTh, Vo bix
WM BIEIC Gridl, Grid2 £ 9 %. 2 DD TFDT—
2R I, RS TFRZK 3 /RT. TIN5 EPHEA
DR THERE NI T TH B, KT, IO,
HEEORE TR WVEBZH— L Tl ztr- 7z
Sl 7R 3 KOTIERETE Euler /20T, FUEIRHR
DFHINCIE, 3 FikE L HET, SLAU Y ZHV.
ZEREERULIZRTAR D@D TH D, 3 Fik e 24k E
&2 KKEETH 5. R I2MEE T, Bk CFL £
Z 100 & LTz, B~ v Uz 0.84, 31 7% 3.06[deg]
ICRGE L THRNIGRIT Z2 175 /2.

# 1: ONERA-M6 BI& 757 —X

LR VB /—RH
Gridl 393,979 75,085
Grid2 1,039,280 198,712

4TEIRD S DB ARV E (S) D 65 %D
WL O W IR A X 72 SR AE 8) & & IS TH
IR, Gridl T, JEMMFHE D28, EEWRATED
BBLTWSH, SV & DG 136k & DO—HI BIf
ThHb. —7J7, TASICB L Tid, B L THOkRAD
Ho5N3. Grid2Iick3 &, EOFHES, vy —TIIh
HiE L 52 TW5. TAS IR U T, A OEE
[T, RN TH 2D, H _OFERH TlE SV
® DG IGEWAHRESELNTWS. DLENS, vILA
ICHAERRT S SV i, DG &2 WG E, ntEt
WONERZERT % TAS 2 WA LR T, 5
Balory—SIcbs2b6N5T EHRENT.

FIEOZX ML T, £ 2107, FHEICIE Xeon
E5-2687W (I E/E 14K 3.10GHz) Z (i L7z, &2
D () NIZEAE RIS, TAS D1 AT TBH7= b D CPU
timeZ 1 & L7z EDHTHS.

% 2: GIREO X O (CPU time/step [s])
d—F  Gridl Grid2

SV 884 (33) 26.0433)

DG 15.18(5.7) 43.80(5.5)

TAS 267 (1)  7.95 (1)
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1 7\ TAS N 1 _’ TAS
] "\\ Experiment  + 3\\ Experiment ¢
2
05 . *\ 05 . V/(‘\
o Sy o 0 _o——t®]
0 _‘//" KQQ . 0 /* \’ &¢_ .
Q‘
05 | 05
+ 4
1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x/c x/c
(a) Gridl (b) Grid2

4: FESREO (y=0.655)

4 FRERIRREREN

SV i%, DG LG HHEZS2IVICEAT ST LT,
BFUENOIETE TR 7 ) X L)Lk )L D%
ZPiEd TEDHEMFRFENS. 22T, REITIEEUE
TSR T 2110, BRI ORIV OREEZ 5
LT aIS, TG RD E DIRREIC R 2 DD 2N 5.

TR, < v EUE 0.3, S EIRES L=1 13D
LA /IVAE Re 72 10° & Uiz, PRGOS E
JEX §1& 6 =5L/VRe &> CTHRIE -7z, FHETHEE
B FDX S ICEDT.

20<2<10, 0<y<50, 0<2<02 (5)
FABEAE (2 = —2.0) ICIE TS, HHEERmE (v =
1.0) & FEBEERRH (y = 5.0) ICIEETE—E DM 2R
Uiz, TERBERmED —2.0 < z < 0XMWOHEEE L,
0<z<1.0EFELELE L. mflmmEaFRERE U
To. BHERS I, BRYENIC 7Y ALV 2R Uiz
INA TV RE&T (Fine, Coarse D 2 fif) &, Z D
A7)y R TD T ) XLV 4T 3 DDA
JNCHTEIL T TZE B MUAADHDIET (Fine, Coarse
D 2 FH) ZHH L. #rFT— 22K 3RS, T
X I VLB (y = 0) 105 56 Z#A% % ETHILILL,

1 OEE Fid 2 1AM 41 5 (FT#RIC hyperbolic tangent
stretching), z /JIIC 11 &S TV 5. y TANOH
LHUME T LIz TAMS EEREEA £ TIEFE S
IRV ZEE LTS,

AIRICIE, SV IETRIUII{ARS T2, DG i TIE/NA
7V RIgT EPURARE 75 2 L7z, £7z, TAS
ISR L T, B IC kL2 T a6, 5HE
DR TREDNFERL 72 0 RO EDMRIENTZ N T D,
INAT V) RRGF2HS T EMRATH 5. FHRICK
DELNT x STEREDHZK 5 1RT. T—XiE
r=0.9DMNBEDEZ Ty FLTWN5. 51CBHL
T, 3 FEORRICKAEZR 5N, Blasius fig & B
—HERLU TV, RISNA TV R XU
WHETFIC K BEITE TS NIz y HIEE R T NTE
N6, 7IRT. K6 ICELT, EBE5D8TE TAS
KD & DG OFIFH z HHDHMEICKZT—ZDIE5D
EFHVNE W, K 7I2DWT, Fine TIE DG, SV & &
IZ Blasius fRIC RN —EZ/RL TW5. Coarse Tldifi
TFELET—ZDIEX5DOENH D, Blasius b 531
TWVABD, Dial EEEMMICIE y AIROMED T 7Z
ZKEHLTWS. DGICBALTNA TV Y FIEFBRT
PUTHAAS 172 FHOTEAS IR Z iR g™ % &, o 73y
EMAETH 5. ZHUTH U, y HIA#E7 7RI Fine
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TRFAFHETH S D, Coarse I L TENA TV w RE&

TFORERDTTHNIE S DEH72 L, Blasius flllc X D
RV Y (TR Ao Y

£ 3 NNAT VUV RIS T —2 (JEREEAE)

Fine Coarse

T XL\ 36,000 18,000

U4 5,440 5,788

SN 1xX1074 3x10°4
(=6/150)  (=5/50)

Growth Rate 1.2 1.4

BERENAE 20 11

5 FiRELAIEFR RN

FHEME, < v R 0.3, FIRE X L=1 128D
SLUA/IVAEL Re 72 107 & UTz. PARIEBDOBITE
JEE 5136 = 0.37L/VRe lc &k > THRIEE - 7. #HH
FEERIZLL RO & S ITEDT-.

—05<2<1.0, 0<y <50, 0<2<0.05 (6)
BN e BT ORI EROr — A LHUTH 5.
YT —2%2RAITRT. TV RLVIEEER (y = 0)

# 4 NAT VU T T—2 (GLiIREIAE)
Fine Coarse
VN 11,520 7,360
PEITAREN 3,038 3,191
V& T 3xX107% 6 x10°°
(yt=1) (y"=25)
Growth Rate 1.25 1.4
RPN S 4 2

M5 26 ZfBAZFXCTHUHL, g0 EE LI » W
51 i (HT#%IC hyperbolic tangent stretching), z 5[
IK3mEL>TWA. y HIANOII LB LMK TLIzE
AN D FEEESR I X Tl N Za ikl 2 BidiE
LTW5.

FHETIE DG, TAS 13/NA 7w FigF7%, SV &Y
RS2 W 2. BHEIC X DB S NSl EE T
7K 8 1T/RY. 3 Fik L & Fine, Coarse Mik& Tiffi
EFRICBWVW—EZ/R LTV, FHIC Coarse &1 Tl
FEPEREMNIC 1, 2 REWVS DRV FRETH-> T
& BRI S \?ﬁ%ﬁfﬁ'(%’fb‘é Tk, EiRESE
D z TR AR, SV BX U DG IC K SRR E
TAS OFRICKE HAERBI NG >/, L5
Fine t& 7% FW o @i s K CELIREE g o & 2 0
L ATy THI0DFIEI A M eRd. GHEICIE Xeon
E5-2687W (BIE %L 3.10GHz) ZEH Liz. () Wik
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Toward Unsteady Analysis of High Attack Angle Separated Flow

Atsushi Hashimoto, Takashi Ishida, Keiichi Ishiko, Takashi Aoyama (JAXA)

ABSTRACT
We show a research plan toward unsteady analysis of high-attack-angle separated flow. Although the separated flow is still a challenging
problem for CFD, prediction technology of separation is necessary to improve CFD capability and expand applications in the flight
envelope. Our research plan consists of (1) parallel automatic grid generation and (2) highly-accurate unsteady flow analysis with
unstructured grid. In this paper, we also review buffet analyses using URANS or RANS/LES hybrid methods and show the current
problems to be solved. In addition, the NASA-CRM with high attack angle is computed with steady RANS analysis to know the overall

flow field and RANS limitations.
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Flow Analysis in the Hypersonic Rarefied Wind Tunnel
by direct simulation Monte Carlo

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, and its
flow characteristics have been investigated experimentally and numerically. This wind tunnel is capable of producing a
25-mm hypersonic rarefied core flow with a Mach number greater than 10 and a Knudsen number greater than 0.1.
However, the temperature of nitrogen gas becomes lower than 50 K in the test section. Hence, in this work we first
investigate the effect of N2 condensation in HRWT so as to find out the necessity of a heater activation. Secondly, we
discuss development of a measurement system for surface accommodation parameters by measuring the displacement of

a pendulous model.

1. [ZLHIC
KAEFREATER, R2HRER BERSEHE
(Super Low Altitude Test Satellite: SLATS)%:, %k 4 72
Ty va TR TR I ZE )RR 0 & RS R A AS T
R L o TS, I E CHEfEERICE VT,
JE R FRBR & %% fE W K 71 % (Computational Fluid
Dynamics: CFD)IZ & 2 M7 DZE /A FRETH Y, %
DOFAMEN FIENELINTE . £/, BHS FIHE
BT, B & A B FIREN RIS K0 220 FHm
FRETHDH. —F, TOHHTHHEREKICE VT,
WAET T /Lo BB (direct simulation Monte Carlo:
DSMO)VIESEIC X BRI 3B EICIKTE L TR Y, fiflTr
FEOFMNARETH 5. FrIHE TIIBEREERE 2
DRI & b 7o THRHE B A W R IR 38 1 Dk o
ZEHFRFERHMI O ERBEANEE L > TETEBY, Mk
ZENRFEL AT LOBHERBLINTNS. ZOX57%
FTFrob L, JAXA TIrdmiE % 3 147 % & (Hypersonic
Rarefied Wind Tunnel: HRWD)®Z B3 L, M85 #E A
EETOBEEHR AT 2O EZHEL TS,
THET JAXA TiX, HRWT (28I} % s 7%
TEOFMEZ ER EBMEHEIC L VRERNICHME L Cx /2.
FEUAREBRIZ L > TH LN DI RIERIZBEN TH LD,
BAEMATIC L D R MA M L, ~ v, 7 X—t%
UBEOKMERZRET S, AEERBR T, MY
TP RERA 2 W2 B EFHR, ©h—F &2 HWIED
A 9% EjE L, CFD/DSMC HEREEFHIZ L DA
TR 9 A9 5 Z Lick v HRWT KU e & % m
LR TEL. ZOE, 45 Fa=hL ) AN EHHAT
52 &L o T HRWT FHIEBOKMSEEEX, a7 ER
25 mm, v v 10 ULk, 7 X—®8 % 0.1 LI EAE
L TWAZ ERHB L., LaL, IR SE
FHAOKFIRIE D 50 K LT & 72 5 7= O¥EEHE O FTREM: 3
HY, EHERA~OEENREIND. £ TEAMET
ITET, JUREEIZ & b7 0 BHR T A EMERBEIZ OV T
WAE L, HRWT FHEIERIZ IS8T B 22 J1 5T~ D 52 8 % 3l
T5.
fth 7, AR I T B 22 )13 SR (6) ST (T) TR D
H &I, ROAEIRBICIEFET S, Iyvaro
FHUCTNT T TRERZEIT 10% L FREE LA,
22 ) CIE R E RIS R BRI O T2, BEH RO
TIFEEMMAREECTH H. £ 2 TARIFE T, mnh
FEAT LR - EHARBELOFIT — 2 2G5 iz kY,

10 JAXA100mm W85 E A EEFROFEE(R) &
ZOE(T).

F BB SR EGTHI & AT L ORESLZ BER T, Ay R
Tk 1 BHEEMOGENT AEM) DOH 2L, K
TSR LT 5 2 L IC K DV RIRMEEIT R > T &
. LU, REABEISHREHE W BATIE, 1 A
HEDZ DR TITIENRT A= bHBEL RT3 TH
HLEZDOND. T I TARTIEFN - FHAEMS FiEz
PraR L, EREUREHHITTIE 2 B, BUDE, FiR
BORTiE 3 AMEG), #), RELE—AY Mek
W o2 LIk Yy, KilnBUEISEREIRE FIE O % H
&g

2. HRWT &HBIFi&

JAXA ITHBEN TS HRWT O REAMER( 1 2R)
%, BEF v o8 —, BEHERR, K[iMER, KA
BALE ) RUES, BRICRRS, FHEEECTH L. AR
RIREH E BT RBICF VT AT Ay akb—4&
—RIEMBEEBNICTRIIAL, Z D% ) AVE SRR
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I - BEAE L, EAE TENCBIEAHE S ZEEE 1
m, £ 1.5 m OEZEF ¥ L X—NIZHiihd. HRWT @
BHEHLARIE 3 BOX—HR45 1K 7 (ULVAC UTM-
3303FH, HEXHE 1 549 3,300 LIs)E 1 6O RTA4 B
227K 7 (ULVAC LR300, HE5GEEE 6,000 L/min)»» 5 A
ENTWS, J AVERIE A — MR 1.632 mm, HAO
££100 mm (BALL 8755) DEFfla=h/L /) ALThHD.
J ZVETEA T BERATRE R 2 L 1T 45 ISR B ST,
J AN AR — b EROWEREIZB W TR O RRE & 4
EZx K BAERE X F o2~ ) A—FZEZANWTE
NENEFRET 2 L LB ) RABERE T E DB HKIBE %
K BEGES CEHlT 5. 2 ABEEIREIZ OV TIT, X
N E PR E RO VAR TH D72, RPFIETIIm
HARSE & [FRRE L HET 5. HRWT OBk, &
RS REELZHRETHFICLVRESND. ARIFLK
TIE, BFEAAOKREHAL, ERETR 0.08 g/s, &IRLE
280~800 K D& TR E & 1T - 7.

T2, ARFZETIEH Y PP RERERL, SEACRIRL 2
TEAEMAEE Y =82 AW ENFHBEZIT S . BRI
EA 5 mm OAT L AR X OWEME 10x10 mm? /&
S8 mm OF NI =0 A FREERAT S, HEIFZEF
YN —EFOHBAT =Y HEE 20 pm, £ 220
mm DORAT LV ABMARTHRY TIFohclky, 3 Hbl
BAARECH B, Fiz, BHEAIT 1 AOKRTHY TiF3
28, EHERNT 2 KORTHY FF5H. AHFFETIEEY
TR oA 10 mm, XA 1 AXFOR T
FiEEHAWS. B N—FIX, FME 1.6 mm, MNE 1.0 mm,
ES30mm OXE Y 7 v MERABRHA T L RAEZE
AL, [RRENEFHR 2T WAES R AT 5. B h—
FILERIEA L RIRRIC BB A T — DIC R L CEYE DA &
TS, BEZEF v N — DAL R B 2T T
CCD WA TMRFEINTEY, HGAHICLVHERD 3
F5 181 (x,y,2) O S0 5 B OV OB o (8] §is A % 00 7E 3 2
LMW TES.

3. HUEMTFEE

HRWT 2B} B2&FIE, 7 XVEERIIC I CHddL
NETe Z LI X 0 R b IEEEE A~ L BT D0,
AHIFSE C 1B fo i SR R BB R 1 71 7 (CFD) =2 — R % fifi
AL, #EEmER CIEE T H o EEEDOSMO) I i
S a— REMHHAT % CFD-DSMC #ERaHE 21T 5.
CFD FHEITHE JAXA THFEH O JAXA’ s Optimized
Nonequilibrium Aerothermodynamic Analysis (JONA-
THAN) = — F & V>, DSMC #% 9% Modeling of
Transitional-Ionized Flows (MOTIF) = — K& 4 5.
WfENT 2 — RO OV TSRO 5 2 bR TWn b
T2 OAFETITEWT 5.

CFD-DSMC &k FHHE OHAEER O —Fl %X 2 1[Z7R7.
£9, CFD / XNV EZ17\y, FEEFFHEIBIC BT
DSMC ##%%4175. CFD #EICHB 2RI A&,
2, SRER COMAENSFMFITFHEEEEH L,
DSMC ifABEREMFITIR L7z CFD e b &1
Hzonb. 2 ICABND L HiZ, CFD-DSMC #: %
i, JALVAo— MENLDLOTNCTIRT, / AVIRE
FRIZEIT B 7 X—1 8 0.01 ISR EL, fENEE
FATRAF L7 & D B R 238E T 5. AR O EE T
TiE, KIRITEHET A 100% & L, EFE0MEEE - FHE
— FIEEETD. L, (EZEHGRE RS ILIRR
JREEAY 1,000 FELL T THDHIDFDEBITEH TX, K
BTIXEB L2V, CFD #HETIE, /R v FIHK
SEFNVE ) A NVEEEIZA Y, DSMC 3% T,
Maxwell SEE&IEHIKHET LV ERIKE 7 ZVRiTEOMA

DSMCHR

¥ 2: CFD-DSMC &A% 212 fE k.

Ax

X

3: HRWT FHER 3 BHEFH : 4 A — U K(F),
FERY E i ().
fEHIC v 5. DSMC & % T X R-T(Rotation-
Translation), V-T (Vib-ration-Translation) T % /L ¥ —
#E#1X, BL(Borgnakke-Larsen)E5 /L 0 CEEL, &
ERAFoRlEE, REIE 2L A Hn 5.

INETHERRATIE 1 B HBEEEMGEN G MEN) %
AL, BAEfRVTAESR . HRWT 37— X Oo@Aic &
D RFREEIT > TE(DSMC #HEICKITS 1 HEH
FEERBIL G 7 — & @G TSV TR SCHER(9) 2 2 ).
ZORER, DSMC-ERFEAIZ L 0 [IRMERE 2\ |k
SHDZ LTI LR, REBEISRBGH & v o El
AT, 1 HREOADOFHUTIIREBERLT+45ThH
D2 EMNHB LT, TR TR - HAERE TS
PR L, BROBTUEHAITIZ 2 HHEUxAY E, FEHUER
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Tt 3 BHEUxAy, pELET D Z Lok, EmEaE
ARE R E FIEOMSL 2 BT,

Bk e TEHETE, bR HAE() I 5-10 mm 2
S LA@EIciE L, ET @05 MR o st #ik
EHERFT D TR O Y TP A A — VK & ERER
FEXZX 3 2R3, PHEEIE ) AVIZIEXN T2 X9
WCEREL, EROMAE @01k 90 ETHDH. £,
DSMC FHEIZBWTH T U v T Z A LA IZBIT DR
~DZEF 45 DSMC R 172512 X 2 IEB) Bk O R &
LR THETS.

F =Y [mvee -mvi)F,,,]/at
P

num,p

) (1)
F 7 AR CII R R IE T — A > b b AR ()
THET 5.

M = E mmer,w[(rp —r)x (vh© - Vgog)] /At
P )

ZIZT p I, r 3RO EMIBETHD. R(D)TK
W22 )R T RDET & DD G VH bR O 1)
BN ZFHT 5.

6 =tan(F/mg), AL =L, sing
L

t
MJ 3
WAZ, AR O A IR ) B RIEENLE— A 2 b
(M)DBEZUTO 3 X&ETEEL, KETLIY XA
ERHOWTEROE Y BVAE ¢ 23R 5.
Fx = F1COS(¢ _¢t)+ Fz COS(¢ +¢t)
I:y = F13|n(¢ _¢1)+ Fzsin(¢ +¢t)

¢p=tan"(F,/F), ¢ =tan™

L L
M, + ~F, cosy, =~ F;cosg,

2 (4)
Bt TR ML E OB Z L T OXTEHET 5.
Ax = AL cosp, Ay = ALsing 5)

Sk & A E E oA A {/EHI21E CLL(Cercignani-
Lampis-Lord) 'K §E 7 /L & VN, AR CliEiiEi &
RS, BEREE) B SRR, B REIE R — &K
ELT, FEHAEINMEEZ ol L, 1 B a0 FME
P S, F7, BARIEmIEEIE 290 K ERETD. S
LT, WEEMIEL TIIZMEMEEZEAL, AT
12 BECHERTTY. ~r/aXF A=Y v
TIXEFIREICE L XA LAT Yy IO LHET 5. #
ALART v, BIVIE, FAA VAKX, KL, &t
BRERNINDDONRT A =X ITIRF LW ) il L7
i 2 W=,

4. HREER
4. 1. HRWT SURETE & B fEtREt

F9°, EBEWMEE 0.08 g/s ITHREL, b—& —MEAE
L OBE O BRI OB & R F I 5 mm [MFE CEIE
HBZ T o7, FORKE, 2 ZAHANS 17T mm Fiko
HRWT ZHHERIZI 1T % EAE 25 mm ORI = 7 NE T
BB OBMITIZIE—ETHH ZENHBFA L., a7 o
AMACIEEARRNCELLTHR IR T 5 25, 2 AAHnd
S 20 mm BRED & ZAICEMOEMN RGNS, =
OFFEIIBEMITFER L &L TRY, ZoHZ T2
T OREEERABOREOHEERICE YA TS, CFD-
DSMC JHERLEHHIC K DA O ZEAL P & 3R RIE R W
—HNE DN, BAEMFTIC XY HRWT KR A5 7T 4E
ThdHIENHB L.

Wiz, RE7 7y MERAGRYE b—E2ERL, /
A AMNRS 1Tmm FHROFHERIZBN T AR S
MOE N—ESMEH AT o7, R~ —EFHEITE

Knudsen number

e Mach (DSMC exit)

= = = = Mach(DSMC, +10mm)
- Mach (DSMC, +17mm)
Kn (DSMC,exit)

- e = = Kn(DSMC, +10mm)
- Kn (DSMC, +17mm)

0 5 10 15 20 25 30
Mach number
B 40 HRWT FHHEBICER T 2~ v "Bl 7 X—t o Ho
3R
" e
""" Vios lrmnses Lo
R Vope (Exinnges, Maass) | > '-
=TT e
0 rr nmnvu - I ,a-;' T |
g o'p : ‘.'1" T T
s 10 . 1
3 10' - s :
. A v =)
[ J. - f
10° b v . 8
" a .:=Dl }
10" prmnReK 40K -1 1

< A A J
20 40 60 80 100
Temperature [K)

5: HRWT FHJEI D £ 77 » MR 5 A Fhlgs « 388 A ek
L DG,

" WY
----- L1 e it 1 e ket
Vaper (Extended, [dojer)
» 7 = - Vapor [Extended Mousaa)
op "t Ve300
e Orirmn 564)
g / Fa N
o'p =4 oK)
‘ Frow with anoet 26|
= 10 Ly : |
& 5
e 0 - |
g g Ji |
o' " xN A 4
- / : '
E o de 3 L/
W0 = g —
10" .;gf: = 3
s x
) ! i
: A 4 J
i’ 00 200 300

Temperature [K]
B 6: HRWT FHAOE ST « WA« /7 XV b
DRI DA (G B ORI X 2 B2 HR).

L DEEFHI & AN TR RR RV E WS R ERH D
0, A CIEA AR DR U D o milish Rl
E WRNELRD, KFETE, TTEN—FELO
DSMC f##r 24TV, =8OR ENRRMEZMEE L 72,
TO%, HEHDRMEETT L V@A LT N —EoAm
TR Lo, ZOREER, BUEMATIC L2 e N —EEIEE
HEE B —8n G oniz. 5o T, BRI &
vk —JE i OfE R, CFD-DSMC # Rk E i ic L v
HRWT FHIESOFRNGEMENE LGS Tnb 2 &
DRHBA L7 427 Alia, AaA’ 5 10 mm Nk,
HE2v5 17 mm FHo HRWT RO~ v 3, 7 X
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—v UL HFERT. RIZALND L) ICKHEED -
ODTFRICATIEE 7 X—2 v Huiim< iy, Hanrd 17
mm OFHETIE, —FE2a 7 EAITH 25 mm, < v
BI10LE, 7X— 801U EEZEHELTWAZ &N
bins.

X512, HRWT FHEERIC BT 2 EH Y AEMEIRGEZ 1T
oz, FHEEICHB T 2EHRT ADOKMIREIL 50K 2 FE

LD O AR H VD, 22 HFHIA~ D BO SN
HbH. BEHNAOZFEHEITF 12 kPa 2B\ T 63.15 K
THDHRD, ZORA 2 b X 0AKE « AKEER CIIEEiE
ML Z D AREM AR E CE 20 A, HRWT KiiddEs i
KETHD-0RMAMBEEERTILERDHD. EH
HADBRAFIHBICONWTIL, BECEZEN AL F—E
B LS O F G 2> 5 Farol®, Vas!®, Griffith19% 23
MELTEY, £/ Daum®iIonbosF—# L 20 K
Y HIKIRA 2 0.1 Pa X {EEARERICB WV TERDEE
MHB AR L TWVWD., TADDOEMT — % &
HRWT FHHIESICR T 2RS4 K 5 1k d 5. KT
FXEBIIL, ZEAZELIET Y e E—i#R, Antoine
K& M7= Edejer'® & Moussa20 O i Fi7& &L th R o> Ik
Efzlm L Tnb. HRWT OoKRiiT—41%, b —4F—
AV L D4R 280 K OEAICMA, e—¥—%fH
L7=5A0LiRE 330 K, 440 K, 750 K, 800 K O &# 5
BEHEBELTWS., 2ALORIET —#1%, #ikoRR
MEEGRER MM E, v F—ERE) CRIHREZ1T -
TR, BUEfNT & OB IC LGN XV O
5 17mm RO ZFCBIFBENLBENETH
5. b= —TMEL=%4E, HRWT FHHEIE O KR E
BT 50, EHOBFEERA/ NSV, e —F—T
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Effect of Magnetic-Field Configuration on Electrodynamic Heat Shield
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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. The magnetic field configuration is a controllable parameter, and then, the magnetic field can be inclined to
the body axis to generate the asymmetric field. Recently, the influence of the inclined magnetic field was experimentally and numerically
investigated. However, they didn’t agree qualitatively about the in-plane component of the side force based on the plane defined by the body
axis and the magnetic pole. Meanwhile, when the magnetic field is inclined, the out-plane component of the side force acts on the body due to
the Hall effect according to the MHD simulation, but it was not yet confirmed experimentally. Then, in this study, the side force acting on the
magnetized body was investigated using the arcjet wind tunnel and the MHD simulation. As a result, we confirmed that the out-plane force is

clearly measured and its direction agrees with the MHD simulation.

The inclination angle dependency of the magnetic field on the in-plane

force is significantly affected by the plume size. The experimental result is similar to the MHD simulation in which the finite plume size is

considered like the experiment.

1 Il

MR B CIRAT T DHE IR D ZE B (RIS &5 FHike LT,
FUNBES 2 VD TRNB 2 B S/ 5 FEMERES TS D,
IR CHRAT T DR ORI I ILIRE B 3 R4 L, EERENO
RENRER L 72D 2 & T, MBECERERRSE Z Y, HEET T X
~vIREE L 72 5. 9ERMET T A~ miEER LD, BIRE D IC%
ESVTMGEMEERSES 2 L CEMNNPRET S, Figurel
IZOWEKTHY, VT T A<HOBMEST ~Lv, B IAEIN
SNDBEL7 bV, JIEERRESIHES T2 EE T2 4T
RSN SEN, I x BIEFHEER & FMEY I X - THRIRIZE
M7 % Lorentz /1 CTh 2. HRENICERIBZEHT S Z & Cfff
BENERL, WS NEIET 5 2 & TMARERIC SRR’ 5 2
LRI TV, £, 77 X~ICHERT 2 BRSO KAE
AR < 2 & CEIFEEE IS DL Z LN TE, 227l
BMF R4 2L LTZTE - T L—FR b~OiSH ST
% 2, 3)'

TAVE TOMIETIE, BEMRSHEENF A DTV S 5EE % R
KR E UTHIENMTON TE 720, lomE2E2 52 L TR
BABNZAER T 2 1B E N ZE T 5 2 &N T — 7 MEYRIR %
AW ERICEVIEERESATHS 4D, —F, KREATRLT
Zf85E L7z MHD (Magnetohydrodynamics) &2 LY, Rz

Fig. 1 Schematic view of the electrodynamic flow control.

BT 7-BEOEERRFINTNS 8D ZnEToOERTIE, T
7186 K OBMRIERTE N 7 M O kE 7] (EPN 77, In-plane force) (243
RPN TWDA, HNIIC OV TIEHER E MHD 35
& CREMBERMG I A RE < B> TR, EEMICH
B LW, E7z, MHD BHEFRICE 2 &, Hall ZhR o
BN L o TR IEIR AN 7 oA ) (5470, Out-plane force) %
fEAT 2 Z EAVRIBEN TS, ERMITITHER S TR,
7 — 7 MEARIF TIE Hall SR8 SN S -0, ' s>
THERIFHITEX 2 FWEMERDH D EEZDND.

2 CARMFIECIE, EBREFHH & MHD FHE & 0 A VEE RS
L7280, BESAINAEANZER T 28 0ICB L TRt & 1T o 7
BARMZIE, 7 — 7 MBRIA &2 AT, BRI E R4 A RE
\ZDWTHN ) & S Oy OFHAEATV, REARER & 4K
HOBEBEERGMCT S, £, ERICEDE MHD #4235
ML, F2BrE MHD 35 & DERIZHONWTELREIT).

2 g
21 RHLME

TR, P XACETE A 25[deg], / KL H M E A S
30[mm] Td B /NHD T — 7 MBEIR & HVTiFo 72, AER
CBT BT T R~ RS Table 110"+ 9. 22Tk A
H A A 8 110 [mm] DAL E TEHB S K2Rk 42 R LT 5.
COLEDT AT H AT 8[lsec], BAE L 15[KW] T
b5,

Table 1 Test flow condition ®.
Test gas Argon
Mach number 1.7
Max total enthalpy, MJ/kg 1.1+
Pitot pressure, Pa 160 *
Static pressure, Pa 34"
Flow velocity, m/s 1097 *
Heavy particle temperature, K 1200 *
Electron temperature, K ~ 6100 *
Neutral particle number density, m=  2.05 x 10%*
Electron number density, m=3 ~1x1019+*
lonization degree ~05%
Electric conductivity, S/m 731

* Measured.
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Fig. 2 Experimental model.
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Fig. 3 Internal configuration of the experimental model.
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Fig. 4 Difinition of the direction of force.

Fig. 5 Experimental setup and measurement system for the side force.
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Fig. 13 Influence of the plume size on the side force.
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ABSTRACT

This paper evaluates computational accuracy of a hybrid method coupled CFD and prescribed vortex wake model to analyze rotary wings in hovering
flight. In this study, a single tip vortex wake model and multi-trailer vortex model are used for the hybrid method. Caradonna’s experiment data is utilized
to verify the computational accuracy of this method. Spanwise airload distribution and sectional pressure distribution of multi-trailer model are close to
those of full CFD and experiment. Rotor performance estimated by the hybrid method with multi-trailer agrees better with full CFD than that with single
vortex. Computational cost of the proposed hybrid method is reduced to one-fifteenth of that of the full CFD.
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Improvements in the Hybrid Method of CFD and Prescribed Wake Model for
Helicopter BVI Noise Prediction

by

Masahiko Sugiura, Yasutada Tanabe and Hideaki Sugawara

ABSTRACT

This paper describes a hybrid method of CFD and prescribed wake model developed at Japan Aerospace Exploration Agency (JAXA). The
base CFD code herein assumed is a three-dimensional compressible solver, <rFlow3D>, which has intensively been developed for
helicopter applications at JAXA. The rFlow3D is a highly versatile CFD code that can numerically simulate flows around helicopter in a
wide range of flow conditions, considering trimming and blade elastic deformation. In this study, the hybrid method is improved by
introducing multi-trailers. Computational precision of the hybrid method is verified by comparing the computational results with the
experimental data of HART-II (Higher harmonic control Aeroacoustics Rotor Test). Airload coefficient and BVI noise distribution
approach to the experiment. And it is also found that computational time reduces about half to one-third of CFD/CSD (computational
structural dynamics) coupling if CFD is conducted after the hybrid method is utilized since the hybrid method reflects periodic induced
velocity of the prescribed wake model and a faster convergence in elastic deformation can be obtained.
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Numerical simulations of jet blast using a non-linear eddy viscosity model
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ABSTRACT
In order to predict the flowfield of three-dimensional wall jets, an extended non-linear constitutive relation of the Reynolds stress is
incorporated into the Shear Stress Transport turbulence model. The JAXA-developed FaST Aerodynamic Routines (FaSTAR) is used as a
compressible-flow solver. In this study, computations of three-dimensional wall jets are performed by the proposed turbulence model and
its quantitative success is shown. Then, we examine the sensitivities of maximum velocity and velocity half-widths to the Reynolds number

and Mach number, respectively.
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K 4. PEE DR &R R K OHEIE L O E(M =1.0 [EE)

Re dB, /dx VO for B, dB, /dx VO for B, B, /By
2.8500x10° 0.3238 (+1.19) 32.98 0.0557 (-4.30) -15.26 5.81 (+5.64)
1.4250x10° 0.3207 (+0.22) 32.09 0.0578 (-0.69) -11.59 5.54 (+0.72)
9.6869x10* 0.3199 (-0.03) 32.04 0.0589 (+1.20) -9.508 5.43 (-1.27)
5.9957x10* 0.3155 (-1.41) 3141 0.0603 (+3.60) -8.955 5.23 (-4.90)

Average 0.3200 0.0582 5.50
(VO: (AR AT XID@By (/D =0, BF- DA DFEIMANIE, FIIE & D7 (%))
5. IR DR R & AR A L OAEIE b o0 #I T (Re=1.4250x10° [E &)

M dB, /dx VO for B, dB, /dx VO for B, B, /By
1.00 0.3207 (-0.90) 32.09 0.0578 (-0.00) -11.59 554 (-0.89)
0.75 0.3262 (+0.80) 40.96 0.0575 (-0.52) -12.70 5.67 (+1.43)
0.50 0.3238 (+0.06) 44.44 0.0582 (+0.69) -9.278 556 (-0.53)

Average 0.3236 0.0578 5.59
(VO: {RABJF A XID@By(,/D =0, 3704 OFEINNIL, FHIE & D75 (%))
6. EME O piR =R &ARARRURES KO HENE e Wi fiE(/ XV D =5.0 mm [HE)

M Re dB, /dx VO for B, dB, /dx VO for By B, /B,
1.00 1.4250x10°  0.3207 (+0.34) 32.09 0.0578 (-2.53) -11.59 554 (+2.97)
0.75 9.6869x10*  0.3185 (-0.34) 38.02 0.0596 (+0.51) -5.872 5.34 (-0.74)
0.50 59957x10°  0.3195 (-0.03) 43.69 0.0606 (+2.19) -7.261 5.27 (-2.04)

Average 0.3196 0.0593 5.38
(VO: (AR AR XID@By (/D =0, HF- DA DFEIMNIE, FIIE & DF(%))
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Pressure Estimation using PIV Measurement at Wing Wakes
in Transonic Flows

by
Kisa Matsushima, Tomohiro Izumi and Hiroyuki Kato

ABSTRACT

A pressure estimation system using velocity data measured by PIV experiment has been developed and validated. The pressure estimation
particularly aims to predict pressure distribution on a wake plane behind a wing. The system uses numerical computations of fluid dynamic
equations called a 2.5-Dimensional model. The model has been implemented to recover three dimensional flow patterns from limited data
on two-dimensional stereo-P1VV measurements. For pressure estimation with the 2.5D model, three PIV measurement planes are used. In
this article, the 2.5D model estimation is applied to wing wake of compressible flows. Instead of PIV experiment, three-dimensional CFD
simulation is conducted about a rectangular wing. It provides velocity data on several wake planes. In addition to it, it gives pressure values
which should be standard to evaluate the accuracy of pressures estimation. The free stream speed of the flow is transonic and shock waves
are generated on a wing surface. The estimation results by 2.5D model has been evaluated by being compared with accurate pressure
distributions as well as the estimation by a commonly used existing model. It has been found that 2.5D one works well for a plane normal
to the free stream direction in wing wake flows. The accuracy of its estimation is less than 0.5%. In addition, through this research, an
effective way to impose boundary conditions for pressure estimation has been found.

1. [FCHIZ

IT4E. PIV (Particle Image Velocimetry) FEBRIFikITA0H
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P E 2 EEMIERNBORET — 2 bENEHEET
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AT 9,

2. EN#EEDRESZEEERERKZDOER

2.1 ®EELTLSPIVEHA

G E L TWDPIVERINE, MU & 9 Em (xF7
) (CFEERNE (y-2°FiE) PO RIS LIThiL s,
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SHEHEIRIC L TH D, FEChordz (CEHKFLT D) Z A
EXE LTERTILLE, AN RIE5C, JAXATEM X
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PIVF—4 DRIFEE LTCFDY R 2 L—v 3 VOfERE
Hnb, 21279 & 5 I3 JE U Navier-Stokes Simulation 12
X NIG A ER L, HET —& 3 Wiy & i,

This document is provided by JAXA.



78 FHIMTZE W TE B AR AR RIE B JAXA-SP-13-011
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Mach0.7 i, #EHFH & L CTHEmEWRRL Tt d 5 28,
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Real-Time Data Assimilation Using Particle Filter and Reduced Order Model

by

Ryota Kikuchi, Takashi Misaka, and Shigeru Obayashi

ABSTRACT
In this research, aiming at real-time data assimilation, a reduced order model (ROM) and a particle filter (PF) are applied to predict
the Karman vortex around a circular cylinder. The ROM is an efficient tool to calculate a flow field in real-time because the ROM
consumes extremely less computational time than the original numerical model. The PF is employed to estimate coefficients of the
ROM by using observed velocity components in the wake of the circular cylinder. Comparing the result of the ROM and that of the
numerical analysis by Building Cube Methods (BCM), the phase difference of the Karman vortex between the ROM and the
observations was corrected. The proposed method could estimate the flow field accurately in real-time even though the observation

contained artificial measurement errors.
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Study on the Correction Method of PIV Data Measured in a Supersonic Region
—Comparison with MTV Data—

by
Katsuhito Mii, Aoi Nakano, Shunsuke Koike, and Taro Handa

ABSTRACT

Particle image velocimetry (P1V) has become a powerful tool for the measurements of flow velocities in wind tunnel testing. However, it is
generally difficult to apply the PIV to a supersonic flow because of unreliable particle traceability. In the present study, the method for
correcting the PIV data measured in a supersonic flow is discussed. The tested flow is an underexpanded jet issuing from an orifice, the
diameter of which is 6.0 mm. The jet has a region in which the gas is accelerated in a short distance (11 mm) from a sonic speed to a
supersonic speed corresponding to Mach 3.7. The jet also has a normal shock wave called Mach disk across which the gas is decelerated
rapidly from a supersonic speed to a subsonic speed. The PIV data is corrected by using the Basset-Boussinesg-Oseen (BBO) equation
based on the assumption that the Stokes’ law is satisfied. The corrected PIV data is compared with the data measured by the molecular
tagging velocimetry (MTV). The PIV data are reasonably improved in the entire measurement region. Especially, the corrected PIV data
agree well with the MTV data downstream of the Mach disk.
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Fig.1 Measurement system and experimental setup for PIV

Fig.2 Measurement system and experimental setup for MTV
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Fig.4 Fluorescence intensity distributions along the central
axis of the jet
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Fig.6 Schematic diagram of an underexpanded free jet
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Fig.7 Streamwise velocity distributions along the central
axis of the jet

RHEIRSC, ~ v T 4 A7 R HEE L D RN
DOBENBHI SN DS, WolE D, Fighh)d PIV F—4 T
X, MEIREEIR O E R /51T Fig 5@l b N TH L < &<,
BB 3B T & AV, £ 72, Fig5(b) TlE~ v T
4 AT BREATHD. PIV F—HICBIT5INR50H
BIL, WO AIBGE ISR T3 BH/E L TNz
ThbHEBZDLND.

Stokes DHLI1REE VT PIV 5 — X ZHH1E L 7= 555
Fig.5(c) D L 9 12v v T o A 7T KX 2 @i o e 3
IR BND KD oTz. WolE D, AEERIEIC
K 2B ARHRRIIM ERE B AR TH o2, T,
PIV OZERISMRED R BIZ L W KHEREEZ L5260
hotelb R END. TV E (slip line) DR
WCEBT DL, Figh(o) THIAI SN DTV mOFRIE
Fig.5(a) & %72 > TW 5728, Fig.5(c) TiX Fig.5(a) & L= T
RERoTEY, MEDCYREAHRTE S.

PIV T—4 & MTV T— X 2 EEIICLRTZ 5 L9

2 b—3 g UEFlF Y AR Y A 2013 FRSCEE 93

T — 4 Ut prv W~y T 4 A7 ERO%ET s by
—REIIZ VT up v W EEXTC 100m/s FEEE ARV M & 72 o
TW5., ZHEA Y 7 0 A EH LizkL R o
}_gi Tj][]ii L7ghho72728 &%2 bhd. & 6L:, Us, piv
W~y T 4 A7 TROESHK 4mm OFPH TR
KFL, EEORNLEHLDICERD AL o> TWV5.
INH v NT 4 A7 X BRI DR IRL -3
BRETERNSEEHEZEZILND. TRHORT DB
PEEEIVITERRDHY 0.0um DR 1% 72 Huffman & DA
RS 255 L L-ER Yk b BlshTn
%. Fig.7 X° Huffman & OERBRFER T, @F#EIICET
% PIV FHHEMEZZ 22 D 88%, RT0BHEzE +21c%
BIRETHDHZILEDHLEOTORLTND.

Stokes DHLIIFREEHWTHIES N2 HET — &
Stokes WCEBRTDE, v~ v T 4 AT BT, Uf, Stokes X
Ut piv £y U, M1V IZr>5<. ﬁfﬁ%@%@/ﬁ%liﬁ%kff,ﬁlﬂ
50m/s L HIERTICH_RTHL MR EINTEY, #iE
REHRTED., v uNnT 4 AT TFHRIZBWT S BAT
TERHIE DN LB, Ur stokes VEETEEIE T O Radlfg 72
BOHE BB AWM ERICHNTELL EH2TWVS. = v
T 4 A7 FOMBEEEIZ BV T, Ut prv L Ut mTV D7
ISV, ZHITR T RMAUCER L TWDL Z L2 E
BRLTWD. MRV D, ZOMEKTIX Ut, stokes L Us, MTv
DFER G/ EV. Fig. 7 TR S F O T,
WMNEER ETHREITFTEYTH DD, Ut stokes (23
W TEMTER A T U vy ISR TE TR
DAL leoTnD. Ty R EREOSA & RIS
PIV OFHIMEDOZEM D MREEOARCIZE D2 bDEEZ LN
. Fie, Hx o b E—EREKE ~ v T 4 27D
5 2mm TR OBz BV T, Us, Stokes L Ut MmTV DFERN
ETHDH., Zho0bdh/iazERIT Stokes DHLIRED
HINHE S OBRBNERRETH D LRI D.

7. FEO

PIV (Particle Image Velocimetry) o3 L~
FAZAREL T 572012, hL—HRTFOBEENICER
T HRAEE R L0 FHME 2 #H1E 3 2 i B O fREE %
1To7-.

PIV 5 X TYMTV (Molecular Tagging Velocimetry) % H
WTA Y 7 0 A0 BRAET DA MR i 00 B 2 5
L7z, 20 PIV EET —# ZHOTHAOFENRKE S
K OITHIIE L7z, #ilEDBRICHEE & 722 2 5L AR5
Stokes DHL/IFRE A Tz,

EINZ PIV EET—F%, MTV ZHWTEHAIS
NEEET—Z L L, MiEEOZY LML 7.
FORR, AV 74 AHANDL Y YNT 4 AT ETO%E
Ty hu E—RER L~ v T 4 AT RO ik
BWCAHEENAEDHTOL 2R L. &I,
VYNT A4 AT FTROBRICE DT, v nT 4 A7
(N NS RA 5 S BIAE SRl 5 BL K 3 W AW 5-saadARVA) IBL. B
R Y, MTV TE L2 b EEORHBIGITESL< 2
LEERTE. S ba E—REESS~Y v T o
A7 EHIZBIT DT MTV L ORI, Stokes O
TR OIS EPE D & OB & PIV D ZE M 2 fiFRE DR
RBIZELDbDEEBEZOND. 5%, LU EBERMESN

2, Fig.5@)—(c)DMEiii L LoTFr—2 %7 vy b LT, EORESLZBED T2,

ZORERE Fig.7 \ZRT. KXY MTV THEl S vz

F— S Uy EET Y e E—EE I VT SE XM

Ashkenas-Sherman OB 9L B < 3L, ~ v T 4 1) AU RS, PIV N> K7y 7 ZFRALHIRR (2002).
2T HIED U wrv DZEAL b T E AT O BRR W 2) CEHEXE, KBEEL, SFFEE, MTV IZ X2 K&

BE SN Uy ok £ B BT 5. PIV CRHIS AL AVO MR R~ A 7 O MR 2

This document is provided by JAXA.



3)

4)

5)

6)

7)

8)

9)

10)

11)

94

& LT, A EIE®R, Vol. 32, No. 125 (2012), pp. 26-
3L

Koike, S., Takahashi, H., Tanaka, K., Hirota, M., Takita, K.,
and Masuya, G., Correction method for particle velocimetry
data base on the Stokes drag law, AIAA Journal, Vol. 45, No.
11 (2007), pp. 2770-2777.

Huffman, R. E. and Elliott, G. S., An experimental
investigation of accurate particle tracking in supersonic,
rarefied axisymmetric jets, AIAA Paper 2009-1265, (2009).
Ké&hler, C. J., Sammler, B., and Kompenhans, J., Generation
and control of tracer particles for optical flow investigations
in air, Experiments in Fluids, Vol. 33, No. 6 (2002), pp. 736-
742.

Willert, C.E. and Gharib, M., Digital particle image
velocimetry, Experiments in Fluids, Vol. 10, No. 4 (1991),
pp. 181-193.

A. Lozano, B. Yip, and R.K. Hanson (1992). Acetone: a
tracer for concentration measurements in gaseous flows by
planar laser-induced fluorescence, Experiments in Fluids,
Vol. 13, No. 6 (1992), pp. 369-376.

Handa, T., Masuda, M., and Matsuo, K., Mechanism of
shock wave oscillation in transonic diffusers, AIAA Journal,
Vol. 41, No. 1 (2003), pp. 64-70.

Ashkenas, H. and Sherman, F. S., The structure and
utilization of supersonic free jets in low density wind tunnels,
Rarefied Gas Dynamics, Vol. 2 (1966), pp. 84-105.

Soo, S. L., Fluid Dynamics of Multiphase Systems,
BLAISDELL PUBLISHING COMPANY, 1967, pp. 31-33.
Liepmann and Roshko, Elements of Gasdynamics, Dover
Publication Inc., (1956).

FHAT 22T TE PR FE AR RF I TAXA-SP-13-011

This document is provided by JAXA.



A5 IRIR )RS /TS S 2 L—3 g VRS AR Y A 2013 Bk 95

RN EAFN B R INEIC K BAAFHICENWT S AT RPDEES e
FRE, £FRA, BHHEE*, NEAH, SCHONHERR Tony**, INREZ**
REAXFEXRER FESEIRMEHER (T277-8561 FEEMHHDE 5-1-5)
*WMITITEBCEA FHMZTMERFEMEE (T182-8522 R H M RAFHAT 7-44-1)
CHEEARERER IPRMER (T277-8561 REH;LEEAE 7-3-1)

Temperature Measurement in Optically Thick Plasma Flows by a Laser Induced
Fluorescence Combined with Laser Absorption Spectroscopy

by
Gen ITO, Tsuyoshi KANEKO, Satoshi NOMURA, Kimiya KOMURASAKI Tony SCHONHERR, and Hiroyuki KOIZUMI

ABSTRACT

Laser Induced Fluorescence (LIF) method is not applicable to optically thick plasma flow because its fluorescence profile is distorted by
three effects; absorption of laser, re-absorption of fluorescence and absorption saturation. In this study, LIF was combined with Laser
Absorption Spectroscopy (LAS) to measure spatially resolved translational temperature in an optically thick argon plume. By utilizing
absorption data of a probe laser beam through the plume, distortion of LIF profile was corrected, and accurate translational temperature was
obtained. This measurement method was applied to optically thick argon plasma flow in various conditions such as changing input power
and measurement points. These results show good agreement with Abel-inversed LAS, and the validation of this method was established.
The translational temperature without correction was up to a fifth of corrected one. Due to distorted fluorescence profile, it is considered
that measured translational temperature by LIF was overestimated. It is revealed that with increasing optical thickness of plasma, the effects
of absorption and re-absorption have more impact on fluorescence profile than absorption saturation. Indeed, axial distribution of
translational temperature was obtained easily and quickly. The measurement time of this method is about one tenth of that using Abel
inversion. LIF combined with LAS is an effective method to obtain axial distribution of translational temperature of optically thick plasma
flow made by wind tunnel facilities such that operation time is limited.
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Fig. 2. Schematic view of measurement system

Table 2. Operation condition of arc-heated plasma wind
tunnel

Input Power, kW 1.2
Volume flow rate of Ar, sim 4.0
Plenum pressure, kPa 50
Chamber pressure, Pa 20
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Fig. 3. Schematic of arc-heated plasma wind tunnel

30 mm

Measured point

Fig. 4. Photograph of Argon plasma flow
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Table 3. Operation conditions at various powers

Parameter, unit A B C
Discharge current, A 30 60 90
Input power, W 600 1080 1620
Volume flow fate of Ar, 3.0 3.0 3.0
slm

Enthalpy of flow, MJ/kg 1.45 2.44 2.79

| — Measured fluorescence
6.5 |. ~—— Corrected for Re-absorption i
|l — — Corrected for absorption
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Fig. 5. Measured and corrected fluorescence profile after
Gaussian fitting
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Fig. 7. Variation of the ratio of FWHM in Ar plasma flow
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Table 4. Number of necessary profiles
DLIF combined with DLAS 180 (15%3x4)

DLAS with Abel inversion 2160 (15x35x4)
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Fig. 8. Measured temperatures in various measurement
points
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Measurement of aerodynamic coefficients in high temperature real-gas flow

y
TANNO Hideyuki, SATO Kazuo, KOMURO Tomoyuki, ITOH Katsuhiro™
anpan Aerospace Exploration Agency, Kakuda Space center, Kakuda Miyagi 981-1525
FUJITA Kazuhisa™
*ZJapan Aerospace Exploration Agency, Chofu Aerospace Center, Chofu Tokyo 182-8522

ABSTRACT
High-temperature real-gas effect was experimentally studied in the free-piston shock tunnel HIEST. A wind tunnel test campaign for
aerodynamic measurement with a blunted cone was performed. Free-flight aerodynamic force measurement technique, which was
developed especially for HIEST was applied. In this measurement, a model-onboard miniature data recorder was instrumented on the
model to store the measured acceleration and pressure records. Three-component aerodynamics coefficient were successfully obtained
includes free-stream Pitot pressure at angle of attack from 14 to 32 degree. Under the low enthalpy condition, the present measurements
agreed well with the measurements obtained in the conventional hypersonic wind tunnel JAXA-HWT2. It was also observed that the
pressure-center of the model moved forward remarkably under the high enthalpy flow condition. It was believed that the shift of pressure-

center was caused by high-temperature real-gas effect.
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Figure.1 High-stiffness three-component aerodynamic force
balance for the free-piston shock tunnel HEK.
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Figure.2 Mathematical model of aerodynamic force balance.
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Figure.3 H2B aerodynamic model with JAXA high-stiffness

three-component aerodynamic force balance.
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= W
Figure.4 A photograph of the blunted cone suspended with

two steel wires. Sting was not mechanically connected to the
cone.
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Figure.5 Relation between axial force (drag force) of a HB-2
generic model and wire cable diameter. Angle of attack of
the model was 0 degree.
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Figure.6 Miniature data-recorder mounted on the bottom plate
of the blunted cone. Six piezoelectric miniature accelerometers
and one piezoelectric pressure transducer were instrumented
inside the blunted cone.
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Table.1 Precision ( o ) of the force measurement in

HIEST
High-stiffness Semi free- Free-flight
force balance flight
CA +8.5% +20 +1.1%
CN N.A. +2.2 +1.1%
My N.A. +2.7 +1.6%

. _e

Figure.7 A photograph of the blunted cone just flying in the
HIEST test section. Hypersonic test flow (V,.=5km/s) came
from right to left. Strong luminosity was observed during test.
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Figure.8 Aerodymic coefficients (CA, CN and Cm)
obtained in this free-fall measurement. Open items show the
data, with the closed circles providing a comparison with
blow-down wind tunnel (JAXA-HWT?2) results.
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Table.2 Test flow conditions

Stagnation Stagnation Stagnation Static Static Free stream Free stream Free Free stream
. . stream . . .
temperature pressure enthalpy  temperatur pressure density velocity Mach Viscosity  Unit Re
To(K) Po(MPa) Ho(MJ/kg) e (K) (kPa) (kg/m®) (m/s) (1/m)
number
condition 1 3.04E+03 1.27E+01 3.75E+00 2.88E+02 1.12E+00 1.36E-02 2.58E+03 7.57E+00 1.79E-05 1.96E+06
condition 2 7.63E+03 1.53E+01 1.58E+01 1.33E+03 2.06E+00 4.77E-03 491E+03  6.24E+00 5.19E-05 4.51E+05
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Figure.9 Pressure-center of the blunted cone under perfect gas
condition and high-temperature real gas condition.
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Aerodynamic simulation for an inflatable vehicle
during a reentry demonstration flight by S-310 sounding rocket

Yusuke Takahashi*, Dongheun Ha' , Kazuhiko Yamada?, Takashi Abe? and Kojiro Suzuki®
1. Hokkaido University, 2.JAXA/ISAS, 3.The University of Tokyo

ABSTRACT
A reentry flight demonstration of an advanced reentry vehicle was carried out using JAXA S-310-41 sounding rocket. The vehicle was
equipped with a flexible (membrane) aeroshell deployed by an inflatable torus structure and demonstrated deceleration at higher altitude.
During the reentry flight, position, velocity and acceleration of the vehicle were measured by the global positioning system (GPS).
Moreover, drag coefficient history was evaluated by the vehicle acceleration and the global reference atmospheric model (GRAM99). In
the present study, flow field simulations around the reentry vehicle were conducted with numerical simulation methods. Aerodynamic force
of the vehicle was investigated with the measured history through the supersonic and subsonic regions during the reentry. In the flow field
simulation, it was found that the measured drag coefficient data shows a reasonable agreement with the predicted one in higher and lower
altitudes. In addition, it was clarified that compressible effect in front of the vehicle appears in supersonic region, and a feature of vortex

ring at the rear of the vehicle is formed in subsonic region.
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Investigation of DBD Plasma Actuator Arrangement for Control on
High-Angle-of-Attack Slender-Body Side Force

Masayuki Sato, Hiroyuki Nishida, Akira Matsubara (TUAT)
Taku Nonomura (JAXA)

ABSTRACT

We have numerically analyzed the asymmetric separation flow control over a high-angle-of-attack slender body aiming to improve the
controllability of high-angle-of-attack flight. In this study, Dielectric Barrier Discharge (DBD) plasma actuator is used as flow control
device. The Reynolds Averaged Navier Stokes/Large-Eddy Simulation hybrid method (RANS/LES) is adopted with the high-order
compact spatial difference scheme for our research purpose. At the first of the characteristics of flow field were shown for various angles of
attack; the asymmetricity of the flow field becomes stronger with angle of attack. Next, the flow control using the plasma actuator was
numerically analyzed. We considered two types of actuator setting; one is body-axial actuator which adds circumferential momentum into
the flow field, and the other is circumferential actuator which adds body-axial momentum into the flow field. As a result, in the case of
body-axial actuator, the side force can be continuously controlled against the actuator output power, and delay of the flow separation by the
actuator generates the side force change. On the other hand, in the case of the circumferential actuator, the vortex filament separation from
the body surface is delayed by plasma actuator, and large side force change can be obtained even with small actuator output power.
Therefore, the side force control mechanism by the circumferential plasma actuator is the suppression of the vortex separation due to the
enhancement of the axial flow by the plasma actuator.
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Quasi-2D Flow Analysis around NACA0012 Airfoil using OpenFOAM

by
Jun NAKAYA and Anju MURASAWA

ABSTRACT

In this study, the reliability of OpenFOAM has been confirmed through the incompressible fluid analysis around the NACA0012 airfoil
and comparing the result of the analysis between Ladson's experiment and Gregory's experiment. Reynolds number of the flow field is Re =
6.0 10% and dimension of the analysis flow field is quasi-two-dimensional flow and two-dimensional flow. "simpleFoam", Steady-state
solver for incompressible turbulent flow based on the SIMPLE method, is selected as a solver, "Spalart-Allmaras model" is selected as a
turbulence model. Free stream boundary conditions of the Spalart-Allmaras model utilized to OpenFOAM are work variables ¥ and
turbulent kinematic viscosity v,. Work variables are ¥ = 1/10v, 10v and 1000v. Analysis mesh is generated by blockMesh and
snappyHexMesh for the quasi-two-dimensional analysis, and blockMesh for the two-dimensional analysis. As a result of quasi-two-
dimensional analysis, lift and drag coefficient curves are not match to the experiment and stall appears with small angle of attack. The
reason is because there is no boundary layer mesh in the quasi-tow-dimensional model. As the result of two-dimensional analysis, NACA’s
mesh and blockMesh get close value to the Ladson's experiment and Gregory's experiment. Especially, pressure coefficient calculated by
blockMesh model is match to the experiment result.
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Flow Field Phenomena on Ishii Airfoil at Low Reynolds Numbers

by

Tomohisa Ohtake, Rie Tagai, Shou Kanda, Akinori Muramatsu and Tatsuo Motohashi

ABSTRACT
Flow visualization of Ishii airfoil was performed to clarify flow field around the airfoil at chord based Reynolds number from 20,000 to
60,000. Although oil flow technique, one of common and traditional wall tracing visualization methods, was applied to visualize flow field
on the airfoil, the flow field could not be visualized clearly in these low Reynolds number region. We devised and applied a new technique
of visualizing the flow field on the airfoil surface with fluorescence aqueous; we named this technique as “fluorescence liquid film
technique.” This technique is possible to visualize flow field on the airfoil in low Reynolds number regions. As the results of flow
visualization by fluorescence liquid film technique, we recognized flow field phenomena on the airfoil in low Reynolds number region that
the positions of separation point and reattachment point and the length of separation bubble were changed on the airfoil depending on

Reynolds number changing.
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Pressure Distribution on a NACA0012 Airfoil at Low Reynolds Numbers

by
Yuta YAMAGUCHI, Tomohisa OHATAKE, Akinori MURAMATSU

ABSTRACT

The pressure distribution on a NACAOQ012 airfoil was measured in order to clarify the flow field around the airfoil in the low-Reynolds-
number region from 10,000 to 50,000. In the present study, a wind tunnel and a NACA0012 wing model with 70 static pressure ports were
used for the measurements. The pressure on the airfoil surface was measured by a micro-pressure sensor. Based on the obtained pressure
distributions, we confirmed in detail the behavior of the separation bubble and observed the change of a short bubble into a long bubble. As
the angle of attack was increased, the non-linearity of the aerodynamic characteristics was affected by both changes in the separation point
and the length of the separation bubble. We confirmed that the behavior of the separation bubble is affected by flow field phenomena that
depend on the Reynolds number.
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Fig. 1 Pressure distribution of short and long bubble !
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Table. 1 Specifications of pressure sensor
. +0.14
Range +125 [Pa] Resolution
[% F.S]
Hysteresis 0.10 Repeatabilit +0.02
y [%FS] P Y| ks
Linearity | +0.10 [%FS] Output DC+2.5[V]
2. 2 EHAEEE
JEFTE O 7= b DIEEMME % Fig. 3 I~ d. JEAE

X Setra #E# Model239 &£/ L, §&c% Table. 112
RUTZ. BERINSH &z 35 SDJENTY VA K
/L7 (SMC #1:82 070-5MC) 12 X » TEE O AT ERIN S
NEDBCYIZESND. YL A KL TWETa s T
~7nruYy s arbru— (PLC) (OMRON #:fi
CP1E-N400DR-A) ([Z X o CHIfIENTWA. JEI1E
HNHH SN EER AID 23— 2 12X - T PCIZRD
gkEns. Vo7V TEMNENEL 1 kHz Ty v
Hix30k & L.

PHAE AR JAXA-SP-13-011

3. ER#ER-ER
WE OB MEETEDD D7D LA 7 VA% 10,000,
30,000, 50,000 D S143 ﬁﬁ%%ﬁ%ﬁ%kw Ko
C XD HOPEMC X MR L e L. iR
?%H94K%T.ﬁ%@%%ﬁﬁ&—ﬁb%ﬁ%%ﬁ%
MThiHEVWZD. T, BAHEROENZ L A%
UTOBERKICHETHZ LN TES.

1) BER»Ee s L ITAQO~1deg.)
(2) BERIASFHIN2 ~ 5 deg.)
(3) I MEAI S —E(6 ~ 9 deg.)

(4) B MEA A (10 ~ 14 deg.)

(5) IMERI A —TE (15deg.)

LA /v X 30,000 D53 % Fig. 5 2L, LA/
NABIC L DiEWE R D T-HIC LA /v X% 10,000,

30,000, 50,000 DEJJ43Ai% Fig. 6 ([CxL7z. ZZTHE
HREC, 1T 1) RTEREND.
P-P
C — 1 S (1)
p 1 U 2
2/9 o

Pixsm EoEs, PodmiAnNIcERE Sz b—

WCEBAEIETH D, rixE D OIENEFRLEAN 2N
(2 BL5% 95% N & O JE ) ARl H TAR L7z,

LA /L R%¥ 10,000, 30,000, 50,000 IS & HATE
REENAR (Fig. 7) 5k, Fig 81Z7x L7z,

3. 1 LA /J)ILX%30000IZH+BEHS

A B UL, 2 JELLFICH W C R i O ik A T
WZEFEHIBES L S, Z OEE TS IERIAE v il
5.l 3 ELL RIS S E EROEANSARICBWN T
va =7 ORIENPEHRFERA LGN &5
2, A 4 EICe % E TS RSMR T, IR &
h‘ﬁ%ﬁ@?‘i CHIBERAN A LT L HEIEN D, A% 5
FELL B EFTn &, RIBES & A5 S TR~ B E)
LHBEERORE S8 E < (60%0 5 25%) 72o7-. Ziuk
Short bubble D TH YV, = OREMCIISER DN —E

\Z7go7z. A 9END 11 E TIIHEHEOR S 134D 5
T BENWD LTz, 20RO AERNAILRY, K

HEFENRRAES R LTz EB 2 oA, i 12 FEL E
C Short bubble 7% Long bubble ~Z5 1, #Hify 15 T
JENGARXIZIER AT, BOER S —E Lol Z
DX Short bubble & Long bubble D% & 2882385 )
RN EE 525 2 E¥bnoTz.

3. 2 LA/ILIHIZLDLE

LA 7 b X% 10,000 Tl 30,000 D & b~ T B A
Wz A O E LIS BICHTGA~BE L. TSR
B TR S 707228, Short bubble I3F&FE CTX 2o 72,
L72>L, Long bubble 133544 14 FELL | THfgsE T & 7.

LA VR 50,000 ORFITHIBESL & T S E )15y
Mo DHER STz, FIBEAR & TSR OEI L1 /L
¥ 30,000 DEFEEITWD A, HEESHSHMESET
DERBEN N> T2,

LEXD, LA I NVAEDOEHE ﬁh@mm%@)%
TR & FIEERIC B E 52, KL A L RERC
T D5 EE DB WNCEE L T D,

This document is provided by JAXA.



pressure coefficient | Cp [-]

5 45 BRI EalE s / M FH A S L 2 b—a VI R T A 2013 GRSUEE 129

pressure coefficient | Cp [-]

pressure coefficient , Cp [-]

pressure coefficient | Cp []

2 ! ! ; upper —— - ! ! ; Re=10000 —+—
lower —s— Re=30000 —#—
25 ¢ Re=50000 1
15
2k 1
N gll -15 B
05 5
0
05
15
"o 02 04 05 08 1 0 02 04 06 08 !
non dimensional position , x/c [-] non dimensional position , xfc [}
(@) a=1deg. (&) o=1deg

-2 - Re=10000 ——
Upper: —— Re=30000 —#—
lower —— 225 ¢ Re=50000

-15 1 2L
g
A 1 ©
05 1 g
a
05 i
15
1 0 02 04 06 08 1 0 02 04 08 08 !
non dimensional position , xfc [] non dimensional position | xic [-]
(b) a=5deg. (b) @=S5deg

2 - ! ! ! Re=10000 ——
upper —+— Re=30000 —#—
lower —<— -25 Re=50000 B

2k 1
g'- RN ,
=
15
1 i : = : ) 02 04 06 08 1
0 02 p 04 | to ° D 08 ! non dimensional pasition | x/c [-]
non aimensional position | XJ/c [-
c) o=10deg.
() a=10deg. © &

2 - Re=10000 ——
upper —— Re=30000 —#—
lower —— 225 ¢ Re=50000 ]

15 a2l i

= 5| |

K 3

[
=
05 g o5
2 o0
0 e
a
05
05 1L i
15 . i i i
1 - 0 02 04 06 08 1
0 02 g 04 | tO ° e 08 1 non dimensional pasition | x/c [-]
non dimensional position | x/C |-
d) a=14deg.
(d) a=14deg. @ &
. o S Fig. 6 Pressure distributions of the NACA0012 airfoil
Fig. 5 Pressure distributions of the NACAQ0012 airfoil :
g (Re = 30,000) for various Reynolds numbers (Re = 10,000, 30,000, 50,000)

This document is provided by JAXA.



130

TR 2R SE R R R

1

JAXA-SP-13-011

!
+ 5[deg] —=—
0 09 ey
10 Separation @ Reattachment _ o -
220 ERRR L+
% -30 % 06
E g
£ 4 = 0° Long
Z 0 5 04 Bubble
@ @
= 60 g 03
5
70 < 02
-80 01 Separation —+— Y
Reattachment —se—
90 . . . ; i ; ; . . 0 h . . . ; i .
0 0.1 02 03 04 05 0e 07 08 09 1 0 2 4 6 8 10 12 14
non dimensional position |, xfc [-] angle of attack [deq]
(@) o=5deg. (@) Re=10,000
A
- y
— 7U< Long
= = Bubble
@ =
g g
e E
g a Short
= E Bubble
2 A\ 4
-80 2 02t \ ]
o1 r Separation —+— \ A
-100 L L L L L L L L L Reattachment —s—
0 01 02 03 04 05 086 07 08 09 1 0 - - - - ; ; -
. 0 2 4 6 8 10 12 14
non dimensional position | x/c [] le of attack [deg]
angle of attack [deg
b) o=10 deg.
(®) 9 (b) Re = 30,000
1
09 -
_ o8t
= ER
% 5 s
o g
@ o
T
5 -0 8 04
@
E
50 5 03 r
s
60 =02t
70 . . . . ; . . i . 01 r Separation —+— A\ AN
0 01 02 03 04 05 08 07 08 09 1 o Reattachment —se—
non dimensional position , x/c [-] 0 2 4 6 8 10 12 14
(C) oa=14 deg angle of attack [deg]
(c) Re=50,000
Fig.7 Pressure gradient of the NACAOQ012 airfoil
(Re =30,000) Fig.8 Separation and reattachment point
4. FEO SE

LA/ VA% 10,000 5> 50,000 (220 CHIEETE D 2K E)

Z 572D NACA0012 324U A D 73554 2 JIE L

7-. FLTUTORENELNT-.

- A Tl AR I B R RIBE N A S 7.

© LA VA 30,000 & 50,000 (200 T ARIHATIC
Short bubble 23 £ /153407 R T E 7-.

A VXA 30,000 & 50,000 (2T REEZ IS
Short bubble 7>% Long bubble ~DZEALASE S 55470 72
MR TE .

« LA Vv X%¥% 10,000 (22T Short bubble 7>% Long
bubble ~DZAVILHEFR T X 72>~ 7273, Long bubble
IIfERR T & 7.

[1] Thomas J Mueller : “ Fixed and Flapping Wing
Aerodynamics for Micro Air Vehicle Applications” , Progress
in Astronauties and Aeronauties., Vol. 195, pp. 1-10. (2001)

[2] Tani, | “ Low-Speed Flows Involving Bubble
Separations ” , Progress in Aeronautical Sciences., Vol.5,
pp.70-103. (1964)

[B] &=5FE— . “BM LT HEMAEEL
TFEEE v, 22, pp. 15-22. (2003)

[4] RPPEA, Mt “ff Re 4k T NACA0012 # DI
WRIGZEIVRIE” , AAMIZE T P L8, 55, pp. 439-
445, (2007)

H AT

This document is provided by JAXA.



55 45 [RIRIR Al / W22 i >

N
X

a2 b—3g UEFRS U RY T A 2013 BTk

131

AMRZIZ & D EENEERNO S REERERIEENT

WMEB— (JAXA) , EiFZ2, FF— (FEAVAYITH)

High resolution numerical analysis of a high-lift configuration using an AMR method

by

Yuichi MATUO, Takayuki TOMIZUKA, and Ichiro NAKAMORI

ABSTRACT
In this paper, a high-resolution numerical analysis for flow around a high-lift device with an AMR method is described. In the present
approach, not only for numerical simplicity but also for practical use, a block-based AMR method is adopted where a structured mesh with
a body-fitted coordinate system in the each block and a self-similar tree-based hierarchical data structure with multiple roots are used. The
pros and cons are discussed to apply the present AMR approach to the complex flows around the high-lift device.
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Development of an Automatic Refinement Tool for Multiblock Structured Grids
Based on NURBS Volume

Yosuke Matsumura, Seiji Tsutsumi, Ryoji Takaki, Kazuomi Yamamoto, Hiroyuki Ito and Kuniyuki Takekawa

ABSTRACT
In the era of petascale supercomputing, numerical simulations generally require large grids with more than one giga (1x10°%) nodes.
Conventional techniques are not practical for generating such large grids, and new techniques are required. As one of such new techniques,
we have been developing a tool that automatically refines multiblock structured grids based on NURBS Volume and transfinite

interpolation. The current status of the tool is described in this paper.
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Numerical Analysis of Hysteresis in Mode Transition of
Centerline Mach Reflection in Stunted Busemann Intakes
for Axisymmetric Scramjet Engines

Hideaki Ogawa (RMIT University) and Sannu Mélder (Ryerson University)

ABSTRACT
Hypersonic air-breathing propulsion, in particular, scramjet (supersonic combustion ramjet) engines, is a promising technology

for efficient and economical access-to-space and atmospheric transport. Axisymmetric air intakes based on the Busemann

geometry offer appreciable efficiency with maximum total pressure recovery and minimum shock loss, but the inherently long

geometry incurs large skin friction drag and structural weight, requiring shortening by some means. Two distinctly different

configurations of Mach reflection are found to exist at the centerline for identical inflow conditions and intake lengths in the

course of shortening by axial contraction (stunting). Parametric studies with steady and transient numerical simulations are

performed to examine the inviscid transient flowfields with variations in the shortening length and freestream Mach number.

This paper presents the results and flowfields with focus on the variations of the exit Mach number and temperature as well as

intake drag and discusses the hysteresis observed in the stunting and reverse (stretching) process of the Busemann intakes.
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Study on Optimization of Fuel Injection Distribution in a Scramjet Engine

- Comparison to Mass Flux

by
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Masaaki Fukui (Space Service) and Toshihiko Munakata (Hitachi East Japan Solutions)

Abstract
Japan Aerospace Exploration Agency (JAXA) has been investigating scramjet engines in Kakuda Space Center using Ram Jet
Engine Test Facility (RJTF) et al. The engine tested at the flight condition of Mach 6 in RITF showed very important
characteristics depending on internal geometry. CFD has been carried out to solve the inner air flow, and some concepts for the
design method have been found by the authors. This time, mass flux (density times velocity) distributions in the engine inner
flow is calculated for two engine configurations. One is an engine configuration with rectangular-tailed strut which showed the
good performance in the engine test at RITF, and the other one is a virtual engine configuration with boat-tail strut which will be

an improved configuration of the former. CFD results showed that the mass flux distribution is better than that of configuration

with rectangular-tailed strut.
distributions in the two engine configurations in this paper.
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Discussion on the better fuel distribution is described based on the result of mass flux
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Figure 1. Outline of scramjet engine tested.”  The

engine is set upside-down on the test bed.
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(b) Boat-tail Strut configuration

Figure 2. Two types of struts. The 5/5H Strut configuration (left) and the Boat-tail Strut configuration (right)

are compared by means of CFD.
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Figure 3. Engine model and computational grids.
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@O Combustor entrance/Backward-facing step

@ Combustor entrance/Backward-facing step

@ Combustor parallel exit

@ Combustor parallel exit

® Combustor extension exit

® Combustor extension exit

@ Engine exit

@ Engine exit
(a) 5/5H Strut configuration

(b) Boat-tail Strut configuration

Figure 4. Mass flux distribution in sections along the engines.

The 5/5H Strut configuration (left) and the
Boat-tail Strut configuration (right) are compared.
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(a) 5/5H Strut configuration

Figure 5. Mass flux distribution in the engine exit cross section.
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(b) Boat-tail Strut configuration

The mass flux distortion in the Boat-tail Strut

configuration is better than in the 5/56H Strut configuration.
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