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ABSTRACT

(Study on Improvement of Transition Prediction Method

for Three Dimensional Supersonic Boundary Layers)

Yuki IDE

The stability and transition analyses of three-dimensional supersonic boundary layers on
the JAXAs NEXST-1 natural laminar flow wing were performed in order to study transi-
tion mechanisms in the linear and nonlinear processes and the usefulness of the results for
transition prediction in the flight test environment at Mach number of 2.02 and the altitude
of 18 km. In the first part of this study, thefects of nonparallelism and wall-curvature
terms on the stability characteristics were investigated using methodologies of the linear
parallel stability theory(LST) and the linear weakly nonparallel theory, which expose the
eigenvalue equations and the linear parabolized stability equations(LPSE), respectively. In
the second part, the complex-ray theory(CRT), originally developed by Itoh, was exploited
to relax the previously imposed assumption with regard to wave parameters, namely, wave
numbers in the chordwise, and the spanwise directio,and a frequencyy. By adapt-
ing two theoretical kinematic wave models, present author determined the dominant wave
type at measured transition locations of the flight test in 2005. The last part was dedicated
to investigating the nonlinear process. Based on the results in LST and LPSE analyses,
various transition scenarios including a dominant wave parame{e?)( such as oblique-

mode breakdown, asymmetric subharmonic resonance, classic subharmonic resonance, sta-



tionarytraveling crossflow waves and so forth, were simulated by the nonlinear parabolized
stability equations(NPSE). In all the topics, the usefulness of our results for the transition
prediction was discussed through comparison of transhdactor of e method coupled
with the fixedg technique and estimation of the initial amplitude by which the result could
reproduce the rise of skin friction near the measured transition location. The initial ampli-
tude in the case, where the 1st mode was dominant, was approximateh01%.0
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BRBIZESEIZB W TAHETEZMRITMA, AFEOHEE LB -85 H3

IRTeEE 5 & D ER TS O EIZB T SRR e X LDk,

2 Mach#7% 3.5 DI & OV E & CFHHEMIAIC LR S 15 BE5E R 1§ 5 5k



FICRITTIRAE DOIEFITH & BEmEal

2. BR%RE

KOZEICET %

1) ZEABRXNOENLEBTAE

a) LST (Linear parallel Stability Theory ) & LPSE (Linear Parabo-
lized Stability Equations) DE&EH

WAL AR

AR THW L e HER (LST & LPSE®2959) DEH HIEIZ DWW TR S,
£, RFEOREEREZB-3I1TRT. ERMGIIREROZE MM 2 — N LSTAB THH
U 7 ANEB IR RESR (Xs, Yy Zs) TlE7Z2 <, BHTHE R BELR (X, 9, 2) IZHD W T T2 72, 2
72U, x\IATRICELR URRENIIR > 720, 2 ANV R, y (ZEEwE #EE T [0 H
fmed5.

I 3IRou B SUE O FEEL & Sl 9 B SRR ER D, StokesD B fR % e U
7EE) AN, TRV F-ARX, BELKSEKICTTREAERTHD, ThEhld
TTHEZLNS.

*

0
oy*

6t*+F8x*(pu)+Kva +

K v v w
o TP ox" oy ¥ oz

(0"v") + % (p*w) =0, (2.1)

12



op*
ox *

6,u (F ov*
oy

ou*

200
30x* ox:
+ g; - K*Fu*) +

z0U° 7

ox*

_ WA de

3% ax ox "H37 5

LA dk ou* 4
F3 * * *F

TR g VTR Tk

. o%u* wF 0%

+H

+ 2"'Fo* —

ov
+ IU*_K* I:Z_Jc _ ’u*

ov*

oy*
ow’
ox*

ou”
F
o |

azu*

* FZ
8x*2

wF 02w

922 " 3 oxay

o* o*

F s« ok %2 ¢
+p{ (u W e )HW
B ap L dk* F3y A k2 F? .

= - —FUu - ———v

oy* dx 3

ou’ ov* ou*
F _ ko ok
{ (5X* Ku)+0y*}

ox:
2 * k * *

__6,u F@u _2(91) +(9w
3oy*\ ox oy or
7;1*K*F2 ou” dk* F360*

81)*
6t*

+F

E

3 ox MYdx ax
* 2 2. % 2. %
+&8wl+*F260+4,u60
3 dy oz ox2 3 oy~

o ow*
oz
ow*
F
8ﬁ)+
ow*

oz

ow*
a*

Low”
ot*

ow*
ox*
ou* (ou*
F
oz T ox (62* "
B gdu* F(’)u ov*
30z \ ox* oy
Lde* 0w
- F3
wy dx 6x*
82 Ay o*w*

P +p° (Fu*

_op

**F

+w

+ K"Fv*

+

wF o%ur

3 Ix oz’

Lov*
oz

. azv*
0z2’

ou* [ow*
Oy* \ Oy*

'Fv*)

WKk'F ov*
3 oz

ow*
oy*

ou*
|
4** 3k
k" F ov N
3 oy

N ov*
oz

13

B ow*
oz

N ou*
0z

K2F2ut

02U

(2.2)

+(9v*)
oz
WF AU
3 oxoy

(2.3)

. zazw*
ox2

/-l* azv*

+ + = +
w oy2 " 3 972

3 oxor |

« 9 (C*T*) +p* {Fu*i* (c;T*) + v*aiy* (C*T*

at* X P
e, 9P opt o Lopt 0P
=P + g +(Fu 6X*+U 6y*+w e

3oy oz’

(2.4)

)+ g (657

a LOT?
c’)x* (Fk ax*)
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d (..0T*\ 8 (  oT aT*
Kk — |k* K'x*F , 2.5
+0w( 3w)+0f( 6f)+ oy (2:9)
p =" RT". (2.6)

p I FREVECRER, TIXIREE, kI3 FEMREMRE, C, X —EDEEHAL, RIFKAE

EBTHS., /2% ZAERTETHDZL2RT. OIFECRERTH » BAKIZIL,

@ ou\ (avt\ (ow\| 2(_ou o ow\
— = 2F? - -|F “Fu*
0 ‘Kaﬁ)'+&mJ +(aw)} 3(en*+K ! +a¢f+ar)

" 1\ 2 * *
g (2 20T (2o )

oz ox* OX ox*
2 ou* 2+ ou* 2+ ov* 2+ ov* 2+ ow* 2+ ow* 2
oy* oz oy* 0z oy* oz
ow* v\ A" ou)?
- - AF[= - v - , 2.7
(ay* az*) { (ax* K“) ay*} &7

TFNTHL, Thoi

do 1
. F= , 2.8
. dx: 1+ y«* (2.8)

BLUTREINSG., 22T, FERKRAROANR (Aua—7) &35, £/, KBTI

w 1FIRA D SutherlandD KIS £ D L {RE L 7=.

(2.9)

oAV = et 7o) g T

ref
7272U, S 13 110TH 5. T 512, AWMFETIX Prandthliz: —E L {KEL, Pr=Cuu'/k" =
0.72& L 7=.

RIZ, BEEARERTT UKo b 2 . AR50 ERoubic v 2 BRI
REXESI LU TERABRESI AT — LD 6, RXFHEL U THERENMNOEGEE Q, %
AL, ZOMOEERIZONWTIIINKIZE T 2 &Y EEZ AW, LBRZt X

5 /Q TEN P it piQ2 It ko THERTEAL L 72, 7272 L “@ I3 REAMNEIC B 1T 51l %
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KT, F5 ILSTHNMOEGEITIIEEED Q. D 99.5%L 425 EmE (HABEY),

PSEEHF O 2512 [ AL X 12 513 BURDEE A7 — 1L ¥ L.
pe (x) x

0 (X) = | "7 2.10

R PEDIATY (219

BV TR A 2 0 & 5 (CHUGE(L L A I R Q & % DB f

IZHEL T EROR X GER (2.0 oKX (2.7) ITRAL, RIZERMKEQIXTHHA

TR ARz & UTELULE, RBICERELE o © 2R EOIHEZ AN (K

ML) §5Z2I2&oTENPNS. 2T, AW TIIEREE
BRI U, BIRMEQITH UME#ZERELZNELZ. Z

S a7 4 VAN

FS I ANl
UL QDANVHIE 2 IZ T AR 2EBMT 2 L 2B KT 5., WEEILZK o

q Xy, zt)= (0,0, w0, T) kb L, EREEL ARSI RO & 5 10

PND.

0 0 0 0 0? 0?
Lta + LX& + Lya—y + Lza_Z + Lxxﬁ + Lyya—yz
0° 0? 0° 0°
L,,— +L L L " =0. 2.11
T Y ey T " ayaz T “azm)q 0 (2.11)

ZZT, Ly, Lyl Z 55 DEBEATHITH D, BEFEELUIED B Q (X, y) D

BB TH 5.
R TEAT AL 5L
JRATTATIGEM & ZBHR Q D 5 54 — X' — O|Re | OWFL R & 1 5L TH
5. 7272U Re. IZEZ (2.10 12HD< ReynoldsiTh b, EHi
Eg£§, (2.12)

Re. =
% He

Thb. ZITRLIA XL 2BRAONEEZ T DD, XX, BETR
ERLEEHT A2, X (211D ORBEEITIIE y DADEEE Akd 5.

I —E DB ET A A BRI O - S s LTk b 2
z DR % EW L 7=

Iab5, Q=Q((xy). N
URARETH B, AW TIRBCA I X & [T 5 72 DTS
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LSTOHEIXERMAE QDI X, z, tITEKIFLBRWI Lo E BT 52 LT

T, BILIZVWDLYPIRAD /) —<ILE—RNIZL->THRTE 3.
g (X y,zt) = q(y) expli (ax + Bz— wt)} + C.C. (2.13)

ZIZT, GIRKOIRERE, o BlEENZTN X zAROZEMIEE, o XEKEETHDY,
el LIHOER L 2R, BELAREN - ZHKIHET 258103 a, B,
w (ZNSEBELST A =R LI Z2THZBREERIN, T0D D5 OB X
TNZENZEMM LB R KR (B KEE2 RS, EEORNTE
B % B BELIZIFE & 2RO A RANERT 5 EEZ 0N DD, 8 OLEMEMTD
EAETIRARRBUZ U THERXDOBEDRAR L TWB DM S DOREPBE L /85,
Z 2T, —MANTIIBEL O 2RI £ 72 I RFEE RO W E H U TREMMNT
DI Nb., KETIKBILOZHMHEREICOASEH T MM wmERHALEZ. 51
R QMz NI~ THBD IS LD ziHADHEEFRVEDEIEL, %
FEHEEHR Uz, THITIREN Y R URIBEELIZHNS T 5. ZOR, BELIX X FHIZ DA
HEL, TORERIZ - THEZON, INVEOHEIITERIIALE, ADGBE
WZIXZRE, BOGEIERTZE LI NS, ZEFAEAZEL 202X (21D O
BRI B VT A — X — O[L] DDA EFEL, & (213 2RATZE, WA

ns.

K
Or

~ dg d?q
Ag+ Bd_y + Cd—y2 =0. (2.14)

2T, G=(05a.5T) ThY, ABCHEA—X— Ol DML BT A—4
@.fw TS N B SREITHITH S GEMIME Il L7) . £, AR TIE
Hil RIS AT I A LA — X —Th 2 L £, LSTOLREARRBL
TIIEEMHRIES WA U 72, BERSMIEEEm (y=0) HEE (y > ) IZBWVWTE

NN N 2R U 7.

(o]
Il
ST
Il
S}
Il
—2
Il
o

at y =0, (2.15a)



17

o0 o T -0, as  y— oo. (2.15b)

Ak, FIFFATHRE 2 B U 7 B e T OMUNMEEL (RO AEEL) 135:4F (2.15)
D RNTHPNEA (214 ITLo Tk I nd.

S9IETEITRIEM (PSEEL)

RIZ, JAACEATIE L 2 JE AR I AOE U WG a DR E RN EEL T 5. Z Ok

JEfRIEA — X —O[1] ¥ O|Re!| OMFETHM S 1, Q=Q(xy) 5. —fikiz,
LPSEDETIWIZEWTIZZ D & S RIEFITHRICHT 2 ELEL 2 RD L S IZIRET 5.
qd(Xy,zt)=q§(Xy) exp{i (f a(s)ds+pBz— wt)} + C.C. (2.16)

Xo
227, X (216 DOHRIEREE § & HRPH o 13RI x DB LR >TWS. PSED
FHETIE IO XEKFMEIZET 2 BB ZRET 28R 0, GITHLUTIRD & S 55M
(ambiguityZef: L FEIEN S ) 2L, #8ELO x D2t (EORE L HE) 2 FBEGT

a TRHT 5.

94 > 08
= = —dy =0. 2.17
axlyoy 0 or fo d 0Xdy 0 ( )

22Uy 8 DR L R B E S, FIREREAEERT. 510§, alE xFAITERH,
ITZAEL, ZNIEEIRBEGRIC S BITIED A — X — O[Re?| & F URRE & {5
T35, ZOLIIZLT R ad xIZET 2 2WEREKE AT 5 (PSELLL L IFEFR) .

BlZ L, 02q/ox® X PSERBLZ#HT 5 &,

2~ 2 &
o°q _ (M +id_aq+2ia@ _azq)exp{ie(x,z,t)}+C.C

2 \ox2  dx X
~ id—a~+2i 98 _ 24 expfif (x,z 1)} + c.c (2.18)
x4t Ay T @ ) SPIeX U+ CG '

Y7%b. ZZ
ITRALT PSELEL MM L, *—4—O[Rg?| LA EDEELTEMT 5L 2, RA

TO(X,zt) = fXZads+ﬁz—wt“GZF)é. X (2.16) Z#pPEEL AR (2.1

2y Uy O[Regf] UTEHT 5.
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D LPSEZ155.

04 %G 0§
AG+BH  c?9, p%_ 219
4+ 55 "~ a2 T Pax (2.19)

ZIT, SIBEELARR (21D o g O 2 BB K B EIE A TRIMEED S IRE
TBELDTH S, —EIC PSELMDMEMAEIC BT 2 RMEEOH N HIZIF W D2 OFf
¥ 2 H 98, R TIR L D EERE CEELRHDAZFE L2V E WS BT
Hein 5 %9 2 2% 12 L, MIEHIEZhES TA— X —O|Rg!| THBLER, TI TR

O DHDOAZFELT-. 61T, BEEHMEBEIHIZOWTIE 5 BMNTHE0 5,

= ~1-yo'«, 2.20
1+ york* yox ( )

DEIIZUT o D2IRULEDIHZEK L. X (219 D A,---,DIZLPSEDEE
DERBATHITH D, BARRBRIEHE IR L2, BEREGIILSTOHEEDOL D
(2.15) tHUTH5. LPSEIFRDIEH S BEMH /57 D i FHAE AN GHABIIAALE Xo (2
BIIAERBE L 05, ZHER (219 OFREITH D OKREREZ2FZLEE, §
FrEATHE L2 E L 72 LST (2.14) 12X k7=,

G(%,y) = Gis7(®), a (%) = aisT. (2.21)

72720, FAEXFUST I x=x B33 LSTOTHE I & 2EKT 5.
PSEIFICH 1T BEER

PSEf#HTIZ 51 2 EIR GO E o (1% LST MRS RO EAE st (SRR
WIEEITHEOFLGNREEND. WE, xoDUHNZIE X+ AXIZB I Lz %

ZhiE, PSEEMZHWS &,

X+AX
d(x+ AX, y) exp{i (f ads+ pz- wt)}

2 X+AX
~ q(X y) (1 + %gAx) exp{i (f ads+ Bz - wt)} (2.22)

X+AX 16q X+AX
~ §(X y) exp(f :—ds) exp{i (f ads+ pz - wt)} ,
X qas X
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72D, X+ AXIZ BL&%%EE@tﬁ{EZ%& (YPSECi

10§
QPSEIQ—IE%, (223)

THAOND I W5, /oT, LPSEMNTIZE T 2IEFITHDET S %2 8 L lkiER
o325,

(2.24)

o =-qj+ (1(9(]) .
r

g ox
A (2.24) OFEUE 2HIIEATIEIZ XA BERTH S, WHINIZIE, RERIIRE
CRBRMEECREMEIMEILL > TARREREIRNEZEDTHS. LrLERMESL, K
HFETIE PSERITIZE W T —MBINICFIH I NS 2 DD REIZK D ERDEH % HH
UL72%0, 2o FEB T XL — E LEER®E (ou) IZXD2EHETHD, EREIZELD
cFEENENUTOEY THS.

AN I
o a + fo p(u*a—‘;+m&+wfﬁ)dy] (2.25)
(B = & S min  mim man ) .
i fo o (U0 + 070 + @'w) dy
[ 1 d(pli+up)
O(pu) = —@j + { PR o . (2.26)
- P © Y=Ymy

PAED S, §93RFATHRICH T 2 MEL Ok 5 BRI BTSSR (2,15 4#E (2.2D @

TTRX (219 Z< I eiZd-oTRLONS.

b) LST OHUEREE

AW TIXLST (2.14) % Malik 5 57 D iEIZ74 5 o THUEIZ RN 2. F 33k 50
DY, HRRCEHREHAEET L, X (2.14) 13RO 1EMS HREARICEZET

TEMTES.
dy

— =av. (2.27)
dy

ZZ VG\’ Y= (901’ ©$2, Y3, P4, Ps5, Lo, P7, QDS)T VG‘% D ’ %M%m

¢1 = all + pu, soz=d—y, w3=0, @a=1D,
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. d o d
o5 =T, goe=di;, o7 = aid — B, gogzdi;, (2.28)

TEHRIND. ald8x8DFEHITIITH v, BEFEMIIEMSE (2.15 75,

p1=93=¢s=¢7=0, at y =0, (2.29a)

Y1, @3, Y5, Y7 _)09 as Yy — o0, (229b)

L%, GEROMENTY —)V LSTAB T, A (2.27) 1& Gram-SchmidD E 221k 2 fli L 72
735 Runge-Kuttak CHUERE D 3 2 81E (Y a—TF 4 V270E) IZ& 0@ dhy, A
ZECIE & 0 [EABEEBUE kDX 9\ Euler-Maclourin A X & i\ 72 2 53 V80 M A% —
LERA U, FMaBUEfEImME I e e, —iz, N (227 2Bt
(229 OFTHR L HERMELPES5NT, GRAMBVE SN D DITEELN T A —X
a,B,0 DD DHEDMELDRDATHS. T74bb LSTIXEAMMEICIRET 5.
¥ g3 ZEaM i D A e

F(a,B,w;X) =0, (2.30)

LEIPND. AWRTIE, DAIMEXIZBITEINTIA-REZLL o, EHAWEEZ o« &R
7 U CHEA T 2 547 U7, T OB, BB BB MG & » L5 THt S i
HIOIRDFFVERR 5720, WROBIFEIMETOMENRIC X 254 TIERL<, B
it (229D ZDHDEHEREESIDEE L Z 2005 30fGDAEIZH WTHL 7=,
7'y RO 15075 300D 2R EL, EABEBMOERANEIERA D7D
(CEEFLEMEN BT D &5 7 ) v REOM S 7z, AL CTIRIYEZEM (X y) 2 5 5HE

Z8[ (&, n) NDEBEHZ RN X DITo 7=,

X = &, y*:bﬂ, (b:1+ a) (2.31)
- Ymax

ZZT, fBEZEMIIBI A nId0<y <y EO0<n<LIZEB{RTIEHTHY, gy

FERKESAE, aldZ )y NOBEREEZRDLE /T A — X THBEIZ L > THEL 7.
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c) LPSE®D#ERE

BRI DAE
BUEMTIIZIE, PSEIXEIREFIANE %o 2B T 29HEEZF AL Ty —F > JIERIC
FOBEGIMS I ENTE S, FRO@EY, FIHMEIK LST OEAERED M T & 5 [EH
Ao LEIEABGE Lz, 72, X ITIXLSTHITRERICB T P LLERDDT
2 BRI O A2 FE Uz, fEERIE Malik 5 591127 5 WERIFR DB A& D 2 AR &
DL, XTI LTIk 2IRKEERRAE DR, v TN U TR 40 D20 TR
Wz, £EDNIUTOEY THS.

06" 2+ma’-2(1+md "+ mg >

- s

0 DAE

8qi’j _nqi,j+2 + (1 4 7n) qi,j+l (1 + 7n) qu -1 nq" -2

an B (2+10n) Ap ’

g7 _ongre (14 150§ - 24280 1+ W+ 150G -ng
on? (1+ 11n) A2 :

IIT, L jRERFNEFAE g HAOS) Y ROBREL TS, Fmide HRnE
DRADREEED BT A=K TH Y, FIRFBAED 1R FRMATIE m=0 (1A
), ZnPATIEMm=1 QUKEE) Oz L 5. ndn AAIZET BFEROD/NNT A —
RTHH, 2DO05F (BimE & MREK) OBEATIEn=0 QIKEE), TONH

TlEn=1 QxKEE) %%, X (23D ZHWTLPSE (2.19 Z#Z&#L, &&=0A
(2.32 ZRALTERSEM (215 2HVWD L, #EE, @b ARERNTRO LS ICF
tHons.

Wg' = fi-1. (2.33)
2T, ¢ =(dnd% . N ~'N) Thh, FHIERMQY, i-1xi-2i1tBl
BIRIERE 5, 62 OB TH B, 7B | =1, NIZFNF B & IR 5 0 & B
B T3, £-WIRKERIZE5x501741%269 % SEMNMATHZ2T. X (2.33

MO SNRE DI, g IEWDHIFHAWLIZ2ETLEILICEESNS. KFETIE
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Z D174 % LU 3 RIEIZ & DR 7z,

Y—FUIDRN

5 EXAITHI WIS EFRE 2 BEL S5 A =R OB TH Y, X (2.33 2o 138
HMekinidiasiznwn. UL, PSEREITTIX G LFHKIZa & xOBEBTHY, v—F

Y DRRET EROFEEZ XTI TERILT 2HENDHD. T3 (2.16) O x4
B9 2 &Rz RE T 5850 (ambiguityZeff (2.17) 2R L TERI NS, 0 E,

R (2.33 ZEZ—ELFRNTRD M § 128 x Hr~02{bz &8, PSEM#T
B AREE XD ZYRHDIZT E-0121, TOEAEX (223 2HVWTall
GFENIXR. PSEOEETIX, X (233 2&2aDEHZN (2.23) DA 2
I G lo0ox DNEIZ R B ETCKRETEZLIE o TG L apse BTV, BLERS,
BUEREDRNE L DB ERD E S 1Tk 5.

) FHEBABALE X TLST (2.14) ZfEE, YIHME § (%, y), a (%) 2135.

i) 1 AR X = X+ AXIZHEABIRIR % FiAAD.

i) a()® ZREL TR (2.3 ZMFE ™ 2HHT 2 (2720 nIdRER .

iv) X (217 ZHVWT o™ 2FEHT 5. HlziE

0 ~\(N)
aMD — oM _ i{ 1 d (ol + up) } '
Y=Ym

o™ + up™ OX
V) [@™Y — o] < & HIAL T B 70 S IEIRD EWALE X+ AXNHES, BLLRITH
(EFIE i) 12
vi) PURFEDME S NAVEFIE i) (2HED
772U, FEii)) ®n=1DHED a(X)® ILATE DA E X— AXIZ B 1T 2 INFE a(x— AX)™
2IEL, FHZEHRRBAED 1R TRAD KT 0 2B 5EAHEe 2 VS, &
7z, AR TIEFIEV) DPCREFE e 2 10°0205 108 DfE & U 7=.
212, PSEfENT OBUEMETRED 1 DI EIR A M DL AlE AX % & % BIE AXmin

FORELMBIIHEL RITNERSBRVENEITF SN S, Changs ®izkdE, Zh
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FRX (219 1ZOFT2ITF - = HBEAOEHME (N 5 LA OIFROER) (2
LEBRITH D, £ LLAIEE Axnn B FIZERE L 2B E I IREHEL AT 2D, FE
WIERA 2 IR B A3 A U BRI R e 2R BB IZfa 5. 512, Li 6 591X LPSE% fil&fk L
7= EAMETE D well-posedt: % 734 U, #UEMZZENE %2 15 5 1T 13K AR 1

1
AX > —
|a’r|

THRIFNERS BN L ER L. £72, Changd 50 1% Z O BNIAIE Axpin % X 5
KNS T BFUTE LT, MO EERER TS 5 HHOEEE RT3 7210
86/8)( @IE&:LX—F(%%ém5/<5 A —& ‘Qp ’Eﬁj—éﬁ&%%%bf:

oo (. . op .
vl (lap+Qp&) exp(i@) + c.c. (2.34)
EEL, Q%
ymxﬁyqy—nmﬁ}M@<L
Q= (2.35)
1, Ma, > 1,
THY, Ma, lTHE U TEEIND y [ZHKAF L 7ZFATENZR Mach#(TH 5. A58 T
LB L EE %2/ 57-0, A (234 BLUORX (2.35 2HAWVTHIMNIENES E

DARFE % ] U 72

d) MREEFHEDHER

AWFZE T D AT &S E 3T OEMRIERETH B 7=, WL fEra— K
% NEXST-1H @312 8 H 3 5 mic SR 722 3 D D J i BE g o 22 e Ve & 9247
U, I—FOZYMEZKREEL 2. T OREFEISE & 13T 1T 1 Blasiush! O JEEMEM: 2
oL E, Falkner-Skan-Cookd FSC) B D IR NE 3Rt AR 8, £ L T
FEfEME 2 T RS E T H 5.
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ERBAOLLE

JE i i 1345 B 5 e R A DR & BUE I i Toked 72, Bl 7R3k 6D 5 13 AE 11
R U7z O, B-45 5 R-6IZ A% CR7ZEIREORGIERE D5, £,
B4 138 0 = tam (UX /W2 23 45 DI E D By 12X 2 ANRTRR 5 7 0D 3k
Us EBHRN G HDOKE W, DR FTH 5. T I T, By =2m/1+m) ZFENDHEE S
%EDH S Hartreefl TH D, BEERHR S IZEbE 3FHEOME (1, 0.5 -0.09 22\
TEIREZTo 7z, R TMNEXFE o F—HROMETH S Z & %2/R7. G5 Taylar
SIZ X BFER, MDD AM O — FICK2EIEHRTH L. B-44&0, BETIH5E
(By=-0.05) (ZLLATHIERE (By=1, 0.5 TIIFMNEE Ws BFEZEL TV DT

ATE5. W, B-58 FUE-61FFNZN Ma=8.0 D& DJEMENE 2 Rt M5
FRIEDRERME U UL & TT: OFRTH 5. INKIRE B & O Prandtii 3 ¢k 8969 %
BHZIZL T:=218.6[K], Pr=0.75& L7z. Z5 551528 Van DriestO#E R, HiFRAIA
MEDOHEIERTH S, H-4056H-6D L DFEREMEENR LM —H LT, K
oI BT D ERMEPZLYTH D L2 MR L7z, 7P, BlasiushEAREE S E O gt
fifld FSCHED m=0 D r — ARG T 5728, AL TORIRITAEI L 7=,
L ERFED L8

DA b D& 2 W CEBSUE O Z e Rk &2 fghir U7z, LST & LPSEff#tira — KD
MEEE LT, 9 LSTMHrC & % BlasiusfiE g o i r e dhii # ®-712, LSTH
L O LPSEfEHTIZ K 5 Z DR EREZB-8I1Z/mR Y. BElImXILIzX (2.12 TEHRS
% ReynoldsiTH 5. BI-7 OMEflI T F TH O, ERIFHIRICO AR
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BB |pd BIZIEWETHD Z e, IS DEERIIMENALZE i SN
TWB Z RSNz, T2 THHEIZ X BFEROENIZOWTHE T 2720, HO
NEIZEH S % &, Wi Y/s=0.60& 0.77 (BA'F, ZD2ODWHID Z & %42 MWiH &
IFFR) (2B WTIRIALERDIFAET B x 1A QTR AW Y /5=0.451Z b X T 2 %32 <
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PO HREEILTH D Z DS e R o7z, 2D LIFEED LST MR &
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ERZEE

1) ZEABRXNOENLEBTAE

a) NPSE (Nonlinear Parabolized Stability Equations) D& H

FERRAREL AR

AL 2 E FiFE XN NPSER29) [3HT#H £ TOER(L (LSTH LU LPSE THWH N
Bl o ([T AL 2 HRT 5 Z 8 I2 ko TELN S, MRot/b L - YHE % &
HTz M — BRI Q L L o 1L T, Th 2R TH LA (2.1
oX (2.7 ITRAL, RIZEGRBEQIFTNWEHI T AR Z T & LTALAI

TiX, MROIEMEEELLFEAN T o N S.
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1 (0T u_, dudT'\(, & ow
T+ K ad 4.4
+Re5(6ydT2 +dT6y)( az+ay) (4.4)
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M=—00 N=—00
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Bo» woEFNFNHEAE—F (mn) = (1, 1) OANXVAAEKE ARETHY, &
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DOES DN D. H-oT, HHE—F (mn) 2XAT 5 HERNZ

_imwoum,n)(m,n = Z Z lN«Im’,n’ ljm—m',n—n’)(m’,n’)(m—m,n—n’, (4-13)
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m=—M n=-N
BRI OGEDE D (215 &HUL,

l~Jm,n = 17m,n = J)mn = fmn =0, at y=0, (4.168.)

~

l’jm,n, Bm,n, lI)m,n, Tm,n — 0, as Yy — oo, (4.16b)

T, £72, HE— FOITHRER omo 1E LPSEOBA LA UK (225 $3

WE (2.26) Lo THEHEL-.
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FERMEE—R

E—F (mn) = (0, 0) IFFEHERMEE— FEIFENZFFRE—RTHY, HER
EHEREAMORNICL > TRdINDE., ZNIEF2EOYHE g=Q+q DAV
MORKEE (2n/8;) E&REAM (2n/w)) 1272 FYAME & JEiRE Q 1B 3 % [Akk
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ZDE— NIENEME (410 2&D
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R EH, —RIICIE ago IHBEGRE B L BN, FHIRMIET— NOBEIXET
EROIRMERIEL Goo 12 & o THA 515 D5, AR5 TIEEL O AR E B 2 R
HF27bD128FEFEL LT, ZOVERMIEE— F2MH U T O 2 DT
PEBRIUE HAL 7=
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PeQ2
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7 Ju
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772U Crur Cro WEZNZN, %, 2 /iIOMIEHA CHEE S ND TIIRBIRICC, 1 =
W (T +To) ThB. 22T, TIRMIEE — N GEBIBIIC B 5 TAIRHRT S 0
ERAMOLEAEH>TH Y, T B 1 B B OFE% 2 BT A T o

ko TRBHINSG., /- T, FHRMEE— FIZH L TOAERSEM: (4.16D Db

ENUIZUATOLRMEEZAWS.
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Uoo, @00, Too— 0, as y — . (4.19b)

X512, ZAUCEHEL T HeiniZEEARA (4.19 O F CREIRBIEAICH T B A7 —
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5EBARTNS S, KEFFETH INEEAL, FERMIEE— F &8 < BIX&RELT
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b) BUEREE

BERILDAE

NPSEIZEAEMEATHIIZ X LPSED & L FABDOIEIZ X o TS 2 TE 5. §/4&
DbH, X (4.14 OEHFEH L ZOfELIEA (2.3D &K (2.32 IZEd# L 7@ b T
H5. HEHALLEZABA (233 tFAETHY, HH5E—F (mn) IZDOWVWT,

W innghn = finms (4.20)

B, 22T, ghe= (G 02 G 1,qmn) THY, tLREREQ, -1k
i — 21281 BRIERE 6L, 6n2) 72 o CICIEIRIE Frn, OB CTH 5. RIIE TR
% < DRFZE DO 2 2EIZ LT, BiLERX (4.9 VT EYEEMIIBL,
ZZTCoEPE (X (42 ok (4.6) 2k, ThzeX (4.15 DHZEHZF]
FA U CREEEERICRT Z 810 &k o CHBIE Fnn 21872, TOB, =1V 7YY
L5 —% 3RIN—IIZHILNTF 1 U HRIZE D RE L,
EAIE DR E

AR EICEWTHRET 2T —F (FI#E— F 2R OfEIEICIE, ZaX
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HRiE A0, 2 52 B BN D B, AFIRTIRZD A, & LST itk O E AR Ggr %
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e L.

Ann (X) = mqax{myax(cm,n |qmymn|)} . (4.22)
ZZT, Con FTFEHHRMEE—RIINLTIRL ZOMDE—FTIZ V22 58K
T5.
=mRE—RNDEAFE
PIRIE AY, VNS T IXHIELOIR D BN IXIZ L A EHIETH b, FERIEIEIC & -
TR INAERE— R SIFEEETRW. KoT, AWIETIEFHHERMNZ T 5
728, NPSEfftOFDIFHMME— RIZoOWTHOY—F V7713 2FETL, @iRE—R

3% DIERVIE F o ODEKAED D B HIE 2 R 7250 I OABITIZEATEZ 2120

7=, ZOBMEIZNEXST-1EEDOBEREOMITIZEWTIZ10° 75 10 o T&E L
2. B, ZOBREIRIIZ/NZI WD D NIEREWIESIZIE, BITICEA L ZEIRE —
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WIZIZEALWE—F (M, ) OFEHH%E

'
[ O], = = atmrar (X)), (4.23)
X DBEH U, REORITEIRICL S &, T OEBERDHEE D (17555 NPSEMHT

DOBUEI 22D LU CHEICREETH Y, TOHEHIENEBOCGEITX, ¥
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U7z, 728, ZHLAEDO NEXST-1REOBERE %2 52T NPSERITIZEWTDH
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U(me) =1, (111.19b)
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g =-Fp, (Q=ap+auw),




EA, BEBREMEIETHRVWSEtZANWT,

OT;
/J*T* ’

e w

FO=u@=p0=0 0v0=s w0= G(0) =t,

Fne)=1 G@e)=1

1
T:;:T;{1+§(y—1)Ma§}t,

ThH5.

95

(111.23)

(I11.24)

(111.25)



S Rk

1) Morkovin, M. V., Reshotko, E. and Herbert, T.: Transition in Open Flow Systems - a

ReassessmerBullettin of American Physical Socie9(9), (1994).

2) Morkovin, M. V.: On the Many Faces of Transition, \fiscous Drag Reductigredited

by CS Wells, Plenum Press, 1969, pp. 1-31.

3) Landahl, M. T.: A Note on an Algebraic Instability of Inviscid Parallel Shear Flows,

Journal of Fluid Mechanic98, (1980), pp. 243-251.

4) Hultgren, L. S. and Gustavsson, L. H.: Algebraic Growth of Disturbances in a Laminar

Boundary LayerPhysics of Fluids24(6), (1981), pp. 1000-1004.

5) Henningson, D. S., Lundbladh, A. and Johansson, A. V.: A Mechanism for Bypass
Transition From Localized Disturbances in Wall-Bounded Shear Fléovgnal of Fluid

Mechanics250, (1993), pp.169-207.

6) Morkovin, M. V.: Bypass-Transition Research: Issues and PhilosopHhgstabilities
and Turbulences in Engineering Flowedited by D.E. Ashpis, T.B. Gatski, and R.

Hirsh, Kluwer Academic, 1993, pp. 3-30.

7) Bippes, H.: Environmental Conditions and Transition Prediction in 3-D Boundary Lay-

ers, AIAA Paper No. 97-1906, 1997.

96



97

8) Deyhle, H. and Bippes, H.: Disturbance Growth in an Unstable Three-Dimensional
Boundary Layer and its Dependence on Initial Conditidiesirnal of Fluid Mechanics

316, (1996), pp. 73-113.

9) Itoh, N.: Development of Wedge-Shaped Disturbances Originating From a Point Source
in a Three-Dimensional Boundary Lay€&tuid Dynamic Researci.8, (1996), pp. 337-

354.

10) Itoh, N.: Instability of Three-Dimensional Boundary Layers due to Streamline Curva-

ture,Fluid Dynamics Researcii4, (1994), pp. 353-366.

11) Itoh, N.: Simple Cases of the Streamline-Curvature Instability in Three-Dimensional

Boundary Layersjournal of Fluid Mechanics317, (1996), pp. 129-154.

12) Lees, L. and Lin., C.: Investigation of the Stability of the Laminar Boundary Layer in a

Compressible Fluid, NACA TN 1115, 1946.

13) Mack, L. M.: Boundary-Layer Linear Stability Theory, AGARD Report 709, 1984.

14) Herbert, T..: Secondary Instability of Boundary LayeFee Annual Review of Fluid

Mechanics20, (1988), pp. 487-526.

15) Craik, A. D. D.: Nonlinear Resonant Instability in Boundary Laydmjrnal of Fluid

Mechanics50, (1971), pp. 393-413.

16) Klebandt, P. S., Tidstrom, K. D. and Sargent, L. M.: The Three-Dimensional Nature of

Boundary-Layer InstabilityJournal of Fluid Mechanicsl2, (1962), pp. 1-34.

17) Herbert, T.: Analysis of the Subharmonic Route to Transition in Boundary Layers,

AIAA Paper 84-0009, 1984.



98

18) Saric, W. S. and Thomas, A. S. W. : Forced and unforced subharmonic resonance in
boundary-layer transition, AIAA paper 84-0007, 1984.
19) Muller, B. and Bippes, H.: Experimental Study of Instability Modes in a Three-

Dimensional Boundary Layer, Ili¥luid Dynamics of Three-Dimensional Turbulent

Shear Flows and TransitiQGARD CP-438, Loughton, Essex, 1989, pp. 13.1-13.15.

20) Bippes, H., Miller, B. and Wagner, M.: Measurements and Stability Calculations of
the Disturbance Growth in an Unstable Three-Dimensional Boundary LRlgsics of
Fluids A 3(10), (1991), pp. 2371-2377.

21) Kohama, Y., Saric, W. S. and Hoos, J. A.: A High-Frequency, Secondary Instability
of Crossflow Vortices that Leads to Transition.Boundary Layer Transition and Con-
trol, Proceedings of the Conferendc@ambridge, UK: Royal Aeronautical Society, 1991,
p.4.1-4.13.

22) Li, F., Choudhari, M. M., Duan, L. and Chang, C.-L.: Nonlinear Development and

Secondary Instability of Traveling Crossflow Vortices, AIAA paper 2014-1132, 2014.

23) Fasel, H., Thumm, A. and Bestek, H.: Direct Numerical Simulation of Transition in

Supersonic Boundary Layer: Oblique BreakdownTtansitional and Turbulent Com-
pressible FlowsASME-FED 151, 1993, pp. 77-92.

24) Chang, C.-L. and Malik, M. R.: Oblique-mode Breakdown and Secondary Instability in

Supersonic Boundary Layerdurnal of Fluid Mechanic273, (1994), pp. 323-360.

25) Kosinov, A. D., Semionov, N. V., Shevelkov, S. G. and Zinin, O. |.: Experiments on

the Nonlinear Instability of Supersonic Boundary LayersNonlinear Instability of

Nonparallel Flows Springer-Verlag, 1994, pp. 196-205.



99

26) Mayer, C. S. J., Wernz, S. and Fasel, H. F.: Investigation of Oblique Breakdown in a

Supersonic Boundary Layer at Mach 2 using DNS, AIAA Paper 2007-0949, 2007.

27) Mayer, C. S. J. and Fasel, H. F.: Investigation of Asymmetric Subharmonic Resonance

in a Supersonic Boundary Layer at Mach 2 using DNS, AIAA Paper 2008-0591, 2008.

28) Herbert, T.. Parabolized Stability Equatiodg)nual Review of Fluid Mechanicg9,

(1997), pp. 245-283.

29) Bertolotti, F. P.: Linear and Nonlinear Stability of Boundary Layers with Streamwise

Varying Properties, Ph.D. thesis, the Ohio State University, 1990.

30) Arnal, D.. Boundary Layer Transition Prediction Based on Linear Theory,
AGARD/FDP-VKI Special Course on Progress in Transition Modeling, AGARD Re-

port 793, 1994.

31) Reed, H. L., Saric, W. S. and Arnal, D.: Linear Stability Theory Applied to Boundary

Layers,Annual Reviews of Fluid Mechani@8, (1996), pp. 389-428.

32) Mack, L. M.: Transition Prediction and Linear Stability TheoryAGARD Laminar-

Turbulent Transition1977, pp. 1-22.

33) Crouch, J. D. and Ng, L. L.: Variabld-Factor Method for Transition Prediction in

Three-Dimensional Boundary Laye&IAA Journal 38(2), (2000), pp. 211-216.

34) Yoshida, K.: Supersonic Drag Reduction Technology in the Scaled Supersonic Experi-
mental Airplane Project by JAXA, Progress in Aerospace Sciences, 45, 2009, pp. 124-

146.

35) Yoshida, K., Sugiura, H., Ueda, Y., Ishikawa, H., Tokugawa, N., Atobe, T., Takagi, S.,

Arnal, D., Archambaud, J.-P. and Seraudie, A.: Experimental and Numerical Research



100

on Boundary Layer Transition Analysis at Supersonic Speed: JAXA-ONERA Coopera-
tive Research Project, JAXA-RR-08-007E, 2009.

36) Yoshida, K., Ishida, Y., Noguchi, M., Ogoshi, H. and Inagaki, K.: Experimental and

Numerical Analysis of Laminar Flow Control at Mach 1.4, AIAA Paper 99-3655, 1999.

37) Ueda, Y., Yoshida, K., Matsushima, K. and Ishikawa, H.: Supersonic Natural-Laminar-

Flow Wing-Design Concept at High-Reynolds-Number Conditigxi®yA Journa) 52,
(2014), pp. 1294-1306.

38) Yoshida, K., Ueda, Y., Vermeersch, O. and Arnal, D.: Experimental and Numerical

Research on Boundary Layer Transition Analysis at Supersonic Speed: JAXA-ONERA

Cooperative Research Project (Part2), JAXA-RR-12-009E, 2013.

39) Nomura, T.: Stability of Supersonic Swept-Wing Boundary Layers with or without

Crossflow,Transactions of the Japan Society for Aeronautical and Space Scjet8;es

(2005), pp. 193-198.

40) Nomura, T. and Kuroda, F.: Validation of the Natural-Laminar-Flow Design for the Na-

tional Experimental Supersonic Transpdmansactions of the Japan Society for Aero-

nautical and Space Scien¢d$, (2002), pp. 149-153.

41) Nomura, T.: Transition Analysis of Compressible Boundary-Layer Flows over Swept

Bodies, Ph.D. thesis, the University of Tokyo, 2003.

42) fZifisee, BFOIET, SOARIESE, MUIET, PPUE N R R O BB

FH P 3LWFE RS, 2000 pp. 170-173.

J

Het

M, HAM

43) Itoh, N.: Development of Localized Disturbances in Flat Plate Boundary Laxaars-

actions of the Japan Society for Aeronautical and Space Scigf,d2001), pp. 24-30.



101

44) Whitham, G. B.Linear and nonlinear wavegohn Wiley and Sons, New York, 1974.

45) Itoh, N.: Structure of Absolute Instability in 3-D Boundary Layers: Partl. Mathematical
Formulation, Transactions of the Japan Society for Aeronautical and Space Scjences

44, (2001), pp. 96-100.

46) Itoh, N.: Structure of Absolute Instability in 3-D Boundary Layers: Part2. Application
to Rotating-Disk Flow,Transactions of the Japan Society for Aeronautical and Space

Sciences44, (2001), pp. 101-105.

47) Saitoh, N., Asai. M. and Itoh, N.: Development of Localized Disturbances From an
Oscillating Point Source in Compressible Boundary Lay&ransactions of the Japan

Society for Aeronautical and Space Sciendés(2003), pp. 211-216.

48) Bl % « ERRFERIRRIRIC & 5 E d BT U O BT, NAL-TR-1463 2003.

49) Schrauf, G., Herbert, T. and Stuckert, G.: Evaluation of Transition in Flight Tests Using
Nonlinear Parabolized Stability Equation Analysisurnal of Aircraft 33(3), (1996),

pp. 554-560.

50) Herbert, T. and Schrauf, G.: Crossflow-Dominated Transition in Flight Tests, AIAA

Paper 96-0185, 1996.

51) Hein, S., Hanifi, A. and Casalis, G.: Nonlinear Transition Prediction, European
Congress on Computational Methods in Applied Sciences and Engineering, ECCOMAS

2000, Barcelona Spain, 11-14 September 2000.

52) Schrauf, G.: Industrial View on Transition PredictidRecent Results in Laminar-
Turbulent Transition-Selected Numerical and Experimental Contributions from the

DFG-Verbundschwerpunktprogramm “Transition” in Germargdited by S. Wagner.,



102

M. Kloker. and U. Rist,86, Notes on Numerical Fluid Mechanics, Springer, Berlin,

2003, pp. 111-122.

53) Chen, F.-J., Malik, M. R. and Beckwith, I. E.: Boundary-layer Transition on a Cone and

Flat Plate at Mach 3.5AIAA Journal 27, (1989), pp. 687-693.

54) Hein, S.:Nonlinear Nonlocal Transition Analysi®LR-Forschungsbericht, 2005.

55) Malik, M. R. and Chang, C.-L.: Nonparallel and Nonlinear Stability of Supersonic Jet

Flow, Computers and Fluid9, (2000), pp. 327-365.

56) Chang, C.-L., Malik, M. R., Erlebacher, G. and Hussaini, M. Y.: Linear and Nonlinear

PSE for Compressible Boundary Layers, ICASE Report 93-70, 1993.

57) Malik, M. R. and Hussaini, M. Y.: Accurate Numerical Solution of Compressible, Lin-
ear Stability EquationsJournal of Applied Mathematics and Physi&S8, (1982), pp.

189-201.

58) Li, Fei. and Malik, M. R.: On the Nature of PSE Approximatidimeoretical and Com-

putational Fluid Dynamics8, (1996), pp. 253-273.

59) Taylor, M. J. and Peake, N.: The Long-Time Behaviour of Incompressible Swept-
Wing Boundary Layers Subject to Impulsive Forcidgurnal of Fluid Mechanics355,

(1998), pp. 359-381.

60) Van Driest, E. R.: Investigation of Laminar Boundary Layer in Compressible Fluids

Using the Crocco Method, NACA TN-2597, 1952.

61) Palmer, G.Solving Dfferential EquationsPrentice Hall, 2003, pp. 271-306.



103

62) Jordinson, R.: The Flat Plate Boundary Layer, Part 1: Numerical Integration of the

Orr-Sommerfeld Equatiodournal of Fluid Mechanics43, (1970), pp.801- 811.

63) Tempelmann, D., Hanifi, A. and Henningson, D. S.. Spatial Optimal Growth in Three-

Dimensional Boundary Layer3purnal of Fluid Mechanics46, (2010), pp. 5-37.

64) Chang, C.-L. and Malik, M. R.: Non-Parallel Stability of Compressible Boundary Lay-

ers, AIAA Paper 93-2912, 1993.

65) Bertolotti, F. P. and Herbert, T.: Analysis of the Linear Stability of Compressible Bound-
ary Layers Using the PSHheoretical and Computational Fluid Dynamj& (1991),

pp. 117-124.

66) lyer, V.. Three-Dimensional Boundary Layer Program(BL3D) for Swept Subsonic or

Supersonic Wings with Application to Laminar Flow Control, NASA CR-4531, 1993.

67) Arnal, D., Casalis, G. and Houdeville, R.: Practical Transition Prediction Methods:
Subsonic and Transonic Flows, In VKI Lecture Seratrances in Laminar Turbulent

Transition Modeling2008.

68) Andersson, P., Henningson, D. S. and Hanifi, A.: On a Stabilization Procedure for the
Parabolic Stability Equationgpurnal of Engineering Mathematic33, (1998), pp. 311-

332.

69) Reed, H. L., Reshotko, Eli. and Saric, W. S.: Receptivity: The Inspiration of Mark

Morkovin, AIAA Paper 2015-2471.

70) Haynes, T. S.: Nonlinear Stability and Saturation of Crossflow Vortices in Swept-Wing

Boundary Layers, Ph.D thesis, Arizona State University, 1996.



104

71) Herbert, T.: Parabolized Stability Equations, AGARD TR-793, 1994, pp. 4-1-4-34.

72) KEFRIAM, =24, SEEC: SROBUERME NS « 7V LEHEE, R

F2, 1998

73) Day, M. J.: Structure and Stability of Compressible Reacting Mixing Layers, Ph.D

thesis, Stanford University, 1999.

74) Cheung, L. C.: Aeroacoustic Noise Prediction and the Dynamics of Shear Layers and
Jets Using the Nonlinear Parabolized Stability Equations, Ph.D thesis, Stanford Univer-

sity, 2007.

75) Airiau, C.: Lnear and Weakly Nonlinear Stability of an Incompressible Laminar Bound-
ary Layer by the Parabolized Stability Equations(PSE), Ph.D thedisoleé Nationale

Sugerieure de I'Aeronautique et de I'Espace, 1994.

76) Malik, M. R., Li, F. and Chang, C.-L.: Crossflow Disturbances in Three-Dimensional
Boundary Layers: Nonlinear Development, Wave Interaction and Secondary Instability,

Journal of Fluid Mechanic268, (1994), pp. 1-36.

77) Arnal, D., Atkin, C. J., Casalis, G., Dallmann, U., Hanifi, A., Hein, S., Lam, F. and
Schrauf, G.: Transition on Airfoils and Infinite Swept Wings with regard to Nonlocal

Instability Investigation, GARTEUR APAG27 TP-123, 1999.

78) Ashill, P. R., Betts, C. J. and Gaudet, I. M.: A Wind Tunnel Study of Transitional Flows
on a Swept Panel Wing at High Subsonic Speeds, Second European Forum on Laminar

Flow Technology, Bordeaux, 1996.

79) Malik, M. R., Li, F., Choudhari, M. M. and Chang, C.-C.: Secondary Instability of



105

Crossflow Vortices and Swept-Wing Boundary-Layer Transitimurnal of Fluid Me-

chanics 399, (1999), pp. 85-115.

80) Malik, M. R.: Numerical Methods for Hypersonic Boundary Layer Stabilibyrnal of

Computational Physi¢86, (1990), pp. 376-413.

81) Cebeci, T. and Bradshaw, PMomentum Transfer n Boundary LayersicGraw-

Hill/Hemisphere, Washington, D.C., 1977.

82) Anderson Jr., J. DHypersonic and High Temperature Gas Dynam&B\A, 2000.



=x-1 A — K-t HE I @R

I =K — 1 Re! Re?

2 2
WEE QT TR TV Y TR A

Ty o o Vg ag ol ox
«Qp \BET 5 15171 D V % W < BBk

106

%2 FHIL 7 BBALE /e, TRAD NIl 52 5 BILORIE (LSTRITIC X 3)

W Tl Y/s=0.45 Y/s=0.60 Y/s=0.77

(frJkHz],B:.m™]) (5, -50) (10, 450) (15, 700)

N fE 9.6 4.4 4.7
X/Creu 0.0736 0.0252 0.0182
Ysmax ] 73 -75 -79

FR-3 BFHERICL VB oNT Ny fH

W T Y/s=0.45 Y/s=0.60 Y/s=0.77
LST fighfr 9.6 4.4 4.7
BETH 2R 1H % AW U 7= LPSEfEAT 0.8 6.6 7.0

LPSEf#tT 9.7 6.4 6.5




FR— 4 HERFEMBEIC L VRSN Ny E

W T Y/s=0.45  Y/s=0.60  Y/s=0.77
LST (Bi=w; =0  10.8 45 4.9
LST+CRT 10.8 45 4.9
LPSE (8 =wj=0)  11.3 6.9 7.4
LPSE+CRT 11.3 7.1 7.8

#F<—5 Wi Y/s=0.45T®D NPSEf#ric W THEL7-ER S+ 4

107

VFU A w#E—FK AN I N D E— N [M =N =2]
1 (1, +1) (0,0),(2,£2),(0,2), (2,0
2 (2,00, (1,1 (0,0),(2,£2),(0,2)
3 (2,1,(1,2,(1 -1 (0,0), (2,-2)
4 (1,0), (1, -1) (0,0,(2+2,(1,1,(0,1,

(0,2),(2,0,(2,£1),(1,+2)

5 (1, -1 0,0, (2,-2)

FRK—6 Wi Y/s=0.77TD NPSEffr i B WTAHE L7 E R > VU 7

VI UA FIE—F RIS NS E— K
1 (1, 1) (0,0),(2,2) [M=N=2]
2 (0, 1) (0,0),(0,2) [M=0,N=3]

3 0,2,(1,1) (0,0,(1,-1),(1,+3) [M=1,N=3]




108

Design Point: a=1.53deg (4" step), Re=14.9x10°)

Eggﬁ—rr'r!ziz I

x/¢

K— 1 JAXA /BB s ER R NEXST-1% F\\ 72 TRATRER DAL 34), [E 04

c-owesp o design pont] _erstinredoon st

laminar boundary layer profiles

. Transition measurement results on each sensor

0 HFAC(Lam.+Tra.) ¢ DPAC(Lam.#Tra.) 2 Preston(Lam.+Tra.)
® HFAC(Turb.) + DPAC(Turb.) 4 Preston(Turb.)

H— 2 JAXA /NEUHE 3 ERE NEXST-1%2 AW 7= RATRER DL R 34, BRALE



- 3 AWIZOMER. (xy.2) XHHKERBEER ; (Xoys2s) RAMNBHIREERER

3k

y

0.5

{(m+DU, 12V x )}

r]:

BJ— 4 Falkner-Skan-Cook@!$ 5 & (9=45F) OEFRMD L. Fl 5 d 308k 59 ; FEfiE pr=1;
WRRI% Br=0.5; sUkRI% By=—0.05D & DifE R



110

40

30

10

06 0.2 0.4 0.6 0.8 1

%

U,

e

E1-5 Mae=8.0 i} O JEA I V-4 B 5L 0 iR U /UL D LLE. 75 13k 6061

40

30

10

- 6 Mac=8.0 ! O FEH: THRSLFE O AR T*/Tg DL, 75 ik 60400



111
250¢ .

200

150

100

50

0 I . ! . ! . ! . ! . ! . ! . )
0 200 400 600 800 1000 1200 1400
Red*

X— 7 LST#HTIZ & 5 BlasiusBIEE AU 2 513 2 2 RITIE O N Z2E B O LR, 3081330k 62)

Tl
an

0.005

0.0025

_0.00 I I | I I I I 1
§50 400 450 500 550 600 650 700 750
Reé*

M-8 LST & LPSEfi##TIZ & % BlasiusBIBE A& 12851 2 BN F=112 % KD 2 IRTCIE D &K
ERO MBS, 2513500k 50 ; 50T LST 4T 5 Sz (2.25 % W72 LPSEEHT ;
R (2.26) 2 H W\ 7z LPSEf#AT OfE R



112

0.006

0.004

0.002

—-0.002

—-0.004

0006
0 500 1000 1500 2000 2500
x*/5dt’0D

B— 9 LPSEffHIc & % FSCHRBIFEIC B 2 T & AW DRER 0@ DHIR. FF1EX
fik 63) 5 SERMIEITIE (w,8) = (0.0, -0.14) ; FHRHFELER (w,8) = (0,-0.19) IZxF9 5

(RES
0.2

0.15

a, O

0.1

0‘05 1 1 1 1 1
0 500 1000 1500 2000 2500

* 0
x /9

M- 10 LPSEf##riZ & % FSCHRIEERE 12 B 1) B TR & CER DI o DHIR. HE1EX
ik 63 ; FRIZHEFTIE (w, B) = (-0.01, =0.14) ; FFMTELEW (w,8) = (0,—-0.19) 12519 3
il B



113

0.004r
3-D wave
0.003F o 2O
gs e
y
CI-SN 0.002
)
0.001
O_
M ./ M M 1 M M M M 1 M M M M 1 M M M M 1 M M M M 1 M M M M 1
-0.001
1000 1500 2000 2500 3000 3500 4000

Regs

BJ— 11 LST & LPSEf#HTIZ & 5 Mag=1.6 D& OJEMEVE BT E I 51) % 2Rt & 31K
T DA BEED . G5 E SR 8 T 2 GTIRIC T 5 LST fi#r ; filkikid 3
OGIIZ XTS5 LST Ml 5 — s8I 2 otiic i 976 A (2.26) % i\ 7= LPSEfi#
Mr s R IE 3IRTGIRIZN 9 5 (2.26) % F\\ 72 LPSEf#HT DR

f, »

r . I .
—1}+ uniform flow dge Co )
L — Y/s=0.45 X

Y (m)

L | Transition measurements
-2r in flight test

| | © laminar + transitional.
® turbulence

X (m)

Bd— 12 NEXST-1HARJEIRE D ARATABRKG R & AT BT D ENTWT . s ST W



114

0.8

0.6

0.4

0.2

—00.1 —-0.05 . 0 005 —6.1 .—OI.OS. 0 . 0.65 0.1 —0.*05 . 0
WS /Us,el Ws*/Us,e* WY /UY,E
[1] Wil Y/s=0.45 [2] Wi Y/s=0.60 [3] Wi Y/s=0.77

Bd— 13 NEXST-1 HAREIRED AW 12 5 1 2 JE i it O MR EE Ws D73 7R

1.2

0.9

y13 0.6

0.3

M- 14 Wi Y/s=0.7712 817 % x/c=0.003%>5 0.3 % T D & 155 5 & o Bk iE &2 A2 T D £
R A . FERRIERTRE R GRS U ; s IE A8 fapk s W



115

1.2

0.9

y/8 06

0.3

0a

- 15 Wiifi Y/s=0.7712 817 % x/c=0.003%*5 0.3 £ TOJEREE I8 DB L REDO . %

PRSI T 5 MRS p

0.003

0.002

0 [m]

0.001

Y | | 0.2 | 0.3
x/c

B4— 16 Wit Y/s=0.45 0.60 0.77\Z3B1) BE5MEIES 6. EHIZ Y/s=0.45; =##I3 Y/s=0.60;

R 1T Y/s=0.77 L TOHR



116

0.04

0.03

0.01

X— 17 Wi Y/s=0.45 0.60 0.77i28 1) I do* /dxt. SERRIZ Y/s=0.45; fififid Y/s=0.60;

kR% Y/s=0.77 L COHR

|
)]
=]

*

dB/dx [rad/m]

—-100

—-150 : : : : :
0 0.1 0.2 0.3 0.4

x/c

X— 18 Wi Y/s=0.45 0.6Q 0.77/28F2EKEHD AT — 70D x* 1279 % 1 BEEEE d/dx.
FERRIL Y/s=0.45; SfRIE Y/s=0.60; flfRiZ Y/s=0.77 L TCOHFE



117

0.8

/ ]00

0.6

600

0.2

B'=500[m""]

0o 003 006 0.9

x/c

— 19 WA Y/s=0.45128 1) 2 ELEH D NAE (LST kT D5 E)

1.8

1.2

0.6

x/c

M- 20 Wriai Y/s=0.6012 8 1) 2 ELEIH D NAE (LST kT DF5E)



118

Xx/c

B— 21 W Y/s=0.772 81 2 @D NE (LST fiifr OFEHE)

_84_.
-85
-86
¢ -7

—-88

- 22 AWz B 5 A8 A E B =800[nT 1] % D E LI DA ERFARIZ RT3 2 (=i% A
J& o5 (LST fi#fr DFSEE) . EHRIX Y/s=0.45; iRl Y/s=0.60; fiftid Y/s=0.77TD
fE R



119

[S—
[\
1

—_ =
S =
T T

/
’,;//’1//

Y

7

S

— N W kA N 0 O
T

(-}

- 23 Wil Y/s=0.4512 8 1) B 4TI D NAE (LST it D5 )

e S s—
S = N
T T 1

— D W kA NN 0 O
T

OO

B— 24 Wil Y/s=0.6012 35 |3 2 470D Nl (LST fifhi o)



120

— p— —
[\
I T 1

— N W kR LN 0 O
T

/ //
/‘\ -
e

/s
/B=1

_1 - <
200[m ] 7 \
s/

- 26 Wi Y/s=0.77128 1 B E/EHD N fl. FH01T LST MEAT 5 ha 2B m fh =R 1E %2 A1 L
723X (2.26) 12 &k 5 LPSEf#fT ; SfIdEEE i =RIAEZ &8 L 7z LPSEfftr Oi5H



121

K- 27 Wrihi Y/s=0.7712 81 5 A8V JiAEk g5 =1200[nT1] % 5D @AER DB A E s 5
KRI% LST b 5 A I BE M RIE 2 B U 72X (2.26) 12 & % LPSEMRHT ; mtfiid e
T R 1E % Z 58 U 72 LPSEf#HT D& H

12 ,
1} .. L/
Lok (f » B)=(5[kHz],-50[m '])

ol
Al
L
N gL (35,1200)
5
4
3
2
1
% 01 02 03 T o4
x/c x/c,,.

Bd— 28 Wrifi Y/s=0.4512 5 1F 2 LRI EATIR D N . SRR IS LST @b 5 BRI BEm dh 10 %
ABE U725 (2.26) (2L D LPSEf#NT ; sifiZEEHIHh#RIH 2 5 U 7 LPSEMEHT Dt



122

(. B)=(10[kHz], 450[m '])

(29, 1800) P

02 T

x/c x/c,,

0.3

Bd— 29 Wrifi Y/s=0.601Z & |F % LEHI e EATIRD N . SERRIE LST @b 5 BRI BEmi dh 316 %
ABEU 725 (2.26) (2L D LPSEf#NT ; sifIZEEHI I #RIH 2 5 U 7 LPSEMEHT Dt R

8' & £ —
(f. B) = (15[kHz], 700[m ')
7+ LT
// ---------------
7 L.
6_ // ,"l
7/
/7
5k /s

0.2 fo.3 0.4
x/c x/c,,

B4— 30 Wit Y/s=0.77\2 5 1F 2 X7 EATIR D NAE. FERRIE LST T 5 BRI BE  fh R 1H %
AL 72X (2.26) 12 &% LPSEMEMT ; siffiEE = 1H %2 % 8 U 7z LPSEMf#HT OFiHR



123

(. B)=(5[KkHz], 700[m™'])

AR

N
\
N
(50, 2400) N
\\
—-80 PR T S TR S N ol
0 0.1 0.2 fo.3 0.4
x/c x/ey,

- 31 Wi Y/s=0.771Z

B 2 LM HET I DIRIEAE ps. HRUE LST BT ; BRI

HiRIHZ AW L 72X (2.20) 12 &% LPSEMMT ; sifki3BEm I RIE %2 % & U 7= LPSEf#

Hr DR

—_—
S

=
I N - N - T

B4— 32 With Y/s=0.51&

T
~

03 | 04
x/c X/Clum.

0.70i2 B 1) & LM BELD N AE. SRR LST b 5 Mk i3 BE mih

RIFZ2 AU 72 (2.26) 12X % LPSEfNT ; siii3BEH 2 IH 2 Z 8 L 7 LPSEf#T

Dk



124

-0.5r
Y (m) :

-1.5

5 5.5 6 6.5 X (m) 7

B— 33 LST#EMTIC K2 NfE~ v 7. o (Ff) I3 Y/s=0.77TD Ny =4.7; x (&) 1ZWrH
Y/s=0.60T®D Ny =4.4; o (k) XM Y/s=0.45T D Ny .=9.6 % F\\ 72354 D 5

~0.5¢
Y (m) |

-1.5

6.5 X (m) 7

M- 34 EEmiphRIE2 B0 L 72 LPSEFIc X 2E N~y 7. o (GR) 1&Wrm Y/s=0.77TD
Ny =7.0; x () &M Y/s=0.60TD Ny =6.6; o (k) 13Wr1H Y/s=0.45TD Ny =9.8
WIS ORER



125

~0.5¢
Y (m) |

-1.5

5 5.5 6 6.5 X (m) 7

- 35 LPSEf#riz L A% N~y 7. o (R) (W Y/s=0.77TD Ny =6.5; x (&) XM

M Y/s=0.60T®D Ny =6.4; A (F%) (W1 Y/s=0.45TD Ny =9.7 % W 72356 DfER

2.5

1.5

x 10

O

B,

0.5

1 1.2 1.4 1.6 1.8 2

0
w. % 10"

- 36 # £k iRk % R U7z LST##4TI12 & 5 Blasiusfy i 5 g o iy 225t o Hlg. &
FIIARWIFZ D IEMAE R ; AT < S OHIREL (5 (3.9, NfH (3.158) ; sifrix 2
KT R EEL (5 (3.13), NE (3.15D) (33 BH5%



dw 10a [m/s]

%

—_ [\ (O8] B W (o))
(=) (=) S (=) S
T T T T

L
=)

126

(=)

=)

_2 1 1 1
01 0.2 0.3 toa4

x/c x/c,

- 37 Wi Y/s=0.45 DB AL x/cy T =0 % i 7= 9~ 2 IRGCIRBLUGEL DB RBEHE Q.. (v},

w’) = (31415 1885 [rad/s] D7 — A ; i LST fif#f 5 sl (2.25 Z2/Hn7z
LPSEf#MT DFEE ; B I AN SRR 7 7] O & it D Az

t [ms]

—-0.04

—-0.06f

0.02

-0.02

o1 02 03 ftos
x/c xX/c

- 38 Wit Y/s=0.45 DBLHI & x/cy T =0 & 723 2 YOtk RALEL O EHIZ . (0], w])
= (31415 1889 [rad/s] D — A ; L% LST fi#fr ; sikrid\ (2.25 % W7z LPSE

figehyr O SR



11

10

—gOOO

~4000

0

a)l-* [rad./s]

4000

127

- 39 Wrifi Y/s=0.45 D&M AL x/cy TEL 2 DB P HE /2 2 RO BEREEEL D ! 1I2X 9 5

NAE. SERRIE LST f#fr 5 skl (2.25 & A7z LPSEf#fT DR

80
70
60
#, 50
40
30

20

~8000

=12 [kHz]

4000

. 0
w; [rad./s]

4000

- 40 Wi Y/s=0.45 DB x/cy TE A DB HE /e 2 RS BRERELD ! (I2X 9%

EREAE ps. TR LST b ; sitidX (2.25 % 7z LPSEffHT D5 R



128

6 . . 1 . | \‘. 1 .
1.75 2 2.25 2.5 2.75 3
Af(=t.—t ) [ms]

neu.

XS N, SEERIE LST b 5 stz (2.25 % A7z LPSEff#fT DR

02
0 0.1 0.2 t

x/c xley

- 42 Wit Y/s=0.77 DELHI A x/cy T z=0 2723 < S OFBILDOEBAE oo (F) HHE
FEHDBBERC (F) . (wf,B;) =(106814[rads], 85[m1]) D —A ; FEfiid LST fif
Br; sARIER (2.25) &\ 7z LPSEfEMT DFE R 5 — s SR IIAMERRARD @c



129

0.3r
0.2f
E
N
0.1f
04 )
0 : t0.3
x/c x/c,

B 43 Wi Y/s=0.77 DB x/c; T 2=0 &7z 3 < X CRUBELOEHE A8V G 7. (o],
B7) =(106814[rads], 85[m™]) D7 — A ; FEHE LSTfilhr ; miftid X (2.2 &AW

7= LPSEf#r &t R

7r e 12
Qe 5
of 17
567
N f
10 [kHz]
al 12
3_
-30 0 30 60 90

Bi*[m_l]

B— 44 W1 Y /s=0.60 DB % x/cq TKELHI A DB AT AEAR < X OUBEEL O B 123435 N fil
FHUE LST b 5 mifI R (2,25 % H\\ 7z LPSEf#HT DGR



130

*

B Tm ]

B0— 45 Wil Y/s=0.77 DBLHI AL x/cq THEWM 2 DBLAIATREZ < & OBIELD g7 1283 5 N it
FERME LST AT ; 2R (2.25) & 7z LPSERRHT : B3 A A 15[kHz] 2 R
FEELIT X9 % BE[H R R IH 2 B IS U 72 LPSEf#fr DGR

0.15

0.1

—-0.05
0

x/c

- 46 Wi Y/s=0.77/2 5\ TEBEEL 15[kHz] 255D < S CRIEHELD 3FIHD g7 1239 % iz
R,OFERRE LST T 5 s (2.25 % W72 LPSEf#HT D A5 R



131

_60 _
_65 L
¢, —70r
_75 L
10 [kHz] 12
_80 | 1 1 1
~30 0 30 60 90
Bi*[mil]

B4— 47 Wrifi Y/s=0.60 DB x/cp THELH D DT REZ: < & CBUELD B 1203 B (£
FUIE ps. FERME LSTMRHT 5 nifE R (2.25) & 7= LPSEf#HT DGR

=74

|
\]
[=))
T

=78

|
[e%e)
(=)
T

~40 0 40 80 120
B [m ]

- 48 Wi Y/s=0.77 DB x/cy TEEH DB T RE R < S OHERELD B 120§ B (5%
L s, FERRE LST RN 5 mifidX (2.25 % 72 LPSEffEHT DGR



132

12 [kHz]
Tr PR
157
6l 9 17"
5_ 20'
N 4 9
10 12
3r 15
17
2_
20
0.3 0.35 04 0.45
Zlfr [m]

B4 49 Wi Y/s=0.60 DM x/cq TXHELH 2 DB EZR < & CRURELD A/ Y FTRADY
Nzy XTS5 NAE. FEME LST it ; slikid A (2.25) % M7z LPSEMEMT DGR

8¢ 17 [kHz]
A5
T s
oF F 29
| £ 32
N
4_
3 -
ot 8
s
1 A 1

o1 'oiz'
Zl*ir [m]

M- 50 Wi Y/s=0.77 DEHI R x/c1 TKE 2 DB AT RE 2R < X O RUBELD A8V HIHAD T
Nz KT B NAE. FRRIL LST M ; U3 (225 & w72 LPSEMEAT O R



133

]
S

max [C,, ,
=Y
OI

-6 1 1 | 1 1
400 500 600 700 800 900 1000 1100 1200
Reso

10

B1- 51 Blasius#EE5 &I 51 5 200l (1, 0) OIRIEOLEL. FAREE Fo=86; 7t 5133k 2%,

FERRIE AR NPSEfEHT DG R
8r ]
s 7k
6F 6k
5t 5k
y/5 4 /8 af
3F 3t
2r 2r
1r 1r
0 0.601 0 1e—05 2€—I05
|”1,0| |142,0|
[1] €E—F (1,0 2] E— K (2,0)

- 52 X-51D Rey: = 7961251} 5 Ump O AMAD LR (1) . Fl51E3CHk 29 ; Ehjld NPSEfi#
Mr D&k



134

8_
7_
6_
5_
y*/éD 4
3_
2_
1_
[1x107] -0.001 g 0.001
123 0l Uy
[1]€—F (3,0 [2] €= F (0,0)
K- 53 [X-51D Rey = 79612513 5 U DOMADOLEE (2) . FE5135CHR 29 5 Ak % NPSEfi#
Mr Dk 5
-1_
10 o
107F .
A
LI \
2 10F "
g
3
O
= 107 y
s
)
107F
(6,0)
10_6 . ! L L 1 1
400 450 500 550 600 650 700
Red*

- 54 BlasiusB B IZ 517 5 21k7ei (2,0) & 0FRHTET (1, +1) OIRIED LR, JAK

BUFo=62, 23V HIIIEE B0 /Re = 3.333x 1074 ;

gt O SR

STk 79159 FEHIE NPSE



135

max|[C ’m,nlgm,n Xonnl]

600 800 1000 1200 1400 1600 1800
Reg
M- 55 Mag=1.6 DIGE O JEMEMESEIEFE 281 287 (1, £1) DHRIEO HlR. JRIRE
Fo=20, AN HEE 0" /Rey = £83x 1076 ; G5 1330k 24 ; J2iid NPSERHT ;
SRR IE LPSEfERT O R

3
g L
S L
= -10
a0 L
= i
¢

-15
o

N YN B B B B B B
200 250 300 350 400 450 500 550 600 650
Rel*

M- 56 %k %A ¢ % Hiemenziiv 2 B1F 5 AW (0, 1) DIRIED LB, A2 FialEsk
Byl* = 0.4 ; GBI SCHR 7O ; FAME NPSERRAT 5 UL LPSEM@HT D#E 5



136

IOg IO(Em,n)

(500 250 300 350 400 450 500 550 600 650
Rey:

B1- 57 #8f1% A3 % HiemenzZii vz B1F 2 EFEHK (0, 1) L FWHEFTH (1, 1) DIRIFD
R S Fo=75, A8V ST = 045 GB35 e 12 (0,1) 5 04% (1
;D500 (0,0)5mid (2,2) 541 (1,05 vid (0,2); x & (1, -1) 5 FEiRIENPSE
FRAT ;RIS LPSEMRAT Ok 5

lOg IO(Em,n)

(£00 250 300 350 400 450 500 550 600 650
Re,.
- 58 %Rk %43 % HiemenzZitdviZ B1F 2 €K (0, 1) &z &ld UHIkIE %267 it
T (1,1) OIRIEDIER. JHRI Fo=75 A/S > HIAMEE B = 0.4; FL 513300k 70 ;
el (0,D;0idk (LDl (0,0);mi%x (2,2);41F (1,0 ;viX (0,2 ;xi% (1
— 1) ; FERRIE NPSEMRHT ; s IE LPSEMHT DR



137

01 02 03 fos
x/c x/c,,.

M- 59 Wi Y/s=0.45TE® > F ) A1 (BHUTE— FiE) 28ELEHAEDKE— KOIRIE

Amn. fg=5[kHz], B5=50[m™] ; A? | =50x107°; xifiid LPSEMRHT OF5H

,+1

0.0006F
0.0004}
C
0.0002}
0 M 1 M M M M 1 M M M M 1 M M M M 1
0.1 0.2 0.3 toa
x/c x/c,,.

K- 60 Wrifi Y/s=0.45TER > 7V A4 1 (RM7E— Nl 240E U 7256 O BEEIRE Cy.
fy=5[kHz], B;=50[m™] ; Ag,ﬂ =50x107°; fURIXE R D ADEER



138

0.0006

0.0004

0.0002f

8.0x10° g 5x10”7
0 " 1 " " " " 1 " " " " 1

0.1 0.2 03 toa4
x/c x/c,,

- 61 Wik Y/s=0.45TER > F VA 1 (BHMTE— FAEE) 2% L7254 Ok 4 2RI
AV IZHT S B IR AL Cr. f3=B[kHz], By=50[m1] ; sKRILSE IR D A DHER

10°F
il /(\7
[ e}
ol o
10 7k
: O
i W
-3 0 &
Apn 10 °F
107
10°F
10—6- 1 A T A A A L
0.1 0.2 0.3 0.4
x/c

Bd— 62 R Ann 12T BE— R M, NDZE., EIIM=N=4;e¢lFM=N=2; i
13 LPSEfi#fT D5



139

[1x107]

“E,—l |2+||9v],,1|2}0'5 {|E,1|2+H’1,1|2}05
[1] E—F (1, -1) [2] €E— K (1, 1)

B- 63 [54-62 D% x/c =BT B U + |0 DA (1) . FE#ikiE NPSEMHT ; 71513 LPSEf#
HrofEs s old x/c=0.21; x & x/c=0.31; w1t x/c=0.35; o IZ x/c = 0.38 TOFHEHR

1.2

0.9

Y8 06
0.3
00 1 2 3 4 5 6 [1x107"] 0 1 2 [1x10"]
{|14Dz,,2|2+||;|v2,,2|2}0‘5 {|%’2|2+H}0’2|2}0.5
[1]E€—FK (2,-2) [2] €E— K (0,2)

M- 64 [{-62D% x/clzBF 3 (JlUR + 0P D (2)



140

1.2r
0.9r
y/d 0.6-
0.3r
0 1 1 1 1 1 1 ]
0 . 0.5 . 1 -0.5 0 0.5 1 -1 -0.5 0 0.5
U /mz;x |tz | Vgo,o /mgx H’o,d JFO,O / max ool
[1] To,0 [2] o0 [3] Too

K- 65 X-62 D% x/clZ B B EEFiMHEE— R (0,0) DRIED 534

0.0006

0.0004

0.0002F

x/c x/c,,

K- 66 Wi Y/s=0.45TER > F VU A4 2 (HR 2R ARLEEEL) 2@ L 75E Ok 2 2w
Hiii A VTR B WA BEIBGREL Cr. f3=5[kHz], By=50[mM1] ; sl i i o A it R



141

x/c x/c,,

B— 67 Wil Y/s=0.45TEB > F VU 2 (HE 2WARREHI) 2HE LAEA0&E— ROl
i Amn. fg=5[kHz], By=50[m]; A =AY | =85x 107 ; siffitik LPSEMRHTDH4HE

[1)(10_7] 0 1 2 3 4 []X10_7]

{|Ez,o|2+|91’2,0|2}0'5 {|El,—1|2+E|V1;1|2}0'5
[1]E—F (2,0 21 €E—F (1,-1)

B- 68 [4-67 D% x/c 2B T B AU + |0 DA (1) . FEfiid NPSEMHT ; il 513 LPSEf#
MrofEs ; o ld x/c=0.21; x 1& x/c=0.31; m & x/c=0.35; o (T x/c = 0.38 TOHEHR



142

[1x107] 0 1 [1x10 7]

H] 0 ) 0 2 )
{|M|,1|2"'|W|,1|2}05 {|1/l2,—2| +E|V2,_2|2}05

[1]1€—F (LD 21—k (2,-2)

- 69 [4-67 D4 x/CIzB1F 2 [t + |57 DA (2) . FAilE NPSERRAT ; &5 1% LPSEfi#
MrofE8 ; o1& x/c=0.21; x 1& x/c=0.31; w1k x/c=0.35; o iZ x/c = 0.38 TOHEHR

0 1 2 [1x1()_12]
{05+ 1105 o1 (il o1
[1]E—F (2,2 [21€E—F (0,2

- 70 M-67 D% x/c 2B B U2+ |@f* Do (3)



143

mn

0.1 0.2 0.3 0.4
x/c

LA, DA% FIFkis (A, & A 2 T s [B] IIliRIERIKE LT 58

B— 71 JERBMEIC & 2 RURED BRI S N B IRIEIC DWW T OGS, ER T NPSEENT 5 fiiIE

LPSEfEMTIZ & % k5
0.0006
0.0004
Gy
0.0002
0 " 1 " " " " 1 " " " " 1 " " " L 1 "
0.1 0.2 0.3 toa4
x/c x/c,

B— 72 Wi Y/s=0.45T&R > )V A 3 GERFRI TG 2 8EL 256 Ok~ 24
SRR AD (2% 3 B IR BN Cr. f=5[kHz], By=—20[mY] ; mAIEJE IR D AD
it SR



144

_8 1 1 1 1 1 1 1 1 1 1 " 1 1 1
107751 0.2 0.3 104

x/c x/c,,.

B— 73 Wik Y/s=0.45T&H > 7V A 3 GENMO BN 2MELHE508E—F
DHME Amn. fg=5[kHz], B5=-20[m]; AJ, =AY, =AY | =85x107"; sifiktix LPSE

R AT DR
0.0006
0.0004}
C i
0.0002}
0 " 1 " " " " 1 " " " " 1 " " " " 1 "
0.1 0.2 0.3 to.4
x/c x/c,,

Bd— 74 Wil Y/s=0.45TER > F U A 4 (RHMTIK L 2ROtH) 2 H5E U 723586 DRk 4 2L 1R
i AQ IS B IR AREL Cr. f3=5[kHz], By=50[m1] ; siKRILSEIRERD A DHER



145

-8 1 . . . . 1 . . . . . . X 1
0.1 0.2 0.3 toa4
x/c x/c,,

X— 75 Wit Y/s=0.45TER > F V) 4 4 (BT E 2WRocH) 2EL7ZEE5DK%E— RO
I8 Amn. f5=5[kHz], B5=50[m"] ; A)_, = A =85x10""; nifiid LPSEMRHT DA

0.0006

0.0004

0.0002

0 " 1 " " " " 1 " " " " 1 " " " L 1 "
0.1 0.2 0.3 tos

x/c X/cy.,

BJ— 76 Wi Y/s=0.45TEB > F VU A 5 (RUTIEDA) ZHE L 7285586 DRk % 22 ) {iRIE A° 2
X9 B PHIEEERE Cr. f5=5[kHz], B5=50[m] ; sifiidfE ik o A Dt R



146

-9 e L
0.1 0.2 0.3

“toa
x/c x/c,,

BA— 77 Wi Y/s=0.45CTEM > F ) 45 (RUTIEDA) Z2HE L 7HEDEE — FOHRIE Ann.

fg=5[kHz], B5=50[m"] ; AD_,

=85x 1077 ; sffiZ LPSEfMHT DfsHE

x/c,,

1 # 1 1 1 ]
0.2 0.3 0.4 0.5 0.6

x/c

0.1

B— 78 Wit Y/s=0.77TERE > F U 4 1 (EITHDA) 2 E L7255 DEE — N OIRIE Ann.
f;=15[kHz], B;=700[m "] ; AY, =5.0x10°° ; sifiki% LPSEfRHT DRt



147

8 1 1 1 1 1 1 " " 1 " " " " 1 1
0 0.1 0.2 103
x/c x/c,,.

B4— 79 Wi Y/s=0.77 CTEK >+ VU A 1 (ETHEOA) 2E L7258 DEE— F ORI Anp.
f;=15[kHz], B;=700[m"] ; AY, = 7.5 107 ; k% LPSEMEHT DRt

0.0015¢
0.001}
G
0.0005}
() " " 1 " " " " 1 " " " " 1 "
0.1 0.2 to03
x/c x/c,,

- 80 Wi Y/s=0.77 TE B> F VA 1 GEFHDA) 2 HE LG E DL EBERE Cy.
fi=15[kHz], Bg=700[n"] ; A, = 7.5x 107 ; mUKRIFFEHERD A DR



148

-6 | A T A N S -
0 0.1 0.2 0.3 0.4
x/c x/c,.

B9 81 Wit Y/s=0.77 CER > F ) A 2 CEMEHDH) ZIE LB DEE — F ORI Ann.
B5=1400[nT"] 5 A, = 8.0x 1074 ; sifitid LPSEMEHT Dt

0.0015

o

S

=]

—_
T

<

o

S

S

S
T

- 82 Wil Y/s=0.77 THEB > F U 4 2 (EIERDA) %R L 7= 5 0 P BRI Cy.
B5=1400[nT] 5 AD, = 8.0 X 1074 5 sk it 0D 5 DAt



149
1.5

0.5

0 025 05 075 1
U, /0,

0 025 05 0.75 1

U 0,
[1] x/c = 0.20 [2] x/c = 0.25
B 83 [-81 D% x/c 1= B 1) 5 Ml EH X N7 AR I DR FE 4y UL DR (1) .

HE)
IZ# AL 0 127 = —051/B i 01 Z = 0; A& Z = 051/8): X 12 = 7/B} ;

AR JER.

(U}

1.5

1.5

it il
y*/6* y*/é*
0.5 0.5¢
0 025 05 075 1 0 025 05 075 1
U, /0, U, /0,
[1] x/c = 0.30 [2] x/c = 0.32

- 84 $-81 D% x/c iz B 1) 2 W S N AR OB E R UL O (2). #S
FRANUALE ; 0137 = -051/8y; 0132 =0; alXZ =051/8y; X 12 =n/B ;
RARIEE .

p={llY



150

o 01 02  f0o3 04
x/c x/c,,.

X— 85 Wi Y/s=0.77 CTEM > >V 4 3 (EIEH & ETH) 2HE L 25E6DE&T— NOIRIE
Amn. f3=15[kHz], B5=700[m] ; Ag,2 =80x 104, Ag’l =4.0x107° ; — fEBRRIZH]
e — ROEMHIK D AD NPSEfENT (X-81%28) ; mifRlE LPSEMMT DiE R

0.0016

0.0012

C
7 0.0008

0.0004

o o1 02  to3z o4
x/c x/c,,.

- 86 Wi Y/s=0.77CE&E® > F V) 4 3 (CIEK & EITI) 23 U756 DO EEERIRE Cy.

fg=15[kHz], B;=1400[nT"]; AJ, =80x 1074, AY, =40x 107 ; mikILEITEHO A
D& R



151

; (surface smoothness : Ra=0.4~2um)
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