ISSN 1349-1148
JAXA-CR-08-002

FHEMZMARAERIEIZHRS

JAXA Contract Report

AL NBEREICEAT IAERE (20 2)
ERR19E (20075F) B WEREHREE

el #EEA BAMZEFHES

20092 A

FHMZMAREFERERS

Japan Aerospace Exploration Agency

This document is provided by JAXA.



BELER  BEE oo 1
B2E BWMARREE

ER/HEREICLD Yy I T LEEEHEDBREL 7
o = & o D5 ¥ A I 7
55 2% PSP (Pressure Sensitive Paint) % H\ 72 i 555 E ) 045 OWIEFEER - voveeeee e 8
D1 Ud DIl e e e e e 8
22 JETHFEERZRIE - oo 8
221 WESRFETE A -« v v v v e 8
222 WHFRT AT A EFEEBTE T IV oo 8

28 FEIEEED o 9
231 PSPIZX %Ej}(&ﬁiﬁﬁﬂ ................................................... 9
232 BEMREBIOBERBOEEE 10
233 FHWEEEASPSP JTE/JEHANC FITT 202 oo 11

24 FEOEAFBOIME « o 11
' d SRR 11
B3 KEETLAZIE L7 S v 7 T AJESE oo 12
R A DR ) T T T T T 12
3.2 BUAEMAATTTE <o v vt 12
321 B I - - o 12
322 RIS T Tl oo v e 13
323 Vo T T IR 14

33 FEBLEEEL o 14
331 REEHICE DT — AT DL D D E oo 14
332 BLARNTGAEBREMER - 15
34 FEBOEATEDIEE < e 16
o 5 d SRR 16
A FLOEAIBDOIRE o 17
AR EEEBEDTHEP RNIGICRIFIRE ... 18
I R D o T T T 18
2. R TG U GEER TR + o o et e e 18
3. FEERRETL ..o 19
31 FRALDTTHAL < oo 19
32 BRI IITE < v vt 20
3.3 BT R e e 20
34 MEHROBEPAEEHEOMSATKITTEE - 22
A B o 23
B, ATEDEEE - o 23
P 23
TR - o e e 23

This document is provided by JAXA.



7717 JFaI—FcRHVEYAML Y NVEEREORGHE - 24

N = 3= S P 24
1'1 i L = S 24
12 T RART T T T[T DUNT ceeveeete e et 25

121 FO9RRT 7 F 2T —F L AR TIDOFEREI - 25

1.3 FFZEE I L OTPIZS <o o vvree et et e e e 28
2. (6JF) BRRICBU BT 2 F 21— OHARPRERFMREE - oooeeoeeee 28
21 EEREER . EB L OVEERZME e 28
2.2 FEERKEIL .« 29
3. FO9RXART VT oL — Y DR TN HGER - 30
31 FEEEOHE (TS5 AT I F 2 T— 7 BB OME) oo, 30
311 TEAEE T CFD IC X AWML DIIR - - oo 30
312 FRBEBRI: A A V70— L2 HEERLFEOBILE oo 31
32 EEREEE  FEB L OVEERLME - 31
33 EERREHL L UEEEL ot 32

A F L B oot 33
A1 ATBDEE - v 33
%%jﬁﬁk ........................................................................... 33
VI 7T LMEEICHTEARENDOEEICEATSET VR - 34
1. BFZRAC B AL, TR, JHRGUG oo v e et 34
Rt R 34
B TIFZRAER - o oo e 34
W 34
5. L —H%— :*%_,@I (EZ €E1_1‘£ ...................................................... 34
6. L—H— )L AR MR E DT oo 35
O D o N AP 38
Z/’%%j{ﬁﬁ ........................................................................... 38
WEAL | L—F—FRT T X~ SEREROFATTHACFEERIEE - 39
L— ¥ BRI L 2 BERENBOLTHICET HMIE - TRFRE- 18
INOTIENCIATUIE « « + + + + o oo e ettt e e e e e e e et et e e e e e e e e e e e 48
L TEEOQUCTION = = = = =« o oo e e e e e e e e e e e e e e e 48
1I. Experiment Configuration ........................................................... 49
III Method Of Calculation ............................................................. 50
TV. Results and DiSCUSSION =« = - =+ f s s v s s m o e o m et e et e e ettt e ittt 51
A. Computed time history of the pressure at the stagnation point « -« -« v« v vvvee oo en 51
B. Comparison of flowfield between experiment and calculation « - -« -« - v rmrmeeee e e 51
C. Comparison of pressure at the stagnation point between experiment and calculation - - -+« -+« - - 57
D' Drag Reduction .................................................................. 58
V‘ COnCluding Remarks ................................................................ 59
ACkHOWledgmentS .................................................................... 59
S 59

This document is provided by JAXA.



RFEMAR [FAL 2 MEERRICET 2HAEMRE (2D 2) ]

2007 £ 12 A~ 2008 F£ 2 H

MRBRRHEE

B8 #EHE

K
o
o
Ao
Hp

L N I I R R R

Mo

1 1 1 1O O O 1 1O O

K+
==
EH
X 3
¥
IR _E
N
nE
£ 5=
A
B H

t I
> ot &

£ RA
g

This document is provided by JAXA.



.3 C & (£

2007 fEJEIX, HIIA U7 v MO EIFAPRBICEL S, FLEERIE=2E)—-YaF Pz v b (MR]) OFHEE[L
PRAFND L, AEEOMEFTHEEMGEZBZ 2 AL L, 29 Lioh, L)EWEATREoBEZ HiEL €,
JAXA % O SEBE EEEAR OIS EO ST b,

WEAEBE OZREEIZE T4 L v MlE AR ICE T 2R (20 1) ] CiF, REEOBEHEEERMGHICEHL, £
FEBR TR L A EROET L PR EINLMEL2WRT 5720, SHHOEBRHREZFER L. FOHEIE, HAHZETHE
AT 39 MR AR FHE A/ M HEEY I 2L —Y a3 VHlF Y Y BV T L2007 128054 —TFA Aty i3
U CHIEE S, JAXA CR-07-001 & L CHilL & L7z,

29 LR DOWIFEREN) & JAXA O [Hiki8 5 d i 7 o e % | (C—@iEr 3720, AFEE A Az B v
TIAXA & ) BEEEI SR S, TS L THSM & ) NI L &b TIIFERE Thh, AZEEM%E (1 L
v M EEHEEICE T 2 RENE (20 2)] TIERICERT SUOMERENE[HBSNDL Z LIk o7z,

2. AEFEMROAR

1) ER/GEREICLD VvV T - LAHELEDEREEL
i
WALRE: WARRRAREZERT - B % - KRBk R (IUEH)
ALK TS F B B B - &I A
AR TS B g8 B - Bh Bo- IE RE
ALK ARREERRZERT - B0 B - NI RIA
AR ARRERRZERT - BFER - B M

I
p
>

v

Vo T AERERT A0S EF ST LREHVIREEINTELZY, BEFRITE2ERLAVIRD, R T EEEL
THLECHET LY =y 77— 52E T LI L IEIRETH L. Z0720, 210 OMMERORITEILHEZITES 1,
KESNTULEL LRV, T, EREHEEIA M2 ET L2072 IREKMEE L0 SR O/ FEICETT 5720
121E, BETOMMERE»S Y =y 7 77— LMEROM B EMFE L, FEIT AHAM 2T 208N H 5. BIKTIX, CED IS
LB D DTN & EN W E  FERE L, BT HE IS B BRI AR T A= FEICAI LT,
W EICEGEST LY =y 7 T — 5B T AL N THL., TDOV =y 77— AOEBEHAL L OMEOHEL LV
FERCAT O 72121, I8N T A — FiEIC AT T BB IE & BRI T ORAET H 17200 Tld A <, KFEHMOEN
DOEES RIS 2 AT HIETERTELEEZOND., F72, EFBETTOV =y 77— LR HET 572012
X, KREGLOREZZETLLENH L. 22T, RFFETIE, BERRCL D EELEESAOMEL, K37 2
=y ERN— AR EERAORELEZG L2V =y 77— MERERT T — FORSR 217 - 72.

F9, M LGN OBmEWARIE A BT 5 72010, B RERER R 12 BV CREALE S IOE - P & Ko
WTHBETEEEPSP ICL o TR 5 Z L2l A7, TOMRKE, RBRWEWENKRERETLE M—ETIE, EHELRTE)
WHZ BRI ONDL Z b ol T/, HOWEREEONEG, MJWHZ EHICIRZ 52 L3 TE Lol X
12, REEEOBEIZL>TH EICHET LV Yy 7 7T — A BRERCREOZALEZHET LI ENTEL Y=y 7 T— 4
R — Fe s L7z, CofE, FHT5 L, REEERIRICLD, JGi - B 7 — 2 \BE;RDT 5 2 Lhvbh
7.

TFRAYICIZ, PSP EEIE IR % 22 IEAEIR L, V= 77— MMEEFRN 2 — FEAGHLEDL LT, EHNE
Vo o 7= AT A MRS A 2 L R HIEY . 41, PSPRHIEMTICOWTIRER 7 1 V& ) » VSO 21T, F
72V = v 7 T — MEFENT 2 — FCTIR AR 2RI AR L, KBEKFEA T — Vo R#ES MO I) As Z LT,
£ EREISE IR 2175 .

This document is provided by JAXA.



2 THHLZEMFZE B ZE RERE 2R TS JAXA-CR-08-002

2) BREEBROTEHESRNBICRITTHE
WhgesriisE .
KBRS KRB LR E T RSB 2T L0y - 207 - ik Bt (ArgefEes)
KBRS KRB L ge R 28 T e R0 28 Ly ® - i - ik A

MLZEo T Y AFRTEICN) T 25608 . #EEEOSE, TV REHVLIHEPLVOT, Y xy ME
TATHEEE P S OHER L THEEL L, WAPEMT 2 ERERZEMT 2 EMWMENELD ZEPMOENTWE., 20
G, WL T LR EIZIL L, BIEEOMMIZD L Z P TFREINSL. £2 T, KUJETIE, B L
W OT DTN OKA & EHEES O IC RIS RE LW S 02T 5 720 ICEBRINITFE 217 o 7-.

FEERTIE, KBUFILRF TR Ze T L0 103 E S T A A AR # B (= v n$2.5) GRERim
30mm X 30 mm, 80mm X 80 mm) %R L THW/A., TP v 2EH LAERE Emo TR 2. FRo~ v
1389 2. 3, THIOWROY v N EUEH 3. 0 TH Y, BEERITR 2B L 72, iud, BUEMT T2 X 285 2 %1200
RAHTLHEEZT, 2RLL L7,

FBRGME & L Ol E SR O B s it R 2 21t 2, HEEO T2 MmN OIS RIZTRELHONMIT
Hiy2r o, G S & B8 o T A N O & TS O IC RIZTREBIZ O W TERWIE L To 72, 7,
ﬁaﬁﬂﬁ?éﬁﬁ@l/V/mﬂ%@TLtmﬂ%%@@ Tal) =LK, MhGoBgEiTo7z. RIS, H#
T R & B AT T 2 B E RN OB A 2 WE Lo, FOMR, Wi RS 5 LT, R0 O
PEHTHALZ L, BEHREMEFHFERITEHTLT5L, TENPFELZVRNIG L IZRLLZHESMEIND 2 &A%
Noiz.

AR RE TR BRI O B & FEE T O 2 AT\, B SRR & WY O TS O AL O R O 56— 4 %I
A7z, BEOHER LITPCENT VS, 4%IE, BEREROSR L 2E2RLE 8, HEROT IR IIRIT
THEEHO 2T 5.

3) F2ARTIVFaI—FEAWEY AL NEETRBORAHE E
WFFEsr4H .
BEURE: T8 - 3% - Nl #ot (I0EH)
BROREE T2pi - G - ARE R

ALY =y 7 7= L L ABEERITENOICHEZHIE L, 77 XA~YHMKT 7 F 21— % ORS L FOBEERT~D
BHEHE LTWA, RIFFETIE, RIRTIDODYANVA M= ZikE L.

O~ ANVAN—V]1 TIFIAIT 7 F 2L =% OBEHRTNE OB % 1FEIZT 5

@< A NVAN—VI : FIAIXT V7 F 2T — 52X BEEWRNEOHE

@~ 1 )VA =N virtual shape (77 A< 7 7 F 2L — 4% OFRT LHNIGIL o THRERHOBKREZ(LSELD
EFEBMICFFEONREES) Ol L, FNICL ST 3 — 7 nlk#

WEAEEE S TIZ, AR 7BV 27 MIEoTIRANA =2 I OBEEFTICBIT LT 7 F21—% OBELTNIED
HE TR 2 M7z, CNTTOHMRED L2, SEBERIYA VA =T E LT, KEBEHETICBITAT 7 F 2
I— 7 OREAURERED X OEZREVERBOZOD TS AT 7 F 2T — 7 BIRE BB T EICDOWTENRENIEE 1T
o7z,

AZEDRER, ERREMA N TO TSI AT 7 F 2T — % OHENFEIZEI TR E SHAE LIREIZ 2 B I2ohdES
PETTLZENGhot. TNEBEMET v THNICB 2FEEREORBIET L-HE, SREZAEEIIBIS
DL L7, HLEMORE SEBEDO L ZAHmm EDTHTH Y, SHRERERHERBOMEE L LI
BABNRTIART v F 22— REREILT HLELND 5.

RWFFEIL, R I3 B R 5 E T A BB ORI TSI AT 7 FaL— Y % #HATAZ EHREHWTH
b, INEERTLOIIERO 3 TIZOWTHET Z2LENH L EEZT0D

This document is provided by JAXA.



P AL MG HERICE T AL (F02) PR 194 (2007 4F) JE WFZCRURIREE 3

O T\ 7 B R E A ORFI SR BEML, XV RSLBAENERTOTIAIT 7 Fat— 5 igei~5
@i DAALDZEJVEREN DB TS 5
@5 LINIZ B 1T B HIEEORSEE &, G - CED WifT 238 L e Pl 2479

4) Y=y 77— LERBICHT 2AREANOZEICET 2 ET VR
WFgesr i
BEERF RFEBE AR MZET L
BHBRT RFBRETERZER MZETH TEE
LEERF RFBETAGER  MZET L

CHOE R WL (fREE)
AT - &G
B R

RS IS

ARG, V=W =V R L o TRAET D VEEEMRIET 58, FHoz=E L (HEGIL) X TEDET
WERED L HIZBALT 2 h, ERZECTOETIVERICL ) ZENISHAN, 2OETWMLDODT - %1552 L% H
&g 5.

L—HF =NV RCEoTT T A MENSEET @AY L —W— 75 A8 % &0 ML, SGHEOHENE AT
AT LB HBOENBEZWET L2 L10E >, WML Y =y 7 7—24 GEBREIE200Pa F2ELT) 234 TEL L
PRERRE NS, &850, AV vy bALEHT2ELE 2 @B T 52810k ), BHEORKENIKESSEHTLZ L, ED
DALY B ASKIEIZIEINT 2 H5 R0/ 5 sz,

RFFETIE, L—HF— SV ZAZHWTT I AYBIOHEREZHESE, LETbick h 2oXEzBliL7:. &5
12, ¥— MROWGEREZERAL, RIGERIEE T L) RIS T 5282~ 22 THE LAERSEFOHIAIZB W T,
R AVER T 5 2 L2 X A RAKBRETEANOREZ, PHEICOVWTIEDT N THo72. L L, ZOREEREIZER %/
A3 5L 1050 csmL 7z, @mREEOT EA) RFENIE, M eEH S5 LML 1.2 ~ 15 5108, i FE
12~20f512 % o7z, DL EofEmid, RIS (1) CHESNBREAHLTwWD. CEt (1) CTIIMEIC L )%
WERFEEIRZOIF LT, RETIEINIVAL =F =2 HW TS, BHLZHZEIFREWIZIER LD THL I LY
RIBEND, ZOF—% ZHET 5DV Nd: YAG L — ¥ — 3 fimiE LEES 1Hz TH HAHY, Nd:YLF L —%—0D
Ji3E 10kHz £ CHRETH V), S4Bk A RRBENEBRDSTTETH 5.

2 2 X ®

1. Bart Lipkens and David T. Blackstock, “Model experiment to study sonic boom propagation through turbulence. Part I: General
results,” J. Acoust. Soc. Am., Vol. 103, No. 1, 1998, pp. 148-158.

5) L—Y—EERERICL Z2BERENZOERICET 5 KfE - KRR
i
R R TENIER AZe T Tm - G - 0k R (IU3H)
HEERY ORFRE TR MW TS - 8% - PR E
Ll ERY REERITAER Mz Lrd - Bd% - i &=oA
MR ORFRE TR METHTEHE- BT - REH - #

WA, BEERMARRITICTAVE - HAL, EE - FRENDE T A7 - HERIEOEHZFIH L TH 2T 2 2
ENEBRB L OB EICL > ORSNEHZHEO TV D, FA LN =100 L CHUIMERRIC £ A HEE ST — DK T &
WA REOL =5 =12 ET AT LML SN TS, LAL, LMTHESNZERTE, BELL =% =L 2
WCEBZHNEBEZNEL72bDRE2rTH Y, EREMRRIESPRC ENTL LIFF V.

R WA 2 B ORHINE ST TH ), ZOZMBEGSMETSH 2P0 % EMEICSS 2 L% L v, BiEFtE I,
IANF—FATERENT T AOREICE L TTHA 2R 72720 ill posed DI AR 2 L2k, 52D
TERIERE KL S L LED D L. £ 2 CTRIFZETIE, BEEE T ICE 2 SEEY AR OB S a5 12 L — 3 — B
VALK o CTZANF =2 AN Lzt 0N LA TITEOEILIZOWT, EEHEREOMHN 27 Fu—F12 &
> CTERMIITHNR.

This document is provided by JAXA.



4 TSGR A2 S JAXA-CR-08-002

AR, L —F— B0V 212 & BRI OE )2 % A, BERTT 5 2 L2k, SREAOERIC
LOHNERATRETH S &k, ERICEIE L. SNETOMBRE, B, HIEFHE % R0 H W THR A IR
Wt s Eic ko> THRONERTH DA, 4% self-consistent 7 EERFHM & MMM OB LY, X )2 RS &
URE LWEBI & OBE 217> TR & 220,

3. S B DOREZE

REFFETIE, BEETACEE L 725 DOEFMR 21T o 72, SRR L LT

) &N D PSP X B EBEIETEORHI L, REAEN Z & O IRIRT
QKRBHR ¥y MEREEEEOT

©)1ION ST ART I F T — F X B E R

@HHERKRL V= 7 T — MERIH T A REAH N D 2
OHHEK2 | L—F—IEEEIEHIC X 25008 O

Lo TWwb., REFEMETIE, BEROKREPENENOHFOAEZEN LT, V= v 77— ARHERTHOREICH) M
ATBY, SRLIERIEEZ A5 — T 52 EHNTET.

OORGFIEFRDOHELER L2V = v 7 7T — MelEiira — N, 4%RIAXAOT 0 Y =7 MIOEREWT 2 2 L1
s, QL@TIE, 2=— 7 EBREMEFAL T, MBEESLY =y 77— 20FEPRB S TS, 72, O
®TIE, 77 AR L —F—%FH L7228 LWtk as B ), SBoOBEMSHFEINS. EH#FETEd
B8, MEHEREEO T —~< & LTHIZROFRDHi>TB Y, JAXADHFIZEZONEbDE > Tnb EHAT S,

L2L, MMEREPORATITOREFREIEZZEZ L L, FENTTRNTET) T LITREMICELC, Ihs D%
bAZ =P L7ZIERPYTHD LDV D, FRICEROFEIIL S EIFICHMASLETHY), SHICHELTT—5 2 FAi
HRDZEPET L., SHBROBEITEICOWTE, WML RO 2K, Mgt s Lo X 5 128k 3 2 2 iass
VETH L. FH, MIRREOHEELRO S - ZHOHIM 2 FRIEET 2FOUENLETH S ).

This document is provided by JAXA.



AR (AL NEBEREICET 28AEME (2D 2) ]
2007 F£12 A~ 2008 &£ 2 H
MERRHREE

H280 BMRBRRBE

This document is provided by JAXA.



EpFITHEBEIC L 5V =y 7 T — AR O EREEAL
PN N AR S I VLN C PN A

NI RIE*Y B WE*°

FI1E (FLBHIC

T, SHMEMBGERIILLE 2 EHFLENTV L0, HUZEHIEKEAL L @afbo B~ ATV, FiER
KEERELEEEZWHEICL, SOICMBERNOPEME 2 BRT 52 AN HEATHS, —J, BHIEZI I VE @Ell_
DR, B Py o B35 R P HEE R OB RN OB N2 T2 {, EE Lﬂﬁ$@/~/77—A@ﬁﬁ#%gTka
HHIENL, L PRI X ABEHRE Y A AT =y ME (SSBJ . Supersonic Business Jet) & A TV 5,

ﬁﬁﬁfi%%if&@%ﬂbtbﬂﬁﬁ‘%%ﬁ@m%%ﬁm,MXATumldﬁmﬁ#ibﬁﬁfvyb(%%)

TR ORI D SN T WD, BEEET ERT 572D ICRRTREFMREIBEEL {55 0T, @EEs
ﬂxﬁﬁfﬂ CHEAETAHVZ 7T AR T A I ENRBEEREDO DO TH L. FRICHEHERITHICHEICL > TELE YV =
v 77— L& 572912, Busemann BIAEIER Z 0 L 7S A EE MG SIEE S, FOMEIELE CFD 7 HWw»
CZEJIREEICEE T A ITE S ED S, 2 RICEB KOV RICIIR, IRARIEIR, & 6 I1TI3¥RIERERH % &, CFD (Computational
Fluid Dynamics) %0 L72iFge0sto o Cws (K1-146K). LarL, BEdRIT2 £ L 2WIRD, KRAP 2L
THLICEET AV =y 7 7= 52FEWT LI L IIRETH 5.

Z I T, BEMMIEBRS IS B VT CRD 2 & BRI ) DT NIENT & 5 WIS D O J180e 2 95k L, BRIR T L
BB 2 EESHE R E R NT A=Y BEICATILT, ECEET LV =y s T A e fffE@T 5L —RIUTH
B. 72720, WIS T A= F BRI AT BB O WEEA B £ OCHEEREE R RADOER % Sk > TEL 2 LE %+
ERECIZ, V=v 77— 2 BREESCHREOHEREOM LE2XL Z Lk TW5

Lo T, RETIE, M EFRANOFHmEILTEZ BT 5729012, JEHERREfIC BT, BEELTES I - mzE
KOG IR TH B EEEE PSP I > TR 2 2 &2 A D, X510, KEENOBE L > T EICFET S
Vw7 T = ABFIERCHREDZALEHE T H I ENTELEE T — FORE LA L. DL EOFHIEAMN B & OFHlH AT
DM X o THEONZERIL, I9RMITZIRERIER PR SR 2 EICHW L 720D 7 — 4 X—=2 L L THRE
MENbb0LWfEsns.

-1 A Ly MEEEEIEER (M JAXABGEE, AR 0 mALRETR)

* 1 HULKRZ WARRETRZERT Bt (IREH)
* 2 HULRY THFER #d%

* 3 JULRY LFARRERE dEEdR

* 4 LR WEREEERT HOE

* 5 HULKRY: WARAUIZETT BFZER

This document is provided by JAXA.



8 TSGR A2 S JAXA-CR-08-002

£ 2E PSP (Pressure Sensitive Paint) % R\ /=3 EIHE 9% OBIEERER

21 ZUSIC

Vv 27— L0HfEER AN E LT EFEE LT, BEE T AROEESMmMAES I THE., I
&, B ZATE RO X912, DA S IRIET 256121, M E~OEFEMES R L 25720, I
ETHATY =y 7T —a0 Ik kee b0 THA. — KT, k- HE - Fevifb, Hx%EAET 5EREIRTIE,
RI&T AR DWIIEEEER, &5 WITREEIR L Vo 72BN % 0 S EEEBICEL S, Lzos-> T, bk~ v =
v 7T — LD E R EMICIRA, MY 5103, SRWEROEESIZBWTERHOEN SRR 2 LENH H. KET
13, PSP (Pressure Sensitive Paint) % A& I\ AA RGBT 2@ H L, TESILE 1576 O %A 5.

2.2 ERRBRE R

221 HAANBERER

2-112, AFIFETH W 2RI RFRAERH AR R HTA O RS A A2 H A 2R 3. JlEi-EEFRAmE S
200 mm, 1EGIEHGEEBITIE (X 60 mm X 60 mm TH 5. EHEIT~Y v NEIM =169 + 001 TH Y, Fefhsiidi K 156
Mo Twng, HEH VBRI, SRR 2 ERICEI R 22 LOMIE 2 E5E L TGt s Twa i,

B2-1 () RALKFAWAAAEE#EE, (4) #E

222 RFERIVATFLEEBRETIV

BRI S DU T 554G % JE 2 5 72012, BURBET 27 1) VARFETE 1Z PSP #®#t % 4 L, CCD 71 A 7 T J) % % BUf%
TAHEBRFINZEIR L2, 72, BHEEY) ORNGZ ERICHEBT 2720, Ya) -V itz b Tiro 72, X221
PSP EHMlORET-%, [ 2-3 1213 PSP WG 51k & 7 — ¥ LB FIEZ £ L THUR$ P,

JihEEYEIR 121X UV-LED 1 % (395 nm), LA A 2 7121312 v b CCD /1 £ 9 (HAMAMATSU) % Hw7-. F7-,
INYRISAT 4 NG —IZIE9EE A =650 £ 20 nm 2 L7z, REBRTHOW/EEE, JAXAEREER PSP TH D ((WFEs
. PtTFPP, K1) ¥ — . IBM-co-TFEM, & | CgH;CH; (toluene)). F 7z, FEOBIREELLA & EIIMEA~OZHIL,  Jw RS
A5 sec &Nz, BEMREE AMEIES & 28 6 2 v EARGE LT, RAUREE 25°C ORE M (M 2-4 M) # W Tfio7z
(Stern-Volmer PR (2-1)).

I(Pe, T) P
1) ~AMBM R (2-1)

This document is provided by JAXA.



P ALy MEBEEEICET 2 RAENE (Z202) TR 194 (2007 4F) FERFSCR RS2 9

D SHMOEERER ().
BRBEGERE
INE=71
I | EERRE
@ WA, BEEESE

|| mmom

® FHEBEHLOHTM

- E SR W

Stemn-VolmerPE % X,

SR NTIR
N
@ EHNTEOEL V4

Il mrhoms Gereid

[X]2-3 PSP H[{&HUS L 7 — & WBLFH

1.2 @ PitolSE M
[ S » -
1 B |
2 L o . L I
0"*‘ I
0.8 e
Y S 3]
— /
:';'; 0.6 & 018 w o
= A20
0.4 23
)
% O
02 F 221
()} - " o
0 02 04 06 08 1 12 3‘. —t— ) w4,
- 1%

P/Pref ¥ -—-p-—r s: =
2-4 PSP DJF )11k L

P25 EEETIL (L) ¥ =8, (F) #the
RIFZIR

2512, AUAVZEETFVOE =& LHxdERE R, € - ERREREAEL, —F, B
RIEC STHADPNS V2D, FWTHEE LT 5.

23 EREEE

2.3.1 PSP &2 EAHKEETA

a2 ) =L RHNE{EE PSPIGEZ R4 &, BWRED ICAE LN 2B ICHECEL 2 W TcE 5. M2-6
WRTOE, =% (K25 (k) oya)—L Y EHllE{E L PSPOERIE THL. o) —L VEEISIE, Eh—
BRIIORWERENEEL, 20T TR CHEEDER SN AMTOMELTE& 5. —J7, PSPIZ X A38GME Mm% Tl

— B S D W SR IR E T B 0SB IR TR CME LI S 7z, F 72, PSPIC X A SmBE MR
EEERE OWREASHEICHNA TV A, ZhE, ¥ b—80558E T 2E B - R X 2 2R IE 0% by, B
&AL 72 PSP OSEHERICIEZ T b 2 M‘:bew

X 2-7 124&, PSPEHENC X & BT _LIE 4040 & HhoLhi iz offjj7°n774w%?@‘ JENELOBICIE, /A X%
EFHWELTATA 774V —% @A L7, pm%%'%ﬁ%, Y b =B, HIRET AHEYN, BLOZO T TR
AT DRI I DR SN A NBE S L LIE 7 a7 7 A VbR T&E 5. — /T, Nﬂrﬁ(&ﬁuﬁwﬂ‘%
METMEOEB R E W EPFER SN, BEERNTIE, WIERTEICEDEB TS 2 &3k, EH5MmIE
—EEE R DIETTHL. T, /z‘»ﬁxwwm&mmmwm&m (S BREEORENEZ HND. A\fé/
=T =D X VFEMBRHEEDZDITIE IO L) RHETNO S EERE 2 TLEFD L. £24NOFERTIE

This document is provided by JAXA.



10 TSGR A2 S JAXA-CR-08-002

FREILIC L BMEEOESN ZFHAI L Ty, 20700 PSP OERMICOWTIE, A THEN KA. 5%, PSPEHAlZ H
WTEEBMICE LWEIMEZH L 720121%, BURESh O EREA0ORELE-CHEI, JaiHERE 0L E£E LT, &
FEZALD FEJIMEN T T 2 &2 B H1E L 72 PSP EERICI ) Ml 2 & 2%, RELRETH L. FOHFE, PSPEH

T M 7ZEM B % 2R D RHAEAR 58 S i, BE D b F8E 5 2 )P % Pl & L TS C & 5 T RETEAYA A
R s

232 BERSNSIUERBORE
RV BE TS S A S P IH ZAE53% B 22 R E I~ A 120E, BEIR SOET & U P % 583 2 5 08 O B 2 ik

=

LRENLETH L. RS, BEREMR OB EEZRFT LT, k07— 253 TH D b—< REEI2D,
FEORELHWENTEBY, HMEOIRE (4250, Ehhd) 12X 18~200E%2 52 MLNTWAE, Zh
I L, AR W 7 A AR A O BER SR 2 RO 5. o84, b= AE TR EIHR LY —2E &
LCHENGAICFE L THEA L T2, BERAEIC L 2HIERBOSMEHRET S L e R LTWwD., ZORIERST
HOHHIZIE, CFD ETD & OHEE %A 5.

Bifie EFmEROMA T I, BOGRESLETHA. K26 DY 2) — L YEHIWEEN S, BEHCRYT L 7@
EBIRIBICB VT, BOBREZ BB S HREMRETE LV, 4, HAETHIZL-T, 271583 NAl
ENWEARELHRND L) BB OMETE R, L L, BEREBRICE LA SMHE TR 5720, 15

Shock wave

Expansion wave

Schlieren photograph PSP raw-image for run

K26 ErN—ERYDY 2~V VHi{%E PSP IZ X 2 FEIE0lE (%

31 35
30t
20t
—= 28} 30
=P
=
z 2 25
& o5t
-y
24t
23l i 20
kPa
o [IiPa]

0100 200 300 400 500 600 700 800 900 1000
X[pix]

[X2-7 PSPEERTHES /B FE )04 & bl
Wi cFE I 7u 774V

This document is provided by JAXA.



WALy MEEEEICHET AN (20 2) PR I94E (2007 4E) FERFFE R R & 11

SNFEN T T 7 A VI EDRRERE L RITLTW5H D, BEEHEFLL CFD At Z WV THRE &2 D T <
AZR AR B R & B OB 2 MM T X A LT 5 2 & C, BEWECERE L 727000 & 22 A I T fE~
LT DI ENTEDLDD, 5HES IR 2 HOLREPETH S,

2.3.3 FHULEEERD PSP ESETAICRIFTRE
SOWIEBEE PSRBT AENELZE, BEE TR LI ENRNTEE0MEEL:. ARHwAETFT VL, 25 (F) IR
X ARICIRTH 5. B FRIZIR % I T 5 L7z PSP BETE I+ ) 5040 % X 2-8 127R 7.

[kPa]2?
X 2-8 FHE DL IR B PSP BETH L) oA (Bt
FRIZIR)

B 2-8 705, BRI D IEET 25 VIR I & b 42 ) ) BRI IHRTC & v, —F, LT SR> 5%
ETHEIREIE, TATELRVWSIRZON TS, ZOBRPALRATZHEROTE) LA, 7 ZAVEUFHR» 538 4E
T2 N0 () HEROZBELIZIFAUEEL L), MEORELXNT L2038 L. F 200 EAMEI/N
SWIAIZIE, PSP OIS X A B HTMICHRCHETLE Y. ZOHWEEEOFHINCE L T EIcmRze B8, &
T EER OB IE & IREZAL % 258 L 72 PSP Il OMFT 2 0 2 WE DD 5 .

24 FEHESHDER

JE BTG FE D RHANC PSP &5l L€, Rk B X ORI OB OEHl & A7z, oS, EEmVED g
BIAETAHE BT, SHELTENREZ EEMICIREOSNL I b oz, T, JOWIEBREONA, Tk
FRECIEZ DS L3 TE Lo,

RIFFE O HEEE, PSP EEEIE IR HE & 22 IR JEANEHR L, V= v 77— AMZEET 2 — FEfAGDHbEDL 2 LT,
FEHWE 7 — LM TETITIHE LT ThHs. 4HBORERIZ, UT4EPETONS.

(1) JBEEAE 225 L, BEE PSP 12 X A ERMIT HEHIFL 2 /5T 5.

(2) W OMHIETFEL MY T 5. Frll, BERCOEJII KGR & BEH 1 58% 3 2 B U8 25 PSP 5 HIME 12 B 13§ o2
TG 5.

(3) PSPIENEHIKE A H 2V =y 7 7T — LM 23 B

2 2 X ®

(1] REATSLEH, EEER O HERMIZ BT A LW TR 3 5 EBATTE, BULRSASER L, 2006.
(21 @EHEarid, FrE EEBRONRM, THALTER, 21(83),203-245(2001).
(3] HcBril, v=v 7 7—4 ZOBRLHGE, EEXNE, Hu(, 2000 4.

This document is provided by JAXA.



12 TSGR A2 S JAXA-CR-08-002

FI3E ARBEEZEBLAEVZV I T—LHEE

3.1 [FU&IC

RETIE, RABEICEI 2B EEE L2V =y 7 7= Aol — FERE L. V= 77— 413, BHEHRTR
T HRIED S FHAET D EHEEEPELERALEIHFETHHLTH L. 207D, KADWKENY =y 77— AEBOmIE,
T ERDEEMZELTA YOV AEZALS L LMo NTWAY, 22T, GLOMFIEmICED SR L2k
SJBEESE VDL 2 LT, REEHO 7 — 2 IS RITTREL KRG Lz, 7 — LB W T W O 9 DIRIED
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v =JV'=2.5m/s (3-5)

RAFFETIE, R L HEHNTI00 7 — ADOEELZEVHL, v=v 7 77— A~OBEEIREZHRETHZ LIZL 7.

323 Vv T7— LIGEHENR
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PR 202 ft, & 72 BRI MR A 8 X BRRR S fREIE & L7z (B, K32 (/) O H/L=50#EDOWHK).
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ZO70, WRALEE PO 8 DD RGIBHEHE Y PV, = (C,,, C,y. C,,) % Tri-linear #i5e (8 MMIEHITE) ¥ 5
&, EEoOpEEZRTL LIl 72 (K3-52H).
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M7 va)—VYHREIZBITBMEDKEFEME (HiidH D)
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BJ9IE, WEUE & BT 258 OMTEREME L EERZR L TWh . EEIE, Y0 Moz K2y,
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W, [Jet_SW] B3RS Y, EHEWETHLTWL5E, [Jet) IZERIED 275, @I%IEZ#J:E%#%@1@1%‘(&@]\%73‘
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i, BROSET %A, )RR O A L2 BIREORETHENERDS L2 0BBIEEO T CHRAOHER T
FAT A, ES5LETROx =30mm T, NEWEERDO7ZOIAE L HEREORECENN LA L, ZO T Tid, i
O FIOMEN A TRE TG L7 BEOLET, SHICENPLEALTWD I L0 5.

K12 I3 HAOBEO RN FMELE /R LT LA, KICIZHED2D, RS R WIEEOBEDZLLRL TS, il
EMEL, WL 572012, B2 OWEELZR L& Lz, N RFIOEEE O/ HOME BT A ETHERITIL
L7z (Ko x1 OFE). Wii2h 554, BIERERED L2 T TIC LA LBEDTWES, S0 X512, HEERH
DOENFEAT L EDFERO—2L LT, 7u—T7REAOERBHRZENPEHET LI L8 E2LNL. LiL,
WMHEAE L 2 WA, FIOFBEERZRNDSEE T2 LNV EATAZ 050, Ju—T7RADOENE DL
BFEALTN T RWEEZLNS, Thabb, Thid, MEMEIEANBNTHL ZEPRREEZ NS, 44,
BAEETE L I L CE DA ZH 5 I L7z, BEIRA e WG O R4 138 B 1 7 O & IS 5 mm FEJEMERE S 7z
%, KEEBREEEROMRE CENTBS TS, 2K L, BERFH DHE121F, AFHEBETHOBEEOEEINK
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[4] P58, AT, VHRLGES, S EENE B L R A IERISIHELICE T 2 EBRNATE, H ARG FFES
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1.1 HRE=R

K7V 27 MEV =y 77— L L ARMEFRITEANORHZHIEL, 7I9AXAXWMAET 7 F 22— 5 DS ZOE
HRANOFHZHE LT,

BE KRB DR 2T T ADIE Y =y 7 T =LA THAH., INZHIT L0, HEARIIBWT, HIERY
WICHEDL Yy 7 T AL ABEERITOMIEN BT > THB Y, Fib X OBERTICBVLTRBEIMIZY =y 77— L
PRRT A, EHOTEREVEEITHRE SN TWA[L2]. — T, FeliEins LK 1-112R T L) S EHERETOR
NOFa—rh I lLoTEOWERIEII] - BEEDICHE LR T TA2EPBAEMBEL o TWBH[3]. 2Dz, TINA
FAADTRD SN L ERHEL HIET720120F, 7oy VR, O RET LHEEN 2 L, BIEE D O HH T 55
M ETH B (M 1-220).

ZZTARIETIE, 20X 2REHETOHIEEL LT, BAERITEE THIIEEIT2 o TV A FEMANN) TiE (DBD)
VT I AR T 7 F 22— REAT AL ERETH. TITAIT 7 F 2T —FIIERD TINA A ZHAURE
THIEAES TH 5 %% EIFF IR EDE , SROFEEPIEE T E 2 EHETFETHSL. DBD 77 AT 7T
I — ¥ OEBEBEEEANOIHICH L THETREELE LT, ZOFNA, APBEABIRICEEL 5.2 R WEIEIT LR

Shock Wave
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(a) BFEHERMICBT 2HmBBEOME, (b) FEFFMHIBILF a7
1-1 ARGl - FERRET Sl OB B A OB 57 T35 O HHK(3)
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Plasma actuator

=
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. T7Far—32RIHMOALZ LIZK o TEREEZ —F - T AL TES 2 L, BEHRTORAEHIE 7
INARELTIHIEEICRELT SNV T =V Thb.

AR TP R 18 4R & V) Tl 2 72 B b hE 72 & NIC H ARl F /Y A L v S s REEO K- b o
TCTIARGRT 7 F 22— 5 DL ZOMERT~OFIZHE L TR EZMEDTWE., TRFETIOBEHERPICE
577 F =8 OBEL RO RN ZHED O 7275, X VISHIITH B AR & 0 38k $ 2 105k o 4
RUEEICT 5720101, TIART 7 F 2T — ¥ OFERMEREZ BARGRER - FUAERICL VRRL koo s,

12 F2AYT77FaI—-2IK20T

TAEER I EIIT e bNTCDL T I AT 7 F 2 — 7%, [FRMIIIZEIE - B EE T E X2 2T £
OfFERE LTHIfE SN TS, RT3 2 & LT, RO DIZH~/NEITHIEAE S Th % 7 EIEHE IZFI S D
%\, AMRETOERT FO/ZEATMERICL o T, ZRICOFFERIE 22 1B BB o 72AMEDR ST 5[4-8].
MR ) OGO HBEREI T AT 7 F 22— @M L72BB8ID L 912, —EDRNGOFHTHNTT T X~
T Far =2k o THEEOHIH AT ) ZEDTRETH L I EDVWAL NI L > TV,

BHEAMIESEICBVWTHEL TCWA T I AT 7 F 2T — 7 I3FEM/NY) 7% (Single Dielectric Barrier Discharge,
(S)DBD) %FIHLTwA. SDBD 77 AXT 7/ F 2L — 5 OREIIKI-3IIRENLM) THD., 77 F 2T —5IE M
DEMBEZOMICHRENTFEERPLOED, FUOEBIFMICSHSNTVE, b ) —HOBEBIIFEARIZL o TYWIE
FKHIHEOAFTNTBY, SUNICIEEBEEML v, ZOBEMICK 14 (F) IRENE L) GEEDORIRELE X T 5
ZLIZEoT, EHEMEFERICHRENITDTOLGMDSA F ALEND (K14 (F) 124 F b s3 722283k L T
WOEETRRT). A AL ENI2RMRG T L BRESGOMERIC XL o TR AE L, 727 F 22— OFFRMARICIEZKP %

NG OEENG- 2 6Nb. T DOEBOAE

Induced Flow R, FRICHTEFAEEZDLT EIZL-T,
\\\m* R ENBRFES, HDHWILEES* w52

Plasma zf_D@“m“er SEBTEATEA. T2, BETHIIMEE

. : HIZHOAL I LN TEZ720, AidlLizL B
N \k\_ WROTIKIZEE LY 5 2 2w E b KRELFET
Body b5,
Electrodes

M1-3 TI7AT 7 Fax— Y iEEORE 121 FSXRTPIF1I—RICLBERADK
R

. ‘ TIRART I/ Far =528 bEATIDFE R
N M e BRI ONTHE, BUES < D%E - FIEE S
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B W DBAIE S AT B, KSR
IRRREEE ThEREE R R \ AR TWAW, I TREBEWECMSATn

i v I , o i %A & LT, Font DAT - 72EAEMAITIC & %
¥ — UBRE W L3 S 'Y NOFERIED S+ F[9], B & T Orlov D%
L ; B - BIER AU 5 D7 70 —F 12 X % DBD [RED
% J BRI - 22RO TI012 oW T T ISR
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Output voltage [kV]

L W OBEM ) T BT 5 BRHH9)
MmO 1 "y HAROFEA Y 7RETIE, FIZEMATR
BEEDRILILoTAF A RIY, ZhIC
LBET, Ad Y hEOBHIC L D5 THOES
PNORAFIEE SRTV 5,

DBD B IZB VT, —h Do O ET

,(‘\ - = == SEHFBRNZ DD I
(1) FVEIE & BROWMEE, (F) 14> ksnrtaont W IZVOROBIEFRLERI2H2
1-4 DBD 7J AT 7 F 21— % EREIROTERAY - A HEL ON-JEEA % forward discharge & -5 (X11-5 (1)).
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COMICIEA T Y BLUOBTHREIREN TS, ABISEVIEIEASF VEEPRE L, BRIGESCIELEBTHREIK
v, Zolx, BHEBTCOEE TR SNZETPFEEICA 2o T L TWE, 44 LB L L. K50
BUEHPHETIEL RN, FEEICHEL, FERALOERTZOHE 2 EDL. MEICLVRKEEEITIETLETO
FEIER30ns TH Y, 20k, ZHEFHHWVIZENEBRETA A VAT HICONT, HAITHREITEEL W .
WAL forward discharge Tld, MBS TRICEFICL o THDLONIZHFERLZIZLT 5.

KOEFATIE, #1~2kVOIEDBENFFEREMIZ00 5. O % back discharge & -5 (K15 (7). 2D
EE, AT UDRMIBELER ETHASD L CIEHMETLT 212, (OO CHEAREEICE T 250 £ o 721K0E
J:CCO’CW% Z DIKFEDS back discharge TORMEMGE 2D, {”io“(lﬂf_@%ﬁfﬁﬁﬁé/ﬁﬁ 2o TIEL Tw&, #

&) ZANFERRT, 44 1L, B, SEEE RO L. EBEICIE, CAOOBRTIEIFEROKT2LORNS 2D

/J\é BREGIANVFIIH BB TR 5 v, ZO4EH, back discharge |28 1) A EH & 1L —HiE\, forward dis-
charge IZBITHMBHE LD D RKELC 2D,

PRI TT 7 A~ 2 3E sS85 L, fgSnlT LG T EPEET LI ETHROLNLIIANFIZL T, 20
BRI ERE NS, L2LEdS, BT AT VN OERIYEIEL LD Tl v, R THo A+ vt
VEZET LWL, B EPHETHTHZETAHMEAEL DD 14— LAFERLEICREW., ZOfE, 141
I 0% {HEE ST, Ko THORIMT DM S, forward discharge TlE, £ 4 YV IZBEHEBO TGl ok b, FEEEH
AR ST OINTIWER 5. back discharge Tld, 4 A4 YI3EREB2LOM LT, HRBENBE2LONIPBEL TS, L
7L, back FOD A F »EED S forward discharge & ) b KE W70, BAETLHIIEL LIEAR6Hw. FEno BT
BRIZBIT A2 NOME L KEE %X 1612777 . forward discharge [ ) DM EN LWV -2 E D EREL o TWEL I LS
437 % . forward discharge |28 A JJ DK X 31, back discharge [ZFAET L TOKEED5 BTz, ZORRE, 77
F AL —FPLERINENIERPZ TS5, EMEBRNOB TS, MILZOWTIR TRRSFEET S L
7% 5.

t=20nsec

() Forward discharge, () Back discharge
15 FRFESGFIR T COFEMENY) 7 RGN BT 2 57 Bk -5 B 07 D HER[9]

- _Fontjm;l Stroke Back Stroke LT regton
IS i|  ishown
pipreaiige >~
TERIEI N _
@ - L @
% ‘\t N ~ 'g
3 ‘N\\’Q\‘ N g
PNyl ‘
ave. X force: ' \T‘ \\ ' ave. X force:
-0.002 mN et W +0.047 mN
Al 1 Vo
X
dielectric dielectric

(/2) Forward discharge, (#7) Back discharge
BI1-6 MRFEFPZ T CTOFEMNY 7HER:, H—OREIZL ) FEAET S
ZESIINR T PV DSA(B)
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MEBRG OMEE IR 2 WF7E[10]

FT/RL72E 912, Font 5912 & Ui forward discharge “C I3 #& Hi M 72 &, back discharge Tl 8E HEMR 2> 5 #7255
KM S T I A0 ET S, L, EBICRELARI L-EBRIZX % &, forward discharge (23T back discharge

WCBWTOBEHEBEBPOEI ERT LI EPHONE L 572, COREBOKTZK1-TIIRT. WITEROEWVIINEOT
RIZH . forward discharge TlE, AEFHI N SR> TV L) RWEIR L, wbwb “glow type” THDH. —J
C back discharge Tld, JFEDME (15) 2 OMARIMEZIFET 2 L) ZESR IS, wbWD “streamer type” & 7% > T
W5,

forward discharge 38 & 0" back discharge H 12542 T 2 2R OEALOREIERE Z X 1-8 12" 7. &6 5L OED EIHED
BIMZ X > Tz A F > 2 =AML, ZRPICEHEL 52 5. 20N T T, forward discharge TIZMBAI 12K &
BADFELTHh S, NSRBI EIZIEEL TWABDIZH L, back discharge TII# 5% B S (2GR & % S h3 382k
LT T\, 79ART7 7 F 2L —41281}% DBDETIX, forward discharge CIIFE I BEMAHL CHRAE L -EmHE 7

TARIIFBAREE) LWL TR > T HEIH Y, back discharge TIEBEHEMON  THAELZT T AVIEH
BRI > THIGRIRICE) L TWCIEDTR I 2 2 E2TRENT W55, ZO#EWIZ X o T forward/back discharge £ 11
niz jbb>fy‘$?‘éi7<\737f}‘ HhHEEZLNTWES, FEBITIE, BEREICL o TEL S A A > LB O PR 125
ZL, MRELTTIART 7/ F 22 =5 128 o THBORRICERNBFEATHH, 0L ZOHTORFEITHREIC X
S THRET AT YEELZT TR L, TR FORETH 2 FMREN AT .

02 forward discharge: negative exposed electrode
_ 04} » ] ] | overhead camera
Eos} orientation
>08F :
1
12 ‘
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04 " . N 3 A e ) 4
7 \ . - ¥ \
fos: \ & . W ” 3
> 08- A o \ -
{ 7 ~ |
1 \ ]
12 ]

05 1 15 2 25 3 35
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(_|) Forward discharge, () Back discharge
1.7 RRFHKFCHOSDBD 77 AYT 7 F a2 L—4I(C
B % U O B £ [6]
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(/) Forward discharge, (#7) Back discharge
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1.3 MRENSIVARE
KR TIETIART 7/ F 2L — Y OB LZOBERT~OBEM 2 HiFL, ®ERTTICBITLT7 7 F 21 —5 Dk
AU AR ERIC L VR T A2 HLHME L TwE, INEERT A0, K7E V227 FTIERIRT 32D~ A
WA M=V EFELL.
1:79ART7 7 FaL—%OBEERBNHE~OBEHEHEICT S
I:79A7 7 F2T—%\2 &5 HEHEAREOFHIH
Il : virtual shape (77 A7 7 F 2T — % OFRT LML o THRIFERR ORI ZZEL S50 L EEYIZFE
ORPEESED) OflEE, FNCX DT 3 — 7[5k
REAERE F Cl2, AR 70 Y 27 MLk > TBHEFRETICBIT 27 7 F 22— % OBIE & i o fl#H etk % i 20 72
Bl SNFTOMEED LIZ, SFEEIT7 A AN L LT, BREBEHEEHTICBITL7 7T 21— OEKERHRAEL X
ORI BERIH OO0 T 5 X< T 7 F 2T — F IR EFRB T IOV TENRZNTEE 4T - 72,

BESHSFICET27 7 F 2T —2OERMEERE

WAL, B D WIFREAEWL AR TGP B W TEBEMMET L (P13 02-03 am ), Z0LED7FI5 A<
T F L= ORI REERICHIK L KE BT AL THENL., 2020, REKATICBIFAT /FaT
— ¥ OURE R ERIICETT 5 2 & T HERFIEEOREICBVWTEETH L. AEBRICBWTL, KEF v WIS
FGART I FaT— Y hEBEL, BEOHIEEATTT 7 F 22—y 2EF L, 77 FaL— ¥ BEOHT BET L2
1) OFEANEIIRAEE DN T B N, BRE St Lo R b E X o 72,

BERNETHO/ODTZAIT I F 1T — 2K EBE T EDFHRE

AN A A E H R 2 H v, WERIC T I AR T 7T a2 =8 RRE L2 TNy oy DRI A L) LT,
EREPANERIEICNRO LT 7 F a2 -5 ORIREBRE S EZMELL. 2OLE, 77 Fax— 7 EEPEET 5
DNOHEMNHTLEDOTIERL, 77F 22— REICLNVELLIHERERE, ¥ -7y PR bEREOTHRT 7 F 2L
— S BRENC X D it e FiE L, FEECIHT AEAEHE L S L, RE RGO LRSS, ZoL EDHEMA
BOBRGEINE EDT 7 F oz - OMREMEZIEH TS L L 012, CFD e Wt Pl 21> 72, BUAFEERTIE Y =)
— L B X BRI O AR R S BRI ALE O 2L & RFE L 72,

2. (BE) FERICHTB7 7 F 1 I —2OEKRMEREFHEHER

2.1 EREE - FEBIUERREHG

KIE COVEREFHIABR L BIURFEDHZET v Y NICBWTERS N, HET v UNENHRER 2m ThH Y, HERY
T2 X o> THENED %2 REED S 10 Ytorr FEIE T THIEIT 5 2 & 25T & A, NESFEIERE S 8EE ik -
THEEND EFEIFC, FEENTVWAT VRV FICL-oTHOEZYTED,

IR L72 X 9 IZARRIZE T, 79 AT 7 F 2L — 8 OREKOEBERRELRIIHEL LT, 7I9AYT 7 FaL—FH
FEEAh TR AT AN RIS, Thi, TIRYT v F a4 ZHARTEII¢ A &, BEEICIH) Vv bAELD
L0, COYVxy FOWNEWNETHILIL T, KMEATH2EAAORAENOELZ N2 METEH I E2FM L.
EERIBWTI, 77F 22— 0N E DRI - TEHEHE L7z, HWEITIE Gregory 512 & 5 FFEOIE[11]1% Z%
12, M2-1IRENLEBELZEELMH L. COEBITIORERMEMAL, FAICIZTSIAYT 7 Far—4%% L
WZHENDSBET B L) ICHUY AFLF, s &3 A CROMINIZ a4 KA (BEEIERT AUW 320, /3R 0.1 mg, EMAMEE
03mg) Zi%E L, FAETAMENZFHNT S, GHRIFIZELEF ¥ D NNEICRET 2 L8R D ) mEHERET 2 2 &5k
iz, RAREF v Y NIEB X ) LabVIEW 12 & - T3 ) 7IVBE &4 L & 5Hll 247 - 72,

TIRAIXT 7 F a2 L= ORBIIIR 2-2 1R ENE L) ZRRIKAEH VS, kHzL v VO TILES 2 E758AEMRIC L - T
ERL, TNENT=T Y TIZANL, BOoNTRRELEY - BENT VAI AT —FENHLTHI14 (L) ITRENS X
) BRIELRELE 135,

TIART 7 F 2L —413300 X 100 X 5 mm D F T ALK F IMREH A TR E LT, ZOREICEMZ > NICHEERE
fERE LHEL 72, REBRICBWTIE, BRI A v FR) T ATV 70 X% /B &3 58EBWEAT— 7 (S8 85um)

This document is provided by JAXA.



AL MEEREICET 2RAAENE (20 2) T 194 (2007 4F) BEMTZERCREE & 29

WAL 7222 TIRFEMKIZEA 0495 mm
® PTFE IR % I\ 7235 86 OfER %2 R,
KEBRIZBWTIRERI EICEHET LT XY
LT, FHAFENBLS T IART 7 F 2 —
YERBHEENANTHIEETRE L. KRALEE
FHEL L THES & L TCERZITOIMHA L, FH
SHEDNEIRKEAFE~BEEOFHHTER L. F7/2,
TIRART 7 F 2= FIZBAT DY AT &R
TOWEBRN LW OBBRERARL 720, ok
BaemmEL < (EEE, FERESR2E) 7
FGAXT 7 F 2T — ¥ WIET BT E AN
2. EBRICTIAT 7 Faz—F I CHIINE N
BIE - BT THE LD, AfRaTidahs
2B 2 HFUEBATIZEIEZ 5 5. K24 1 3lE Sz
TIART 7T ax— 5 OHETIRERIEIRE O LRI
DB TH B . REEFTIERFEDE B ISEED I
WD, SIrbEREHNZHEELTYDS
oyt & LB THHEZ KD, TOfEx 13
StrcofEiEE L.

22 FRER

M 2-5 13 KAEEHIIC X 5 T AT 7 Fax—%
DB TE) — WM % R AT & 24 & &l
FELIHERTH L. MOMEHICL > TOHMES
ncThh, FLEZHITFNTELLEBY, 77X
XTI F 2=y OHENIHEEENV LA TSI
ONIEINT 5. 2Ok EREE - REEE
DLy IIZBVWTRIZIZHIETH 525, @iHE
B LIZONEMEIE TS, 72, KEIC
% HIZEEBICHEINIME S, TOENITHT L1
ML Z A5 05, REBIZB W TEHIE
PEATHR LTV B AT, IO N KA M ¢ 2% 72
FTh<, WEILZ DL Y TDBD ED S AN
BEHRE~NO 70— RE~NEBL, TI9AXT 7
FaT—F L TOELVEEIZ IR TR
72O THAH I EVHBHDER T o TnD. ER

I

Force Force balance
450mm
300mm 150mm
T Actuator VM\
Oz 0
T [

Induced flow

2-1

TIART 7 F o T — 5 ARG ERIC B 2T
T AR A

Function Generator

¢ Actuator

Power Amplifier mg Ef;;;;;

04

0.35

0.3

0.25

0.2

Thrust(raw) [g]

0.1

0.05

-0.05

HV Transformer
22 FIRXT U F oL — ¥ OERE)[ B

Time [s]

24 FIAT 7 FaL—8I2%o THEEINDHES DOEER

DL U % G 13 AU ~ D R B AT 1 R 55 P O TR HERE | A7 3 5. BIHE 28I R0 7 -5 2 L0226 &
Rae, FakL72HN EA EFERRTEIOMBALVHENI% 5. EHNF AN RBPID RV IZOHEIT/NS WA, H
BIRCEI L ¥ VI2B W T ENI LT IZHED Y EA L, 09-1.0 atm TEBUZBERDEN L Z W00 5.
s, REAHEWRARBEEREG ICB VT, EBRYy i (M=15-17) TRREAHEISBELL£02~
0.3atm &7 %728, 1.0 atm-0.5 atm O WEAEEDOTHIHD & ) 2L E LB TIE %, 7o —ENOEBBPREEL ) 54

RGBT ORNZIT ) LENDH D I EDHL % 57,

TLCNEBFEEOMERIES, &5 WIS

LEFLDH DD, TNHIZOVTHMEZAT) LENDHHEEZTVA.

This document is provided by JAXA.



30 TSGR A2 S JAXA-CR-08-002

3. T7OAXTIFaI—-2DBEERNDEAKER

3.1 FBEBOWME (FSAYTIF1I—4BBMABOKRE)

JEGR R 1 X A T REERAR IS B W T, MEEEOMIEICB W T SN/ 7T AT 7 F 2 T— 5|2 X B HEBIA
BEOELIZOWT, 20BN EFHEAMRET AL 2HNE Lz, 72, HERETEHRLHMENH 2 EL2FHLALLY
KERFENOEZE HIF LEHRZT- 72,

M 3-1 X E P HIEERRICH V- BEERT v 7 (ERIEO R~ v BM =17, FRBEEIARTE) OMETH 5.
COERTIE, T THIHFIELLHEHEOMELZGIEL, HRE L TELIHMEEREOMNELZRLSEL T L2 HEL
T, 2Ok, TIART 7 Far—FREMERLT Y THHTOHEESLETHLLEND L. FAbie L CHER
BEBILOF A V70 —FErirv, FEA Sz e L7,

3.1.1 FiEHERI © CFD IC L B3 FHNIGDITEE

FIEEN BRI E D720, TROPLHRRBNT Y 7 b STAR-CD % FI\W T 2:R7C / XV D Z2R,0 i MO BAE IR % 4T - 72.
VLN IE AMG solver & IV, MARS A F — 4 & JIWVCEMEIC X Y BEFIL LETR 247 o 72, BRI —fRR~ v
BMM=17, HABIZBVTKRAHEIX118kg/m®, [iREHRE Lz, MUESZEBELETLL A/ VAHIIRe =
154x10°CTH Y, FRETIVICIE ke W, WERIBIRIE EOM3-1 o) TH D, FM3-2 IC5EK/FEZRT. 4B,
FHEETIEH 17000 V5% 5 R ANNT I Xy 2 ThY), WERKHEIZIZ02mm O 7T/ LA ¥ — % EE LTS OR
%E™" -7,

B33t SN2 T v THRELGO < v N BB LR E RS, v N BOAPHLrR L9112, BRILZEBD
TUTHIHICB O TESBARHEEL, FIC L > CTHBESSET LI V005, e Ad L, 7V TR TN
HHEE - FIERAELCBY, COLXOBEFRETHIESH T ALVF 25925 2 LICL o TRAEZHIBETE 205
Wb W) PR A, £z, THEETEOENREGA (M34) 1CkoT, 7Y TRIADHBERIIBB L 2T v TH
EDS5-7Tmm EFTIEN > TWA I EDHERTE L., 72770, ZOFEIETHWTH ) BB ICHEVE2RETELHDT
E W2 EIZIFEEERIE RS v,

18- T T T T T T ml 18 .
J ©1.0atm| | ; ! ! P ! e-25W) | ‘ | |
1 O 0%atm. N | R | L— 16/ 7 3OWE ; : | oA -
~—0.7atm | | | e i ——35W [ i i / .y
—+—0.5atm | ‘ | - A | | —e—40W| | i AT
| [ i i It S ‘ 14! ‘ ‘ ! A - ]
14 ‘—»—— 03am | T / - VAW ‘ . e

Thrust [mN/m]
Thrust [mN/m]

qs 2|0 2|5 30 3;5 4|0 4.5 5|0 55 slo B85 %.1 0.2 0‘.3 0‘.4 0.5 OiS 07 0i8 09 1
Power [W] Ambient pressure [atm]
K25 7I9AYT 7 Farz—¥DOFRKILENCLS K26 7I9AXTIFar—¥DEEEIHD
THE ) —HE) R 2t TR X D02
Moo i LPSeE: A LT G Y S
—_ ‘.-.' e oo .%?‘f't‘:&%"o’?'%' :‘&
Xy
Induced flow — 30deg il "'-.5.’:.%53 e
7.0
31 HHEET - THIUME L 32 BT TR R L 75 T

TIART 7 F 2T — 5 RENE

This document is provided by JAXA.



AL MEEREICET 2RAAENE (20 2) T 194 (2007 4F) BEMTZERCREE & 31

312 FHEBRI A0 70-KICLPFBEEED
H=

FANTU—EICE o0, BERMIICERELZT ¥
THEY oFmRENA T THRALL, £ CFD SR & [F
B BoORENELHE Lz, BRTIX<T 7T
2T - B BICOARDES S H Y, IR NIGIE
WA 5.2 B95, KERICBW AR ICHETES ~
TOREHRBEL, TIAIT 7 F oL — Y EMEHREL
VIREETHT AL 4T o 72, A AV 3 7 2 F ¥ |2IiE)
ST T4 VERBRNCA—R Ry ¥ —%BE&L, WEA
LA VEREGINL 72, fi L 7278 35 A 1 S a 18 4E
EORSZENIRICL o THRE LD TH Y, —HiK~
yNIEM = 17, MO FEMERE - BiRiEEhzh
KETE - ZlRTH 5.

X 3-5 1R T DL ISR E L2 >~ TR O+ A
V7 ua—igTHh L. WL, SEF—HEILE LT
WLEMICEE LD DTHL., 22hb, EBOT ¥

THERMEDLDIZBWTEBBLZT ¥ TRtk L D i (1) < v Esdi, (F) 7
3.5 mm-5 mm \CHEEEAAFAET 5 2 L SO ST, X 3-3 BE®ET ¥ 7Y IO

BB ORI L b F 2 R 55, ZALER S b TIANT 7T mm y IR (M= 1T

530 % &) IR BE R AR S A C LSRN 5 = R0 0

HREPRBL WD EEZ LN, TOEROMERITE )| i _ _; /;@ i
BEMIED OO TWERE L TR THLMIETH 2 | 7/‘| o
LYERD. o | ; )

INHORP LY, BTEEIC B BHERMERTIY, 08— reo e i S Bt SEREEE
TIANT s F 2T = S WHIET Y TR 210mm o . ;; 777777 0 O S |
OHPATIHELZFMALE L CERT L L L LT T '

Al [ IR S
: : o 1 //
32 EREE - HESLOEREH Az B e et oA pw ----- ySEEEN

Ll L ERR S E OMRORRARALT, 75 | 1 I
XTI F 2 T— 5 ORI RTNO MR E AT o ! ! i\

72, REEETIIN3-6 DX )12, A8 a5k RE 1808 ooes o009 o095 o1 0105 odf 0115

K77X77?%11~9%E%$EL,Fﬂ%%ﬁ? M54 EEEST Y TRED Cp i
5 Ik BimngG0Z ftx T a) — LRIl Lo TT (79 X=7 7F a2 L—%IEEREE, M=1.7)
HALLZ:, B, COLEDTIRAIT I/ F 2L —FD
EREhE T, Wi, EBRITHELNIHEPSHAE
7120V, JEUEE 13 kHz \ZR%E L7c. EBRICHEH L&
i - FFEAIIERTI ORIV D LF—ToH
L. 72L, TI9RAXT 7T oz EME S IZEETE
DOHFI LY 30mm & L7-.
MNGOBINZE Y 2 — Ly v o 7T 7
WX Motz vz, a2y — L YBRICEN
oy yg 7 &M, CCD A XA F (Imperx IPX-
VGA 210) |2 & o TEsfiEtss (240 x240, ~ 1000 fps)
BATo 7. HNOIEEFMEDORELRMT 5720, W
ISR 7T AT 7 F 2 T— & BREh - JEEREHIR: %
NENICE L CHi{gZE A8 v ¥ v 7 - SFHL T VR M35 FANTH—BFICL2BEET Y THTO
S BlE AR T AR A LA S

This document is provided by JAXA.



32 THHLZEMFZE B ZE RERE 2R TS JAXA-CR-08-002
SEYg R & LT L /2.

33 ERERHSLUER

K36 T TART 7 F 2T —FZEEHESmm DLED T v KU 7T 7 2L Dol zRy. (a) 77X
XTI Fax—yIEREOLE, (b) ET7 7 FaT— &%%ﬁtf% THb. P, EEBEHIIEFEBBOT®EI YT
7 F 2= R L0, EEESLMFIE (a) (b) TIRIER-THDE. INHLERBTLILICL > TTIRXAIT 7 F 2
1—5’0)%[@ Lo THBEREAFHIBE L Tnb 2 k%]“"‘ﬁ B3, TOEREHOTNTH Y BZD 5 OBGRILEH L. H:

BDZDIZINE DWEDESZROIAERED (¢) THDH. ZI0b, HEENEN TSI AT 7 F 21— 5 EE)

Tﬁﬁk%kbfw%pkﬁ%%féé.

Camera BWHE T > THIROEREZ /87 X 5 & L TH%
WRE E 25 L 2R 2 X372y M9 5.
7 :@&% WREHE OB =I1IX 3-6 (c) DMEA
B LERER Oy VRHHED ) B, KFT5
o Nt-——-—-—>%- ﬁ’\@rkﬁ%ﬂijwt. R oL IO
»5H BHALE L T > TR O EERAS 12 3%
Parabolic Mirror s l,f_i% Lot b RELHEIPEONE LEZ
SN, EBFHEREIINZEMNTLZIOTHY,
TAREEIC L) RS N HEERL & (3.5-5 mm 1}
i) 1B A ERE LA IR & e il
DRE) & HERE L 7. Li)‘l/, T DO AL
5L )P A LI, MNOZELILEENTH
0, FIBESEIS O - FE/ANIxT LAIER 72 = 4 1
FOFAPHERTD LIETFS 0, F72, &K
DFENIZFDOZALIZ DT b A T o F I
£ RPEFELREALEELZ IR TR W, |
LZAdFEE L CEREE - ZMowf 2R &
FEZTWh, REBRICBVWTCEIFERE DI TO

Light Source
M35 va)—VLrI AT LSRR

: . — FSU—EARMT L7017 T AT 7 F 2T
M3-6 HWEHERICBITST v S — A SINTEIN iVXTAﬁ:_\ﬁ(T“ZLOW%E

TIART 7 F 2L — Y REIRD FLE s v (RGRSRIZ XD RS 2).
. —— . T7z, BT ORK L, NEICERETE ST ¥
i e’ / AL / THERTIAYT I F 2T — 5 OMEIZHKE
; £ AT mhh | BEIEAID > T b. 48K S W HEOR I
A AR o e > & | BRI TAC LICE Y, Y KE R

i NGOEANELNDL EEZ TV

(a) T7F am—LF3EEEE) (c) BRENN - JEEREN R OB AT E D2

(b) 7oF 2o— 5 EEED

36 FTIAIT I FaT—FI|ZLDT Y TRIITOHEER O
¥ Ry 79712k 3L (x =3 mm)

This document is provided by JAXA.



AL MEEREICET 2RAAENE (20 2) T 194 (2007 4F) BEMTZERCREE & 33

L % & P |

KT T TIART 7 F 22— ORI E ZDHEY
HEA~OBP HigL, BEdmPIcBIs27 7 Fax
— & OFEARMERE T B ERIC L VR T 2HEENL
L, BESBEEBFICBITAT 7 F 2 T— % OIERMERE
B L OHEEERNEHO /oD T I AT 7 F 2T
— IR EBRE) TR IO W T ERENMR E AT 7% - 72,
ZORER, BEBRKREMR T COTIART 7 F 11—
¥ OHEDFFEZEINCR & ARFE LIREIZ 2 5 1201

N
L5

-
(5]

Shock wave displacement [mm)]
%)

=y

0.5 |
DTS5 2 Ehsirote. CREBHRT TN |
bﬁéﬂ%@iﬁmﬂﬁk WL 7R, WA % 1 2 5 4 5 & 1 8
WCRE S AT LICKRI L. BLEMOKAKE SI3H Distance [mm]
T = — h \ -. 1= ; 3_7 EE’EJ‘ J:;Q) ; ” R
DL A mm EbFTHTHY, AIEAMEREHAR SR &@ggﬁﬂﬁ R

BOMRZ S LI, RABNR T IART 7/ Far—4
IRz il b 2 LD D 5.

11 SHEDOER
ENTIF AR E%%rd@% BRI ET A BN EOREIC T AT 7 F 22— 2T 452 EAHWTH
b, INEFERT LI %@35 IOWVTHAET 2ULEPH L EEZTND
1. G 7% EBA BARE A OflF S 2L, ibﬁ%&&k%ﬁﬁf@77xv77%;1 ¥ Vg
2. NS DZALDZETIVEREN DB % TS %
3. FERIRICBI A HIEEORRZE L, AR - CPFD T 284 L 72 MR Tl 2479

i

FHRNZ

2 2 X ®

[ 1] Kusunose, K., “A New Concept in the Development of Boomless Supersonic Transport,” 1 st International Conference on Flow
Dynamics, 2004, pp. 46-47.

[ 2] Yamashita, H., Yonezawa, M., Obayashi, S., and Kusunose, K., “A Study of Busemann -type Biplane for Avoiding Choked Flow,”
ATAA 2006-0654, 2006.

[ 3] FHMZEMT e ZEREME, “V A L > MBEARICE T 2 RANE (20 1),” FHM22HTE IR 2K T, JAXA-
CR-07-001, 2007.

[ 4] Post, M., and Corke, T. C., “Separation control on high angle of attack airfoil using plasma actuators,” AIAA paper 2003-1024, 2003.

[ 51 Enloe, C. L., McLaughlin, T. E., VanDyken, R. D., Kachner, K. D., Jumper, E. J., and Corke, T. C., “Mechanisms and Responses of
a Single Dielectric Barrier Plasma Actuator: Plasma Morphology,” AIAA Journal, Vol. 42, No. 3, March 2004.

[ 6] Enloe, C. L., McLaughlin, T. E., VanDyken, R. D., Kachner, K. D., Jumper, E. J., Corke, T. C., Post, M., and Haddad, O., “Mecha-
nisms and Responses of a Single Dielectric Barrier Plasma Actuator: Geometric Effects,” ATAA Journal, Vol. 42, No. 3, March 2004.

[ 7] Corke, T. C., He, C., and Patel, M. P., “Plasma Flaps and Slats: An Application of Weakly-Ionized Plasma Actuators,” AIAA paper
2004-2127, 2004.

[81 AT B, JIREDL, "7 79 XA~T 7 FaL—8 2 HWMEED iAo PWM KT, " ~FRL 19 FEEZ=HEY KDY
LB A, 2007, pp. 32-33.

[ 9] Font, G. I. and Morgan, W. L., “Recent Progress in Dielectric Barrier Discharges for Aerodynamic Flow Control,” Contrib. Plasma
Phys. 47 (1-2), 2007, pp. 103-110.

[10] Orlov, D. M., Font, G. I. and Edelstein, D., “Characterization of Discharge Modes of Plasma Actuators,” AIAA 2008-1409, 2008.

[11] Gregory,J. W., Enloe, C. L., Font, G. I., McLaughlin, T. E., “Force Production Mechanisms of a Dielectric-Barrier Discharge Plasma
Actuator,” AIAA Paper 2007-185, 2007.

This document is provided by JAXA.



V= 7 7 = MERISTT A KRGO EIZET 4
T TV IR

Pl TEELRDOWOE ORI B

. F ®% #& =

ARWFFEIE, L—F— OV R L o TRAET 2 WEER ST 28, FAMoZBRENL (HEERN) 12X o TEDET
W ED X HIZEALT 50, FEBRETOETNVERIZL ) REWIAN, ZOET MDD T— Y 2B 5Z L% H
HEd5.

L= =SV RIZL o TTTAMNEPRET HMIEEZ L -~ T I Av0RE % G Cufifb L, SHEOMEEAEET
R LB GROENBREZHNETAZLICL-T, BN A Y=y 7 7—24 GEREE200Paf2ELT) ML TELZ &
PR SNz, 512, Ay b20MHT A6 ZEHT LI LICL ), BHEORKENKRESEHTL L, BN
DA 1Y) R ARG SIS B 45 A B 7z,

2. L—¥-FEERRREERE

T, V=YV RICEoTHET LTI AV, HEEOEHEZHLPICT LI EICE T, AZEHMISHE L7245
PEEBET L7z, L% =XV ADFEARELE LT, AHEKFIH %S TEA (Transversely-Excited Atmospheric) KEEH A L —
H— (ZANVF— 107, PHEIE 140ns), Nd:YAG L —H#— (ZHVF— 17, FfllE9ns), Nd:YLF L —H— (Z R F—
20mJ, FfEIE10ns) D3BEEFH, L—H = XV AV — L FFEEREEMICER L, Pz EE g 2 58k X8 5 il
wHfEsr L7z,

Over Pressure [kPa] Over Pressure [kPal
2.5 AR Ty ! T !
2 —— (02 Laser I_ 0.8
— ] — YAG Laser I
~4 I 0.6
5 Laser Energy "4 [g Laser] Enegy ©.2J

Measurement: Point: 1. 0.4 " & Point: ]
1 530mm from the Breakdown Hoint ) 250mm from thé Breakdown Point]
0.2 ]

0.5 ]
M;‘J , ; -0.2 ! ! {
0.5 | ] -0.4

-1 Lod ). TII '] TR '] bl dd. bded . 706 L.
50 100 150 200 250 300 150 200 250 300 350 400
Relative Time [y sec] Relative Time [usec]
(a) TEA CO, L — ¥ — (b)Nd: YAG L — ¥ —

Fig.2-1 EER TR O N HENIEEE

HgZHCmAG%V—W—ﬁlUNdwmD—W—K;of%&bﬁ@%ﬁﬁi%&ﬁﬁ%%ﬁT.ﬁ%@ﬁﬁﬁxw
IANF—PREVOIELSNLBREIEIZE . LAL, ODOL —F— 37— — 7 DRI, FiED170ns, HBE
129ns TH Y, FIFIIFICAED S KEEICRE DL DIZET LEMPEN. ZO#ELY, 3OGLHE D THEBRD -2

¥ 1 AHERY KE¥RTEUER fizesd TEig iz ((RFER)
* 2 AHERT KRB LA geE %H)LI%EEL”%“?MZ At}
* 3 AHEBEART KRERTEMZER e T¥aig B

This document is provided by JAXA.



AL MEEREICET 2RAAENE (20 2) T 194 (2007 4F) BEMTZERCREE & 35

Nd: YAG L —H—ZHwb I Lt L7

EBRTIE, HRERIEPERORE SIEBLDTIIEL, 5HROEEE D - TBY, 77 A=Wk - %
MRS, I, BEEOEDEEICEE RITY. 22C, HBFELOMELZFARL D, FELIZL-—F—-TFX
TOZEE) Y, mEETL =377 AT (10%frame/s, 100 frames 72 5 U812 108 frame/s, 8 frames) % H T #i4L L
7o, FECOWTIE, WERALICGES.

3. L=Y—/NILZERBEREREEREDTH

I MPaBEEDIE N IC 2R A KB L 2 IFRME 0 6, SRS Nz ) v M2l L TR T 54 L, dERnE %
TS L HEEEIE L7z, Fig. 3-1 ICHEBEEOMEF /R,

ATy =574y -2 LT, HElm’ OIFSMEICEMERETIET 5. HAHRESRTH L ELMEERKE
(TG) &, —MECIE2mm, EX200mm DAY v bFHRFENTEY, 22056 — MROBERIBHE SN D, EF O
23, BLIFEEBENOFEARHET LI LICLoTHIIS NS,

Nd © YAG L =% =0V AL, Ly A& ) RamIzELsh, WHiEsFH R LT 7T 2 ME (ZIFTEFRICEE LY
BRI IREI A L) WBIL) 2%ESED. HREOENE, 77 A MESEMELS L, OHEEICE» N m RIS
(Qus) - WEEOTEBITNEHRIZIC I D ME S NS, RN, B 200 mm OO UL E 2, A RDIERE
TOREMAPSDBEREOEELZ T VI IREINTWS, EHEBREISOETIE, Y FrvarF1tiatr—%
MLT, FUVILEFIOAT—-SICL YGRS NS,

BLIESEE2EE & BB F COMEEY L, Wite 77 A MERREMBE T COEME L & L TEBREZIT> 7. Table 3-
LICERRGE 2R,

Case 1, Case 3 CIIAE I AMEG % 88 L 7= D BT E AR IZEET A4S, Case 2 & Case 4 TlE, N AEGT 2 88
P EN LR F CRGET 5. ENEBRIBBOMEL, Casel TIEMEFHAGIE2S 13ecm TH 5 DIZxF LT, Case 3 Tl
25cm EXPFMLEIZ L YV E ZAINET . FNEND Case 12K LT, Biid 0, ZLoRSFRENR10ETOES
s %470 72.

Fig.3-2 13 Case L IZOWTHERH Y (F), &L () OWAITIE SN2 BREORBZLOB & /RS . B2 e Wiif,

Reservior Nd:YAG
Filter

Breakdown

Focus Point

Compressor

Turbulence .
Generator =
[
I Lb
Pressure Pressure Signal Oscilloscope
Gauge Transducer Conditioner

Fig.3-1 s

Table 3-1 Experimental conditions

Pressure in TG

L, (ecm) L, (cm) L, (cm) (kPa)
Case 1 63 83 50 10
Case 2 10 83 50
Case 3 60 83 35
Case 4 30 83 35
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Table 3-2 Case 1 |2 BT A HaTEEfi=

Without turb. With turb.
Case 1 Rise time Over pressure Rise time Over pressure
(us) (Pa) (us) (Pa)
Mean val. 1.7804 397.2 2.684 398
Max. 1.81 405 6.366 574
Min. 1.74 388 1.5917 201
St. deviation 0.0205 6.476 1.5983 122.8
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Table 3-3 Case 3 |2 BT 5 il i =
Without turb. With turb.
Case 3 Rise time Over pressure Rise time Over pressure
(us) (Pa) (us) (Pa)
Mean val. 1.78 4125 2.08796 408.6
Max. 1.8583 426 2.2583 590
Min. 1.6746 400 1.7997 290
St. deviation 0.06847 8.519 0.171 104
4. & &

AT, V=P =SV AEZHWTT 7 A3 B L OEHEEZ A SE, BFTHILCE ) 2oBE 2B L. &5
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(1) Bart Lipkens and David T. Blackstock, “Model experiment to study sonic boom propagation through turbulence. Part I:General
results,” J. Acoust. Soc. Am., Vol. 103, No. 1, 1998, pp. 148-158.
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Al.l1 Experiment Setup

Experimental system is divided into two systems—plasma generation system and Schlieren visualization system. Fig. A 1-1 shows
schematic of the experimental setup for generating laser-plasma in quiescent air at atmospheric pressure and visualizing it. In plasma gen-
eration system, a laser pulse was directed along a convex lens to be focused into a small region to enhance gas breakdown, hence to induce

plasma. Table 1-1 shows the plasma generation experiment conditions for each laser. The effective laser pulse energy was measured with

an energy meter.

Table A 1-1 Conditions of plasma gener-
ation system

Laser type Nd:YAG Nd:YLF
Wave-length 1064 nm 1047 nm
FWHM 9 ns 15 ns
Pulse energy 140 mJ 25 mJ
Focal length 100 mm 15 mm

Generated plasma was visualized using Schlieren system and was recorded onto an intensified charge couple device high-speed camera,

HPV-1. In this study, to control the delay time between the laser pulse and the recording system, a digital delay/pulse generator was used.

Nd:YAG Laser
or
Nd:YLF Laser

<— Laser beam

Lens

Pinhole N
I

Xenon fash lamp Lens LeNs  plasma

Concave mirror
f ($300mm, £=2.0m)

Lens

! Fig. A 1-2 Schematic illustration of experiment
HPV-1 High-speed .
camera setup for generating Nd: YLF laser plasma at lower
ambient pressure

Fig. A 1-1 (a), (b) Schematic illustration of exper-
iment setup for generating Nd: YAG and Nd: YLF o pressure gaege
laser-plasma at atmospheric pressure

Fig. A 1-3 Schematic illustration of posi-
tioning focus lens inside the chamber
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A1l.2 Plasma Generation System
Al.2.1 Laser
(1) Nd: YAG laser
Table 1-2 shows general specification of Q-switched Nd: YAG laser (Quanta System ).

Table A 1-2 Specification of Nd:

YAG laser
‘ Model SYL 203
Medium Nd:YAG
‘:’ @ Wavelength 1064 nm
Energy 2 J/pulse
FWHM 9 ns

Fig.A 1-4 Nd: YAG laser

(2) Nd: YLF laser
Table 1-3 shows general specification of Nd: YLF laser (EdgeWave, Germany ).

Table A 1-3 Specification of Nd:

YLF laser
Model IS81-E
Medium Nd:YLF
Wavelength 1047 nm
Energy 25 mJ/pulse
FWHM 15 ns

Fig. A 1-5 Nd: YLF laser

A1.3 Schlieren Visualization System
Al1.3.1 Setup

@ Condenser Lens

@ Pinhole

@ Collimator Lens

®Concave mirror

(DXenon fash lamp /
i o
|

®Plasma

(1)

@Knife edge

®Lens
©@High-speed camera
Fig. A 1-6 Configuration of visualization system
Schlieren visualization system is used to visualize the gradual development of the generated laser-plasma over time. Basically, the sys-

tem includes (1) light source parallelization process, (2) parallel luminous flux focus process, and (3) recording process using high-

speed camera. A xenon flash lamp served as the light source, connected to inductor box to luminescence light longer enough for record-

ing purpose.
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A1.3.2 High-speed Camera
HPV-1 High-speed Camera

Through a Schlieren visualization system, a high-speed framing camera is being used to record the time evolution of the laser-induced
plasma. Images can sequentially be taken every 4 us for 100 images, so that 400 us of duration during plasma evolution is recordable.

Table 3-4 shows general specification of the camera.

Table A 1-4 Specification of HPV-1

Model HPV-1 (Shimazu Co.)
Resolution 312 X 260 pixels
Frame rate 4 us/frame
Record frames 100 images

Fig. A 1-7 HPV-1 High-speed camera
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A2 D L= =57 I X~ DEH)
A2.1 Nd: YAG laser-induced plasma behavior

The study of the Nd: YAG laser-induced plasma behavior in ambient air at atmospheric pressure and the mechanism of its instability will
cover the phases in order:
(i)  Blast wave generation and propagation.

(ii)  Jet and toroidal structure formation.

A2.1.1 Blast wave generation and propagation

Fig. A 2-1 shows an example of the visualized time evolution of a plasma and blast wave in the early stages of development. As the laser
pulse that is incident from the left side has terminated, the small focal region which is directly heated during the laser pulse irradiation
hereafter is referred as plasma and was observed in the first frame at 7 = 24 us and thereafter. At atmospheric pressure, the initial plasma
is almost ellipsoidal in shape with the major axis oriented along the laser beam. As can be observed, a blast wave begins to travel out from
the heated region after the plasma front and the blast front propagate together.

The blast wave surface expansion can be quantified in terms of horizontal and vertical radii of the ellipse. The horizontal radius r, cor-
responds to the one parallel to the laser beam axis or x-axis; the vertical radius r, corresponds to the one perpendicular to the axis. Fig. A 2-
2 shows the relationship between measured shock wave radius r, and r,, and its expansion velocities, horizontal velocity v, and vertical
velocity v,, and ¢, the time from the start of expansion in the early stages, from ¢ = 24 us up to r = 44 us. Initially, the blast is ellipsoidal in
shape due to the asymmetric plasma region. However, the blast wave becomes almost spherical by ¢ = 44 us. This is demonstrated both in
Fig. A 2-1 and Fig. A 2-2. The shock front tends to become spherical in shape with increasing distance from the origin independently of
any finite source shape.

Expansion velocities v, and v, in the figure are calculated from temporal variation of r, and r,, respectively. The velocity during the blast

wave expansion gradually decreases, hence the Shock Mach number decreases in intensity.

14 -I LB | LI ) l LI B I ) | T | L l_ 6m
[ L al
12 - 550
[ Vi ]
cof | o
g 10 5 — 500 &
= i . ‘g
E g - - 450_
ol : 7] E
6| J 400~
[ Tk .
] 4 al "1 350
52us 56us - A 7
B P'.I, -5
2 -I TENEE BN A RN AT I A AT A SN SR EN I A AR 300
20 25 30 35 40 45
time [ps]
coocd < Fig. A 2-2 Temporal variation of radii and expansion
Fig. A 2-1 Framing Schlieren images on variation radii of velocity of expanding shock wave

expanding shock wave at the early stage

A2.1.2 Jet and toroidal structure formations

Fig. A 2-3 shows typical Schlieren images express time evolution of the laser-induced flow. Time passed after Nd: YAG laser pulse irra-
diation is designated by ¢, and the first frame at 7 = 24 us the laser pulse has already terminated. The laser pulse is incident from left. As
have been mentioned before, the small focal region which is directly heated during the laser initiation hereafter will be referred to as a plas-
ma and was observed in the first frame at r = 24 us and onwards, and initially, the plasma is almost ellipsoidal in shape with the major axis

oriented along the laser beam. As time elapsed, plasma kernel keeps expanding vertically, but compresses horizontally towards its centre
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at early stages before propagating up the laser incidence axis towards the focal lens, as can be observed in Fig. 2-3 qualitatively and be

confirmed in Fig. 2-4 quantitatively.

108us

192us

216ps

Fig. A 2-3 Framing Schlieren images on laser-induced
plasma in quiescent air,

At t, us—us the plasma is almost spherical in shape. Atz = 60 us and onward, the structure of the laser-plasma in ambient air at atmos-
pheric pressure are characterized by the appearance of a toroidal stucture feature and its subsequent spreading. At about the same time, a
jetting emerges from the right part of the plasma and propagates towards the laser source, as been shown in Fig. 2-6. This jetting has been
observed in other works.

The shock wave caused by the rapid energy deposition quickly travels outwards into surrounding gas produces a pressure gradient direct-
ed away from the center. At the plasma center, an overexpanded region of lower pressure is formed, relative to the ambient gas, into which
two opposing gas flows penetrate-coming from the surrounding region along the axis of the laser pulse. These counterpropagating, col-
liding gas flows create a pair of symmetric voticity, which then act in harmony to move the hot gas remnants radially outwards and into a
toroidal shape. The vortex generation (toroidal shape propagating radially ) is clearly observed at. t = 72 us ~ t = 228 us The vortical
motions deform the ellipsoid of the plasma to its major axis is displaced vertically (Fig. A 2-5) and at the same time it is clearly observed
that the plasma jetting extruding toward laser source give rise to a front lobe.

The formation of the front lobe is caused by either the possibility of ionized gas facing the incoming laser beam to absorb more laser
energy, thus the boundary of highly heated plasma could propagate back toward the laser source, or to the propagation of a shock wave

generated from the initial expansion of plasma with an axial component toward the laser source, as have been explained above.
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time [ps]

Fig. A 2-4 Relationship between horizontal and vertical length of expand-
ing plasma and time

(1) cont.ra'ritatin toroida

=R

(2) Front lobe propagating,

towards the laser source

Fig. A 2-5 Major axis of ellipsoid displaces from (a) horizontal
axis to (b)vertical axis

0000 156

Fig. A 2-6 Two significant segments,
toroidal shape and front lobe, appear during
plasma deformation

A2.2 Similarity between Nd: YLF and Nd:YAG laser-induced plasma
Nd: YLF laser-induced plasma experiment has been conducted using the same experimental setup as the Nd: YAG laser-plasma exper-

iment. The conditions for both experiments are shown in Table A 2-1 below.

Table A 2-1 Experiment conditions for Nd:YAG and

Nd:YLF laser
Laser type Nd:YAG Nd:YLF
Wave-length A 1064 nm 1047 nm
FWHM 9ns 15ns
Pulse energy E 140 mJ 25mJ
Focal length f 100 mm 15 mm
Ambient pressure P, 100 kPa 100 kPa

A2.2.1 Qualitative analysis
In both cases, the appearance of the waves and development of the vortex are qualitatively the same. There are three similarity of charac-
teristics demonstrated in both Nd:YAG and Nd:YLF laser-induced plasma at atmospheric ambient pressure. The significant similarities
are:
(1) Initial plasma is ellipsoidal in shape. Hence, initial blast wave is ellipsoid-shape but tends to develop to become nearly spherical
in shape as it expands outwards.
(2) The plasma deforms from initially ellipsoidal shape to its major axis is displaced vertically due to the counter-rotating vortical
motions of torus-like structures.
(3) Appearance of two distinct segments; the torus-like shape structure propagating radially and the front lobe propagating toward

the laser source.
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Nd:YAG laser-plasma Nd:YLF laser-plasma

L]
(1 . 3.26mm
!

7.40mm

(2)
(3)
Toroidal
(4)
Frong lobe
(5)

Fig. 4-7 Qualitative comparison between Nd: YAG and Nd:
YLF laser-induced plasma at atmospheric pressure

A2.2.2 Quantitative analysis
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Fig. A 2-9 Temporal variation of radii and

time [ps] expansion velocity of expanding shock wave

Fig. A 2-8 Relationship between horizontal and vertical length of expanding
plasma and time
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A2.3 Pressure effect on the plasma behavior

Fig. A 2-10 shows Schlieren images; results of experiment conducted under four conditions of ambient pressure; P, = 100kPa, 80kPa,
60kPa, and 40kPa. All the images are synchronized with each other.

As shown in the figure, at ¢ = 20 us, initial spherical shape of plasma is generated only at P, = 60KPa and P, = 40K Pa with diameter
d =3.72mm and, d = 3.48 mm respectively, while at P, = 100kPa and P, = 80kPa, the plasma is almost ellipsoidal shape with major axis
oriented along the laser source. The lower the ambient pressure, plasma decreases in initial size. When the initial pressure is reduced, the
energy absorbed by the plasma kernel will be less than that absorbed at the atmospheric pressure and the size of initial plasma is expected
to decrease.

Plasma that is induced under atmospheric pressure demonstrates two significant segments; a toroidal shape propagating radially and a
front lobe propagating toward the laser source (see Fig. 2-6). However, the lower the ambient pressure, the extrusion of the front lobe no
longer could be observed; for example, at # = 160 us, a motion of a lobe extruding toward the laser source (left) could be clearly observed
for P, = 100kPa and P, = 80kPa compared with for the lower pressure where completely no observation of lobe extrusion recorded for
P,=40kPa.

Small-scale pertubations appearing on the plasma interface are enhanced at high ambient pressure. However, the lower the ambient pres-
sure, the large-scale disturbances were enhanced. The right part of plasma at # = 400 us is an almost red-blood-cell-shape (from side view )
P, =40kPa for, whereas the perturbations grow up as the ambient pressures increase, and much small-scale perturbations were enhanced
for. P, = 100kPa Such small-scale large-scale flow patterns are also
reported in Sasoh et.al; they assumed the possible process to explain the relationship between ambient pressure and perturbation patterns
is Rayleigh-Taylor instability. In Rayleigh-Taylor instability, rate of the perturbation grows with e V&  where g, k, and A designate accel-
eration measured on the interface, dominant wave number of perturbation, and Atwood number, respectively. Since the ambient pressure
P, and k have a linear relation, increasing in k and hence P, will increase the perturbation rate. Table A 2-2 concludes the ambient pressure

effect on the plasma behavior.

Table A 2-2 Ambient pressure effect on plasma flow evolution

Ambient pressure 100 kPa 80 kPa 60 kPa 40 kPa
Plasma shape Ellipsoid Ellipsoid
(dy=312mm,  (d,=300mm, Sphere o Sphere )
d. =3.00 mm) d,=288mm) ~ \d=3T2mm d=3.48mm
Front lobe extrusion
(=20 us ~ 1 = 400 us) © © = x
Growth rate of »
perturbations decreasing with P,
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t=400us

structure
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Spherical shape
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0000 160!

Fig. A 2-10 Framing Schlieren images, ambient air (a) P, = 100 kPa, d = 15 mm, (b) 80 kPa,
15 mm, (c¢) 60 kPa, 15 mm, (d) 40 kPa, 15 mm
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Nomenclature
= pressure, Pa

p
Q = laser energy, J
»

= radial distance, m

r, = radius of vy, m

S = heating source term by laser energy deposition, J/m*
= temperature, K

t = time, S

v, = spherical volume for laser energy deposition, m*

x = axial distance, m

n = ratio of an absorbed laser energy to a deposited energy
p = density, kg/m®
T

= Laser duration time, 8

Subscripts
s = stagnation point on the centerline of the blunt body
s0 = stagnation point on the centerline of the blunt body

for the case of the steady state without energy deposition

I. INTRODUCTION

Developing a flow control technique by using a pulse laser has been paid much attention recently. A number of past works have shown
that the aerodynamic drag force on the body flying at supersonic speed can be reduced by supplying pulse laser energy in a supersonic flow.
(see e.g. the review article by Knight ef al.") In the method, the drag decreases unsteadily during the interaction of the high temperature
plasma created by the laser energy with the shock wave over the supersonic body. Therefore, a deep understanding of the effect of the ener-
gy supply on the reduction of the pressure on the wall of the body is necessary in order to apply this technique practically.

Extensive efforts have been made to understand the unsteady interaction of the laser induced plasma generated by the energy supply
using a single laser pulse. Despite such efforts, the effect of the energy deposition on the drag reduction is not satisfactorily understood.
Georgievsky and Levin® studied the interaction of a thermal region with a sphere in a freestream Mach number of 3 through the numerical
simulation by using a computational fluid dynamic (CFD) method. In the numerical simulation, the thermal region was set to be a constant
low density zone upstream of the shock wave over the sphere. The results showed that the stagnation point pressure of the sphere was
reduced during the interaction of the thermal region with the shock wave. After the value of the stagnation point pressure had a minimum
value, the pressure returned to its steady state value after reverberating compression and expansion. Adelgren et al.® experimentally inves-
tigated the interaction of a high temperature plasma with the shock wave over a sphere in a freestream Mach number of 3.45. The plasma

was produced by using a pulsed Nd: YAG laser. The time history of the pressure at the stagnation point on the sphere was measured. Inde-
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pendently, calculations were carried out to analyze the unsteady flowfield in the Adelgren et al.’s experimental condition.** The calculat-
ed time history of the pressure contradicted the measured one: The two expansion regions where the pressure was below its steady state
one were seen in the calculated time history, following the interaction of the plasma with the bow shock wave over the sphere. However,
the measured time history of the pressure showed only one expansion region. It should be noted that such two expansions were seen in the
calculated result obtained by Georgievsky and Levin.? The reason for the discrepancy seen in the time history of the pressure between mea-
surement and calculation remains unknown.

In the present study, an experimental and numerical study is conducted to understand the time evolution of the flowfield during the inter-
action of the laser-induced plasma with the shock wave over a blunt body in a supersonic flow. Efforts are firstly made to give a satisfac-
tory explanation on the time evolution of the interacting flowfield, and on the time history of the pressure at the stagnation point of the blunt
body between experiment and calculation. A better agreement is obtained between the experiment and the calculation in the present study.
Next, based on the reasonable agreement, the time history of the drag of the body is calculated by using the calculated pressure distribu-
tion over the body. Finally, the averaged drag reduction and the total reduction of the impulse during the interaction are evaluated by using
the time history of the drag.

The time evolution of the interacting flowfield with the laser-induced plasma is examined only for one experimental condition in the pre-
sent study. The laser parameters such as pulsing frequency, duration time, and laser energy will have a strong impact on the unsteady flow-
field structure and the time history of the flow properties on the blunt body. The examination of such a effect is out of the scope of the pre-
sent work. Such a task will be required for a deep understanding of the interacting flowfield using a pulse laser, and will be planned in
future. As stated, there is a discrepancy between experiment and calculation even if a simulated condition is matched in the experiment and

calculation. This work serves partially to validate the simulated parameter chosen in the present work.

II. EXPERIMENT CONFIGURATION

An indraft supersonic wind tunnel is used in the experiment. A schematic diagram of the experimental setup is shown in Fig. 1. The
Mach number and the static pressure of the flow is estimated to be 3.0 and 3kPa, respectively. A test model has a flat-faced cylindrical
shape with a diameter of 17 mm. During the experiment, the flowfield is visualized by using a Schlieren optical setup and a high speed
camera.

A laser pulse is supplied from an upstream location through the wind tunnel nozzle by using a Nd: YAG laser with the laser wavelength
of 1,064 nm. The temporal distribution of the Nd: YAG laser pulse is given in Fig. 2. The full width of half maximum for a pulse is 9 ns and
the total energy supplied during a pulse is set to be 0.45 J. The spatial distribution of the laser pulse is not measured. However, we have
confirmed the repeatability that the shape of the plasma so created is nearly spherical under the present experimental condition. Therefore,

the effect of the spatial distribution on the shock wave generation is believed to be small within the condition considered in the present

study.
1000 T T T T
Y4 | Nd:YAG Laser | [
. 800l 1
Xenon flash lamp — §
A . ; [
E Nozzle section = 6001 ]
e . B
3 “ A Test section S 400 ]
i 22 £l
LT 7]
ﬂ S 8 200t .
ﬂ&/ High-speed camera
0 1 1 1 L
0 10 20 30 40 50

Time, ns

Fig. 2 Temporal distribution of a Nd: YAG laser with the
laser wavelength of 1,064 nm

Vacuum tank

Fig. 1 A schematic diagram of experimental setup
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The laser beam is focused at a point in the centerline of the wind tunnel flow about 40 mm away from the stagnation point of the test
model. Even if the focusing point is reduced about 10%, the experimental result shows a nearly similar trend. Thus, the focusing point cho-
sen in the present study will have little effect on the result presented in this work. However, we could not examine the effect of the larger
distance of the focusing point from the body because the flow region which is available for the laser beam focusing is limited in the cur-
rent nozzle geometry.

A piezoelectric pressure transducer is used to measure the time variation of the pressure at the stagnation point of the test model. The
pressure transducer is flush-mounted on the test model. Unfortunately, because the possible temperature variation during measurement is
out of range for the pressure transducer used in the present study, the sensitivity of the measured pressure value is not calibrated. There-
fore, the experimental data is mainly used to compare the time variation of the stagnation point pressure, not the absolute value of the pres-

sure, between experiment and calculation, as will be shown later.

III. METHOD OF CALCULATION

A computational fluid dynamic method is used to simulate the experimental condition. The 2d-axisymmetric inviscid flow is assumed
to be a perfect gas with the constant specific heat ratio of 1.4. Mass, momentum, and energy conservation equations are discretized using
a finite-volume method. The numerical flux function is evaluated using the AUSM-DV scheme.® The MUSCL approach with a minmod
limiter is used to improve the spatial accuracy by setting the artificial compression parameter to be 1. Computed flow properties are sec-
ond-order accurate in space. The discretized equations are numerically integrated in time by using a second-order Runge-Kutta method.
Note that the present numerical method is a modified version of the multi-dimensional flow code which has already been applied to ana-
lyze the high speed and high temperature flow problems over a blunt body.”

A heating source term by the pulsed laser energy deposition is calculated assuming that the energy is deposited during the period of the
order of the laser pulse duration at constant volume and that the deposited energy distribution is given by a Gaussian profile. A well-known

formulation’ for the energy deposition is used in the present study as follows:

6570~ prtg, e () |

G

where A (1) denotes a step function

_[1,0<«t< T}
r®= { 0, t>71
The value of g, is given by the following relation:®
L nQ
0 [ (x=x 2 )
pT on exp[ (773 ]do

Because the absorbed energy volume, v,, could not be determined in the experiment, the value of this volume is assumed to be the same
value of 3 mm’® used in the past work.’ Calculation is carried out by using the volume value of 6 mm?. The result shows that the computed
time history for the pressure at the centerline of the blunt body is not so changed between v, =3 mm® and v, =6 mm®. The ratio of an
absorbed energy to a deposited energy, 7, is determined by reproducing the time evolution of the diameter for the blast shock wave evalu-
ated by the Schlieren photographs taken in the experiment before the blast shock wave is reached at the wall. The fitted value for n
becomes 0.08.

Other numerical procedures are as follows: The static temperature in the freestream is calculated through an isentropic flow relation
assuming that the total temperature of the freestream is taken to be 300 K; A slip condition is imposed at the wall of the blunt body; The
computed results are presented by using a 201 X 401 computational grid; Note that the calculation with a 301 X 501 grid does not change
the flowfield structures and the stagnation point pressure value appreciably. The computational domain is shown in Fig. 3. The computa-

tional parameters are summarized in Table 1.
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Parameter Value
A. Computed time history of the pressure at the stagnation point Specific heat ratio 14
In Fig. 4, the computed pressure at the stagnation point of the flat-faced Freestream pressure, Pa 3000
. . . . . Freestream temperature, K 107
cylinder is plotted against the time from t = 0 to 300 us. On the vertical P
) ) ) Freestream Mach number 3
axis, the computed pressure value is normalized by the steady state value CFL number 01
without energy deposition. From the figure, a first sharp increase is seen Diameter of flat-faced cylinder, mm 17.
at about t = 40 us. After this first increase, the pressure value is reduced. Q,J 045
A second increase is observed at about t = 90 us. The second reduction Iy, m 9.0 X 10
of the pressure value is recognized until t = 105 us. The third pressure n 0.08
-9
increase is followed by the second reduction, and the pressure value is 7,8 9.0 X110
returning to its original value gradually. A similar trend is seen in a pre- Artificial compression (MUSCL) 1
| 25
3 t=28Uus
0.04 |-
: Farfield boundary: 2
| supersonic inflow.
0.03|- =
? T SR e e
£ = outflow 2 l f\
o F o
0.02|- a”
0.01 ; Blunt body: x A
¥ slip wall condition 0.5 t=120ps
Laser energy \
Deposition position  Axisymmetric boundary: t=64us AN
. a:(isymmetric coFdition . —y) t=104|J5
.05 -0.04 -0.03 -0.02 -0.01 0 0
X, m 0 50 100 150 200 250 300
Fig. 3 Computational domain and the related boundary conditions Time, ps

Fig. 4 Calculated time evolution of the stagnation point
pressure at the centerline of the flat-faced cylindri-
cal blunt body

vious work,** though the calculation was made for the flowfield over a sphere. The comparison of the unsteady flowfield at each time

shown in the figure will be made next.

B. Comparison of flowfield between experiment and calculation

Figures 5 (a) — (e) show the Schlieren photograph, the calculated density, pressure and temperature contours at t = 28 us, respectively. The
temperature contour will be given hereafter because it is useful to trace the laser induced plasma, although the calculated temperature value
obtained by the present ideal gas computation may differ from the experimental one. From the figures, it is found that the blast wave reach-
es at the bow shock wave over the body. The position of the blast wave agrees between experiment and calculation. In addition, for refer-
ence, the values of the density, pressure, and temperature along the centerline of the blunt body normalized by each of the stagnation point
value for the case of the steady state value without laser energy deposition are given in Fig. 5 (e). One can see that the diameter of the near-
ly spherical high temperature region produced by the laser energy deposition is about 1 cm.

In Figs. 6 (a) — (e), the Schlieren photograph, the calculated contours, and the centerline properties at t = 48 us are given respectively.
The figures give the flowfield structure after the reflection of the blast shock wave. The blast wave starts to be reflected on the wall at about
t =36 us, as was expected from the sharp pressure increase shown in Fig. 4. When a bow shock wave interacts with the high temperature
region created by the laser energy deposition, the shape of the bow shock wave is deformed due to the decrease of the local Mach number.?
The deformed bow shock wave is also seen in Figs. 6 (b), and (c), respectively. One can see in Figs. 6 (b), and (d) that the shape of the
thermally heated region near the centerline is transformed drastically. From Fig. 6 (e), the thickness of the thermally heated region is about
5 mm. It should be also noted that the thermally heated region totally entered in the shock layer at this time. As a result of the interaction

of the bow shock wave with the thermal region, a rarefaction wave propagates towards the wall surface of the blunt body and the rarefac-

This document is provided by JAXA.



52 TSGR A2 S JAXA-CR-08-002

0.03

TR B
-0.04

I SRS SR BT R
-0.03 -0.02 -0.01 0

X, m

(a) Schlieren photograph (b) Density contour

0.03 0.03
Bow shock
0.02 0.02
001 0.01
E o[ E 4L
o =
001 001
High temperature
region
-0.02 L -0.02 L
i Blast wave A
I N RN O NN R RSN SNRRPETES ASRETETEN TSR R L
'0'03,05 -0.04 -0.03 -0.02 -0.01 a 'U'QS.OE -0.04 -0.03 -0.02 -0.01 0
X, m X, m

(c) Pressure contour (d) Temperature contour

2 T T T 100
== Temperature Blast wave
—Density /3 80
15 ormes Pressure [/ 1% Ly
1 1 i

] \
£ 1' 1 [\, 60
2 1k 1 \

% |ems ! ! =
o last wave ) 1 40 5
& 1 \ Wall » o

0.5F v ] \
1 20
iy S A et
—— - - FY o - —— 0
ontact surface Bow shock
0.5 -20
-0.04 -0.03 -0.02 -0.01

X, m

(e) Calculated density, pressure, and temperature distribution along centerline, the proper-
ties are normalized by the steady state value without laser energy deposition
Fig. 5. Comparison of unsteady flowfield at t = 28 us

tion wave reduces the wall pressure.” This trend can be confirmed in Fig. 4, and also from the comparison of the pressure distribution near
the wall between Fig. 5 (e) and Fig. 6 (e). In addition, though the result is not shown, a reversal flow from the wall to the main freestream
is produced in the shock layer. This flow tends to compress the gas in the region between the deformed bow shock and the reflected blast
wave, as will be shown later. In addition, the flow in this region is accelerated up to a supersonic speed. As a result, a shock wave is formed.
One can see this shock wave in Fig. 6 (c), which is denoted by *SW1°. The SW1 is observed as a small increase in the pressure distribu-
tion shown in Fig. 6 (e). A distorted contact surface can be barely seen in Fig. 6 (a) ahead of the light region adjacent to the frontal wall of
the blunt body. The observed flow structure is likely to be consistent with the calculated density contour given in Fig. 6 (b).
The results at t = 64 us are shown in Figs. 7 (a) — (e), respectively. These results indicate that the high pressure region is produced in the
region between the deformed bow shock wave and the SW1. After this time, the SW1 moves to the wall surface and is reflected at the wall.
The arrival of the SW1 on the wall represents the second rise of the stagnation point pressure at about t = 90 us as shown in Fig. 4. Note

that a similar phenomenon is reported in the previous numerical study.’ The isopycnics for both calculation and experiment agree well each
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other: one can see the two light zones in Fig. 7 (a) and, the zones are interpreted as the two shock waves seen in the calculated results.
Meanwhile, one can expect from the temperature contour in Fig. 7 (d) that the vortices are generated, though the details are not shown here.
The vortices are believed to be produced mainly due to the baroclinic effect® followed by the interaction of the shock wave with the ther-
mal heated region. From Fig. 7 (e), the region between the two light zones at the centerline is believed to be equivalent to that between the
show shock waves denoted by *Deformed shock wave’ and ’SW 1 in the figure. The thickness in the region at the centerline is found to be
about 4 mm.

The next results are given at t = 96us in Figs. 8 (a) — (e), respectively. It should be noted in Fig. 8 (e) that the range of the scales in the
horizontal coordinate and in the normalized temperature is reduced compared with the previous figures shown in Figs. 5 (e), 6 (e), and 7
(e). The results show that the SW1 is reflected at the wall, and is interacting with the thermal region. As a result of the interaction of the
SW1 with the thermal region, the stagnation point pressure begins to decrease due to the effect of the rarefaction fan, as was seen in the

interaction of the thermal region with the bow shock wave. The effect is recognized as the second reduction of the stagnation point pres-
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(e) Calculated density, pressure, and temperature distribution along centerline, the proper-
ties are normalized by the steady state value without laser energy deposition
Fig. 6. Comparison of unsteady flowfield at t = 48 us
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(e) Calculated density, pressure, and temperature distribution along centerline, the proper-
ties are normalized by the steady state value without laser energy deposition
Fig. 7. Comparison of unsteady flowfield at t = 64 us

sure shown in Fig. 4. From Figs. 8 (b) and 8 (d), it is found that the thermal region is convected to the wall surface, and is stretched out in

the freestream direction. In addition, the thermal region is limited within two spots. The spots are placed in the off-centerline region as can

be surmised from Fig. 8 (e) in which one cannot find any high temperature region between *Contact surface’ and 'Reflected SW1’ denot-

ed in the figure. The normalized temperature is about 10 at most within the spots. From the pressure contour given in Fig. 8 (¢), one can

confirm that the high temperature spot is relatively small: the deformation of SW1 is represented by the twin small bumps and the shock

wave near the centerline moves slowly to an upstream region compared with the twin bumps. A dark line is seen in Fig. 8 (a). The dark line

is believed to be the contact surface shown in Fig. 8 (b).

From Figs. 8 (a), and 8 (b), the position of the calculated blast wave is closer to the deformed bow shock wave as compared with the

experimental result: the calculated thickness at the centerline between the two waves is about 2.5 mm as is shown in Fig. 8 (e). The cause

of the difference is due to the fact that a thermochemical nature in the heated region by laser energy deposition is different between exper-

iment and calculation. The bow shock wave will be differently deformed depending on the thermochemical state of the laser-induced plas-
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ma. However, the effect of the downstream part of the blast wave on the stagnation point pressure will be negligibly small. Note that the
calculated results in the previous works*® show that the time history of the stagnation point pressure is not so changed between an ideal gas
and a high temperature real gas model.

The third compression starts after about t = 100 us. Figures 9 (a) — (e) show the results at t = 104 us. At this time, the SW1 passes entire-
ly through the thermal spots on the off-centerline, as can be seen in Fig 9 (b). The thermal spots are distorted again and the contact surface
is transformed into doubly blooming shape, as is shown in Fig. 9 (d). Because of the two bumps on the reflected SW1 shown in Fig. 8 (c),
it is believed that the reflected SW1 focuses at three local region as is indicated in Fig. 9 (c). As a result of the shock wave focusing, the
pressure behind the reflected SW1 becomes high. The increase in the pressure distribution by the shock wave focusing can be seen as a
small bump between *Wall” and ’Reflected SW1’ shown in Fig. 9 (e). The calculated result indicates that the third increase starts when this
pressure wave produced by the focusing reaches at the wall.

Regardless of the pressure wave propagation by the focusing so predicted, the main contribution to the third compression is attributed to
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(e) Calculated density, pressure, and temperature distribution along centerline, the proper-
ties are normalized by the steady state value without laser energy deposition
Fig. 8. Comparison of unsteady flowfield at t = 96 us
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(e) Calculated density, pressure, and temperature distribution along centerline, the proper-
ties are normalized by the steady state value without laser energy deposition
Fig. 9. Comparison of unsteady flowfield att =104 u s

the recover of the deformed shock wave at its steady state position for the case analyzed in the present study. This trend was already report-
ed in the previous work.>” Figures 10 (a) — (e) show the results at t = 120 us. It is found that from Figs.10 (a) — (c) that the deformed bow
shock wave is approaching to the frontal surface of the blunt body. In addition, the compression wave is seen in Fig. 10 (c). The compres-
sion at the centerline near the wall region can be confirmed also from Fig. 10 (e). From the Schlieren photograph given in Fig. 10 (a), the
two discontinuous waves are observed, as expected. These waves presumably correspond to the deformed shock wave and the reflected
SW1 shown in Figs.10 (b) and (c).

Lastly, the results at t = 136 us are presented in Figs. 11 (a) — (e), respectively. At this time, the pressure at the stagnation point becomes
about 1.4 times higher than the steady state value. The relatively large increase occurs when the bow shock wave reaches at the position
closer to the wall compared with the steady state case. The experimental result shown in Fig. 11 (a) implies this trend qualitatively. The
shock thickness at the centerline is found to be reduced by about 15% from the comparison between Fig. 5 (e) and Fig. 11 (e). After this

time, the flowfield structure over the blunt body gradually returns to its steady-state one, as was shown in Fig. 4. One can see in Figs. 11
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(b), and (d) that the energy deposited region remains in the flow region adjacent to the frontal surface of the blunt body even at this time.
The region affects the pressure distribution only slightly. However, this region could cause higher heat fluxes on the wall.* The heat flux

distribution needs to be examined, and this task will be made in the future.

C. Comparison of pressure at the stagnation point between experiment and calculation

In Fig. 12, the time history of the stagnation point pressure of the flat-faced cylinder is compared between measurement and calculation.
The present calculation showed that the minimum temperature at the stagnation point becomes about 100 K during the first decrease in the
time history of the pressure at the stagnation point. Since the temperature is out of the range of the pressure transducer calibration, the
experimental value is fitted to the numerical one. A good agreement of the temporal variation of the pressure is seen between the mea-

surement and calculation. This agreement confirms the qualitative description of the flowfield structure explained earlier.

0.03

Deformed
bow shock

Reflected SW1

I BRI RN EFPETT
“0.05 -0.04 -0.03 -0.02 -0.01 0

X, m
(a) Schlieren photograph (b) Density contour
003 003
002} 0021
B Deformed
001 bow sheck 0.01-
E_ oF E_ 0=
0 Compression wave =
0011 001+
Reflected SW1

-0.02 - -0.02
p i PN IR RSN AR A L [ SRR AREREN RERRTEEN RN
0005 04 003 00z 001 0 0% g5 504 w03 w0z oot 0

X m X, m

(c) Pressure contour (d) Temperature contour
2 . 2
- - Temperature
_EenSitY Contact
156 ressure surface 115

2

a2 -

=3 ¥ r"‘ -

B Reflected =

& 1F swi h 13

=y 1 3

|

Defarmed bow shock

¥
05t IJ
Wall— >

0 0
-0.02 -0.015 -0.01 -0.005
X, m

(e) Calculated density, pressure, and temperature distribution along centerline, the proper-
ties are normalized by the steady state value without laser energy deposition
Fig. 10. Comparison of unsteady flowfield at t =120 u s
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(e) Calculated density, pressure, and temperature distribution along centerline, the proper-
ties are normalized by the steady state value without laser energy deposition
Fig. 11. Comparison of unsteady flowfield at t = 136 u s

D. Drag Reduction
Figure 13 shows the time variation of the drag on the frontal surface of the cylindrical body is plotted against the elapsed time. The drag
value on axis of ordinate is normalized by the one for the steady state case. The drag at each time is calculated by integrating the pressure
along the frontal area of the wall. From the figure, the reduction of the drag continues for about 80 us from about t = 45 to 125 us. The cal-
culated result shows that the pressure value on the most of the off-centerline region along the body is lower than the steady state value dur-
ing the second increase of the stagnation point pressure, though the result is not given here. The lower surface pressure in the off-center-
line region results in the lower drag value than the steady-state one during the second increase, as is shown in Fig. 13. The averaged drag
over the period from t = 0 to 250 us, which is supposed to be the end of the interaction, becomes about 86% of its the steady-state value.
The impulse is calculated by integrating the drag value on the frontal surface given in Fig. 13 with time until 250 us. By subtracting the
calculated impulse value from the steady-state one, the total reduction of the impulse value is estimated to be about 5.3 X 10kg - m/s.

The reduction of the impulse value during the period from the first peak in the pressure history to the second one attributes to the total
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Fig. 12. Comparison of time history of the stagnation Fig. 13. Time history of the drag excreted on the frontal
point pressure at the centerline of the flat-faced surface of the flat-faced cylinder

cylinder between measurement and calculation

reduction by about 70%. Even though the second and third compressions are observed after that period, the total impulse value is moder-

ately reduced and its contribution to the total reduction becomes about 30% on the average.

V. CONCLUDING REMARKS

An experimental and numerical study is made for the interaction of the shock wave with the thermal energy region created by laser ener-
gy deposition in a supersonic flow over a flat-faced cylindrical blunt body. The density fields agree well between the experiment and the
calculation. By combining the experimental and the numerical results, the drag reduces by about 86% compared with the steady-state one

on the average during the effective interaction time of 250 us deduced for a single pulse laser energy deposition in the present study.
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