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Fig. 1.1. New natural-laminar-flow (NLF) nose flow pattern of the HondaJet[13].
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L OWENDH H[12], [13]. LIeh > T, BFEEN ORNER S IZE R % KAT T B HIRE
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FUWLTENEEREL, TOFENELDO LR TZEINDIEET 1 — Ry 7 D
FRSLIA G L 725, Z O, KETIE, MIEOHERE LT, ETHEABOER, #87
FuI—BLOEET — Ry 7ROV TR L7=#%, BFZE0 B3 L UKo

R Z 7Y

1.2 BREOER

WA B DEIE~ER T 2BGUL, B0 DG EH > LTl THEETH 5.
Reynolds[15]1F, 1800 R4 12, B DOWAIUTEA LIfRICBIR T 2 GFS, Ll
LEROETRINDENS) & BRI L > TR E DR O INT 5 &, AR
RIS IBAESND Z L EERITE L. ZOlIE, Z0% LA VA EEIND L9
2720, WAVOFEEMEEZRT NTA—2 L LTASFIHEND L) IcRoT-. AERDSE
BRClX, B HELE~EST D LA VR, HEORY AN A TORELOAD FIZ
KAFL, SIS0 TRRE U CTHEER & A E 2 F 72 B T 2000 FRE DA Hiv 7z
25, MEDOANY AZE SN LELIVO I A 2 I 2 72 55 121338807 O £ TR AHER?

hi-.

BB ER OMFED MG E > 7= D13, Reynolds DEER LD H 02 VLI >THHTHD.
ERENEIMES T L5 VA 2 VA, EROIENAR, BEOM I Z L CERDELIVITKK
79 5. BELORESA N GG, BB EMEBGR D ELTES DM E Y 2 Tl 5 E

THHTHY, Rayleigh [16)1ZFERME T RERICES B EMERRICI Y, BRAREL



N2 DT, WEIRCE IO MDA D K 9 IR E SN EM S 2 FF> 2 LN NET
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T5. L L7, 1930 41%IZ, Tollmien [17]X° Schlichting [18]i%, #itEHEEX (= -
A2 =7 25N TS, ENARORVEHEREOLEICRE N TS, ARO LA
VA TEREN A LZE L 7825 2 & 2 HGmINOR Lc., SIBZEMERRICL D Z o T
1%, 1940 4R8I A>T, Schubauer & Skramstad [19)\C & ¥, EiFELAV & MR 2 72 1KEL
JER TR B, BEFUEIER D RRIE 2 EEHER I O BT OWELORRIC I VIEE D
ZEMERICD TR S, [RIREILO/N S WSS OEREERIEE Y 23T 5
ZOWEEELE, MI—r e va Ve T 4 YA (T-S)EB AT T D, T-S EENIBTTE
MORZENZ AT 5 ZRTREEREL TH Y, T OREEDER -0/ S WORIE,
TEZ2 EMEBERIZAE > T WA AN EIEIIC R E T 5. T-S WE/ DO AL EE — RIZDONT

X, IEMERE (EHEE) ¢ IOV T o 4 BEOFEMSy TR TRO LS.

nrr

MU—wX¢”—a%ﬂ—aU%ﬁ=—é0w —2a%¢" + a*p). (1.1)

ZIT, BEAKMHIKRO LI ITERSND.

ZoRIF, AT -V rv—T 2V RERBRAEMEIND. BR LXK DI, a DEH a 0TS
1, BEREOLEMEETRT, w0225 PLRUCHEIT D VA SV AH Re & T-S JED
W2 o & D VITEE B oDEE 7 1w b LTe b OITFIRE AR & FREN, 2RISR
WTHELAS R T 2 2R T 2 02 il 5461 & L TR WL TS, K 11127 Z
U ASERIE ORI E MR A R, BEREORLEED A E DR LA L BT 519
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35 R LIRS,

ZZC, EROERBITFERITHATIR CIE 2R, MESMILy BT T, x M
HIECHNCENT D, R LT, HELORIE DA, BEds K OMIEER b x ISR
6T 5. ZDX 5 RIFFATIEZ L B ISR 22 E MR T B Y 0A A T2 BRI R PAT 28
PERRGE & FEER, B4 1.212, Saric & Nayfeh [20] & Gaster [2111C & % FHEAE R 4 el L T
L. BRED x FAELRS L0 RERME LA 7 L R TR OE DN TR E <, KD
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Fig.1.2. Neutral stability curve of Blasius flow. The solid curve represents the neutral stability curve
calculated from the Orr-Sommerfeld equation. The broken and dashed curves represent the neutral

stability curves of the non-parallel stability theories by Saric and Nayfeh[20] and Gaster[21], respectively.



R
{1t
=
il

EHHER A (Fasel & Konzelmann) [22]X° PSE (Parabolized Stability Equations)iZ & % L ¥
G DL EMERRNT (Bertolotti &) [23]1H4T0H, B LA /L REE LT 450 &9 fE

NELNTWD.

—J5, T-S EENO WIS AR O FERMEN FFRHE DK 1% D &, T-S EENE, —&
RLEEMEIC L > TEWoebA e &, ©— 7 FEl E TN D A3 HIANIEIEE IR 8
DOYRMEDN TR FE D G & /S L —HEl & FET D B OIRIE AN T5 8 6 41 5 SEIIT 43 70 T I
T5. ZOWEIT RIS bRERED Z Y, B — 7 ST T-S B 1 ABIfEIC A T
B Ui (A i) DSBS N D[24] ~ [27]). & HIC AL, BE DB - AN S

SRITEEEAMBICL 5T, LY AT — L ONS AT BV~ LTI, Z
Dk, BET < OFEIHE R I E L RO TEIE~ L BB T 2[28] ~ [35]. 7eds, FIHHRELA K
TVGE, AL RIS (Transient Growth)(Z K-> C, EHiE 5 AN AR I AKE & @l A b
V—JHENEL, ZThDRET D2 LICE s TEIRAR Yy FBRIND. ZDO X574

PEELOBRIE 72 i R B FE 2 R 72V BRI FR I TS A S RER & N TV 5 [36] ~ [38].

BRSBTS T-S JEIASEIE S D 70T, FIRH OME RSP HT B LS, R
EOBEAE— FOWEEE L TRV IAEFNDEERLETH L. O E AN L Y,
Morkovin [39] & » TIL U THRME S 47z, — RIS, EiRHFOMERSCHEER L, BV
A —=naALTWDHT), TOFE TIFRFEOEAE— FEEER —BET T-S KH
TiFe AL EnZR. LaL, REPEMT D57 H 2T TR 2
AT 250 (B2 (X —HRIE I BT AR O R R LOMES) i, FKIZX
B A b —27 AFORBPERGFICRLEET— RERAESE, TOMBE T-S WHRHE S
B[40, [41]. EHRATRRI 6T 5 S BB ELOSZ A OV TIE S O R RSN TE -

SR, ERATROTZIRITKAE L, FERPFR 2H0% 2 A L T D5 RERD.

»
il

, SAREE, EEHEY I 2l —T gl io TR LN ERICE A L, HEE
FLORME L i S - T-S EIOIRIED I L > TERINAZH/EKIT, BX#0.6~0.8
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OFPHTHD Z EBRESNTND[42] ~ [44]. L L, ZHEBEEE P SILEBROE 5y
BIZBT 5 T-S WEIORIE & O TRTEHEE, ZEMIK TORREOFEND 0.05 FEE
TR T3 5[45]. L72d> T, FARDATRR DS AN & o Thbitd 47z T-S #h2s, =
A2 CTARRZEMEETRET 272DIC1E, MOFEBRILASM AR TZRAIhD I L
MLETHD. Fiz, B LICHERFET 2561, HEOZAMES T-S KE i
5. HEOZAEMT, HEO @S LLR5 MIEICKAE L TR Y [46], HE THiE S 72 T-S
KENL, i ChiE S Tirbo TE T-S WHEEHAL, TOMREZELRZY, £/

T T2 35,

1.3 Eg7)n>—

BEM EOME (Z9E) LEREFTOMEDTHICL > TENENBET IHHEDFDHR
EREREIZ OV T, I > TRFEmEICS| S EZ SNDIENES), >F 0 EHI 0
DEEFNZ X > THEENERL S D, Curle[47)1%, 74 b AVFHEXRNCK LT, FIR%E R

DT ROFEEZEE L EEEZ L, U TFORITRTEREZR L

1 92 a%(HTy) @ ; \ O0H B oH
Qﬁg—wﬁﬁw—mﬂ= f_aX@mw+mgaﬁ+a@w5) (1.2)

axiaxj

ZoHENL, o EMFTh, X0 HiZA~vY A ROBEERTHL. H—ILD
KoOFEDIE, T4 Pe AV FRAXTTIA ST v Y AVOZERO S TERBES AT
RIS Z, FLL 2 2OHEMNBMENTWS., 52 HEH 3 HE, ThEn _EEE)H
(Dipole Source) & il E Ji(Monopole source)x & LT\ 5. Z 2T, HERANEFEMIZT N
7 N THY, Tk LIEEREC L > TERSNDOGA, BMEREZE L TWDEH 3 HILH

KEhad, 22T, BERa 7 FTHLREZ A, ELRSICHET 2K EmMEAZ 4 L L



R
{1t
=
il

T, BEAU—IL &2 RS 5 ERROBRTRT 2 LN TE 5.

I~ 47| x|2 x (L) ~Ap,v3 M3 13
a~mlx? X (72) ~Apyv> MP. (1.3)

ZOBRE, CEMEFRICE S EE TR, HED 6 RICHHIT LGNS L Z L ER
LTWa., OEENC L > TRAETH2NEMBEROBFENY —IL, #HED § FEIZHHITH
728, WSS 2 FEAT —DOBANERD Z E0D, vy MR TIE, CE
MR O BN BN /2D Z ENbond, LIEITCHRA L X 512, LA A
AT TPAET 286, BAET DIRWROZENEOEENREL 85, Tk, G5
RIBHICE D KL Ie 27— VDI, AT v THikk & T LRWERIC LA /v
RIS OE DR AT % 2 £1ck» T, 27 v &I ER O FEIER S
L7200 TH5. JERENETH, T-SEEAHE L FSLTEO—ENREHT L2 LI1CLY,
BRGNS RN A AT S D EMR OB RS S AL, PeEE SR AET S 2 L

HERAIIZ R STV 5 [48].

1.4 B4 —FNy IR

BET 4 — RNy ZHEIZOWT, RANCERRHHA M TON DL, =y ¥ h—r
DIFFETEH 5. Powell [49]1%, / AL BIEH LY = v MEFEH O B B AW E Tk 7
L|ELLE Ty UNFWT LT LR THENERREAEL, TOEN L~ LT/ X
HAMHE CEAWREIZIRELZRE T 57 4 — RNy 7 —T OfFEZ /R LIz, B0 HIh
WZHAEL TWDIRILTIE, R141TRT LI, 74— Ny 7 =T RRDHHN 11278
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IC K> TRAET L EOEEEIT, ParoftEz A LTk, ZoEEEIER 1.5 OBEfRIC
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ZIT, NIZAT =V EMETN, /) AV — 2y PO AWEPISAEET Dot
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— FRY T L > TAELDHRICKF Y ET A BENDD. FY BT 4 BEF
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74
— Ry ZHIEICOWT, BT E K L7 DIE Rossiter [S0] TH 5. F ¥ BT 1 BEE

Fx BT o RIRMIONET A D < FBEE AWTEN THRIELARE L TR E X Bt - 7014,
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Fig.1.3. Trailing-edge noise generation [53].
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Fig. 3.1. Schematic of (a) the test section and (b) enlarged drawing of the protuberance (dimensions in

mm).
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HE UDF02%TH Y, TOMEIT 7 AVHANGEEIBRAEEOREIZ L > T x = 500 mm
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Fig. 3.2. Development of a boundary layer without protuberance at U..=30 m/s. (a) The y- distribution
of mean velocity U at x =200 mm (0), 450 mm (0) and 600 mm (x). (b) Streamwise variations of
displacement thickness (0), momentum thickness (m) and shape factor of the boundary layer (o). Solid

curves represent the corresponding profiles of the Blasius flow.
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Fig. 3.3. SPL of background noise without a protuberance. From the top to the bottom, U, = 58 m/s, 50
m/s, 40 m/s and 0 m/s.
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Fig. 3.4. Power spectra of SPL for 4/5", = (a) 2.64, (b) 2.96, (c) 3.58, (d) 7.26 at U., = 50 m/s (x, = 200

mm).
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Fig. 3.5. Dependence of SPL on the protuberance height #/5%,. The protuberance is located at x, = 200
mm. (a) U, = 40 m/s, (b) 50 m/s. o, tonal sound frequency components (1250 -2250 Hz); e,

components over 100Hz.
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Perpisi s 2 FE S DIHEALOME O T ZH 62T 57201, h=4.9 mmOZEER Y O
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Fig. 3.6. Flow visualization in the separation region at (a) U, =20 m/s, (b) 25 m/s and (c) 30 m/s (h =

4.9 mm and x, = 450 mm). The time interval between pictures of (b) and (c) is 0.2 ms.
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Fig. 3.7. Mean velocity distribution at various x-stations around a protuberance at U, = 30 m/s (h =4.9

mm and x, =450 mm).
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Fig. 3.8. Power spectra of u-fluctuations in the separation region at U, = 30 m/s (2 = 4.9 mm and x, = 450

mm). (a) (x-xp)/h = -8.0, (b) -4.0, () -2.0, (d) 0.1.

43



3 EmEAETORENOAL DENE

IREE RIT LT, ZOFEREZEMIT L0, ELIRIER N EEEGZICET 2 ik
B E DM TH D ERFINENEEW =40 mm)Z AW Z3H 1 Z21T->72 & 25, w=20mm

DE & B LT, RS OB B e BN BN 2N 2 L 2R L T 5.

3.3.4 BED 1 — FRAY IREL X UBRTFEE O R RERRE

AREICI, PRI O BN ECRIERE IO\ GEin a9 5. X3.9(a)ik, X3.8& A UM
TYA 77+ AL > TSN ED ALY MV EAR LTS, AMEY, 27 Hzo%
bR O JE e Hf S, BERR 72 A7 RARBAN TS Z Enbnd. H3.90b)E, [M3.9(a)
HDBERE 72 B R 7y (600 ~ 800 Hz) D EE(p) DI RINZEZ /R L TV D . AT
WRnE & B AR T DR e R L TEBY, BEY 4 — PNy ZJHRORBENENLTWD

X 3.10(a) & (b)iZ, X1 3.7 L [A USRMAFOFWNIZIZTIS N T, Pk ()0 & — 7 J& £ D rms
i w L AAR QI B LT RIROBEREN OELO R 2 2 IR LT D, 22T, ms
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Fig. 3.9. (a) Power spectrum of SPL and (b) waveform of sound pressure of the discrete frequency

components over 600 Hz to 800 Hz (U, =30 m/s, # = 4.9 mm and x, = 450 mm).
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Fig. 3.10. Disturbance development in the flow given in FIG. 3.7 (A = 4.9 mm, x, = 450 mm, U, =30
m/s). (a) u’ for fo = Af and (b) ¢ at fo where fo = 711Hz and Af= 5 Hz: o, y/h =0.1; e, the maximum

value at each x-location.
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Fig. 3.11. The y-distribution of (a) mean velocity, (b) u” for fo £ Af and (c) ¢ at f where fo = 711Hz and Af

=5 Hz. e, (x-xp)/h =-15; o, (x-xp)/h = -8.0.
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Fig. 3.12. Power spectrum of u-fluctuation at U, = (a) 20 m/s and (b) 25 m/s at maximum shear position
at (x-xp)/h=0.1. /7 =49 mm and x, =450 mm.
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Fig. 3.13. The rms value of u-fluctuations in the tonal noise frequency range (505-705 Hz) at (x-xp)/h =

0.1. e, total rms value; o, rms value of the discrete spectral components. /4 =4.9 mm and x, = 450 mm.
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Fig. 3.14. Tonal sound frequencies f, at Us = 45 m/s (0) and 55 m/s (). (a) f, versus h/8", (x, = 200 mm).
(b)) fn versus R",.
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Fig. 3.15. Non-dimensional frequency of tonal sound F versus R”,.  The solid curve represents the
neutral stability curve calculated from the Orr-Sommerfeld equation. The broken and dashed curves
represent the neutral stability curves of the non-parallel stability theories by Saric and Nayfeh[30] and

Gaster[31], respectively.
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Fig. 3.16. Directivity of tonal sound at U, =30 m/s. The protuberance (h/5* = 5.8) is located at x, = 450

mim.

53



3 EmEAETORENOAL DENE

HZEMmbhs. ElE T~ ZEmROME X, ek a’, ZEERRICET S
WERBEMDOTHICL > TEL TS ZLZBMIT LD THD. Lt MafET 550 = 0°
1%, RROA =2 Xg& ERGM~FOREECTIREI S TH Y, A TIET OBt

WL - T T-S Eh & hid 3 5.

U EDfEREZEL DD L, 31T ITRTEOIREET 4 — PNy 7 L—TH A #< 2
EMTE D, IS ORAET LWL, 4 DOAT—UnbRENS. F—DAT—
VX, ARICBIT A2/ THY, £ T T-S EEhI ER~MEHT 5 5 Lo Thbid
SND. BLOAT =V, 7TV AEREOMGARLZEIC LD T-S WEIOMEKE TH
B, PR BN D AEEEEIL, 77 Yy ARESUBIC BT D AEBERE A T-S K
DEIFIZ L > TIREEND. FE_DAT—UE, ZEOT < LRICER I 5 HEBEHL T
RELOERETH S, HELOWRIEE, FIBEE A WEOZdh fRAZEIZ LY 100 F2L RIS
BRRET 5. EEROFRKICEET 2 IENTHELAROIRICRE T 256, LRI
TIRVENEE NG EEZ S, B & R~ fR Rt Z2 A 2 ZEmmE RS TER S
%, ZZC, T-SEEN, FE AT —JICBWTHIICRE RIEEWGIZ1E u/Us > 0.1)E T
ET D&M RNRICE S BAIE, R T — UNER RS S RET SO OMES
TR ORVENEERFA U N THD. 20X REMIE, BERENAERLY LE
DITEW LA )V ZEE CTRITIKEDHERF SN 2GEICEBR IR0, 2T, mubA
J IV AERN B AE U BRRREAT 21T o 72 WuR4)OMEICH D L H 1S, ERABES LV L
FRNZER Th > THIRFFE DI SNEBE T 4 — RNy JENER IND. 5
W D L, AREBRO X IZHERENER N LA L XD TN DRIEICB N TIE, =R
T UV 2 A S L FET 4 — NNy T R D 1D IS ZH D SR
Lo TS, BBEOAT—Y (FENAT—Y) 1%, BEARMIICE T, e RO
T LD PR E R ETH D, BELLENED S L, ERMI~MEHET 2 5L, Al

B (E—2AT7—) IZBWT T-SEEZE+ 52 L &7 5.

54



3 EmEAETORENOAL DENE

Stage I Stage II Stage 111 Stage IV

@

: -
1 : :
! 1 1
' -
! . Turbulent
T-S wave ! \ - reattachment
I
' P
f [
: .

7

Separation point Separation bubble

Fig. 3.17. Mechanism of sound generation by a vortex-protuberance interaction.
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Fig. 4.2. Development of the boundary layer[1]. A; displacement thickness, V; momentum thickness, o;

shape factor. Solid curves represent the values of Blasius flow.
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Fig. 4.3. Flow visualization in the separation region at U. = 30 m/s (x, = 450 mm). (a) /, = 3.0 mm (/,/5"
=3.6), (b) 3.9 mm (hy/5" = 4.7), (c) (d) 4.9 mm (hy/5" = 5.9). The time interval between pictures of (b), (c)
and (d) is 0.2 ms.
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Fig. 4.4. Protuberance and roughness locations on the neutral stability diagram of Blasius flow. Solid

curve; parallel flow theory. Semi-dotted curve[8]and broken curve[9]; non-parallel flow theories.
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Fig. 5.5. Power spectra of SPL for a two-dimensional protuberance with /0" =5.78 (x, = 450 mm, U, =30
m/s). (a) 20 Hz ~ 5 kHz, (b) enlarged view of tonal component.
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Fig. 5.7. Dependence of SPL on the inclination angle ¢.  (a) 4 = 4.9 mm; x, = 450 mm: o, U, =30 m/s, h/6" = 5.78;
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Fig. 5.9. Flow visualization of the separation region upstream of two-dimensional protuberance (¢=0°, h=
4.9 mm). x, =450 mm, U, = 30 mv/s. (a) Side view. (b) Top view. Smoke is released from x = 445 mm. Time

interval between pictures is 0.4 ms.
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Fig. 5.10. Flow visualization of the separation region upstream of inclined protuberance (¢=5°, £ =4.9 mm). (a)

Side view. (b) Top view. The flow condition is the same as in Fig. 5.9.
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Fig. 5.11. Flow visualization of the separation region upstream of inclined protuberance (¢= 10°, 4 =4.9 mm).

(a) Side view. (b) Top view. The flow condition is the same as in Fig. 5.9.
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