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Surface state measurements on a free—flight object by
Motion—Capturing PSP/TSP

Abstruct

Recently, a number of free flight tests are performed in order to obtain
experimental results free from various constraints in wind tunnel tests.

Based on the background above, the aim of this paper is to prove the
usefulness of the PSP/TSP technique for surface state measurements in a
free flight test as an alternative measurement method with electric sensors
such as pressure transducers or thermocouples.

Because of unsteadiness of a free—flight object, in order to obtain
luminescent images in the free flight test, the fast response of PSP/TSP,
Motion—Capturing PSP/TSP technique consisting of two—color PSP/TSP and
color high-speed camera, combined with anodized-aluminum PSP/TSP
(AA-PSP/AA-TSP) have been adopted in this research. In order to evaluate
the measurement performance of PSP/TSP in free flight tests, PSP/TSP coated
models have been launched at about 400 m/s in the atmosphere.

Luminescent images excited by a CW blue laser have been obtained with
a short exposure time such as 5 - 10 u s. However, the measurement results
converted from the luminescent images were incorrect aerodynamically
because of the following two reasons. The first reason was the
non—uniformity of luminescent ratio distribution on the surface of a model,
and the second was the noise presented around a model due to the dark current
on the image sensor of high—speed camera.

To realize uniformity of luminescent ratio on a test model, dipping
deposition was improved. In the newly developed method the dipping solution
is stirred by rotating a test model itself in order to move luminophores
fluid dynamically to the model surface more efficiently, compared with the
original method of static dipping.

Also, the segmentation with mask image obtained from a luminescent
image by using edge detection and morphology operations has accomplished
to eliminate the noise around a model.

The PSP/TSP measurements combined with these two improved methods and
the excitation by an excimer pulsed laser have provided clearer luminescent
images and the both of pressure/temperature distributions are
qualitatively correct aerodynamically. Also, the image acquired with 120
kHz time resolutions, which has not been achieved in past researches.
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Tab. 1-1 Scaling concerns/issues—potential/actual differences, wind tunnel

to flight, requiring “Correction”/’Scailing” (Refferenced from (5))

1. Wind tunnels Walls

2. Aeroelastic distortion differences

3. “Sufficient” Reynolds number/Reynolds number scaling
4, Stream disturbance fields

5. Model mounting influences

6. Stream gross unsteadiness, of special concern for buffet
7. Installed propulsion influences, or lack thereof

8. Geometric fidelity

9. Stream mean distortion/inhomogeneities

10. | Leakage/spillage/efflux differences

11. | Wall-to-total temperature ratio, humidity

12. | Differences flight-to-ground in instrumentation details

13. | High energy/real gas effects for hypersonics
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Fig. 1-1 Visualization of shock oscillation around a projectile by
tracking BOS system (Referenced from (9))
(a) Schematic description of tracking BOS system;

(b) Visualization of shock oscillation around a projectile
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Fig. 1-2 Schematic description of PSP system
(a) Conventional; (b) Polymer/Ceramic PSP (PC-PSP);
(c) Anodized aluminm PSP (AA-PSP)
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N F e & RO BRI FIE SO IKTT L2 &0 n, Bhitd e o R
AR EAROREENITEBEI NI W E WS FFERH 5130, AFRD
FHD 1 A 7 VIS REG EESEGORENRE T T2 000, £

G . Luminescence output
| I | gwithout oxygen quenching
//*| Luminescence output
Excitation light | ! with oxygen quenching
(Pulsed) :
|
> e t
Excited State =~ Emission State
(Gatel) (Gate?2)
l l

Reference Image  Signal Image

Fig. 1-3 Lifetime PSP data acquisition



RBE Vo T FEEFIRBICS 2RI EMICR LT T 5 2 L3 AR
Thd. £z, BICEAMEEN TS PIV OIS 2T 2 &R 45 =
EVFRETH DL L Vol G, FLOIEEFHBIFIHAEND Z EREn
HEEWxb., LrLans, flziE, WEETO 5 BEEREEN D O S
LRI EDOTEDRMTIE, WARTIZIIT D EREE R I FIENFET D
EIVF D T ENFRET, FOHE, EKRBER Lo ESZENIIE AT OJFE
e RSEDOR W ARD, S L > T3 kHz OEHZEBAFHRIS 5.
IO XD RBBRICKT HEHNE E U COREREHC L AFHNEZ BT 52 &
B 2T B, BEBEHCRIH SN 23t & L TIRER L PtTFPP 055,
11 ps EIFEHEFHANZIIHoRReEFEma A+ 5 —77, Faik THROLmEEI
P SND T — M AT ITESNEE LB ST D720 14~16 bit OB
v MEEZHT 20 AT 0NRINS DN, IREEE 35T Hz & EpKE 7
7o, FHMIEIZ X DFHTIIMAE NI ZOICA T+ LS I b 5. El
HATEHNEZT L —LRA T R Ik DR ibZ FmiBIclrsbe
DFELEZOLNDN, 2HOEB T 1 OOFHERERE255 2 &b, FEy
FRREIIIREHE DNy & 70D, e, FMETIZY 77 L A@BgE L7
JVIEHE O BAFIZIRFRAZEN A U 5720, BIRBEHEHINC R L HFaomuvE it %
¥ H0FEFEHNDZ LT TET, BEREEZAET L AN IOEEMHH
TOMENRDD. LnLeRb, VAR ETRITIFE I E O & E
EHT DD, BAREBEEEHITH > THIENZEIZE S B EE b ZIET
HMLED DD .

FaIEICKR L, IS X VB L= Bt o EE b2 FIA LG
HEE UCHBEENRESIN TS, K 14 [T &80, BEETIE, i
NOFET 58 (Wind-On) THEFOEIZ KV bk L2 LaR 0RO EZE
EELSE LB 2 7T OVEBR E L, RO TFE LW (Wind-Off)
TRk Lol 2 Y 7 7 LU AE(GR & LIk, TSN OEE ) 53
Ba Rz ETENERE S D TFIET, FHURBEN HaTE & g U CHMT
B DHIEN, BAAFEORNEFEMIIH L TERIKTH D20, 3R ERA L
TR EIEHANCE AT 2 Z E R ARETH D, I BT, #EEIC LV ikl S
NIZAFEORNEREZTEGT 52 0D, FHIORR O MREIXIRE T2 b £
T ORI RREICIK T T D, 2D, @il A 72 HAWTiGE, £ ORMH
SIRBEII T A T ORI ICE L 20, FHmik & g U Tm W fifse



TORMATAREL 5. LipLARs, HhoOTEET 28 & e LRy 8T
TN T FAMMRE ) 7 7 L AW BT 5 BER BB 1D, W
RO LTGRO TEB & 5 FEE RIS T B I IR % T 5.

{d-On — Signal Image Wind-Off — Reference Image
Camera

Camera

lllumination [llumination

Fig. 1-4 Intensity PSP data acquisition
(a) Wind-On condition for signal image

(b) Wind-Off condition for reference image

Sakaue 5 @O1%, [T /)KL L R BN TN TN B DR AFR ZEROLIC
LV RIFFZHE L, SN ZNENORIEERZ RFI ST HE—
Xy Ty —E PSP 2L L. E— a3 ¥y 7T v —ik PSP I,
RN EDORRD 2 FEOBRNAENSDRNIERED T —H A TIZL-T
FRFICES T2 &1k, v 7 e ) 7y Lo Al % RIRIZ UG
THFETHD., T—Yarxy 7Ty —ETIE, /780X T12HAT
BREOIRNT T — B AT HMEHT D2RERH D720, FRNTIC A5 7038 L
ERSET L ODOERREEZLE LT LN, RREOLERCED 25 IEE
FARBEEIZH T AFHAIC AR M E TH D E VW) BEEOF R ZRE LTV D.
Okabe 6L, E—a VX ¥ FF ¥ —{EPSP A7 7 v & —HRITHEM L T
HOREEDFHIZITVY, 13.7 Hz TIRE)§ 2 B 24 U 5 100 Hz D%
mIENEBZEH L TH Y, TOMREITEIXENE UV L EEMIZAEET
LEHEREHZETWD. L L2 S, Okabe HIZEDE—va vy 7T
¥ —iE& AW IEEEAIRREENC W T b, Z DR MEEEIL 450 Hz (12 L &
FoTWDLONRBURTH Y, MEIIFNCIEER 2BIREH 2 5710121+
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SEIXE A7, FD7=%, PSP/TSP HNz 1T MRS fRFEIC DWW T,
X6 5MEEXY, FOEENRAA]RRBIRICHD.

2 AWFZEO A

ATEICEEEL O L0, BIESE - BUREBENZ W =R Bk o iESh I L 59
EFIREOFANIZ —COHREZFETWHWDL WIS, LLERL, ZhE
TOMFFEMREITNT NG BIRERIC LIV EONERTHY, BIRFERNHE
BROMERRIE E B 20 0OFERTH L Z LIFBEICR R B0 TH S.

T, AREFFETIE, BUEEE - BOR R 2 U 72 iR A D T R
FEBREITV, FRIWIRIEIZ o 2RI K E DOET) - IRES I ZR_AD Z &
2k, EBROERRREICHIT 5HIZEB T2 412, kHz A —F% — 0Ok
M RREZ A 3 2B LR - BURBEEHAZ KB T2 L2 M E T 5.
JEBE DK I TER N o ST 5 RN &2 s, FHIIC 72
BIEERFDLLEND D . AL TEMT D2 RAER TIE, S|RRKEPITHR
KEHFHT D0, FEIXEE-ETHD. 22T, iHlic+D etz
L0, FHEEZEHLS T2 LICL> THEVEIEZEILERS 5.
DX END, ARUFETIE, B 15 mm, &I 25 mm OHEIEEH PR
AIOFRBRIRIZHRT L, KEEOBREEIC X 0 IR X5 2 & S aTRE 70 5 35 E % fif
HT2dz L, BAHEE 400 m/s FLE CTRAMAZ K H L7- L CRANIRREIZ
o LB RERHORNEAFZEFIE L, &iED A TI2L 0 BERE BT 5.

FHI BT E MR & REIEICRB SN DA, FFaiEO R ) R IR R
EHELTIERTT 5. —F, WERMoMERIT, RAMIRRE - HILREETEN
FNORNENGREZ BT HLERNDH D 2 LD, EE TREIT 5RBRIK %
0 D AWFFE TR 5 2 L3y TR, 2T, ABETIE, Havik
£ 0 b EORER D FRE T OFHSIFEC X 288 IE O R & EB) & £ 5 B
EKA~OBEHANEG ThHE—Va vy 7 Fy—{EZEMd 5. —F, @ik
THRAAT 2RO TN IR 2 08T BRI, RENEMOBEIES 7
L (B—=var7 =) ZEET A0, IREROTRLHEZEL 250
DB, T o TR N LOEBR BIFE< 2D, RS, ZTHETIZZOL
IMEMNTE—Ta Xy I F vy —iEEl A Ll ni=d, REFFEicE
WX, FHUIFEOZEREZ LT O 3 BefZnEI L T 5.

(1) BEEFHWCRRTERAT 2RBPIRORE I EA LI BIESE - BIE
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BRI ORNIFMEFLSRT D Z LN TE D).
(2) FO&RL7-FOLEG O ENER - BENSREHEL 2 LN TE 5D,
B) HoNJENER - REFERIIWERIZZ Y.
UL EORTRICE S &, ARAFTE TIL G MR ER bR R R B Rk - BOR &k
(AA-PSP/AA-TSP) Z#iEfl L, MELEO—DOTHLIE—Va X ¥ 7 F v —
EEBERHT 5. ZORTEIZEY kHz 47— % — O ifeE = 8 5 D IEEF &t
24TV, R - BAIREBEHT X 2 B A 51 o 3 FH i 2 95K
HZEEXEHMETD.

1. 3 AKEaXDHEAL

KRaw X, FBHEaFREHNTYEREOET) - IREFHRICIIT 2 IEEF G
HFEOHSLZBIE LIZHDT, 26 ENLMKD.

F1ETIE, AMIEICET2ERLOCHNZIRND. 5§ 2 ETIE, A5
THIHATDE—Y a %y 7F ¥ —i% PSP/TSP Z EMAKICHEA L, miEB
B iR m ORIEFHNC BT 2 R E AR~ 5.

%3 WCIE, AFMABIRIREICB T 2RI ORI a2 deET 5T
FEIZOWTIHRAR S, 8 2 BETITo 1 ERTIE, KEICHMmER LB A pk L
TR U, FOLGBR A MR Ui IR AE OB AR 412959 2 ik Ak
FBIZ XD BN EHELELESED, WRAEE ST Z LIk > THRF D
WHOFEE T X MR REICEFEIE L7720, MBI X > THERIZXHR
U S5 RHE & O B RO [EIHEIZ K - CIAIR O 22 T mlisik %
RAWTHRNIS O — a2 kT 5. @EED A T2 LV IRE SR8t
R B RO 7238 Py A 2 5 L7245 3, B B35 & bhl U Cxb il L OYE]
HRIE T O¥)— MRS E SN, EHEFEL IR T S &, BHEREN K
bR —MERTHZ & eRT.

W4 BT, BAEICAE LD EHD ) A AekET DL e TERANE
L 7= BB AL IZ DWW TR R D . i LR EEHE S B Cldfss T & 72
WA A=Y — LD ) A XERET D700, =y URRMIC X D55
I DFFE 2TV, BAEDICELD /A R ERETH. =y UBRHEIZIL,
V—=rYVE, T T T EKR O v =— 5% VT PSP/TSP FHANC % LT
i e BT L ) R A B RRT .

5 ETIH, NETORMERICESHWTHELZE—Vvardy 7T
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Y —5 PSP/TSP Zi M L, SFERMKICE T 2 R IREFHI O R 2 "5, 15
S RHAE R, CFDICE Wb NTHEHEOMKE L T 5 Z LIk
D, FOWERZAYEEZ LT D.

F6EIL, AHLOELDTHY, T— 3 F ¥ 7 F v —ikPSP/TSP I
L DI EEFHIZIONWTOE LD ELBEDRBEBIZONTIHND.
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Uy

F—a Xy FF vy —E PSP/TSP O fHIC X 5 EFEANATR IR
FHH

H
\\©)
ot

E

AV

2. 1 FEBRoOHM

I ETIZ PSP/ITSP # VT sl <X, 55 1 | Tl iz b
BV, E Hz BREICK T DENEEBZEH L2ISBEE R0, L LR b,
Bl 21X, EDEEBTERT 2R FHRLELOMRNT 2 B & LB, &
B Hz RE DL NE#ILT L HBRICK L TN TH D LIFRLT, &6
BB TOFMBARRIR ERDZ ENTREND. £, EREOHFLE
THREEICH T DMAE L, BERBEREOENEENOHEET 2 Z L3 He
EINTVDED, A+ ~T Hz BEORKSHITO-DI2E, TA4FA O
THAEEETD &, MRETDHEWEED 10 FREOERNPME L ShbH L
no, —~+% v Hz BRE DK MRELZ A T 2 EFHINER SN D, Zh
5OBERIZIGEZDT=010E, ZHETIZ PSP # AW Tirbi iz aHllx %Iz bt
NRT1~2HEECOFHMFPEEZMHLT DL ENARAIRTHD. 22T, =
NWETOFHAY AT L&+ kHz FREE TOFHINCEH T & 5 G025l 7
HZEEAREOHME L, HHEEEOHRE CHRAT DRAMAICK L, FEEH
FHANEE LTS SN TWDE—va vy Ty —Er2mEHAT 52 Lick
ST, EBRMIIHREET 22L& LT

2. 2 PSP/TSP OH|F
2. 2. 1 EEIREIZETD1ERE PSP/TSP @ &t #]E

KyeE Is &+ POERET Stern-Volmer D2 L 0 ZRR X 5 ©28).29),
ZOHING, JEJ] PIZIPSP OO E IsOwWis: LRSI HNS.
el = Ag + BgP (1)

s
o As, Bs ITEFRERIC L0 EBRIVIZKD D Z ENAEETH DH. IRZFD
refIIEHEL R B EN AR L TWD, ZHSITIREEIFIEN H % 12 DBk
HHCIREE A 2342 U D512 B W TSR BB IRIMR I A Z % TRl
WZEHAIT 2 MR D D

PSP O304 w5t 5 ECTRBITIENSCMBE DA TIH /<, JFMER
ENZ LD, IR R EREE Cin, PBRIR-ERR A FTERRE Cloc il X - T
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LT D, T OEBENEITIE PSP OO AREHEITRE <,
F S BRIVEFEMEIT/INE < 72 %, PSP &L PSP & 8% U 72 3R (K % JR
OfICEE, ZORBRIEKICxE ) VT T EORhEYEE Y T PSP & i X
5. ke S47c PSPIERWRAN OFRAUZ L 0 FE NSRBI S 4, U &
DINRENLENT D, ZORNHMEG A, CCD I A T 7% L% Tl
T 5. ZOROENAMEE S MEgE L T TN EeT 5. HATHD
A A=Y —iImXn (mnlZARE) O 7 LN LERINTEY,
ZOE T BN OEE R ZOF TEEOE 7 B ()
TOFINRE Ve TN TFTO L I IZRED.

Vsij = 9(Citum,ij» Croc,i) * Is (2)
gl¥ Ciyiy, CuocijlZ LD ERL, TNoBEETLHZLITLY, PSP H
ROFENIERE [ LEEOMBE Y SHMEITHDT 5. Bligazxy L
THEOICARNTIHRAEZ R S RWEN—EDOREEZ WD, ZOROFN
ARG E ) 77 LA LTS, PSP AROFREIEIREIX Iswer THDH DS, Ij AL
53 TDIESCIREE Virersi 1L g l2 XV

VSref,ij =g (Cillum,ij (tnref)' Cloc,ij (tnref)) ) ISref (3)
7. EFFHUTE Cilumig, Clocild—ETHD. K (2), B) LV

Tsrertj — ISvef — p¢ 4 BgP @)

Vs,ij Is

EEE, X Q) ER—OBEEIEOND. TUANDOER (Caumi, Cloci) 13
FryrwraInd, ZHNIMEED §j o TEIHRFERED HOFICLRHE B
HZ EERT. [X2-112, EFRIREBIZEB T D0 PSP/TSP 12 X A FHH1 2
—VhRTY.

ZIT, YTTNVEN DL DOFIETRE Is, VT 7 L REBRD DOFOIR
FE Isrer & 3%, A (2) & RRRITEE DK t12351F 5 CCD K1 ij iy Tt
SIDFIEIRE Vil

Vsij = 9 (Cillum,ij(tn); Cioc,ij (tn)) s (5)
ERED. FREICY 77 LU AR TO Vperif 13,

VSref,ij =g (Cillum,ij(tnref)' Cloc,ij(tnref)) ' ISref,ij (6)
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E72%. (), B)DLIT,
Vsrefij g(Cillum,ij(tnref)'cloc,ij(tnref))'ISref,ij
Vsy 9(Cittum,ij(tn) Clocrer (tn) ) Is,ij
Ly, BEKGEOREK gldF v ST, PSP O3IERE A E DR
DEFELTELZD T ERTER.

+ Ag + BgP (7)

Wind-On Image

Luminescence Ratio Image

s e

Wind-Off Image

Fig. 2-1 Schematic description of a conventional PSP/TSP system

2. 2. 2 FEEWIREBIIBITLT—Y 3% ¥ 7F v —iE PSP/TSP O &I
i |
RFIC L0 FHII RN ENLT 25513 Ci, Coe PRHEENT5H. 2 b a2 F
Y oA 5 2 E A HBRR T VUTIEEFBGITIT LB IA R O ) & G
THIENTER.
BRIZEIMKGFE L2 W BT 2808 H 5L T5. TOFRBITLTOLD
IZRED.

IRref _ 4 (8)

IR
B 2-2 1" 9 K91, YT FNEE, V77 L RAEEAFRRFEHIITE
1L, Cim, CiclIR CEEZRT. ZNHOEBEHWCIE LS EITLD,
City, CloeD3F ¥ /S, IEEFHHRIIB T DDt z217 5 Z ]
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Luminescent Ratio
Image

Signal Image  Reference Image

Fig. 2-2 Schematic description of a Motion-Capturing PSP/TSP system

REERD. 22T, Y AVEBORMEEZ Vs, U 77 L2 AEBEOIN
A V&9 5 &, CCDFHEF ij il TOZNENDIIEHREIL,

Vsij =9 (Cillum,ij(tn)r Cloc,ij(tn)) Agii = g(ty)  Is 9)

Veij =9 (Cillum,ij(tn)' Cloc,ij(tn)) Ipij = g(ty) " Ig (10)

L%, ZIZTC, Vei Vel ISR 28 IEMETHDH. (9), (10)
DELY,

(b) =& _IRref (Ao 4 BoP) = a - (Ag + BgP) (11)

Vs,ij Is  Isrer
725, UL EDORERIND, Vii/Vsijld Stern-Volmer O AT EE o (=Igret/Isres
Z T TS LV,

EEEomfgHHTA 11D OBRE AV 5I121E, SR &G 5 % [FE R
IS T O ERNDD. 2-3ZF— 3 »F ¥ 7F ¥ —ik PSP/TSP OFHHI
JFHELE LT, 2 %) PSP O AT MVE L L EHEE D T —H AT D4y
TR R 2 R T 2-3 IZRTH AR MVIX, BEELT—TATZ

(Vision Research # Phantom V711) M L, "R 455nm OF L
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Fig. 2-3 Measurement principle of Motion-Capturing PSP/TSP based on comparison
with luminescence spectrum of two-color PSP and spectral sensitivity of high-speed

color camera.

— = HOWTENEELZ - WBHREE LTO TV L&A &R E
EAHTHEFZELLTONRY 72 VT = ADER SN D 2 36 PSP %)
L, ENF X o N—NTENEELSETEORIEANXT ML THD. &
WA T —Hh AT ONIRERMEIL, 530nm FUTIZHkO B — 27 BNFEE L,
630nm fHTIZHRO E— 27 PFET H. ZAUTKF L, 2 BF PSP DR A~
7 hvix 570nm PARE O EWEATIEIZEIZE ) BAEE(LR AN D 2
ENG, BEEN T —H AT TR SN T — B AR T % RGB k0
26, JENZEITERT 2 PSP DIt & GITIRAM I OFEEMA L & L TR
RS, BIET— X Z#HHATH LI Lo CTIEIMEZEISETHZ ENTE S,
T—va ¥y I Ty BT, ESREREDOR D 2 FEOGFE LR
BRICEBMT 2 2 Lk, RBARERmICK T 2 Rig &5 5wz R
[ZHUAG LTRSS - IBEFRAS TV D.

U EOFFEEZ AT 5~ a ¥y 7 F v —iE PSP/TSP % (&
B O L T D BRI ] O AR REFHAI 2 3 2 5
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2.
2.

3 FEBRITE

3. 1 FHABR O FipLEE

FERIZIE, K 2-4 [ RTHIEARAR (DU B 2wvo ) L.
T—vardy I Iy —EEEATLH20, BEET LI = A5G4 (A5052)
OUHNTIZ LV RIE L, BELZ. FRTOERIZL Y, BEAOE &1
DL & FRANEE O FBNEICET 5 2 &0, BB DNERIZ R
MIZEDRBITIMLTZEATY, REFTIZEVIER LIEERIZATY A N A XV
(JIS 6 ff)) ZFH LIz, T—arFy 7 F v BB DR NOIEITIT
VITFNaFEE L TPSPICR L TIEANY 72T =7 A, TSP | ’iﬂ,f
n—XIVBEMFEHL, V7r Lo A@FELLTIALELEL U E2FH L.
BIAFEOTEFICELTUX, TNOOREORLRMT 5720, Yr/ranu R
UL T OWREFRL, T vy BBl BAREESESE
7-.

A
o~
- - <
—
S
Y
14.0

Fig. 2-4 Shape of a blunt nose axisymmetric model.

X 2-5 |2 EBRIZ W DR ORI OFE N A 79, mids &% PSP/TSP @
HNOREER I L0, BAREIZIIGRER G2 i L. iR b
PLERIE, SR T 7R RERIAREE L 7R B 2% D/KER (BT R U 7 ZOKIEHR IS

&5#6 Exh 3 HEHEVIETZ LI L TREOARMY ZREL, BE
IZPRFELTZREE 1 mM OFHiie 2 A ¥ — 7 —CTHIL LR b, AT ic
ﬁiéﬁt@ﬁflzv01A® R 2 I U 72K B8 C 90 3 PR FF L, [hii
FRALARIE 2 Ak L7z, £k, IRE 30 C, BE 3%D U VER/KIEIET T 20
ST Uiz, 72k, & TR CHEMZZZEKIZL Y EEL, RRICRELE
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Anodization

aluminum model - ‘
rinse in NAOH 2%wt
anodzed coated

sulfuric acid model

luminophore solution rinse in H,PO; 3%wt
- luminophore
- solvent

Fig.2-5 Schematic description of the test model preparation.

B2 T TR ST

BEARER G ALER & il L 72 AR L, 7 4 v B ZEEH O TR L BHREZ E
EESE. BROAFOTHEICEL UL, PSP ICHEMATAINNY 72T =0
LN ARFEETH D Z LICK L, TSP+ 20 —4 2 v BIZHtst
ThHhdHI LR, BIBIZERDNDH DL, TNENDORNFHER R D720
PSP & TSP TENLNDFINFHEIZ A DY, 7V ALEAS o OREE D
REEZE L CRREEZRE L. PSP 21X, Y/ LVAETHH NN T =
VNTmULEY 7 A LEE 01 mM, VT LU ABFETHD
TNA LA U EEE 001 mM E L, 111 CRALEEKEZMHEH L. TSP
ZiE, YOI BEETHLIe—F I B EY 7 nn XX IR LIEE 0.005
mM, V77 L AAETHLINF LA ZEE0.2mM & L, 1:1 TR
ALERREHER Lz, Zh O ORISR L, BRIZRET 2 Z LIcL - T,
PRI R AR S VT BB RRR LR O FLICF O AR A B R S E .

BRI DR MM S DN G2 DB RFT 57120, T4 v B 7%
FRIFR O S 250 L7z, RN 2 = otihilEEsE (CEess (R

20



I MLP-3) ZfEH L, HAFRE T 20 SFHI LR, BFEYH S Ra o
PHIMEIX 1.74 pm T, ZOEHERZEIL 0.69 TH-7-. Sugioka H6OX, #H
% 0.2 m OBAUEAL L C 4 O PC-PSP 2752 LI2k»T, D
R S OEEZ AN L, K S 2N EREE OFANE K ORI R O )
TN BETHZ EEEML NS, 22T, KU CTHEMHT LRI ON
T, RWFFETIT 9 FEBRSAME & U TRANEREE 400 m/s, BREEARE 1.8 X 10-5 Pa-s

& L, Sugioka H3MToFELFEBEOFEZHWTCE M LM L2 &
A, IFRHE ktaam =5 12X L, @M S k=0.028 £72 572, Sugioka ©
DTS T FEE, FR BB T 2 IFHioFIETH Y, RFFETHHAT S
PR TR B B 2 L TN A, ARWFZE T T 2 BB — R i
KV FEBRCHEA SN DRI RTINS W DIZ LA VRN E L 7
STAER LB LT LEZ 55D, Sugioka O AME L 7= BAVER O R
P SN Ra=1.15 um THoT-Z L a2EFTH L, RFFETHAT L
BHZBWT S, B b BRI 5 RImPEIR 2N RN I2 5 2 5 528 TR T
EHEWZD.

AL CHE AT 5 SREER S AR T, SHE RSN G, JEIe
RBEXE Vo Tt T L DFHIINAFIRE TH H 720, IERBRFIEE L
TRERFOTFT —HIZFKSL< insitu JEEZEHTHZ LITTE RV, 20729,
KRB CTH DMMETINL D, FHAIR 2 e T v X —NICRE L7 L
TF ¥ U N—HNOFMFEZAL SR RN EGE TS L, 507 miEnn
O IET — % ZHS 9 5 a priori {EE HWTIIET — % 2 UG L7-.

2. 3. 2 FEBRIEE M OERITE

L EDOFNEIC X0 ER L 7o 42 B R S8, RAD ORI 2 IS
T OFEREAT o 72, FERITHEH U728 & S IR L 72 R o518l 2 [
2-6 1277, KX 2-6(b), @IZZFNEIURT EEBY, BRI RANTBIZID 5
TIRRE TR AN Z M L, S HEZICY R Z BB BE L TR O A0
T 5. HHEEFONEEZE D 5720, VRITIZAY v FBET ST
DM, TR OB CTREE N ONEREC 2 U > kB KIEOREE T 2 )
P DR RZIT O, £2T, AU v MOEYRKRE Sk Lz
R R—=F F N FED, AL RBEN AN BT D 2 L AR . TR
BRI TH D720, KR L BREET 2 DS BT 5 2 LIk DT
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(0

(a)

Fig. 2-6 Configuration of a test model and a sabot.
(a) Configuration of a TSP-coated model (upper) and a sabot (lower).
(b) Top view of a test model installed in a sabot.
(c) Side view of a test model installed in a sabot.

Chronograph
S
— & Model
Lens 15cm 15m
, ' Color
._ Fllter ........................... .

Muzzle
Acoustic
Trigger Unit

Fig.2-7 Sketch of the experimental setup.

BUTBET DTV 5. EREEORELRK 2-7 1R T. A FERE O
FECHRI ST D70, HHEEZEHR L. ZofHEREE, N 18.5 mm
DOHHHERNEICIBIT 2 KFEOBRBELZFIM L6 DT, 77 2F v 7 lHHRD
PN S U 7o A 2 5 R R JE O & T 5 2 & S AlRE 72 2B CTh
%.
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FH O 1.5 m ONCEICHRFRE E2 D 150 mm B2 7E 2 L 2 XD
WIALET H LD, BT —@EHEE L A F (Vision Research # Phantom
V711) ZfRE L, BREEICER SE-aROMATICE T 28R %
Wil UCHEAS L-. BOLE#IE 12 bit Tiedk L7205, 16 bitTIF R T
FL, BEBREIZHWE. BEELATO M) HEFE, IR E—A&EFE
Y HEEE (KR £~ 7 8 IR Beam & Acoustic Trigger NB-IRAC-01) %
FHLTHEEICLOVE D LG SZEH L TEEED A TN TEFE
AJJLTz. PSP/TSP I T 28z 0MICIL, HFar—VF—EE (F
KAESR LMD BLM7000) 2 H L, @D A 75157 OFRFRE - CEa
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Fig. 2-8 Surface pressure measurement of a blunt axisymmetric model with
Motion-Capturing PSP.
(a) Luminescence image acquired by high-speed color camera.
(b) Extracted image of luminescence image shown in (a)
(c) Pressure map obtained by luminescence image shown in (b)
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Fig. 2-9 Surface temperature measurement of a blunt axisymmetric model
with Motion-Capturing TSP.
(a) Luminescence image acquired by high-speed color camera.
(b) Extracted image of luminescence image shown in (a)
(c) Temperature map obtained by luminescence image shown in (b)
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Fig. 2-10 Evaluation of luminescence ratio distribution.
(a) Luminescence ratio distribution obtained by luminescence image
acquired in calibration test for PSP at 160 kPa.
(b) Luminescence ratio distribution obtained by luminescence image
acquired in calibration test for TSP at 60 degC.
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Fig.3-1 Schematic depictions of dipping methods.
(a) Static dipping; (b) Convectional dipping; (c) Rotational dipping.

Fig.3-2 Rotational mechanism for rotational dipping.
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Fig.3-3 Emission spectra of two-color TSP consists of rhodamine B and
fluorescein excited by a 405 nm laser.
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Fig.3-4 Luminescence ratio distributions on the test models. (a) Static
dipping; (b) Convectional dipping; (c) Rotational dipping.
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Fig.3-5 Position of the luminescence ratio profile extraction.
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Fig.3-6 Luminescence ratios along the X-axis (longitudinal direction).
(a) Static dipping; (b) Convectional dipping; (c) Rotational dipping.
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Fig.3-7 Statistical plots of luminescence ratios along the X-axis.
(a) Average; (b) Standard deviation.
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Fig.3-8 Luminescence ratio plots along the Y-axis (circumference direction).
(a) Static dipping; (b) Convectional dipping; (c) Rotational dipping.
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Fig. 4-3 Luminescence image for evaluation of image processing algorithm.
(a) Acquired image with PSP coated mode; (b) Acquired image with TSP
coated model; (¢) Acquired image with TSP coated model
(@) ~ (¢) Deconvoluted images for original images shown in (a)~(c)
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(b) (b))
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Fig. 4-4 Comparison of the area detection technique for a deconvoluted
luminescence image with a PSP coated model shown in Fig.5-2(a’).
Edge detected images by (a) Sobel; (b) Laplacian; (¢) Canny
Area detected images by (a’) Sobel; (b’) Laplacian; (¢) Canny
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Fig. 4-5 Comparison of the area detection technique for a deconvoluted
luminescence image with a TSP coated model shown in Fig.5-2(b’).
Edge detected images by (a) Sobel; (b) Laplacian; (c) Canny
Area detected images by (a’) Sobel; (b’) Laplacian; (¢) Canny
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Fig. 4-6 Comparison of the area detection technique for a deconvoluted
luminescence image with a TSP coated model shown in Fig.5-2(c).
Edge detected images by (a) Sobel; (b) Laplacian; (c) Canny
Area detected images by (a’) Sobel; (b’) Laplacian; (¢) Canny

52



2 DD, Ty VRN L2 4-3(07) L DK 4-3(c) DAL & b4~ %
&, BAGHI O 2%+ Ic il TE R L IEESVER. £, 77T Uk
ZiH LR Th DK 4-5(0) KX 4-6(b) % 7.5 &, PSP ICi#H L7z X
4-4(b) & s U CHIBRIRICHET D /A Afoicxt L, =y v & L CREiT
L2 LoD b0, 6 5 b BER K OVEHS TR O R ERI I T
BRERET VL LGERLTEY, 6L LA OO A& BRI 2
HZLIETETOHRY. ZTORE, L7400 —#EIC L0 U7
LR OB AP Z MR S I3 > TV ARWY., —F, Sy o—EXEA L
FERTH DK 4-5(0) L O 4-6(c) T, X 4-5(c) THA EEOwEL 2T 5
EMTETNRNHDD, F LIS OB TR OGR4 % BRI
LCWBIED, HWBJELD ) A Ak y UL LT T 5 2 &idiedo
o, ZORER, BT+ v U—EEICL Y M LR A R O & g
T5HL, H&&&CfTﬁ”L%ﬁ@ﬁKﬁ%bf%é:&%%ﬁﬁ,ﬁ@
DO HPEN R STV D

4. 4 EE

K 4-4~ 4-6 lTR-T LB, V—ULEKDOT TSSO T U ETIE, RO
TREBLINDEFT T a2 LIRS R, —HEOBECTHRAEL D /) A Xk
TG L TCWDERTRROND. —FH T, v =—{kTIHER OGO A
M TX D REMENR S D Z EVRB Sz, & 2T, BN 2 MEEd
HZECE ST, EEREEOT VT RAERGEET HZ L & L. BREEC
LTI, X 4-3@)~X 4-3(NIR L8 7 L OB Z bR A Uizl o xt
L, fETIgearisk & U CHEBE O(TE Ok 2 fh i U 7o b C X4 %l sk
B E AW CTELNERES A EH WD Z &L Lz, &b RIe o
ZxtL, —EOT v DHRHENEL T a1 O — B X o Thit L7 B84
WA LR A, 4T~ 49127, 7ol K47~ 4-9121%, 3
AT DEAF O 7= 12K 4-3(a) ~ X 4-3(Z 7R TS m5 0> B fMFAT 5258
& LTl U 7o B S0 O3 G 2 73 & & BT, RIS D it
MO DIBE) 7 VERERTOFRNEBRIESWTH AR A&
T TRl

PSP IZ L DGO EEE X 4-712Rx L, TSPIZX VL NHL
LeiEig 2 X 4-8 L OMX] 4-9 1277, [} 4-7(0) 5, BEIT LOFEZRELT

53



© ®

Fig. 4-7 Comparison of luminescence ratio distribution with the area
detection technique for a luminescence image.
(a) Extracted image around a PSP coated model shown in Fig.5-2(a)
(b) Extracted image around a PSP coated mode shown in Fig.5-2(a’)
(c) Luminescence ratio distribution based on the image shown in (a)
(d) Luminescence ratio distribution based on the image shown in (b)
combined with the area detected by sobel.
(e) Luminescence ratio distribution based on the image shown in (b)
combined with the area detected by laplacian.
(f) Luminescence ratio distribution based on the image shown in (b)
combined with the area detected by canny.
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(2) (b)

(c) (d)

(e) ®

Fig. 4-8 Comparison of luminescence ratio distribution with the area
detection technique for a luminescence image.
(a) Extracted image around a TSP coated model shown in Fig.5-2(b)
(b) Extracted image around a TSP coated mode shown in Fig.5-2(b")
(c) Luminescence ratio distribution based on the image shown in (a)
(d) Luminescence ratio distribution based on the image shown in (b)
combined with the area detected by sobel.
(e) Luminescence ratio distribution based on the image shown in (b)
combined with the area detected by laplacian.
(f) Luminescence ratio distribution based on the image shown in (b)
combined with the area detected by canny.
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Fig. 4-9 Comparison of luminescence ratio distribution with the area
detection technique for a luminescence image.
(a) Extracted image around a TSP coated model shown in Fig.5-2(c)
(b) Extracted image around a TSP coated mode shown in Fig.5-2(c)
(c) Luminescence ratio distribution based on the image shown in (a)
(d) Luminescence ratio distribution based on the image shown in (b)
combined with the area detected by sobel.
(e) Luminescence ratio distribution based on the image shown in (b)
combined with the area detected by laplacian.
(f) Luminescence ratio distribution based on the image shown in (b)
combined with the area detected by canny.
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Fig.5-1 Sketch of the experimental setup with pulsed UV laser.
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Fig.5-2 Grids for flow simulation around a blunt nose axisymmetric model.

(a) Cross section of y-z plane.
(b) Grids on a model.
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Fig.5-3 Pressure map measured by Motion-Capturing PSP method.
(a) Luminescence image of a PSP coated model excited by pulsed UV laser
(b) Edge detected image of a PSP coated model shown in (a)
(c) Area detected image of a PSP coated model shown in (a)
(d) Pressure map converted from the luminescence image shown in (a)
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Fig.5-4 Temperature map measured by Motion-Capturing TSP method.
(a) Luminescence image of a TSP coated model excited by pulsed UV laser
(b) Edge detected image of a TSP coated model shown in (a)

(c) Area detected image of a TSP coated model shown in (a)

(d) Temperature map converted from the luminescence image shown in (a)
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Fig.5-5 Temperature map measured by Motion-Capturing TSP method.
(a) Luminescence image of a TSP coated model excited by pulsed UV laser
(b) Edge detected image of a TSP coated model shown in (a)

(c) Area detected image of a TSP coated model shown in (a)

(d) Temperature map converted from the luminescence image shown in (a)
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Fig.5-6 Temperature map measured by Motion-Capturing TSP method.
(a) Luminescence image of a TSP coated model excited by pulsed UV laser
(b) Edge detected image of a TSP coated model shown in (a)

(c) Area detected image of a TSP coated model shown in (a)

(d) Temperature map converted from the luminescence image shown in (a)
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(a)

(b)

Fig.5-7 State of flow field around a blunt nose axisymmetric model obtained
by CFD simulation with heat transfer coefficient h = 100 W/m2-s.
(a) Pressure distribution
(b) Temperature distribution
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Fig.5-8 Comparison plot of pressure distribution between experimental
measurement and CFD simulations on a blunt nose axisymmetric model.
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Fig.5-9 Comparison of temperature distribution between experimental
measurement and CFD simulation on a blunt nose axisymmetric model.
(a) Plots of surface temperature obtained by experiment shown in Fig.5-4(d)
and CFD simulation.

(b) Plots of surface temperature obtained by experiment shown in Fig.5-5(d)
and CFD simulation.
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Fig.5-9 Comparison of temperature distribution between experimental
measurement and CFD simulation on a blunt nose axisymmetric model.
(c) Plots of surface temperature obtained by experiment shown in Fig.5-6(d)
and CFD simulation.
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Fig.5-10 Calibration plots of PSP coated model shown in Fig.5-3(a).
Red: Signal luminophore; Green: Reference luminophore;
Magenta : Luminescence ratio
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Fig.5-11 Calibration plots of TSP coated model shown in Fig.5-4(a)~ Fig.5-6(a).
Red: Signal luminophore; Green: Reference luminophore;
Magenta : Luminescence ratio
(a) : Shown in Fig.5-4(a)
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Fig.5-11 Calibration plots of PSP coated model shown in Fig.5-4(a)~Fig.5-6(a).
Red: Signal luminophore; Green: Reference luminophore;
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Fig.5-12 Calibration plot of estimated in-situ method obtained by the
CFD result and luminescence images shown in Fig.5-3 (a).
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Fig.5-13 Calibration plot of estimated in-situ method obtained by the
CFD result and luminescence images shown in Fig.5-4 (a) ~ Fig.5-6(a).
(a) Luminescence image shown in Fig.5-4 (a)
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Fig.5-13 Calibration plot of estimated in-situ method obtained by the
CFD result and luminescence images shown in Fig.5-4 (a) ~ Fig.5-6(a).
(b) Luminescence image shown in Fig.5-5 (a)

(c) Luminescence image shown in Fig.5-6 (a)
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Fig.5-14 Comparison of calibration methods based on the pressure
distribution obtained by estimated in-situ method and a priori method.
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Fig.5-15 Comparison of calibration methods based on the pressure
distribution obtained by estimated in-situ method and a priori method.
(a) Plots of surface temperature obtained by experiment shown in Fig.5-4(d)
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Fig.5-15 Comparison of calibration methods based on the pressure
distribution obtained by estimated in-situ method and a priori method.
(b) Plots of surface temperature obtained by experiment shown in Fig.5-5(d)
(c) Plots of surface temperature obtained by experiment shown in Fig.5-6(d)
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