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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).



Fig.1.3: Kline et al. (1967) ® streask DB E (1967 JFM)
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Fig. 1.6: Hino, Shikata & Nakai (1967, Proc. IAHR) D SEE&

2. BEELfioae—L v F (KEEHRE)BEOHKR L B

Kline 3D JFM X (1967) Z#ic, GLmIFFEO AN —AEL 3. AL, h%
[Kine ¥ify] &MEATWE L 7=,

2.1 & & 13D

2.1.1 T#&) & TRl &>
—ftic i) (EEETIE vortex, eddy, swirl, whir) & FEIEI % b DX, FAETI1FZD [HRE)
vorticity & (3587 ) ¥,

i (eddy, vortex, whirl, swirl) # iR (vorticity, w)

Bz, BEGLAROEBEM i [HRE] o KZTWETT, 2hz [l tiksnIei.



EWER. .. L OMRFICL > ThINTELL .
LU, 8. BFENRERIIKYBICRY £

2.1.2 BDOEE—MDOEERNREEN R EE

BOBEA ) I RIEDIRE 1Z Perry & Chong(1987) I TL X 5. ZHLEERILID
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Chong, Perry & Cantwell (1990)
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=(1/2) (Il 21I12— || §1I?) < Jeong & Hussain (1995, p.75)

TERIN, EEXZ bAFEOVDRE A DEAEE (S| &, HEXZ b v (Ver, Vvei) D

iR % Vi b COAEE L D RIELES) | Q| ORATH R R 2R L T E S (Jeong &
Hussain 1995, p.74,Pirozzoli, Bernardini & Grosso 2010, p.328).

o T, H2AZRQ F, Sz AN F—Huk(c =S+ Q2 IC BV TREMR & EHRNR
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TH 5. 15 TR EER (critical point theory) ICHED W C i,  HEEILEE LT » v v
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IETRTNE R 6w e L% L7z (Jeong & Hussain 1995, p.75; Chakraborty et al. 2005,
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2.1.3 K4 eibEEEB OM AR RIL, KA D & 5 1cEHh 5 (Chakeaborty et al. 2005,
p.197).
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fFIBcERV. 72, Qik AL AETRBOMEEESANE E (inward) 7 D 2>, AhE &
(outward) Z2 D 2> DFFHNIAA[HETH 5. ( Chakraboty, Balachandar & Adrian 2005, p.196,
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Fig. 2.2: (Kline et al. 1967, fig.9a, JFM)



b) EX 7 — VKR

Fig. 2.3: (Kline et al. 1967, JEM)
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Kline 5 (3 1967 @ JFM X ICZDET AV EZRLTCWET, LarL, [~T7—vViE] £
T, 2k h X— FFE L 1952 412 Theodorsen I X » THEINTWE T, WITEE
PHEEZLCIDETARREL D TR, HEEAERXD2 L ZoAaihE iR L
DT, L, WEEE O N-S HRKD T A ¥ — L L OBRD &, BELEE D
B\ BTRTRE IG5 A8 v FEfE OO — oM b D JRE T EFICRD LT b, P
MO X V| I X I, WEIRILINT, 2RKDFW T FTRIDORE L ZNICED 2 R
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Theodore Theodorsen(1897-1978)1% / V7 = —% DT XV A AT, T L ARMHIHOHIE
FHLLTEHATT. HOMXIIPOLLZNITEDFEHZED2DITTIEH Y A,
Kline & (% 1967 FE D W5 Tl Thodorsen D3I X5 Mt 227222 o 72 X 5 3. 5IFHL
& LT Theodorsen(1952) 235 & 115 D 1%, Offen & Kline (1975, p.215)i X A3 #]% T T
7.
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a) Theodorsen(1952)M horseshoe vortex ET ). 7 —FHiEmb 2 Wi EREERT T L

Fig. 2.5: Theodorsen @ horseshoe model

b) Offen & Kline ®ET )L

Fig. 2.6: Offen & Kline (1975, Fig.19b)

c) Head & Bandyopadhyay(1981) & 525

KT, Head & Bandyopadhyay(1981)23%} 0> — M X 2 A[ALIC X W ~T v v ilio
2K 5% 7 aBoWHKZ /R L T E T, BEMELRHIC IO ~T v v iliss (NE O A4 7%



LFHEICH)IFEIET 5 2 &L, v — 1t 2RO TTIAA 5 Y T 7 Head & Bandyopadhyay
(1981) D AL G B CHAREIC R L 72, Smith(1984) b % 72/kKikic X 2 © 74T, —Flic
WE~T VRO EZR L TnES. Z0ROAgHEEROFH L L T Gad-el-Hak &
Hussain (1986), Haidari & Smith (1994) % Z\F 3 Z & 3 CX $ 9,

7, REEAJELNEE) D L—F— AKX CEELFEELZR> T E T, FIHE» 5K
ELHEMIEL 2%/ 2IBOMMED HEE A A AN ZTHE £ L 7.

Fig. 2.7: Head & Bandyopadhyay(1981, p. 312, Fig.21, JEM)35t &5t > — M X 2 Al
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ErEDEF T TCEEHA. 2T, detector hot-wire T~TF — v Vimdik7-
FEEIGAICEIBMEHO T —2 - 2MBZ EE2EVIEREL, $EETOTF—2—1T, fl
MizZDEo~<FiIGE NS &5 5 Taylor O uifiELT G Z2 FWT, ELRo 3 Kook
BERZ XY L) &M EF Y Tk] ZHES.

TR EARGESPETEE~T — Y ViRDES»r LTI &, KIURTKAESTT. <
% ramp pattern & FEONE 3.
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a) Blackwelder & Kaplan (Ramp 15 & Z DFFICE LN 2 KDL DES 2L

Hairpin % D fF1E % #E7E)

Fig. 2.8: Blackwelder & Kaplan 1976, JEM76 (B T B¢ %’ ramp pattern )

Fig. 2.9: Blackwelder & Eckelmann (1979, p.586, JFM)

FR 2 & BEELTRNE  (FRIC{KHE, low speed wall turbulence) DS % ] I E &= IIC
F 7= %, Willmarth & Tu(1967)% Blackwelder & Eckelmann (1979) ¢, Willmarth &
Tu(1967) X EEH T & EE DM 2> 5, F 7= Blackwelder & Eckelmann (1979) 13504 %
YTV EIC XY B SO NS [BE S 2 W (~ T v Vi R K, 2 OIER) & B
HMLTWES, [EMECITEAFEZEL2EEINETL L.

Blackwelder & Eckelmann (Zi#xf o Hulaix, y+~15 iIH Y, ZDEF 10" ~15, KT H
[ R 13 2007, /5 H ORI 50 ~200"CTH 2 2 L AR LE L (Al E +55 136
AT =Ny /U X B ERTTE).

Gutpta, Laufer & Kaplan(1971) $ 2 ¥ v T RNCHCE L 72 BRGt L —F ek o T bz
EH DO HEFRD T T /T MEB R OIS OFEZ R L T E T, Th b DIF5ED S i @

EI3EVDT, »FHEVENOKEZIS 0L @EYcliEWEE9 2L TL.

b) e & FARIEY, EPEH (EERIC hairpin #%7R L %)

e & mARIET, fErath (BiK 1978, f&PE, miAR 1978, fig.20, &£ 1982 p.101) B,
Blackwelder & Eckelmann (1979) L B&[E] UtH, &2 v 7)) v 2ic kW ~T v vias
FaH L CWwWE 9728, BEXFEF T Fukunishi & Sato (1983,1984), Fukunishi, Sato &
Inoue(1987) LN F L 7. 1978 F DT, ~T v vigzdigEicmizd 3 e LT
BAIL 7-BRPIOERCTH S H LBWE T, Holxchx [NF-] 2aMFTFF LA (&
XCTORKBEN, HEVIIH, EhInmvoldEakcecd. )

oz oifoFEAEE EiROX vy —THRAIL, DD RITEZ P IADIE, LI
BHRETH 5 9 L biBRT w3, o FEIRORHIFEHO RO 7 4 7 7TRIEETH - 72
HFNELTA. SR OBEENHIEI A EFZITITHO LS DL, Choi, Moin & Kim (1994)i4 b 2>
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3.1 Hairpin vortex D{EHH



Fig. 3.1: {7 — OB DEHEFEAE %R ¥ LIS, hairpin {§OHE O [E¥EEH ©

+hoEmEFEEZRET 5T

How are Reynolds stresses and net forces
created by vortices?

ejection

How do coherent eddies create
sweeps and ejections?

Average
u'v'<o
November 20, 2005 Otto Laporte Lecture

Fig. 3.2: Adrian 2005, 4 ¥ = 7 ¥ a Ve X7 4 — TR O FtE oA gl

Fig. 3.3: Hairpin iffi(Tomkins & Adrian 2003)



B)BfE Y I a2Lv—vavyrb:

~NTEVIREERIC(T vy IR EIC LS5 9)3 RTICHEY 2 2L —v 3 v
TRz 5 Lid, HROEME, avva—x 1R, WoEERE BiEi7T—%—o
3D AIgL O N X D7z % FEHR 72> o 72, 1980 4ERIC A - T LES(Large Eddy
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 ARRD~T v v iBDHFIEZIER L 72 DX, Guezennec, Piomelli & Kim(1989) T3,
Robinson(1991)<Eitel-Amor et al.(2015) * Dk a v v o — X —EgEDm LI X W EED
ey lab—vavdfrbns e, HEICEHRIND DL, WHRHEO~TE VLY IZ
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

FS

RO

AN 3
.

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

Adrian, 2007

Fig. 3.8: ¥ 5J& D hairpin packet( Adrian 2007)

~NT =¥ VD

Fig. 3.9: ~7 —t" vid#HK. Sayadi, Hamman & Moin 2013, Fig.7, JFM 724



3.3 BELEPHHEEE - RVREWitE LSM & VLSM

‘Very-large-scale Motions’ ~VLSM’s
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Fig. 3.10: VLSM (Adrian, Arizona State Univ.)
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Pipe and BL spectra

Balakumar & Adrian (2007)

Fig.3.12: 7V ~/A, A7 b (Balakumar & Adrian 2007)

4. ELIRD B CHEFFIRE

JEULIZMER > critical Reynolds B | CTHE CALIEICTR 5 DIC

LR D A 1L, AT, B FEEIC K E 78 D 222

[ELT ISP A ZE R D 2?7 I & B 9 BRERIREZ T2 NIFR EWind
s, chnF i Mk, LR OFETES S HEANCHE 5 D] HEET
L7-.

FIRAIE NS SRR, AP INET TS AL o HEREEBRED S L
iNIoY GRS

4.1 NS HEER 0 —FE TR

ARIFICH W5 NS X o it X
. EI#% D Hagen-Poiseuille flow -+ Parabola
. AT E] @ Couette flow -+ [H 0 A
PR IERR R PRI 35\ CREH % SIS — B O ) X & 2 8545 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,



Poiseuille flow

time: 354
0.015598079 (maximum velocity)
0.016874999 (theory)
Hagen-Poiseuille flow vs data E et
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Copyright @2013- Takeshi Seta All Rights Reserved.

a) Hagen-Poiseuille flow

b)Couette flow
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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 R O F{TiE

s omiig, b imAokt:o Rz 5&E 2 AT 2 7-0ICEETT, fMitd
—FEiR=1 A —f7R, Z2{toEniincd.
R, NS HREROEZEMIL, ok aifikmhiZdrzZs2eEz2onTCEEL
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 iR

&AM, NSHERICIZD » & MA@ ORERPGFAET 5 2 & 281990 129
T, KHHEANGIR MiZ2, Nagata 1990, JEM)IC X W RENF L7z, K3 EKS CG =
Computer Graphics ¥ 7 P B3RFET, S TH 572720 TL x 52, JEMEICIBE I N
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T2 DI, 3R AETRRIEH Y TLADTOL YT H 0,

KHIFZ 9F 272D TT. Taylori TR SN TS [[EEHEL 2 EFfE | <, 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

Vé¢dsp= Q0 , Asp+(—Rx+V) 0,V2A2¢ — 02 (—Raxt+V) 9,426

+i- VXV X[u-Vul+ 9,V242¢

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

—i* VX [u+Vul+ 9.4,¢

ZHLT, 4ZB(uvwpdNSHEXZ, (¢, YO2EHETTWOLELRZ., ZNT
bEM AR DT, BIIKEFETT.

TN (Fig. 4.2)2%, FHFEDMMN T, ZOHTEREMCT. > Wi TmIciZiE
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 D (Fig. 4.3) D X 5 ICHi©3. (&R Jimenez, Kawahara, Simens, Nagata &
Shiba(2005)i1c X W FEL { HEFREI L TWET)

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 TV 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-#i [ElPoiseuillelit DECS: [ 77l fiz

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)

hlER D23 Y < Ao 7o o Feigkdi e o Bl OIRETRA D P L5, SKHD RN



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 HHDS > T2 AR D> o Tz ER I ARG,
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 OIETIIEEI G OKETRA S Z C ETHRb 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 at'y =0 for ECS at 0=0.5, -y=1.5, and Res,=141.6 (free—free Couette), Res,=156.4



(free—free Poiseuille), Res,=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[wy(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 {78 ECS @ 3 kit 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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Exact Coherent Structures in Turbulent Shear Flows | Semantic Scholar

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 FR D VIHE Uly,2) D22 v 2 — L EBR 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)

XT, RD(4.2,)4.3,44,45 1Z5HOFEEDIIGTTDOT, TNETIKIBRAEZZ EEZK
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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 .

¥ 72, BEFNFORIRE TH D N 4V 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 817124 (=174 )1%) D FFK DEHT £ T Sommerfeld DfFED Tic, L
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 5K D 58Ty % (Heisenberg 1948).

J —_VEZEE D RP.Feynman (Feynman Lecture on Physics, 1964)1% THELFRIE, 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
I CREAROMED2AE RS 2 LIITEEEA. 22T, THHELTOBL WIfELR
FOFRHHE BONIKDOT — X —DHhERES YV 7Y v FOEM %2 2 TRILFT- ¢,
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
2 HRD FIHEN B T AIMO—NTHEHERH» Y Lk, EEIC~T - vtz ik
PNCR WA L2DiE, &R, b, EE(1978)cd. Holkcnzs N> FHiEeEurE 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) 2SH[REIC R 2 &, EIBHED~T - Vil 2T v FRO~T - ViBd b
50 LW ERRHoTEET. TV v I PETIE, [Md2IchFEHLTLEID
T, fBb o T AR =D TT.

Bodic Rond A~ F 558X, EraErMNnr—HOo A3 IBKETVDTT
s, AL CTHEES L o X R4 oBoREr READITLE S D LRI T
7.

LARED NS 72D DNS G2 o fla 213 2 &, ZORITRT L5 IcExDT7 — & —
TRATRELR~NT —E VBT LIEWD, Ty vy 7V EETiRER~T — ¥ vimoil
UREoNRET. ZON, ~T—EVilET A DOWTIIMEL REEMAIE X, Ficik
[~T7 =¥ viBdsldr] Lozl ETcRNET.

) L7ZRELORHROERFIC, KD 4 D DFmIC X % Breakthrough 2322 Y ¥ 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 EMNIC D 2RO, HEASETHL L, Thbb ' I=viL, Frvi
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: J7 O L2 (EEIRYIC, 58 &) ELFIREE © R0, SOontl ot b <13 )
(CELIIRRE DS IS 2 Bifr (SEAR) O P BE I BY W ) O IsfRlECEk.  (Jiménez & Moin
1991, Fig.13, JFM)

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& {F Kawahara & Kida (]
JR. ARH 2001,°FH Couette iit) 5 OfEF T3, Zhic kb, ZnETEHL OFEHFICLY
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



RGP BE T ER
Eindtei-Li(1959)
Hannratty(1959)

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)

Fig. 4.16: i | 1ICB 10 28 u(x0,20)D 3 v £ —, FEHITIE, BHRIZE.
(Hamilton, Kim & Waleffe 1995, p.323, JFM)
FoR» 6, HREOFHED T DN IRALZICKE LS 2D, FRICHEL, HUESESR
WORBEINTHDEZ LB 7.

Fig. 4.17: BN O #idl. (Hamilton, Kim & Moin 1995, p.335, JFM)
ToZ e, JFAM x ICEER AT — FEWH () cAh B ey XY LET. Figd.l7

DRERNE, WEHEEE v 03y 2 —CEEEATHICEVIAALTHE T, AR
(2DWNOHEERZ + L (v,w) THEAMR E ORMBFEEL T T,

4.4 1) Fourier f{43iZ X 5. Hamilton, Kim & Waleffe (1995)

HHFEZZ BN D Fourier %47 @ W7 ¥4 {E %
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1
Mk, = ma,k, = nff) = {/ (@ (ma, y, nB) + 6*(mat, y, nB) + w(ma,, y,np)] dy
1

3

(3.1)
ERLET.

. Fourier 58 O EIHAZAL

Fig. 4.18: ®— Fik/H D (a) HEH A4 20, (b)

1Y A4 7V TOHE—FDME DI
1z 1k,

Fig.4.18(b) D KW HEHIIHHEN T E— F MO, B)D 1 %4 2 v D2l T
=L, HUWiNLTwEd. o

-
— Ve,

, KRZEfED b
B=2x/L,. L,ix minimal flow unit D> I 2L —
a VHOETH L., FE— FUHNOERE—- FOLEIFEE— Ficlk_T/hE L, FE—

FARELZE ZICWICKEL o TWET., FFIC, MIFHMxDFEE—F M(a,0)%
5T

. FEFE AR

Fig.4.19: “F¥iid A U(y).(Hamilton, Kim & Moin 1995, p.328, JEM)

MR CE#E L7z Couette flow (JE3R) EELiAb L 72856057 0 iciin - 7-
SFRINH L DEFENDHY T

EERERERE O ELIAMER T4 7 v

Regeneration mechanisms of near-wall structures 347

Streaks
Streaks

Streak formation Breakdown .
icer (b advection of instability of
mean shear Uy,z)
......
Streamwise exp (iox)
vortlces mode
x repener:
(nonl nnnnnn eractions 5)

Fiure 28. Schematic illustration of regeneration cycle of near-wall turbulence structures. nonlmcw

self-interaction

Fig. 4.20: Hamilton & O#LFED H CHERFY 4 74" (Hamilton, Kim & Moin 1995
p.347, JFM)



Fig.4.21: K% streak o E#AZ1t

4.4 ii) Jimenez & Pinelli(1999) ® Damping filter I X 3 &Lif H i

Fitdies o i

Hamilton et al.(1995) DELIR D % A4 7 AHTH CHERHEIE O fFITIE, BESLFTKTE © 4 % i
it L 7z Couette flow TITHO I E L 7223, 4 Jimenez & Pinelli(1999)(% Damping filter:
EEDP LD L EIUTOHFOLE T LIic kb, BEELTRD H OHMERR XD ICEETHE D
MtEEE cfTbN T2 2 L 2 ERL L7

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
L, B filter 9. (b)filter #5138 & BEHTREOM. BAE (OB
SRS T B, BALFORMESIZ M LE2 &, b IEeiLFREIC 127 o
72\, (Jimenez & Pinelli 1995, JFM)

d+t=90 UT/‘V (J:H% +13, Eﬂéﬁﬁj‘ Y /UT “Cl{ﬁlé;}/zﬁi{t Lf:{ﬁ )

(a) 8 =75 LIT% 7 4 A% — Tl L A O LA OIS HZEAL.
FERRIE 7 4 V2 — L OB E OB RFRIZA . sz 7 4 v 2 — 28T =54
DI D R 21k

(b) 7 4 L& —5 & L ARHUEA D IFRIZAL.

4.5Kawahara & Kida (2001)iC X %Y1 Couette JRICH DA T L7 A



HAfR. ELOR D A X R R

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)

EEELR O BER G5 IR MEEHE & PR IXh, CDEZ T 5 Couette it Rza€ 3. 22T
KR ofE O B R FE 2 Vi 3. COEANTIE, IMKEHZ b Y — 27 OFE,
2D)A MY =7 0D FLALER L, IELIE, Z L THE UIKER MY —27 0FEL »
) 7R APV IBEZINET. Lad, KEZA LY -2 olfllicid 1oz H-> T
¥9. bk, MOBWRAVHAOFIIMMEER M) — 27 LRICHEEONE, mXTY.

T DK streak & & MEEN Z % 2%, Nagata(1990) % Waleffe(2001,2003) 25 BRI 12 77
HExERLEZECSZDbDTT,

T, @D ECS & ELTROREEE OELI H CHEREEOBIRIZ L 5 o ? 2zl
5T L72D A, Kawahara & Kida(2001, mJEJFA, AHELE) OWFFE T3

T O Fig. 4.24 ORERNEELTR~D AT) L KOtk L ELIE D = 4 v ¥ — I EE (D=Energy
Dissipation rate) T3, fil°5Hr—L vV, %4 X (Lorenz chaos) DN % —7 7 A (M) #E
RV T TS
PlEokdic, StiicHE-s T Th o7z [HIROARE] 0LX% Yy FHLAICHIKAED
T9.
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294 G. Kawahara and S. Kida

T T T T 27

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

298 G. Kawahara and S. Kida

T T T T T T T
ash ~ " o
a0k 4 o
35k 5

B 30p 1
25k 5 <
20F i
20 P)
.

15k B

' L s L ) L '

L5 20 25 30 35 40 45

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 &

Fig. 25: fLiuE o [X. (Itano & Toh 2001) > [ |3 0 L % b &



45 (ff) #A=BER

FrizRwz e, (AR TRINIHAROMIZ. —FBWICREZ2LEZTEL
7o, P23 1963 4 MIT @ Lorenz 13, AR 2R T HREA 2 MBI E cHidb L 72Xk
MBS J R

dX/dt = -aX + aY (1)
dY/dt= =Y + uX - XZ (2)

dz/dt = —-bZ + XY ©)

DfFER, XY, ZPHm ETXRIK(Fig. 4.26) D X 5 & niliB 4 i< Er RWZ L E L.
(Edward N. Lorenz(1963) [ P& amIIFEEHZ2 4L ( Deterministic Nonperiodic Flow)

Fig. 4.26: Lorenz(1963) D 71 4 Z#juE. v —1L v Y. H A Z(Lorenz chaos) D X% — 7
7 A () HhE.

Fi#H, Lorenz DX 7 74 CF. fREEIXS 2N TH LS oF Nz RR0EZ K T
TIH, HIRRCRICHOEICHE Y FkA%EE 27 L, HOTOHERICEY £ 7.
DX mIEREL AR Rl LR e B 2 %8 & /) 4+ % (Chaos, ¥ V) ¥ v AT
R 2 BT 2) U E T

Eidow—v vy KR, RREE D Lorenz(1961, MIT) A KAIRR DfRIH D 72 012,
Fn kRO R REML L CTBEZbDTH Y, IARBRKER DO DD L 72
S572HDTT,

g2, FERE BRI 5 EHbisE(D 272 X L3 1961. Z DfloHIFIX
Abraham & Ueda 2000 (ZFF L \W)DWFZE & AERER S L < IZ A OiIE(May 1976)%3 %
%. May OFFEICilFE X T, Li & York(1975)13 & DIHR % Chaos(77 4 2 et L, ” #


http://ja.wikipedia.org/wiki/%E4%B8%8A%E7%94%B0%E7%9D%86%E4%BA%AE

A3 I AR%ZENT 5. Period three implies chaos” Z AIFFA L % L 7=,

714 ZTII AT DRI 5.

o HiZHA»rO, FVALICRZIEMAIRIBOLFHET S,

o JFEHARY (U 7 7' 7WFHIRERE) 7oK PHMNIATREZZ A3, RHEAMIC 1L TR AT RE,
o PIHAED DT 27BN AERKDOIREICKZ E VL D 72 b THIHAESBIER S 5.

BIOWEIE "2 7 749R) LiENnS. CORBIFZF7—F-m—1L vy
(Lorenz)?’ 1972 FEIC 7 A V) ARMAREIG A CTE C o =il £ 4 b [FRIATEEM:-7" 5
VNTOBEDP L2 137 F AT —F— F &5 X 2 3 2>(Predictability: Does the Flap
of a Butterfly’s Wings in Brazil set off a Tornado in Texas? )] \[CHKL 3. m—L v VIic k3
&L ZOFEHICAIT B XA PABBOELIETICWEKICT 4 ) vy T e AV Y — 20T
ZbDEL NI LTY. Fhu—LVYYHHE 1963 FIC=a -3 —IRET AT
—CHAORAZHH L 72T [H25KFFH L, COMPBPIELWET DL, HEADT
272 1 MIDPX72 EHEMEDRLY AT E 2 RKAKIELZ 5 25 2 Li5kiffviz] Lili~Tw
7.

4.6 BESE L 0 BEELFTE —Mizuno & Jimenez (2013)

Jimenez (37 TH 5, BEIZHICHIWIGZ/ED DICHETH D, SLiOMHER I 12 ERE
B LA WEFELTWED, InrxsIal—ya i VEIFLAZDD, Mizuno &
Jimenez (2013) DX T

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)

Ut=«x ogly+ — y* o) + B,
Fig. 28: fli%x DGAICOWT, H& y=0.6h TOHRNDLLEL. FHEHiZ b~ I -

03u: A T EEL L, 03uhAELOoAEDRIETRT. (Mizuno & Jimenez
2013)

4.7 ELIRIITHGRICH D TW 3 D22

IANF-HB BARSR ?


http://ja.wikipedia.org/wiki/%E3%83%A9%E3%83%B3%E3%83%80%E3%83%A0
http://ja.wikipedia.org/wiki/%E3%83%AA%E3%82%A2%E3%83%97%E3%83%8E%E3%83%95%E6%8C%87%E6%95%B0
http://ja.wikipedia.org/w/index.php?title=%E5%88%9D%E6%9C%9F%E5%80%A4%E9%8B%AD%E6%95%8F%E6%80%A7&action=edit&redlink=1
http://ja.wikipedia.org/wiki/%E3%82%A8%E3%83%89%E3%83%AF%E3%83%BC%E3%83%89%E3%83%BB%E3%83%AD%E3%83%BC%E3%83%AC%E3%83%B3%E3%83%84
http://ja.wikipedia.org/wiki/%E3%82%A8%E3%83%89%E3%83%AF%E3%83%BC%E3%83%89%E3%83%BB%E3%83%AD%E3%83%BC%E3%83%AC%E3%83%B3%E3%83%84
http://ja.wikipedia.org/wiki/%E3%82%A2%E3%83%A1%E3%83%AA%E3%82%AB%E7%A7%91%E5%AD%A6%E6%8C%AF%E8%88%88%E5%8D%94%E4%BC%9A

IANLF—HE BR/MREL ?

ElEEB=RERE BHEHE, EEdk

v Afa, avr

KBk, Kb, RE

LFHHEEROBEE Kaneda(web X 9)

8 Y. Kaneda and T. Ishihara

2 =T732. (a ze of the
displ: . peris ) Close-up view of the central

on of (a) bounded by the white rectangular lins size ¢ o 022 5 1496) . (c) Close-up
iew of the central region of (b); 14967 (d) Close-up view of the central re ): (7482 x 1496) .

Fig.4.29: Isotropic Turbulence. Kaneda (HP X ¥)

5. BBy 3tmtEE. LSM, VLSM : Adrian et al., Marusic et al.

ANT = VI Ty P EERL, ZOoNFIEEREZIEZ R OBEL, &Rl %
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



ODMAG + OMCA
(C, = 300 ppm, 2~ 0.8)
4 t=0b r=4% 7=3h :=12h ¢=160)]
Q | o 2 o ) 4 |

< Prandti-Kimman

g P

3 -e'ggo' 5
as B e 20BN
~ J %-4 ‘<() L+ A 2]
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Zakin MDRA
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Fig. 6.1: Re & friction factor

O DREFIE & GLIC oW T, ZhE ol eI hcE L~ Larl, 2
DR, B ICOWTIE, BROLAIC, K

2% 7 (puff)

27 v 7 (slug)
EEI 200X A4 TOWINIRER L 5 2 LUANITRETHRTER I NELATLE. L2
23, RFESIEZ I LT < SlLIZ MR L 5 2 B/NE0 H - 72 (Jimenez & Moin 1991)
DL IEHIC FHREFE RKE S LT L, PEER X — v BN S e PREFH I L
TWET., [EiC [ERyPicix, BiEH3| LwHKL T,

6.2 Stripe (BELFiAR) OF R

FEERHI 2 M Ic K QLT e, PRI Z =y M. BT XA 2 icHO ISk 5 iR
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 & 1, Feynman(1964)ic X Y K55 7z (outstanding)Bi R & L TR S T 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 MfE o2 MIRAIC L, MEZENCH > YD V72580 & C 0 stripe ZFA L E L
72, B COBERBERLA VB EBZ B L, EIELIREBICEITT 201,



[FEgEEL 2 EMFEOHES

Rayleigh-Benard XJ3i
T, EIRED OB CICFELRIRRE & 1372 & 3T, Bl TR ICEAT L LE ICHE
Frx g 3. FFiC Taylor iITEMICZL L £ 3. 2D, ZDYFFI Taylor MOW5E
B—EOWFEEIC L WV EAICITODNTE D £ L7, Prigent DIffEIZZ 5 L2
richomBbntd.

T N T
Corkscrew —|

2000

Wavelets -

Featureless Turbulence ™, Unexplored Ripple—_

P~ Wavy vortices

Wavy
Inflow +

Turbulent Tdy
Y Vortices T,

~, Modulateg
Y Waves i |

i Spiral Turbulence

Couette flow
Interpenetrating spirals

Spirals 3

0 1 1 1 1

—4000 —3000 —2000 -1000 0 1000
Ro

Couette flow

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 FiLE 3. Movie by D. Barkley, You Tube. ‘How the turbulence got his stripe.
Google THzR. [ <

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)



626 2Gye’

[OLIGL WIGH2AIL62 (6 2(L69}2 CLEII6( PA [J6 (I2(1LPINCE MPI6 (6 [J(GL 2P0M2 (6 TU2(IPI[I(A Of
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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 BRBOEE 2 200BRLV AL /A Xk X OEERES L8
R AR B

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
ToL A4 7 VX CIIERLDOFE (Reynolds D 9 flashes of turbulence ) 13157 R\ IRFRETIC
FHBEL, ZHUAEDO LA ) AR CIEALOFEIERMEBICESE L4 ) VA e R
7.

i) SRR H (local critical) L 4 / v XL Re.’, b L < 13 #RIEES 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 B - GLiiofrHoBR oL 4 2 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 & malGFLERSIC X 0 SLITIREE~ & 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
FRIR Y X4 2 5772 ~840 <1600

(F 2RO L, BB O, v F VA XV EMTH 3 25— hico
W (2010), Kerswell (2010, 2011) 72 & % S8 X #u7= v, Kerswell (2011) i k1
%,

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: ZNL LT AA AN FABBHFET 514 7 VXE

Ro: ZNUUATCRBERPKIBN BT F 772 —ThHoiL A4 LA

R #EERR VA4 7 VX8

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 i, JEATIM MY N vig) 238N 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
ThAHrIEEbNE, bLEZNPIELWET DL, R b R Of(Rr<R< Ry) &7 5.
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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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