FARYR KIS RIS 2020.11.4

FRILDELTF A2 % 2 &

H Er e CRToR)

AL, B HAROKHEFE S 1 IHROKREICER 2D DT, RLT Ly =V ]
TlE7aL, 5 [Vve] EHFIREAMTT. BORLAZLLBRERZDHY T
25, O WIEE SIS M, NP EERIC [IRBEOWIEIEE)] 12k 2 &g T,

SHIZ, ZoX)RETHERELLET.

[ DELIRITTE LB A B T & |

IR oY

[BREE IEfES> T2 ] L2,

AN FOBRIFRITFEZES R TR LR

LHERT-DTTN, INTIDVLREIEE 20T, [FEDOFEIRMEIEA S Z &
ELELZ.

0. BED [ELIHFIE] DS

TC20~30 o [ELEITSE) oEHRIE, BREREFLW O TY., LaLl, Izl —
FLZD1E, HATHMHAETHEMSR, PHEs XY S o%, B L% O
HThHY, tRROMEZFOHEMIZDHZ D TT.

o 1 DK (1K) LK (BMOWTZEE 1, RBCEBICES W Z2hETo
NREZHERIICENMN T2 2 CZNETRBRTZ 5 IChr o 2BRoOMmEHE HIE L ¥
L7z, o T, ZoOMROMIEZTFLAROEMBFC LI Rz oTHBYVELA T
b, ERTIEZ D%, BB, K& KELRERLZICH L ORBEI R S, SR
X0 REMRMARESTEICR>TwES. 2hTlE, ERIEF TEWTEIZY ] iZkhoT
LT,



SHIZ, BRI, Xo 11H#EICOWT @Y 5T X ICRORICEEL £ 7.

[ B DELFIIFELIEZ 5 Z & |

HX

1. LI IZEE D D B — Corrsin (1954) DIRIE

2. BEL D a e —L v P (REEBRF)BEDFRR & EH
2.1 1% & 135
2.1.1 iR & ILE S
2.1.2 DO EFR— O E RN LB 7 E %
22 B D EHAlE & £ DS

2.3 BEEL R O IR X 57

3 ~7 — v Vigo @)

31 ~T—EviRof%
3.2 Hairpin packet
3.3 RBY 2 HtAEE

4. HLITD B CHERFRE — Rh L ERE O g & 15l

4.1 NS J7F8 3 0 —FR 8 i i s g



4.2 NS 5#Ric ¥, Hagen-Poiseuille FiAN D ETELZ # ECS 235 5.
i) Nagata(1990 JEM)D —KRii C 13 72\ iE i 8 Tk % fid

ii) Waleffe(2001 JFM, 2003 PoF)®D —KEHi C 1 7 W i1 7Y i it i 2 i

iia) 22X JtPoiseuilleiit ® ECS-*F-H [HPoiseuilledii DECS: _F 47k fi
iib) A [t Poiseuille 7ii® ECS: T4y fi#
iii) Waleffe(2003, Phys Fluids) ® Vi [lCouetteifi+Poiseuilleiit D fi#

4.3 ELIR & MEFF© % 2 B/INA X (Minimal Flow Unit) D ¥ H..
Jimenez, Kim & Moin (1991)

4.4 ELITHERTRRRE O AR
i) Fourier {771 X 4. Hamilton, Kim & Waleffe(1995)
ii) Damping filter (C X %. Jimenez & Pinelli (1999)

4.5 BLIRD 71 A AR ERAME. FR AR (2001)

4.6 71 4L DBEELIT Mizuno & Jimenez (2006)

4.7 ELIRISAATHGHE 7r D 522

5. KB L MtiAEE. LSM, VLSM : Adrian et al., Marusic et al.

6. Stripe DF R —EXI O REE

7. ik, BREEREDEAEED, REREGbR VDD,
JEFRIIALIE R DT, MELTITGEE PRI LE 222

7.1 [ AT DR



7.2 WP O B S
7.3 ELS D BoBE EEEL
8. L DONE I AANIIEL V2> ?
9. Z DfthDREE
10. ELITIEHIMEHCTE 52> ?
11. ELIRFFE AT IR D 2> ?

12. =& 300k

LELTRICIIFEED D 5

BLo2S, MERLICIRRIRY, ZEEBICAHAI A TIEES, MExifoTwa &, RIC
FIRL7ZDIET AU HD Corrsin(1954) TH 5. #3457 (Corrsin 1957) T b ZhM T EL
TG I OWTH VT WE T, X\\C Hama et al.(1957) 25/K R EH 2> b DB FHEL — + 235
&G (streak) 2 Z E 2L AICLE L7, 2R, Hist® Corrsin g (1957) T H 8
MENTHEF. KT, Kline & Runstedler(1959) 2% bursting 122\ TR 225 S %
FRLE L, ZOMmXICIIREZHBATEE IR, FHEEZOX 7y F Tl THE,
BRABECTELIIN S % L T 2 iR, D X 9 7 'Preliminary study on --+" & #H3 2% K5E
B 7R 0s, —iias J. Applied Mechanics \C#(% DIXiRAT AV A7ZEERLLZd DT
T FAE, 2 OEICKIEE Einstein & Li(1959) O R & B9l & FA o KBt B % L
L C, AR (Hino 1960) 12 2406 OFERBIEFAD KERFER & —BF 2F 2RI &
BTEELE LarL, Lo FLIELREE IC R 2 DlE, 2P LEBEFOZ LT
7.

7 Hfi 10 4, Kline & @@ (Kline, Reynolds, Schraub & Runstadler 1967) 23iiA 1157 D —ifit
it J. of Fluid Mechanics (<, F3FH E T3, YRFRFTTERL o 72/KRRIEIC K 5EL
WEHERG RIS L, FRIEISALET. 3 THEREIT oL IC, SRR OE
JiiE TELViEE ] oWtgeic i mnite L £ 3.



ELITICIIREEY D 5

1.1 Corrsin(1955) D ELFiAEE D IEHE

L-81230

Fioure 1.—Turbulent wake of bullet. (Courtesy of Ballistic Research
Laboratories, Aberdeen Proving Ground.)

Fig. 1.1: Corrsin OELIRICIIHEED B 5 & D EIR

1.2 Hama(1956) DBEJEH D & + U — 27 K< Corssin(1957 1251 F, #EMN)

(1957 xn)

Fig. 11.2: JKBRJEHE D streak #i& %/~ 35 H (Hama 1957).
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Fig. 3.1: {7 — OB DEHEFEAE %R ¥ LIS, hairpin {§OHE O [E¥EEH ©
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Fig. 3.2: Adrian 2005, 4 ¥ = 7 a VL 27 4 — 7 O FE A dhifk

Fig. 3.3: Hairpin iffi(Tomkins & Adrian 2003)
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Simulation) IC L 3% K O~T L VEOEEY I 21— 3 v2, Robinson(1990), Moin &
Kim (1985), Moin, Leonard & Kim (1986), Kasagi et al. (1986, 1988, 1992), Robinson et
al. (1988 )ic X Wit E L7z,

Lo L, EEBEY I2Lr—v 3 V(DNS)ICX W ~T v ViEBsiEFEICHE»® b0
i¥, Kim, Moin & Moser(1987), Spalart(1988) 23EEELiit > DNS ICHKII L CTE D 5 131%
10 % ® Chacin, Cantwell & Kline (1996)iZ X - TT3. % D% Zhou, Adrian, Blachandar
& Kendall (1999), Abe et al.(2001), Adrian & Liu (2002) , Kawamura et al.(2002) & i X % DNS
DRERDVHEZE L 7-.

I ARRED~T v v iBDHFIEZ IR L 72 DX, Guezennec, Piomelli & Kim(1989) T3,
Robinson(1991)<Eitel-Amor et al.(2015) % D42 v &2 — &2 —HfED M Lic X Y fFED
My lal—Yavifrbhd e, HHICBRINDOE, HHMO~TEViEI Y3
FERFREL D 5 13 AT v ¥R (cane-shaped) ~T VMDD ST TH2Z L T L ALY
F L 72 (Choi & Guezennec (1990), Robinson (1991, 1993) ).

Fig. 3.4: hairpin i O W15

3.2 Hairpin packet

Fig. 3.5: 7 v v 7 A1 X % hairpin i##f  (Dennis &Nickels 2011, JFM)

Fig. 3. 6: Hairpin i packet Dfix[X] (Adrian, Fig. 25)



More complex packets of vortices
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Summary sketch of the organization of hairpins and packets in a boundary layer.

Adrian, 2007

Fig. 3.8: ¥ 5J& D hairpin packet( Adrian 2007)
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Fig. 3.9: ~7 —t" vid#K. Sayadi, Hamman & Moin 2013, Fig.7, JFM 724
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‘Very-large-scale Motions’ ~VLSM’s

W
E
e
%=
2
)
=

1
G50
Time {sew)

Fig. 3.10: VLSM (Adrian, Arizona State Univ.)

'Tyﬁ) ~ )
________ T

artex packet
| YisMm
|
| L
— )’“‘%Q V//@/ -----
7 / e
miform momentum zone hmrp vortex




Pipe and BL spectra

Pre-multiplied, y/6= 0.1, Re ~1500

Balakumar & Adrian (2007)

©R_Adrian, Arizona Sta

Fig.3.12: 7V ~/A, A7 b (Balakumar & Adrian 2007)
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iNIoY GRS
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IR PRI 35\ CREH % SIS — B O ) X & 2 855 D Rayleigh [
cCPEERRER RT3 CRBER 2 IRE) X ¢ 5 L ¥ D Stokes i

FOWT IR TT. BARBEWZI L NS HFEEXOBERRE IO >ZRdboFFEE o<
W L7,
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c)Rayleigh problem. fiuid.web.nitech.ac.jp, web

!
I
i
i
i
i
k- 2
B 12 ERFELoN0
www-tph.cheme kyoto-u.ac.jp WA KR Untitled mech-da.co.jp

d)Stokes flow

Fig. 4.1: NS TR O FATIifE

s omiig, b imAokt:o Rz 5&E 2 AT 2 7-0ICEETT, fMitd
—FEiR=1 A —f7R, Z2{toEniincd.
EWE, NS HREROEEmL, ok im0 rzs2¢Ez2onTC&ETL
77,

4.2 — KRRl WERREi M (Exact Coherent Structure)

4.2a Nagata(1990 JFM)D —KRUR T 13 70\ E 7 B T B 7 R

& T2%, NSHEAITIZS - & HERIFR O BEREAES 5 2 & 25 1990 1]
T, KHHEANGIR MiZ2, Nagata 1990, JEM)IC X W RENF L7z, K3 EKS CG =
Computer Graphics ¥ 7 F 23KRFEET, @SfiTH o772 TL & 52, JEMEEICIGEH I L
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T2 DI, 3R AETRRIEH Y TLADTOL YT H 0,

KHIFZ 9F 272D TT. Taylori TR SN TS [[EEHEL 2 EFE | <, FIE
DPE R MRAICF; o TIT I, AT 2 PR oWinicZz s, LarL, REFEEHEI W It
EERAEFESCALENT 20T, COEHIZIBLTNSRK%E [Fuf V], TrrA V] RH
ECHEEHL E L7

Vidrp= Q0,429+ —Rx+V) 0,V2A5¢ — 0% (—Rx+V)) 0,424

+i- VXV X[u-Vul+ 9,V242¢

V2A2w= _QaZAZ¢+(_REX+V) ayAZz//_ax(_REX+V)) azAZ¢

—i* VX [u+Vul+ 9.4,¢

ZHLT, 4ZB(uvwp D NSHEXZ, (¢, YO2EHETTWOLELLZ., ZNT
bEM AR DT, BIIKEFTECTT.

TN (Fig. 4.2)28, PSR TY. COMITEHEMTT. 2T VG RIIERE
I —fEPATNICE £ > T\ % steady flow TF.

Fig. 4.2: Nagata O fif D F353ii# 53 i (Nagata 1990, Fig. 7, JFM)

C OPLHS AR GEC 300 £ 323, ZHhridd 2% 2> 5, Rayleigh(1880) D255
NEEDHGwD B, TOWRMNIFESCALEICRY £7.

WEF(1990) 1%, K72 CG YV 7 A KkET, HifliTdH o 7272 5> Nagata(1990) D it 5>
FIIR DK (Fig. 4.3) D X 5 IcHMi©3. (&R Jimenez, Kawahara, Simens, Nagata &
Shiba(2005)ic X VFEL S HEIRI N TV E F)

Fig. 4.3: BEICPAT72bk~ 7215 & T 74 (Nagata 1990, Fig. 8, JFM)
InEEICHELORFER T, LirLznZTdTld, CORRPFHINDG Z Lidhd-o

7-CL k9. RIZZOFEAD, KHOHFELYTL CALRTER L TWizXRIZih~3
(LS ] OIFFE & LT T wizo T,



4.2b Waleffe(2001) D —REHR T 13 7 \ 1T 2 8 Fio ek 5 1R

LIRS OFH % 3 2 HiIC, Nagata(1990) X b 10 LA B THRIE X 1172 Waleffe
(2001,2003)1c & 3 Z DYEIRICO VTN E 7. 13 2 D X 5 & —hkifiCld v NS /7R
DECEMC L, HE c CHET 2 ETROMEH2EZRLELR. DD,

X =x—ct
& R R ATV E T,

A DRI 1 Nagata(1990) & (3% 4 E\ 3~ (poloidal-toroidal #) 23, & 0 J7 13 FEAM) I
FLCCd. MEORIZAVICEicRICNICARY £3. #HROALEZRT L, ROMKAME
ZROMBTYT. COBERoZF TN L HIGETL CTITE 3. Waleffe 132 DfiF%
ECS=Exact Coherent Structure & %47 £ L7z, PEENZAMNTHRRE EFCTT.

ZOfRIE, LA VRBUCHY T L, HEHT pressure drop IS HHS 9 % el Cav 3
&, ROM(Fig. 44)TRT X, HEL4 7 AL ETIIEEOEREDIZH,IC, %
NZ N EDIEfE, Tl e vHIng 2 EEOMATTE LS.

3 2

Fig4.4: L A 7 VZEEPIN L CR L2 Jg@im—mkfig, i a v —Lv v b Borikfg U

N orUsfid L.
Bifurcation diagram: Ro=QnW, Rp=dP/dx H* A, Q=< u— uwai>H,

Dashed line is laminar state Rp = 12Rp, )
Solid lines are the pair of exact three—?hmenswnal coherent states at

o = 0.5, y = 1.5. ( Five resolutions are plotted but they closely overlap,
demonstrating convergence.)

(Waleffe 2001,Fig. 1, p.96, JFEM 435)
ia) 22X JTPoiseuilleiii © ECS-F-#l [EPoiseuilleiit DECS: [ 77 fi

Fig. 4.5: Re=376, Rt =55, b4yUf#. #taCin L 721 O FEMRITFHD 2 v X — T,
HtER D 2SO < da o 72k D3 D> o T2 ER A IR UA,  (Waleffe 2001, Fig.4,
p.98, JFM435).
Perspective, side and top view of level curves of streamwise velocity u aty =0 overlayed with isosurfaces of
streamwise vorticity (+60% max[wx(x, y, z)], the maximum occurs at the wall). positive vorticity blue,

negative red. Upper branch at Re = 376, R+ = 55. Flow is toward positive x. (Waleffe 2001, JFM)

hlFR D23 Y < 2o 7o o Feigkds 2> o Bl OIETRA D 2 L5 iC, IKHDRNTT



M [EER S 2 TRt ] 2o TnE 3,

ib) FHx[H] Poiseuille 7t ECS: | 77l fiz

Fig. 4.6: Re=376, R 7 ~55, T/ &G CRLZHEIRFED 2 v % —T, ik
D 23 5 72 5% 23 > o 7 AT | TARE DT,
Lower branch at Re =415 (R« = 58). Level curves of streamwise velocity u aty =0
overlayed with isosurfaces of streamwise vorticity (Left: =60%max|wx(x,y,z)]), right:

+40% max{w:x(x, y, z)]).

( Waleffe 2001, Fig., 5, p.99, JFM 453)

ii) Waleffe(2003, Phys Fluids) D *F-fi [ Couetteiiii+Poiseuilledii D fi

FHIC, Waleffe(2003)1, Couettefii+Poiseuilleiit D¥5&

1 y2
U(y)=y+u Y (27)

from u=0to u=1.

ICDOWTECSZRD T E 7.

Fig. 4.7: Re=150, R 7 =55, Poiseuille-Couette flowDJEFiAEEM. i C/n L7213
VED 3 v 2 —T, o o 728k o 72 55 1 FEE TR Unin D
&, IR OIETIIESI G OKETA S Z 2 E TR BT ot %
3. (Waleffe 2003, p.1524, PoF 15(6))

[FIG. 7. (Color) Bifurcation from 2-D streaky flow at Re=150, a=0.49. y=15. (a) Re 4,=0.06, (b) ReA,=0.15. (c) Re4,=0.7716, (d) Red,
=1.1181. Tsosurface of u=min u(x,y=0.z) (green), w,=—0.8 max w, (blue). w,=0.8 max w, (red).

o e DA A (SEAE D) o0 WM igh 1 AL~ o7 e [l 3 2 i (s, )

Fig. 4.8: Poiseuille flow ® ECS.HFEWHI COHE v O 2 v £ — (Waleffe, 2003,
p.1526, PoF15 (6))

Contours of streamwise velocity u aty =0 for ECS at 0=0.5, -y=1.5, and Res,=141.6 (free—free Couette), Res,=156.4



(free—free Poiseuille), Req,=163.4 (rigid-rigid Couette), Res,=251.5 (rigid—free Poiseuille).

Z#ix, Poiseuille flow DEDHMRXK TS, FROFETFHADO [HRY | (ZKHDME
Z o< YT,

Fig. 4.9: 7 F /5 O REWIH A =~ £ —  (Waleffe 2003, Fig. 10, p.1256, PoF 15(6))

Contours of streamwise vorticity wy at ax=31r/2 for the same solutions as in Fig. 9. Equispaced levels at 0.1
max[wx(x,y,z)], except rigid-rigid Couette, where spacing is 0.1 max[wy(x,y=0,z)] (solid: positive, dash:

negative). Thick lines are level curves u=min[u(x,y=0,z) ] and max[u(x,y=0,z) ]. Phys. Fluids, Vol. 15, No. 6,

June 2003 Homotopy of exact coherent structures 1529

CORITA NV RIOEMERT, BHTHY R o8 rmEEs "L TCnET

Fig. 4.10: Poiseuille flow D178 ECS @ 3 kot CG(Waleffe, 2003,Fig. 15, PoF
15 (6))
Top, side, and back views of rigid—free plane Poiseuille flow traveling wave at its lowest friction Reynolds number (2
44.21, L2273.73, L 105.51). Green: Isosurface of streamwise velocity u min[u(x,y 0,z)] top and back views . Left
column: Isosurfaces of streamwise vorticity —at 0.6 max( ) red positive, blue negative . Right column: Red

isosurfaces of Q 0.40Qmax ,Where V?p 2Q W;W;; S;;S;; is twice the second invariant of the velocity gradient tensor.

Box shifted by L,/16.)
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FIG. 20. MeanU™ (y) and rms velocities for rigid-rigid plane Couette steady
states with (a,g )5(0.5772,1.1506). Solid: Upper branch at Re5400.

Dash: Turning point at Resn5127.7. Dot: Lower branch at Re5400 @v, w

are much smaller and omitted, max(v)50.0075, max(w)50.02].
Fig. 4.11: *FHtlon & ZE Ky DopAh. Kk = _Eopifg, rif= T o
(Re=5400), T#%=Turning point. (Waleffe web, 2009)

2 <15 -1 05 0 05 1 15 2

Fig. 4.12: ~FHixfi] Couette LD VIWE Uly,2) D22 v 2 — L EBL D3 v X —

(EMITIE, BHRiZa). (Waleffe 2003, p. 1522, Fig.4, PoF15 (6) )

4.3 ELIT % #EFF < & 3 R/NA & (Minimal Flow Unit) D F R,

— Jimenez, Kim & Moin (1991)

XC, RD(4.2,)4.3,4.4,45 350 oFEHEOILTTDOT, hFTILhREZT vk
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DCHEDTHEET,
LI FE D8 L X

ELIRDWFFE X, Hagen(1839,1845, 1854)% Reynolds(1883) > [ELiKDF R | Lko R \»
JES % b ORMREIE TS, cniconTiE, HHEFEEIFEERKLZA4 X ) 2D
Lamb(1932) 1%, KD X 5 ICi~ T % 37 (Goldstein1969, p.23).

A D R ICBEINE TH S ). [PV R 20H5. —DRETERNY
(quantum electrodynamics) TH H, b 9 —DFEMRTH 5. FAIXFATHICDO W TIZHEBRIT
HBD, BHEICOWTREBNTH S .

7, BT NFORIRE TH 5 N 4 D Heisenberg I3,

[ LR KETHICAR s 2 OB LI ) TAhZWI 2205 5, S X ? (H
MM E S 25D TI2?) ZLT, GRIE? #E, H1oEMICLTREZEE
FbThHAH5 LELL. BRI VTIE, HdZFEXZERLTERVWESLS] LEDLLY
METH 5.

Heisenberg(1935) i3 811124 (=114 )1%) D FFK DEHT £ T Sommerfeld DfFED Tic, il
TWTZEDANY NTHh 2R EOLERBONEZ L TH Y, E-MRo R ¥ R
EE X Tz & ¥, G.LTaylor % G.K.Bachelor ic£&\y, Vi#® Kolmogorov(1941) D
ELo G — R T IR PSR O AR EN R~ 27 P v D-5/3 I ZH Y, i XITHE
Wrci3E<, NS SRR 2D 58Ty % (Heisenberg 1948).

J —_VEZEE D RP.Feynman (Feynman Lecture on Physics, 1964)1% TELFRIE, HEL
IR I N mBEDRMREETH 5] b TH Y 5.

ELIE D FHAI

T, ELROFHIETT A, Sldn[fR kit PIV=Particle Image Velocimetry CiE &
75 2,3 ROCDFHIRRICHENR L £ L7228, IKBRXIWEZIRD, &) D ED a[EALE I EMR
ZmatiliEc, ERNRFHINIERGT, #icd L oL —F —dEHLDV) 23— D JiE T
L7z, MDD — RO Z L ORERY T — 2 — T3, 7 ANTEVR %2 BRIl
NTRROGHIEZEY £ L7225, Shidfistcdh, che THERERFOHE T
INCREAROMED2AE RS 2 LIITEEEA. £ 2T, THHELTROBL WIfELR
FOFRHHE BONIKDT — X —DHhERES YV 7Y v 7O %22 2 TRILT- T,
TS D5, Taylor DHRERGIZ AW, 3RTRERkwEd. chrT7vHv T
N R LN E T

~NT—EVlEET L

BEELTOEBI A~T — ViR TH A ) LRANCIRE L 72D 1F, 3 o> & 5 { Theodorsen
(1952) T L 7z, B ~T—vvidET A RRE LD, MEIELZoTHEL, Al
fETRL7zDTH L, NSTHFEHX SO OHEHITL 7. Theodorsen 1%, A RITHE D HIH



MCHONTHET,

RICA~T = ViBET LV ERZE L 72 D13 Kline, Reynolds, Schraub & Runstadler (1967)
T3, LaL, ZoFHXiclE, Theodorsen(1952)IC DWW THOEKIZR L, ZEXGRRE LT
LEFCHERA, BD L ZDOREE TIEE S 1E Thodorsen F 3 ZH H 7> 72D TL &
9. Offen & Kline (1975) T8 T Theodorsen(1952) 235 |FHE T WX ¢,

~T — ¥ VIBOERIC X 2R

T VY TR X Ao RE R, BERLIRGESUE, B, T v AL, BE
2Ot FIHEN B3 F A DO—XTH 2 HH3 550 Lz, EENIC~T —vriltx
PNCRWAEL2DiE, &R, b, EE(1978)¢d. oz nzs N> FHEeEurE L
72. L2 LB TORKRILEN-T-D, EERICX 3 ~T7 — v vimot it Blackwelder &
Eckelmann (1979) 23l SN TWE T, T ZICh AREREXOAFN R EB 00 %
9. Blackwelder & Eckelmann 1%, &KL D X 5 ICEE~T — ViR 2572 Tl E
{, ~T—VC VB FET 27255 L7720 CT.

5 LCEEELIRD ~7 — v ViRt o e ek y A2z £ 4. fisescavea
2 —Efenm E L, NS HERXDOBEREY I 21— 3 v(DNS=Direct Numerical
Simulation) AHJEEIC 72 2 &, EILERDO~T —E Vi, 25 v FRO~T—E Vb H
2LV ERGPoTEET. TYH VY ITAFETIE, b2 FEHLTLEID
T, ad o M AmRIC Rz 20T,

BaAicRons oA~ F 35280, ErArfMdr—FHFo Y INKECDTT
s, AL CTHEES L o X R4 oBoREr READITLE S D LRI T
ER

LARED NS 72D DNS G2 o fla 213 2 &, ZORITRT L5 IcExDT7 — & —
THEATEELR~T = VIBTLI WD, T vy TARETIIBELR~T — ¥ ol
UL NET. 20N, ~T—EViBETICOWTIIHEL REEMARE S L, Ficid
[~T7 =¥ viBdsldr] Lozl ETcRNET.

29 LR RFIC, KD 4 D05 XIC X % Breakthrough 25& 2 0 ¥ 7.

LoD B CHERREE

Jiménez & Moin(1991) ® &{k % #4H. Minimal Flow Unit
Hamilton, Kim & Waleffe(1995) @ fig#,

Jimenez & Pinelli(1999) o fi#T,

A E & KH (Kawahara & Kida) @ H CHERERE O FE L.



4.3 B/NELTRIA ¥ (Minimal Flow Unit) D3 R. Jiménez, Kim & Moin(1991)

a. Jiménez & Moin (1991) o k77 4 7 7 —ELIRAEE L 5 % f/NEE Minimal
Flow Unit

COX)REDH, 1HOFKRET AT TOMXBREELINE T, ava—x—
e R edkic, RABRIVE LA XK, XVl A Y v 2lED DNS %855
1, Jiménez(k X 4 R, R4 ¥ A) &Moin(1991) (T FHEMEB 2 < L CTIT %, FHH
FEIAS D B RE ST CRELFAHEFCE R W L 2R LET. T74abbaliitikiE % iy
T 2ICTITERINICH 2 /N Ok, HEAMETHL L, ThbL I=vL, Frva
N (minimal flow unit) S7E7ES 3 2 & 28, L A4 /7 A XDEER(1883) 72 b7 100 F 1
Jiménez & Moin(1991) @ 2 XJt Poiseuille i DIl I 2L —> 3 Vi X > THH CTHHS
N =Y R R ebs /=

CORAMPTTIC R > T, ELHIRIEDMATIE £ T b i < DI filikd, ELID B SRR I
ffuCoiFEim» T T & F3(1995~2001).

Fig. 4.13: /o L2 (EEIRIC, Fh&)ELTIRRE WAL, SOl o b iR
ICELFUIRRE 23 3R 3 2 56 (B2 o A BEIM ST T ) O RFfEIRC#%.  (Jiménez & Moin
1991, Fig.13, JEM)

Fig. 4.14: fthRlzy I 2L — o VELTRAHERF L 2 R WERAR AR L, #tflids I =
L—ya VHOARANVHROFEEZBERACRL, Bilis Iiar—va viEox
N TR OPEREHNGFEA TR T b, fiFidL 4 7 VX oE N, AR 2
1, BEHNX 1 FHoEA. RoofiET — 2 —o#i%/~d.  (Jiménez &
Moin 1991, Fig.3, /FM)

== T vArEHeT (@t E RANROMEICIRE L), BEHILHF o P2 X
JC)Couette JitiC & o THITAHERHEME (LI #HE) © ) 8 2 BHRE IR L 72 D13,
Hamilton, Kim, Waleffe (1995,) % Jiménez & Pinelli(1999) ¥ k& UF Kawahara & Kida (§f]
Ji. KH 2001,°F1f Couette i) © DfEFETE. XY, ZNFETEH L DIFFEHFICLD
BAERONTE AR BERLRO A = X B —BICHfIC kI b 2 & otz
DT,

4.4 FELFTHERHRE D RRAH — T HiCouet telfilc & 2 B ML B DA AR I

FETEIETE 1< 35 1 2 R HIH Ze iEAAL
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FIGURE 1. Flow geometry. Streamwise and spanwise boundaries are periodic. Top and bottom
walls move in the x-direction at velocities U,, and —U,,, respectively.

Fig. 4.15: (Hamilton, Kim & Waleffe 1995, p.321, JFM)
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(Hamilton, Kim & Waleffe 1995, p.323, JFM)
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Fig. 4.17: BN O #idl. (Hamilton, Kim & Moin 1995, p.335, JFM)
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4.4 i) Fourier f{43iC & 3. Hamilton, Kim & Waleffe (1995)
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4.4 ii) Jimenez & Pinelli(1999) ® Damping filter I X 3 &Lif H i
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Damping filter: BEA & & 3 & & LT OB 028 Q, % #5
Qy - QyF(y),
F@y) = (1/2) [ 1+ tanh4(y2/62 — 1)]
Fig. 4.22: Damping filter Z1. (a) § =75 DA DIEFURBOBSRIZL, F26 filter
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Periodic motion embedded in turbulence 295

FiGure 2. A full cycle of a time-periodic flow. Flow structures are visualized in the whole spatially
periodic box (L, x 2h x L.) over one full cycle at nine times shown with blue dots in figure 1, where
panels (a) and (f) correspond respectively to the lowest and highest dots there. Time increases from
(a) to (i) by 7.2h/U. The upper (or lower) wall moves into (or out of) the page at velocity U (or —U ).
Vortex structures are represented by iso-surfaces of the Laplacian of pressure, V’p = 0.15pU?/h’,
where p is the mass density of the fluid (see Tanaka & Kida 1993). Colour on the iso-surfaces of
V2p indicates the sign of the streamwise (x) vorticity: red is positive (clockwise). blue is negative
(counter-clockwise), and green is zero. Cross-flow velocity vectors and contours of the streamwise
velocity at u = —0.3U are also shown on cross-flow planes x = const.

Fig. 4.23: BEGLIE Y4 7 v D 3 Xyt CG.(Kawahara & Kida 2001, /FM. By courtesy of
Kawahara & Kida)
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FIGURE 1. Two-dimensional projections of a turbulent and a periodic orbit. The horizontal and
vertical axes respectively represent total energy input rate I and dissipation rate D normalized by
those for a laminar state. The grey line shows the turbulence trajectory, to which green dots are
attached at intervals of 2h/U. A closed red line denotes a periodic orbit. A cut of the turbulence
trajectory is coloured yellow to show a typical approach to the periodic orbit. All the orbits generally
turn clockwise. Nine blue dots on the periodic orbit indicate the phases of panels (a)-(i) in figure 2.
The energy input and dissipation rates are in balance on the dashed diagonal.

Fig. 4.24a: T AN F¥F— AR [ & T3V F—HECR DAHE TN L 72 BEELITR
3. (Kawahara & Kida 2001, /FEM By courtesy of Kawahara & Kida
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FIGURE 4. Two-dimensional projections of a bursting trajectory and two periodic orbits in the
(I, D)-planc. A bursting trajectory is drawn over a period of 400h/U with a grey linc to which green
dots arc attached at intervals of 2h/U. Closed blue and red lines denote two periodic orbits. The
black dot represents a Nagata's (1990) (lower-branch) steady solution for the longer streamwise
period (L, = 6.189h) which bifurcates into the blue orbit. The red orbit is taken from figure 1.

Fig. 4.24b: (Kawahara & Kida 2001, /FM, By courtesy of Kawahara & Kida)

Fig. 4.24c: (Kawahara & Kida 2001, JFM) >3 i L7 H &
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dX/dt = -aX + aY (1)
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dz/dt = -bZ + XY 3)
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4.6 BEME | DEEELIK —Mizuno & Jimenez (2013)
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Fig. 27: B£d V) BERLFE(HEIK) & BEZ LBERLIR (M O 7 ) = A 2= 2 bV k¢ D
AR A7 —VHHIE L 7254, (Mizuno & Jimenez 2013)
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Fig.4.29: Isotropic Turbulence. Kaneda (HP X ¥)

5. BB 2MEEE. LSM, VLSM : Adrian et al., Marusic et al.

ANT = VI Ty P EFERL, ZOoNTFIEEREZIEZ 2R OEL, &L %
DEUTFAD L 3. FalLic7 > TZ NS IEH N J7RNCE# 7 - T LSM(Large Scale Motion)
L HICK & 72 VLSM(Very Large Scale Motion) Z 2K % & & A>T & £ L 7=,

6. Stripe DFH

6.1 BB OREKDHIF
ZOBE, HBREFICOHE S T3 LA 2 W ZEE IR DOBIRK T



OUMACO + OMCA
(C, = 300 ppm, 2~ 0.8)

Moody Diagrar 0 ?4% ¢=0h r=4% 1=3h :=12h e=160)4
Maooedy Diagram b 1 a o ) < ]
\ 3 :Oc< P O T
\ Prandti-Karmin
\ fo
\ LR ~L
w2 e Uy
W o TPy
R J %- () O ':. a
-z Hagen—Poiscuil "b A £
10 .-.‘. :
_r'u
Zakin MDRA
10° 10°

Fig. 6.1: Re & friction factor
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6.2 Stripe (BELFiAR) OF R

TR A GIc K& S LT &, PRE 7 =y b, A7 XA 2 iticpto sk 246
BRRHED IS 2 L 2%, it Prigent H({A 2002 ftb), Barkley b (K 2005 fth), ¥RE 5
(2005 fth)ic X W EER-C DNS I X W R X1, Fi-hfEoERE1H b £ L7,

FI3 2 OELFRAIRR L, i iT Coles(1965)iC X v Taylor-Couette i iC 35\ T R
72 & 41, Feynman(1964)(C X b Ff5¥ 7z (outstanding) iR & LTI S T E L 7=,

Coles(1965)LAF#, van Atta(1966), Andreck et al.(1986), Hegseth et al.(1989), Goharzadeh &
Mutabazi(2001) Diff7E23d b £9°. Lo L, KWEZ DK ED W TIEABHTL 7.
(Emmons & Bryson 1952, Gad-El-Hak, Blackwelder & Riley 1981, Alovyoon, Henningson &
Alfredsson 1986).

Prigent (%, [F#h[ElHz 2 HH R 054 O Taylor #(FATEE N —Y—. K —)DWFZEICE W
T HMEofREZMREARIC L, FfEziicit> TY YAV ER» S Z D stripe ZFR L E L
7o, BELREOBRITER LA 7 VX8 zilz 2 L, ECERIREBICEITT 201
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Figure 1: Phase diagram of patterns observed in Taylor-Couette flow as a function of the
inner Reynolds number R; and the outer Reynolds number R,. The heavy line denotes
the boundary between featureless flow below the line and patterned states above the line.
(Redrawn from [1], see also [6], figure 7.8).

Fig. 6.2 : Taylor-Couette {fit D 4 Zx it i1 2 — . (Kerswell 2011)

B S ZETNRE (ST R oG omeEauc X 3 E@nit, et S KT
EPHTEZEREHNTH 2L, dBRTWFE T,

Fig. 6.3 : Stripe fi& (FR1Z2, HARRENFRERLY)
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Fig. 6.4 Stripe Dfuififi& (Barkley & Tuckerman)
L—e—4 HALE 4. Movie by D. Barkley, You Tube. ‘How the turbulence got his stripe.
Google TR, [

1800 2400 3000 3600

Figure 2: Instantaneous distribution of low-speed streaks and quasi-streamwise vortices at
Re = 60. (a) and (b) are the upper- and lower-channel sides viewed from the channel centre,
respectively. Black represents #'<0 at y = 10 as low-speed fluids, while green
iso-surfaces, i.e., #'=-3.0 , are low-speed streaks. Both red and blue iso-surfaces, i.e.,
IT'=—-u ), =0.01, represent streamwise vortical structures, where superscript ( )
represents the deviation from the mean value; red and blue indicate the vortical structures of
positive and negative streamwise vorticity, respectively.

Fig. 6.5: Stripe ##i& (Fukudome et al. 2012)

Z D X 9 7z stripe HHiE 1T Kerswell HI1C X Y, EEEMCTHHERINTHE T,



FIG. 2 (color online). ~Axial component of vorticity in (r, z)-plane, 25D shown of 50D computational domain: (a) slug turbulence at
2800: (b) inhomogencous turbulence at Re = 2400 (c¢) puff turbulence at Re = 2000. Cross sections in (r, #) show the axial flow
i s (light/white) and slow streaks (dark/red). contour lines each 0.2U: (d)m = 4andm = 3
seen upstream and downstream of the trailing e e (flow is left to right): (e) sections from a puff where no clear
structures are observed: (f) energetic section at Re = 2800, but resembling m = 5 structure: (g) exact solution with threefold
rotational symmetry.

Fig. 6.6 : (Willis & Kerswell 2008)

N = ‘ (b)< —r 'ﬁj‘
l‘\) - ‘) \. “\

FIGURE 12. (Colour online) pst showing i: of ise perturbation
velocity during the evolution of the final states produced by the iterative scheme for (a)
Ey=7.058 x 107¢ and (b) 7.124 x 107°. The isocontours in each plot correspond to 50 %
of the maximum (llghl/yellow) and 50% of the minimum (dark/red) of the streamwise
perturbation velocity in the pipe at that time. The snapshols correspond to times r =0, 0.5,
5, 10, 20, 40 and 75D/U. In both cases the energy is initially localized in the streamwise
direction and the disturbance quickly spreads. By 7= 10 both disturbances have created
streamwise streaks, but only for the lower energy do they become streamwise independent.
The larger amplitudes of the higher energy streaks are subject to a turbulence-triggering
instability.

Fig. 6.7 : &% D & (Prigent & Kerswell 2012)
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Fig. 6.8 : EI{ DL HD T AN F —OHIMN. = DKHZL. (Prigent & Kerswell 2012)

Z D stripe DFEEZEICFELA pHEL OB DR TT.
Stripe D FEEDHGRIIARZ T ICiTHEATE Y THA.

6.3 ESHMOER 2 20RH L4/ VB X PHERER L#E
iEER

BRFL A 2 A ZETIE, 2 FEEOE R — K (global)RFL L 4 7 v XL Rey’ & *JRFITIT
(local)fRF L 4 7 W XH Re’, L AL FIZEEIR L A /7 NV REL ReL’ D3 HH—Rey<Re. T
5.

DARIEIRFA L 4 7 )V B Reo(H 5\ T T AN F —ZEME Rer D L <1 Rp)IL, HiALIC
5 2 60 3 BELOIRIF-CTE DA % fb T ETLL 5 2 L W HEKTH Y ; 2l
Torv 4 7 VX CIEERLDOFE (Reynolds D 9 flashes of turbulence ) 13157 e\ IRFRETIC
FWHEL, ZhUA LDV A 7 AR CRIERLOFEIIERERICIER LA /) VAR e
7.

i) ST R H (local critical) L 4 / v XL Re.’, b L < 13 #RIEESE 5 (linear critical) L £ / VX
B Re’ 12, MUNEELICHN L CIRNWVBLETH LIRALE I ERTH 5.

—fRICIE, Reg<Rer TH Y, T D 2 DD DM % Hilifi FLESIH (subcritical region)’ & I
O, RE I iR—aLI R o A7 o vl REM: % R & F % (Dauchot & Daviaud 1996, p.1).

2 TEIHDIER Rey & Re(Re) D OWMNOLER X, HILoB L@ cikirs 2. »
¥ —ODMR LA I VB Re 1%, EFEWREL L BN - GlitoEffHoBR oL 4 7 v X



BThHb. Re t Re DEDTEIN % B (transitional range) & .53 (Manneville 2015).

a) EEEE. BERLR. BEAREIRIC B 2 ER TR (subcritica ) BLER TH D, b)
Rayleigh-Bérnard Ry Al [elds 2 EHE RO Taylor-Couette Jit D% (3 HE R 5

(supercritica) B0 C®H 2. supercritical BLER (I LI Bl ©, JETtiED & BRI IS HEL
L, FEMIE ARSI L L CHEEmNICESIR S AIRETH 5. T NICK L a) D ik FLE
1%, JEFIREED & aalGFLERSIC X 0 GLITIREE~ & 2 U T 5 (7 3).

(F1) BE07z»IC, HEREBHOM: XS 2 3HORNOFEBRL 4 7 v XL
PDToRICHEHESE, LA AVZHOERDOEE ULt RFEREZ D(H L L1 LI, Hagen-
Poisuille 712 2\ TIEFHFHE & RS, FiliZ v MiTE 2 PR o8 2= LR o
Mg D5y, FHAT X4 2 KOG E B RO e LEEE & AR o RFE D5

kg Re.(BGf)  Re, Re.
Hagen-Poisuille it~ 2040 ~2700
FH 2z = v bk © ~325 <415
FRIAR Y XA 23 5772 ~840 <1600

(F 2RO L, BB O, v F VA XV EMTH 3 25— hico
WA (2010), Kerswell (2010, 2011) 72 &2 S & L7z v, Kerswell (2011)1C X h
%,

HFEFER O LRI DR L D UTOL A4 7 W XEDEET % (X 3.36 Kerswell 2011,
p.3, fig. 2 & 3; #* 3.1).

Rt Z0 AT CIERLSHEINCEET 2 L4 7 VX

Rs: Z LA ECRARERBEMAMEE (VAR BIFET 2114 7 VAR

Rr: ZNLA LT AA AN FABBHFET 514 7 VX

Rt 20 AT CRBWMB KNG T P77 2—ThHb1L 4 ) VR

R BIBEER L A4 7 v XHL

s mmno FEdv 4 7 v X803, Kerswell(2011, Table 1) ic#i-> T\ 4. R<R: Tl
T OfFITEFTNCE LEARTRICR 5. 3.9 fils X U85 BT~ 2 kH(1990) o fif% (3 X
TCA BRIRIEE HE i, JEATI MY N viR) 2382 DiE R & R O(Re<R<R)T
H5. )y, 3.5 HOROIROMEILE ZMHIHI N Ty, —RIICRO iR I3 A R
mERb, REMWICIIEET % (long-lived’ trasient) L Ex LN TH Y, HA RN Ffid
ThrIEEbNE, bLENPIELWET DL, R b R Of(Rr<R< Ry) &7 5.



7272 L, MREMEZFRFOROMWMPBTFET 2LEZ TV LMEFR DB, ZogEICE, fl
LHDAN =X LTROMES R 2z 5L bixd. BEOHEONRIL, FXic, 4
iz U CEERFMOGLNBEHN S 2t DffvwicE 25 2 & Th Y, JEFET Y

(directed percolation) W7 7' v —F % L) RN T 7u —F 3l A b TW5, R>RL T
X RNIEEART2 SEEN 5. (VL RIGRFEFERK(RBK) 225 DfMEIC X 5. &%
Kerswell 2011, p.3)

LA AR RERLIC X 2 FEZ 8z 2 &, BERLOIRIERIZIRICG LT, ik
RELELIMIREED WFNHEBL 5 2. WMNOREOMHZEMTIZERT P77 2 — LHIRT
NT o x—=pdE L, MHZERIICE T 2 YR WIRE) 25, 2 007 + 7 7 &% — OW5|HH
HMOWTNOMIZH 5 »IE-> T, Z DRDIFRHIFERE ORI A ERIL S 5 B E
B 2h030E 5.

[|ull ull

t

LY
L4

—

|
|
|
|
|
|
|
|
:
RE RL R

Figure 2: Sketch of different solution characteristics under different values of I for the
supereritical seenario.
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Figure 3: Sketch of different solution characteristics under different values of R for the
subcritical scenario.
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7. i, BWREZEREDOBERHEAED, RERLEabR VD
2. — BEREAET DR

7.1 Dancing flame & Rayleigh @ % il 5i A & %€ B3

9t EoEH T, £/, VY VoMM TIEFEHI A CELTHAIC e -y 7%
KOBETRITATPEDNTE L7z, BT/ O0FICGbE T ICEnen—Y 70D
RPBFED D L DickfF 7z A28 F L7z, Dancing flame T3, Z OAEEARHR % 5H
L &9 & LT, Rayleigh(1880) I3 AREE ML B & £ L7z, fioGmdiiikz
R R E L CoRRTT. ShofEECPREL v oz ey — F oz
L X5 L LT LARTELHATL, Rayleigh oI, FIEDTNIIFS &R
BRCELILS &\ ) IR OBER T, A4 7 Reynolds @ FEE#(1883) 1 /e 7. o fuMEdLIC & 5
ZEMEOWHBEY CTLA., ZOEFEZITIZ LSS Ho THfANFAZ LR LAET £ L7z,

7.2 Reynolds(1883) 0 ELEEFS D LBk & Reynolds Egs.

CHIIELRITZEDIGE 0 & 72 2R 2 EERC3. T, KEPWELL FAVoD
Hagen (1840 i) T¥. Reynolds IZBUFM, Wi % PGS & 2B 1c o7 TRL, L
A 7 WX J1%° Reynolds Egs. # W T 7,

1
e ————————. s R

L oo rocer_Weam

Towr b v’ o

_ l[}_ S —

Tearbsoode vl Wemv: fenbane rveed v N ome ol codie spwvarkd)

Reynolds’ 1883 observations of the &7
nature of the flow in his experiments

Fig. 7.1 : Reynolds(1883) » &



7.3 Orr-Sommerfeld Eq.

JERmhORE. ERFERRS CHEAMEME L TRV bhTE L.
NS HRERZEA L, REZBICE L TEL XD, 4% Orr(1907)-Sommerfeld
(1908) /7f:C, WEMBEDHFRMRTT. McHIMNERLRS 2 o5 L &, ZhrdE
T L hhrrEAEMEE L THES DT,

7, KGR D RSN 2 RITE Re=UD/v % L 4 / L 2L LT S L
7= D 1x Sommerfeld(1908) T3 .

i

L

O (x,y.t
u'(z,y,t) IP{U;_} ) —
= ;o W(x,y,t) = eFEg(y)
“Uf{:]?, Y, f) _ 0¥ (z,y,t)
dx

Orr-Sommerfeld D HFEI

d2 d2U 1 (a2 L)\?
S . * ) P . __ k2 6=o0
U ()(ﬂﬁ )¢ dy?? ikR(dM ¢

d%¢
dyz y=+41

by = £1) =0, =0

37 B R

Im [e(Re, k)] =0

ES A

u < exp(ik(x-ct))
DT Y 3. c DEEFEPIETH L, BRI IcABucEEL £ 9.

LoL, %< oBd, o BEA EENTRILEERE L &bk wd, e E (pipe
flow, Couette flow) IZ (TR TIE L 4/ A ZECTHELGUL T 2 Dic, OS eq.d [EH A (EFEHT
fACIRLE(Ree=2)T, RLEICIIHOHEVWEES 2L TLE. XRORIC, L DFRD
[RFL A4 7 v ZXE D Orr-Sommerfeld o [EAfE & EEEFEROEZ R LT, & H
Mize 84 77 =y PLTIE, BEREIX 0 TRLEICR Y THA. BT NIFORIMRE T
» % Heisenberg(1924) %3, % OERTICETD Sommerfeld D % & T2 RXILA T X 4 LHOK
SEREZ R %, #21C Lin(1945) 5 23572 X 0 B FEGEREIOE AR Z STV 2 0ld, #



fEL bR ) A RE p.127).

Critical Reynolds numbers (Re. Res)
OSeq O [E 5 fillfit FE5i(Re.) B iar—vav
Poiseuille flow (2D)  5,772(Orszag 1971) A% (1,000~8,000) ~500(Orszag & Patera 1983)

Poiseuille flow (pipe) 00 R&E  ~2000

Couette flow  (2D) 00 AE 360
(R, AREICIHRO R

Boundary Layer 420 420

* 7.1 LOERE O HERIE & SRERE D R

7.4 FERRELfEAT
FZTEzZoNT-ORIEREET Y. LarL, TNTHEREAVTERTA. OCEH
o t, #WRTEF B0 ITE X T4,

7.5 BRI 0 5E OB & KB

ey BRGR & EERDMG O PRI o CHRET 2R OHHICOWT, LA 2 VXL
HEEL DB L WU NEEL O R R O BRI (R E— AL EM) 2R L 3. OB ORT;
FMOFRILH 2 1 RICErNEEMEIOHIEFD P L —2xTd. KL ic, &5
RigoFE e i, Mo L 4 7 VBT 2 D TR TR I NPT HEEE 5
EBROE S OIRIESIEM Lifo £ 3. b LERLORIEA 0K E g, HELIZIER
RcE L, EERERCELIREICRY 5

LAaL, TOMDEOFRD X 5 ICiEE T L, WAHORERICAY, LA/
NABBREL ro2ICb bbb T, WETLLICARY T,

zoiglx, BApoERMfvTnE L.
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Fig.7.3: #RENEL B r DRELIL D IEHE - JHEEFE (Tietjens I X 5)
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7.6 B T DEEL D FEE L AL

R, BEELTR 0 Z8E R 1L, SR L X 3172 2 KIT Navier-Stokes 22> HE 2> % Orr-
Sommerfeld 72X DO BEHEFREE L TR b TE F L7, [EHREEUE exponential
function(FEEXEAEEA%0) < 3. EHRMEMNT X, FEA+oRE L 2 RECcofifTch s 2 b
Z, ZNETERIVIFZEL T ARr o720 TT.

Fig. 8.6 (%, i t(time) 7z (% x(distance) %, #Efih I BEEL IR, Kb OIRE)T 2 HHh
BOP L —2)IZERME S 2R L £ 3. FREEIEEWID XKL 728Nz R S hwkkic iz 2
Fhld, xRN LB 3. SIS L CERRIEM L, RN IEEEE
BEWN D EMEFITHEIML T X9 IR 2 225, R TREBEK NGBV E
ER

& T A, REMBTIE 3 RITH/NEEL S RFH ZE M I EARINICFE T 5 2 L 28,
Landahl(1980)IC X W iR ¥ N F . FEEBIBUIE KRN A A E {2 s L AaducHmL £ 5
25, BEDINE CIXETIZZ OBIEMA 7225 b0 TT

] Expenential

Fig. 4.6: EEEEEINIEM & KIEIEMN @ ik (shikumikeiei.com)

BEEL O o EERE I Transient stage) C, #RIZHIE N 23 E A (Ef# < 5 2 BB 51
MEVREINIE, OB CHUNESLIZIERBIE OS2 I T L, st L £
ER

BERLIR O LEMETIL, #H DE — FENT (normal mode) ® 75 T I3 AL O W IAZ L 23
MATE o T, WIERETO 3 RITTBUNEELO FENEHITH 2 & Kl 72 NE DG
XA, Landahl(1980) & 32> & 10 FEINLT, 1990 FEEA LR Y RV RN L L HIcR ) %
ER

Berg & Brosa (1988)



Gustvson(1991)

Butler & Farrel (1992)
Reddy & Henningson (1993)
Trefethen et al.(1993)
Luchini (2000)

Schmid & Henningson(2001)
Cherbini et al. (2010)

PP G I
£0 |
k1t ih
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i
G 0+ ’|
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_‘_--_‘__‘_-"_‘_‘—-——.
w0} .
Moxlal
' 50 100 150

s

Fizure 9. Plot of Giz, 0, R, 1) for stable and unstable Poiseunille flow. The stable case corresponds to
z= [ and R = 5000, and the unstahle to 2 = | and R = 8000. The curve labelled ' Modal® is a plot
of the perturbation energy in the case where the initial velocity is the normalized eigenfunction
corresponding to the unstable cigenvalue for 2 = 1 and R = 8000.

Ready & Henningson 1993 JFM, Fip. &

Fig. 7.7: ANLGE. LEDLGH D T 40 F — OB G0 DIRIZAL. € — FFT
DI D T4 7x\ . Ready & Henningson (1993)

9 L7, BERIIIR A ISR b, 2010 FEICITET E R Y £,

3 RICHMUNMERL DL, $RFZAL Navier-Stokes R% R & T L E 3. it Orr-
Sommerfeld HFE= X 0 M © 3. #IEAL Navier-Stokes i 2T, Lin(1961),
Schenstad(1960), Di Prima & Habetler(1969), Butler & Farrell(1992) 7z & #ZME L T\ 7~
72 & 72w,

BLFIHE N % DI, Butler & Farrel (1992)% Reddy & Henningson (1993) ¢3° 23, 47
2> Y Zy\ @ T Schmid(2007) 25 M % 5IH L £37. ML 4 2 v 8, Hiehh23 BEEL o 3%
BTd., ZoMOf EDFICH BB GRVIRDS, EEEET <55 2 R ZHFR T,

Z DN INEFL O SEIE I <5
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10-1 L 1 L
102 10° 10*
Re
Figure 4

Parameter study of transient growth for two- and three-dimensional plane Poiseuille flow. (@)
The neutral curve of two-dimensional plane Poiseuille flow (#/ue line) delimiting the area of
asymptotic growth (dark gray) from the area of asymptotic decay (fight gray and white), and the
curve (red line) delimiting the area of transient growth, but asymptotic decay (light gray) from
the area of no transient growth (white). The well-known critical Reynolds number

Recrie = 5772 can be easily determined from the graph. In the light gray area, the contour
levels of Gyayx range from 10 to 170 in steps of 10. (#) Maximal transient growth of energy for
plane Poiseuille flow at Re = 10000 as a function of the streamwise (o) and spanwise (8) wave
number. The largest transient growth occurs for perturbations with no streamwise
dependence (@ = 0). The gray area in the @ — -plane indicates parameter combinations for
which asymptotic exponential growth is found. The contour levels are 250, 500, 1000, 2000,

Fig.78: Poiseuille flow D% E. ALEMBR— L 4 2 v X8 & JE D BAfR.

X Lo ko & ORI RIS R K ) & BT I GR VIR & B ) D
B, T Ok 5/ ICKRE 71— 7 F 2 R ERITENERNIC TR S 2 23, @I I
35 HIE LEPER SN 7 DRI OB, o, 1L, FNE NG T T & A% v T D
¥, Schmid(2007, Ann. Rev. FM)

7.7 Bypass Transition

SLUTIRAEDS, ERAR L A VAV XE L VR A 2 VXECHRAET 2 2 Lid, BB
LTI L7z, 2% Morkovin(1969) % bypass transition & 4 L7z, LA ZRICHE
o HBROELN ZI X 2 CTh, HHREITHwE LV bR LA 2 VX CHIGL T 2 D
<.

7.8 W&

SRV IRS L, B 9 JEMOLERE, BEEL~D@EBMEDRIICIE, ks
EOEZ LX) wEST, FARTIEHD £97, OSeq.zfitl DT, BOE%E wxy,b)
oc (y)exp(ik(x-ct)) & BRI IR D TR T W B D TT b, UARTT. [EEOBEIL
Fourier JER CHRAE 2 & D VIAL D [JE] %2z &K L CF.



7.9 i F#EL -8R

Fig. 7.9: Transition to turbulence | Center for Turbulence Research. ctr.stanford.edu

Fundamental and subharmonic transition to turbulence in zero-pressure-gradient at-
plate boundary layers | IAHR Media Library iahrmedialibrary.net
Fig. 7.10: SLiBEREOFIE., ~T7 — ¥ v Otk

8. ELIRDOXE A AANIIEL W\ ?

FAEIZBEEL R O N BN 2 DS W 2 - FICZIFANTHEST. TH, KYICES5 %D
TLxID. TZTIE, BELROBREDNHRICOWTOREDFEEZIY FiFCTHrE .

8.1 ELFITE A DR A PEMEER L, FE->Tw5?


https://www.google.com/url?sa=i&url=https%3A%2F%2Fctr.stanford.edu%2Ftransition-turbulence&psig=AOvVaw3ZJAhc7Q4C8u3RaAKgwAyb&ust=1600061543445000&source=images&cd=vfe&ved=2ahUKEwjhqszws-XrAhV4zYsBHbH7D0YQr4kDegUIARCUAQ
https://www.google.com/url?sa=i&url=https%3A%2F%2Fctr.stanford.edu%2Ftransition-turbulence&psig=AOvVaw3ZJAhc7Q4C8u3RaAKgwAyb&ust=1600061543445000&source=images&cd=vfe&ved=2ahUKEwjhqszws-XrAhV4zYsBHbH7D0YQr4kDegUIARCUAQ
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.iahrmedialibrary.net%2Fthe-library%2Fmethods-in-hydraulics%2Ffluid-mechanics%2Ffundamental-and-subharmonic-transition-to-turbulence-in-zero-pressure-gradient-at-plate-boundary-layers%2F288&psig=AOvVaw3ZJAhc7Q4C8u3RaAKgwAyb&ust=1600061543445000&source=images&cd=vfe&ved=2ahUKEwjhqszws-XrAhV4zYsBHbH7D0YQr4kDegQIARA_
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.iahrmedialibrary.net%2Fthe-library%2Fmethods-in-hydraulics%2Ffluid-mechanics%2Ffundamental-and-subharmonic-transition-to-turbulence-in-zero-pressure-gradient-at-plate-boundary-layers%2F288&psig=AOvVaw3ZJAhc7Q4C8u3RaAKgwAyb&ust=1600061543445000&source=images&cd=vfe&ved=2ahUKEwjhqszws-XrAhV4zYsBHbH7D0YQr4kDegQIARA_

EESLIROREIEIRIE, N v 7 7 — 8 I1Cke < BLIT O it A ik, SEr Al log-law TFR &
nEJ. 2oL, Prandtl(1926) DR A HHERE R (mixing-length theory) I & % & D
T, HWGT X

= ¢2|dUrdy|

ERINDE. TIT, 1=10=7wa A C(=ky SRETNIE, EHIC log-law 28
BhanEd. BREHEHEE v F 21T 19 HidRD b 05K D5 EBER 2 b DFHETH
D, EEOEMHKE RV ICOEALLEE T2 L ot B Y £ L7,
Izakson(1937)%° Millikan(1939) 1%, KitEEE Bl [TEEER] ] & TEERER] 23
ftd A L L OBl 0B 272825 L £ L2 (HEF 1992, KH. I 1999).
O@5Er

BATEEEMER 1 Prandtl(1926)1IC X 2 b DT, ZNh 6 E CICNEARRI2E T 3 D
I, 2N XY RRICHEK I N7 Karman O J)FHBEER D & © (D 4) I 0 x5 540507
il D O f%%E % Karman constant & MEED 2> ? D 1K S < LART2 5 DEERIT L 7=
23, %18l 1930 O SCHk %2 FHEICH N CREFIAR T £ L. W& HP ~AY, ZoD

[ELIROBIE) ~iER, THi#E] ICFEL CBRTwE T,

8.2 fak, ELIED log-law fZIIFEHFIHIICKIE 72 D Do

%, ELIRD log-law R IZAREIC R b I\ D Do,

fhiElx, NS HEXOMETH 2 J85Es, LA 2 VAEBPREWEGHEICIIALENL,
ZDIREZRBE RV L %, DHERIGERL, A2 RWAELE LZ.
LaL, ZhEFUCZ e, 2% ) —EEIRIRE L ko iin s, MEtiic—E D, &
D EFEFODD, HOFETE 21X, TELFR D FE D1 23 log-law, power-law @ X 5 72 —3E
DEEMROD D | ICIFFEMZ R D TEATL . C DM & ELTTE A A 1k, 59
Wi DAL T B % Z L 2%, Mozuno & Jimenes(20(2013)) i1 X v, ¥ 72085040 23F56t
% > Z & 25 Del Alamo & Jimenez(2006)1C X VR I FE L 7=.

FOFERITRHE O & KB R ) 923, ZOREICHY A 72 D253 del Alamo &
Jimenez(2006) TF. 5 1%, REANTH 2 REREE VT, £ FEIRS % R,
T2’ Laufer(1952) O EERE & & 5 & L 2D 72 LT, A3V T RIOIEAELIR % R
k2 B/NDIRDELTIH DHGAEICE D X ) RBERL R FEEL LT 0, Sz 24 01E
LSO REE WS L, Z0BR T AR EC MR T L 2R LE LR &
DT AT EWIIE, Balakumar & Adrian(2007)%° Marusic & Adrian (2013)235 WHI L 7=
LSM=Large Scale oltion > VLSM=Very Large Scale Motion IZfH4 32 TL k9. T D



(3 A% v J5 1A DEWTIR CARAIC I S, K OHEEY 2R L T E T

HAick oTid, KTFA967)5 MiZEEE A 6 FH L 7= #okBF 1)) [ D #EF1] i LT
9. LaoL, FAIAR T ORI T 2 <2 b EEOKBRIE, KEE) 23K % W BIKER IC R E 5
Lt TH B EEZTVET.

8.3 ELFiMEE D> O DRIL DTS

a) Townsend(1951) ® attached eddy hypothesis

Townsend(1976, p.152) %, [JiBgDMEELS O FUGHIL, BEMICES 5 Fifihy 7z
(persistent) fFRITRNL D XX — v TH D, Z 15 IFBEHIC {175 (attached to the wall) L,

H M (self-similar) TH 5 | LIREL F L. D Townsend D& MMKEIL, FFKE
BAEMIZFE EFEH %51 & £ ATL 7. Attached eddy 28% % © T, detached eddy 3 7)
MdHHET.

L2 LRUEIZ 7 » T, Townsend(1976) D fi i (i 5) € 7 /L (AEM=Attached Eddy
Model) D# z 1< ko<, EHE A (fHEK) (UMZ=Uniform Momentum Zones) D{F-1{F %
MR L, BERLWO = & —L v MG H CHBUBRFE G2 5, log-law %8 < SEERHY S 2 \»
ERERY AR T 9E S, Z8BUTHhN B X517 ) FL7~. Townsend(1976) D &5 K3 1%,
LA VX ICRE WA SN T 20 TH Y, o T, FEIMREIEEL
THBLSE IR S Ll W IRRE T 7 v, EB) 2 (kinematic) 5lid T, NN 7€ T A Tldis
v, UL, TN AT L OBEN T3 NE X)) 205 5.

b) EEk > b DFEHL

Dennis & Nickels(2011a) i3 25 L # PIV 2 7= 3D ¥ — & %5, del Alamo et
al.(2006), Lozano-Duran & Jiménez(2014), Hwang & Sung(2018) 3%l I =L —> =
V. T RO L, ERMKEOKZEIEL TWE

c) Navier-Stokes HFER %> & ® Townsend attached eddy K&t DEH

Z D RICDO W TOEPI DXL Busse(1970) T, ZEMEIC X b BEH ~ O R AHE) & ik
BB X 2 ML TwE S, R, Klewicki 5 (2009, 2013) 1%, F#51{L N-S 52K
D A2 (invariant solution) 12, HCMMUKFMHTH 2 2L 2R L E L7z, Del Alamo &
Jiménez(2006) 1%, ELITKGTE % V72804 N-S e X2 5, HELESMEIEE— FIiZAC
HElch s b zENTHE T, Zoft, Hwang & Cossu(2010), Hwang(2015), McKeon
& Sharma(2010), Sharma & McKeon (2013), McKeon(2017), Moarref et al.(2013) &, X%k
P E AR P HEHME— itk 2 LTE D, Zareetal.(2017)% N-S HHEA 2
b, BLtZET LT 2ifEEZ RO TV E T


https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Armin%20Zare&eventCode=SE-AU

8.3 Lie #ifam|C X % Reynolds TR DfF — BAFoMESHR~0 Lie B
MDIGH —HALE, N

GRS A R LB TR D 2 KB %, Lie BEific & v N-S G (L 4 7 A X T
R)POEL N TELZZ LN ZHEDMELSHOLPITRD T L2, 2 DR
i, R 7R AEEEE. AT ARAHOUE. BERRZ: & oG, HEGRIROE 2 B e L s
WZ ETY., TR REREBEHEATHI LA A XHERRBEACLTCEY A, LA
I NG E, 2ROEDHZICMDY, ZnzRkD X5 LT 2E3ROELHNSFT
i [eREfE ] b0 3. LA AXHEXZEERICI VMECEAEIFELETT. B
fiy, RIS 2B X S KB A TE L.

L2L, BfEDL 25 N-S HER(L A4 7 v X8R 26 offiiic X 2 iy o st
TETEHHEHA.

a) BEELTR DR E 04 2 N-S SRR (L A4 2 AV X 5K 22 5 BEmicE 2 &k, &
)T Yajnik(1970)1c X b Lie B4 W CikA & 0, Lk (asymptotic method) 12 &
[EEEAN | B XN, 2% Mellor(1972) 3FE X2 £ L 7=,

b) Unal, G. (1994,1995) & Ibragimov,N.H. & Unal(1994) /%, Kolmogorov D& FEE
At (T o L F — IO ARZE M) 1t L C Lie #famz ) L, N-S TR oWtz #H~ 2 o
TR DEBEAEST 22 &ML, TANLF —HEEAZED S & ITHEGRT — Vit
(combined scaling group) 2L L £ L 7=.

Oberlack (2001)1%, N-S /523D Lie #amAFHT CPATGEN R OXMM) 2> &, BELTHE O
Karman 0l (log-law) 72 \J 23ME— D F £ 72 H CHELFEIEN R FECIE R <, vy P& LT
B & DO LERCBEE 5 R EE Tl RBRISFEST 2 2 2R LE L, #itn T
Lindgren, Osterlund & Johansson (2004) ¥ X UF Marati et al. (2006) 25 B 56 % FERH L < \»
5. %O TR E ALY Lzoicxt LT, She & (2017) 1306715 & B# (stress
length function) DFFAZEICEH L 7=,

¢) She, Chen & Hussain(2017)13, 3, v 4 /7 A XFEHHERX(RANS) D dilation-
group N % MED & 7%, Lie #faf O S EMENT 2> & 1671 K X BB D % & 2> A (multi-
layer formula for the stress length function) %8 %, (FZRICET 2 FHEH)E SR
FAC T Ot ES &2 oMo icB L CEREHRE L C, TFuk, A4 /v



RIGT], RN DORFEBIC b 72 B VIH5E O % JE T g % B IR tie 7.

Reynolds It ) W=— (u'v) 1L, 80 v + 2w T
— Wv)y =vi85= 1,28
Iw=NW/S
S=0U/dy
T, TERATRE L IEND Ly 2O ISR IR EFATHS, 22T, Wi
B 2E#RE LTS, She bt scaling & LT

BLUTRG P i o A2
N7y —E by o< Y
HAETHI = Ky
a7 —1E hy =~ const.

T35, ZofERIE, Sheetal. (2017, p.340, Table DICFEL K fEOH LN T 5.

D& BLJEMER, EET A X —OFEBRICHIGL TWw3, TAh ¥ A
(SW),iH#(e), I XOGATRIEREMNIR(IT,) &35 &, FHRAGR SW+ T, =elcbBnT

Rtk < i3 SW< & ~ I,
Ny 77 —JE@TIX osSmW) ~0(e ) =~ O(I1,)
S RT IR SWa e » 1T,
a7 —ETiE SW< ¢ =11,
Karman E£13 LB E5>?

Z DRSS, Karman (250 « 13KEE, EK, 5i%UE (channel, pipe, boundary layer) i
HH 4 % I fE (universal constant) TH 5 & L 23BN B 28, FA RifFEHEIC L 2 EBRT
— X =0bLROOLNT k HIZANTYFHKRE W, T, « HEZ KD 2RO HPHOFE N
77 DEWICJRK 2 H % (Alfrdsson et al. 2013, Segalini et al. 2013). [6—® 7 — % —(Priston
Super Pipe D7 — X —)%flioCX x, fFEICLY k flHIZEZ 5. She b DHGHTIL,Z
BEWICHIPAZI5E T 2 0 E 1375 <,

k =0.452
EREINT TS
GLiE, 5z on ottt BEREH0 b LT, AMESRAKE R SIRETH D (K

).

WEFRIZLTD, LA I ARGRERERLDbIT T, 2oRXFACTEY A, M55
D FETREHAL AT NIER Y A, il [EEEEl ©F.

Oberlack (2001) 1%, N-S /7R D Lie BEamfANT CHFETHED MR ONFRE) 2> 5, BEEFE D
Karman Hl(log-law) 72 1} 23— D F 72 H CHHLIEEE S AR Cld R, vy b LT
B O R R BE 65 R RIS © I RBAI D EE T 5 2 L &R L7z, #it T Lindgren,



Osterlund & Johansson (2004) ¥ X UF Marati et al. (2006) 23 ¥iGm% 2RI L T ¥ 3.
Oberlack(2001), Osterlund & Johansson(2004), Marati et al.(2006) 25 F¥)3i 8 % FEAZE
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L 7.
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SR D BEEIII N F A TH L LRRL £,
THITH LT, McKeon 50 DEHIR] H#EVELRKEBLES. §EL IR OEE
LTI W,

L A, [ LEGRE =23 — PR D Super pipe) i % v C b Karman E8 % HH L
TH, MRECLVERLPEAZ 0T, 201x, X235 & LTH, Karman
ERII—ETld7a L, MnoMBEGERE, & Fr v ArMiicXoTES &, LA
JNVAB R ICE > THRBEDZEDPVAVAFERDEDH Y 3. ZNATHE, ERELERI LT
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(a)

(b)

Fig. & The contour of the distribution of the vertical
velocity in a horizontal plane near the river surface,
Depth from the surface ; (a) -0.2m ; (b) -0.6m

Fig. @ Photo of the boiling phenomenon

Hino, Meng & Muravama 1993 25th IAHR.  ssnil Bl cptae it s rodomesin > —8 . 5l
W LRLTUG.

Fig. 11.5: EJI|OBKREDO R A v & 2 OB OBREIFE. B, &, A1l1993)



(b} (Y, Z)-plane

Fig 6 3D quasi-instantancous velocity field.
(a) y=-0.6m
(b} Y-Z components of velocity
fluctuations below the 'bail’
(¢} z=3.7m

Fig. 7 3D quasi-instantaneous velocily Muctuation.
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* Ho & Huerre (1984)
f6/U=0.032 : hyperbolic tanngent

» Hino (2011)
fE/U=0.04: logtexponential
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Figure 7. Instantaneous images of turbulent organized structures for the square cube array
with 4,=0.25 (run P25). The flow is left to right. (a) x — y horizontal cross-section (z=1.14)
of low speed streaks. which is defined as the region where the streamwise velocity fluctu-
ation «”"=U— < U = is negative, (b) x —z vertical cross-section of low speed streaks . (c)
x— y horizontal cross-section (z=1.1h) of spanwise vorticity component (w,), (d) x —z ver-
tical cross-section of spanwise vorticity comp (w,). and (e) x —z vertical cross-section
of streamwise vorticity component (w,). The y coordinate for the cross-sections in (b), (d).
and (e) is marked by line A-A’ in (a). Gray legends have physical units of ms™' for (a) and
(b). s7! for (c). (d) and (e). respectively.

Fig. 11.12: Cube 5| T L 7= 8 i AIC X 2 LS. Kanda (BLM 2008)
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Coceal,O., Dobre.A. Tht;;l'ﬁ;,f'bn& Belcher, S.E. 2007Structure of turbulent flow over
regular arrays of cubical roughness. J. Fluid Mechanics 589..

Fig. 11.13:Cube M O ELIROHEIE. Cocal et al. (2007 JFM)
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Q1) KTH#DEFEMAL DNEZ+ MR TE R TH, HODOMREE 2 ED 5 5 2T, il
TREIEICBE T 2 R & AREREHE L., B oM OEK, MESFEHW T2 95 2T, K
WILIRNDD D TH S, £DH 2T, HIFRED, KREZKTLFOFEICLD X S IcRkEE
AR L, JEHLTIELWAICDOWT, BEZZRLTWEEEZ 0,

H) HEORIE X A)odho sy a(ONOE,E, RIERICHEL 23T, BcidadnT
W3,

Al) B4, HAOKIEWEOE 1 HCFATZORRBICH 7 2 & B3 2)1L, fEkILREs
PEBHLEONEARE, HEROBITIICES 2L Th otz T/, MM FE2MNT20
B IR S 7 VLR & BRI IR 3 2 HAK D b t. FEo T, WA D D
Hydraulics TR L X 9722 & ZB - TWwiz, FHE, FAXHE VHE, o 2eE 1T
THERRAA SREICELIIT S DML, Fai 2\ 7z,



L2 L, ZofKIETlE, BRIEME, KERBE, B E R4 ICBRORBERFREL,
HEEDWI BB T o 72, BE, RLDGEHoae —L v MEGEOHEL2TFEL 72011,
HemoR, WFR, MIZZROEE T, TARKEZ KIX¥ROWMEEOEIRIZIEN, EE

A7,

BANOHEMICEEDL Y 72, B WIABETHIZ I bRt Sb-HR(F L o>
KRZELRDTAIIRE EDEIRTH 2) DARE Z Rl > TH L ., ThiFIE, FLld TEWT
X | 1o TLE S, EARNKITHIZ Science Tika e BEICENTLES.

ELIRAFZE D RS ED X H I/K TSI N TV 2 0&o 20 flid, FEE-CEfEIC
N7z, FICERFER S W, BRI Lo THA .

BAERT, ZROWAREAERBERALEORKMES 2 —vavdiks kdickho7z L
TR L7z, BT e, Tcixamof@d{hrgiczscl )| LEREBR.
W, WKBEMTREOHT S AR > CEC, [ADD X I3EZ-2 BB 5. Lo L,
BIRADFA ZHFEIREZ FTld 7z, Mo T7T—bB%RT 2] &5 o7, WHREIX AL
BETI MBS 2, RoBIBEEICIIMES kv, 2hic, BRoFEE, ERRIIoEE & H
UK EEMETH 5. Woskeo TR 2 E, #ERH 2 E, I3RS 72 040X 2 Eo
MoW@Es B 25,

BTE <3, SERNEE I EARRMNZ O cffgd 2 0 EE T, BUA &iEAD &0 23 B4
HCehs, LrLl, SHERKICIFENHEOREEL &S 2 BEIF L FRLTH S,

Q2) KTAEHW S KBBIR T, WM 26T 2 T IcREL LIRS A% . 2070
2, WS R0t S XICPE, (B TIR¥E=XOTHEN) & LTk, Ao
%z ~<=v 7 XEORBRA TS DB —RINTH Y, Z O, WIILI¥D% <
DREEDIERICERAL TR W23,

L2 L, JBERFESEAEN L T 2 LB EIRE 25 2 5 &, iLitE oRt %2 0% &
L7 s cdh v, BURDIIFTL A TIEIA T TH B e E 2 5. HFEESFEI N
T PR D FRYIREEC X % v~ v R D ZAL K Lk B B3 BLIRRE O B I A7 ]
DEIFTH o7z LS.

A2) TR LT IR T %2 D%, [Karman const. 28213 % | L% %2>, H LXK
— I EDBFAMCFAICTERE L 72 £ 9 12 [Monin-Obukhov O B KRB D X 5 It T
BEboT| LRZZ2O»DOMED H L. JLRKORE., RIIBRED VL THLETW2,
V& 72 03 AR 1 %2 & A 72 IR MR O BERLIR O REZ L DM IT £ 72 v K D
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IR~DWRE T A L (sweep) 3, EEICE LEEY T2 —vavict X, Mo CTHEZR, L



BLFr LYy UHEDD ZHETH 5.

L2 L, polymer i DELIMEE D ZALDOWMIEIZ RO 5. 725, Kb 3 fE=lic
£3b0T, RKORE., ZEx7 (=X, Xy vafy F, A7) v 7)) FERTIER
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RIZIEE 7 O C, MR TSGR E LTI o FE S Th A5, 2ok 5 Mk
WO H 572 LI ICDE P, REDEITHHVEALELR Yy FI Lawv, Z T ROE
FRXAD, BOERZY IaL—FLTW3DT, #H3nne) & X ICEERCTRS.
(Z D%, CREEVICT 7 A0 Ry 7 Z%BEL /2. 1§ 0 BiE S (Abdelsamie &Lee 2012,
ZHELR T OQ0)E DKL FAIEZ B L TW2) B R Ood o 223K 5E ) BiE & 3 2 B
7R\,

@S E DI, Wil A 7 EME A T OB OEREMFIC OV~ 2 &, Vreman(2015) T, K% dp=70pum,
aLETOTIE n E1E dp045n, EREOTIIEEE 1.092 X107 DBAICONTY I aL—> 5 oA B I hbNT
WBH, FIETERSEICIE, MFRBAOFEILL L, BR 2 BR(EFER 0BE ORISR BOEIZR 5N
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@5 FED JEM isic, IRIRMETF » v AP OELREEOBIE Y 1 2 L — 3 3 v (Hasslberger et al. 2020) 285 2 73,
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HIETRE 22 3 ROTH 7 T BIAIEZ IC £ CHEE(L L 72, PIV IC X 2 R OGA DELFELEOFZEIZ R o 3 28, B
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