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LELDRICIIEED D 5
1.1 Corrsin(1954) D ELFMEE DIEHE

L-81230

Ficuvre 1.—Turbulent wake of bullet. (Courtesy of Ballistic Research
Laboratories, Aberdeen Proving Ground.)
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1.3 Kline and Runstadler (1959) D X— X5 4 VY "D A7 v F




1.4 Kline et al. (1967) D streak

FreurE 10a. y*t = 27,



1.5 Kline et al. (1967) ®Burst and Sweep D BJfRALOKFTER 18, Y BF O BRFTEAMD)
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Fig. (/£) ejection, (f5) sweep, () Z L2 N D FRHiTHE
4. Kline et al. (1967, fig.19b, JFM)



1.6 Hino, Shikata & Nakai (1967, IAHR) D EE&

Pig. 4 : Plan viewvs of lines of hydrogen bubbles sbowing
development of o longltudinal veriex system Positions
of platinum vires are ¥ = 1 an. (I = 10 cm/see,

e 5.0 em, dpfly = 13 x 107 /on)

| Wlupper region of
| | longitudinal vortex)

I I
| | | | | Winear bottom)
| | !

Fig. 3 : The throp=dimensionality of the mean velocity
distribution due to Longitudingl eddy svstems,
schomatically 11}uut,r:nqﬂ aftar meaguremente by
Klevanoff et al¥

Fig. 1 ¢ A typicel example of vorious phases of
the transitien process from laminar to
A
turbulence.  (Rg = Uof/v = 1760, x = 155.5 onm)



2. BEELRD 2 e —L v F (KEEHRFR ) EEORR & BB

KlinesE @ JFMzm X 2 ¥ic, ELmseoima—mL 3. &—kAix, 2z [Kinefddy] &IEA TV
¥ L7,

2.1 38 & 1345
2.1.1 Ti#d] & THREE] 13E85
—fic [ PEEECldvortex, eddy, swirl, whir& FEiEn 2 & D 1%, WA FD [HEE ] Vorticity & 138272 ) £ 7.

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

2.1.2 DEERE—TRDERBN L EFN R TR
WD FRIE 1T Perry & Chong(1987) 23 il T L & 9. ZNLABERILD T 4 DFw s, EREL DD £,
Perry & Chong (1987)
Hunt, Wray & Moin (1988)
Chong, Perry & Cantwell (1990)
Cantwell (1993)
Lopez & Bulbeck (1993)
KODDEEXIED, TNZTNOREREZLEL 72023
Chakraborty, Balachandar & Adrian (2005)



a. H2ARRQOIC X 2 H[EE

Z DD ETR CHIEE criterion) 1, Hunt, Wray & Moin (1988)IC X 2% H O T, &dFEIEE
IN-EENLR 1] OEETHY, 2OoHEDLILLHbNTnwE T,

BT Y Y AW(du/0x =V, Fv Y AERIC L Y300FRER P, Q RE b bET,
FH2A%E O, (2.61)
Q: (1/2)(@1].2—5;].2)
=(1/2) (|| 21]|2— || §||2) < Jeong & Hussain 1995, p.75 |

b. AHER CHFIE)

Z DHFEE L, Cantwell (1978, 1981), Chong, Perry & Cantwell(1990, p.770)IC X 2 D TH 5.
% & 135 S SR (critical point theory) ICFD W T,

E SR E L AT v Y A D EEEIEREL
D | THY, ZD7zDiciE, FrHTRENXOH N (discriminant) AIZIETHRTNIE R b72WwE L

% L 72 (Jeong & Hussain 1995, p.75; Chakraborty et al. 2005, p.192). Chakraborty et
al. (1990, p.770) Ti, A XK (rate—of-strain) 7 v /L& L TWw3,

A=((1/3 * QP+(1/2 * R)> >0



c. A (swirling strength)¥ €%

o ] OERGEREE swirling strengthi®) (X, Zhou, Adrian, Balachandar & Kendall
(1999)ic & Y E A X+, Chakraborty, Balachandar & Adrian(2005)IC L VxR I F L 7.
[l kR 72 /715 13 Berdahl & Thompson(1993)IC X o THEEINTWE T, I HELE T
v 7 v D HAAE R A 1,

=Ly
D REBGER T

d. EFERE, BFTNE#/NEKida & Miura, 1998) JTENAELT vV Mic X 3756

e. A, bbb S
JEEH P2 T X, JEEHMEPENavier-Stokes 5 FET D 4) i D X FRHER 12X
F+Q2=—(1/p) V(Vp)
N7 v LS+ Q2 OEEMEZIAICA = 1,212 T NIE, #WaT7—HNOETDET
A ,<0
TH 5 EE RTIE N 7 €T 5.



2.1.3 A LEEREEROMEEREFRIE, XA D X 5 icE 2N 3 (Chakeaborty et al. 2005, p.197).
Q: A ciz(l _3( A cr/ A Ci)z) ’
A: ( }\' 016/27)[1+9( k cr/ k ci)2]2 ’

(A o/ A )D/NE T,
A/ A= (1/27)+(2/3) (1 /% o)



2.1.41% 4 BRI E L Z A IC R UEHE LB
357291,

Chakraborty, Balachandar & Adrian (2005, p.207) XD & 5 e EMFEZ KL T 3.
A A5 DEHE D FfE %

kciZ(Aci)tb: € (}"cr/A’ci)§<}\’cr/}\'ci)th=6

g5 EE, moMEEERD Z L Fili ke BE %
Qg Qt]; = €2

Nz N, =(1/27)e®
Ay =(Ay)y=—¢



210 P. Chakraborty, 8. Balachandar and R. J. Adrian

Overlap volume
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FiGure 11. Vortex worms in isotropic turbulence. For the sake of clarity (1/4)° of the volume
of the entire simulation box is shown. The different non-dimensional thresholds are computed
using equation (5.2) for () =0.8: (a) 4;:(P) Q:(c) A;(d) £3: (e) 43. Frame () shows the
quantitative comparison of the overlapping volume measure for the different criteria.

Chakraborty., Balacnanddar & Adrian 2005 JF¥

Fig. 2.1 : #k4 7z [i8] OEFREIC X 5 [18] DK
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F1GURE la. Normalized turbulence energy production rate per unit volume in a typical
boundary layer (Klebanoff 1954).
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FioURE 1b. Cumulative turbulence energy production rate in & typical turbulent boundary
layer (Klebanoff 1954).
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Fig. (/£) ejection, (f5) sweep, () Z L2 N D FRHiTHE
4. Kline et al. (1967, fig.19b, JFM)



2.4~T — ¥ VRO (FF52) iR
2.4.1 Bursts, Ejection & Sweeps (AR[EHEE)

if W and v’ ave deviation of downstream and vertical velocity from
thelr mean (+vev = upwards)

2 = bursts

4 = SWeEEps
1 = outward Lnkeractions
2 = Laward Lnterfctions

Hf

Define a ‘hole’ size

to exclude small
events RuUadrant

AwaLg it

Ejection =EEE T M5 DR RADIGEFEWRE LIF
Sweep =@IRMAD EARMDWRETAL
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a) Theodorsen(1952)Mhorseshoe vortexETJL.




—

b) Kline et alDET )L

Dyuamically unstable

Lifted and stretched
vortex element

.=

Low-speed
streak

Ficure 19b. The mechanics of streak breakup.

Fig. Offen & Kline (1975)



312 M. R. Head and P. Bandyopadhyay

c) Head & Bandyopadhyay(1981) @ S5k

Downstream light plane Upstream light plane
KRS, EE2ME FH B (1982) N X
4) Iﬁjjﬁé 7:1 %%il% 72 'fi: D ‘/C U % . Frevre 21. Comparison between views with transverse light plane inclined

at (a) 45° downstream and (b) 45° upstream. Rez = 600,
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(1) #MEEHLEE D & D
TEEMN R REER L L Tid, Grant(1958), Townsend(1970) [ZAHEEMHIE 7> ©, Bakewell & Lumley(1971) [+ Kf2E
RTHIE 7 — & — DL —POD (Proper Orthogonal Decomposition) (2 —5.18)1C X 0 i T /5 [\ D &%} D F1E

ZAH LA L T E T

(1) EEir o

ST &Y v Ik

y* Ax=4
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a) Blackwelder & Kaplan (RampfE% 100 ~——=—— - S
y: Mz — 75 ~ T
LZORICE O N B SO H DG e e
= i N ——————— Ly
—5‘.%7).%\ — 50 _‘\M—W/I-\‘\ NM_-,\
Hairpinid O H7E % HEE) E 0 — S
z W
= . _‘N—"\-d-""\.
% 20 = —
e S
:S 4U[mgI P W_M
s ) e
2 P L N,
= 5 —
Axe0 a(y) :'fa\ =]
-20 —10 Q@
yt =15 —1 ' | R S B e

10 20 30 40 5 60 70 (ms)

Fig. Blackwelder & Kaplan 1976, JFM 76 U ot



686 K. F. Blackwelder and H. Eckelmann

T T L) T 1
1] 10 10 ELY] 40 50

1
.

Fravee 6. Conditional averages {a) of the gradients of the streamwise and spanwisge velogities
on the wall at various spanwise locations and (h) of the streamwise velocity at y* = 15. The
probe configuration shown in fi 1{a) was used,

{m) s [ldu/dy)] > — (dUfdy) |}/ Tldu/dy) | haes === Sdawfdy)| o3/ Tldw fdy} | o]

By {Culy* = 153 =) fuy,.

Fig. Blackwelder & Eckelmann (1979) JFM
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3.1 Hairpin vortexD{EF
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Fig. 6 Idealized streamwise-spanwise hairpin vortex
signature.

Tomkins & Adrian 2003, JFEM 490 (J5i[2 % 180° [n]dix L fi#
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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 R. J. Adrian
Fig. Adrian 2005, 4/ ¥ = 7 v a VI L 2 v 4 — THO
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3.2 Hairpin packet

Dennis & Nickels 2011,

JFM
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FiGure 17. (Colour online) Conditionally averaged swirling fields given spanwise swirl. Condition is for 1, = 0.187;_,.,,. iso-surfaces shown are
for Aciiso = 0.084¢i max. Tick marks on the x/§ axis are one unit apart. Dennis & Nickels 2011 JFM






Vortex organization in the turbulent boundary layer 45

FiGure 25. Conceptual scenario of nested packets of hairpins or cane-type vortices growing up
from the wall. These packets align in the streamwise direction and coherently add together to
create large zones of nearly uniform streamwise momentum. Large-scale motions in the wake
region ultimately limit their growth. Smaller packets move more slowly because they induce faster
upstream propagation.

More complex packets of vortices

Adrian, 2007




FIGURE 7. Instantaneous isosurfaces of the second invariant of the velocity gradient tensor,
0. coloured by the streamwise velocity, downstream of A vortices near the maximum (time
and spanwise-averaged) skin friction: (a) H-type, Re, = 6.0 x 10°=7.0 % 10° (Rey, = 667-890):
(b) K-type. Re, = 3.2 x 10°—4.3 x 10° (Re, = 429-695).

Fig. ~7 —¥ vi#®#k. Sayadi, Hamman & Moin 2013,
JFM724
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‘Very-large-scale Motions’ ~VLSM’s
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ECS=Exact Coherent Structure




4 ELIRD B CHEFF R

4.1 NSHBRR O —KEFE TRk 21

Poiseuille flow

time: 354

0.015598079 (maximum velocity)
0016874999 (theory)

Android Version of the Lattice Boltzmann Method
Copyright @2013- Takeshi Seta All Rights Reserved.

a) Hagen-Poiseuille flow

!
L1

i

¢)Rayleigh problem.

b)Couette flow
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d)Stokes flow
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4.2—RRL T3 72 W B TRBIE 1R
4.2a Nagata(1990 JFM) D —HRIE Tl 7o\ E F BT g

Vid,¢=Q 09,4, +(=RxtV) 9, V24,4 — 02 (—Rxt+V) 0,4,¢
+i- VXV X[u- Vul+ 0, V24,4

Vid,p=—Q0,4,¢+—Rx+V) 0, 4,9 — 3 (—Rx+1)) 0 ,4,¢
—i* VX |u-Vul+ 9,4,9¢

25 LT, 428 (uv,wp) ONSTTEXZ (¢, Y)D2EHETHEOLE L. T
b MR DT, BRIZEERIE T,

x=105
x=0
1
1 1 I 1 1 x = —0.4
—300 —200 —100 0 100 200 300
~Rx+ ¥

FicurE 7. The modification of the mean flow —Rx+ V of the upper solution branc
B =16,y =230and R =600, (N, N;) = (13,11).

Fig. 4.2 Nagata® 2 DEE G54 (Nagata 1990, /FM)
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4.2b Waleffe(2001) D —ARHR Tld 7 WiE T E B IBLE R

X =x—ct

R,=dP/dx IB /v

-

_ -~ Laminar

’//I/// . . . . . RQ:Q/V

Figurel. Bifurcation diagram: R, = O/, Rp=dP/dx H’ V*, Q=<u—u,,~H,
dashed line is laminar state R, = 12R,
(Sxoii%.lSi?)e/S:afeS.t}%e pair of exact three-dimensiona cohffrenf states, at

Five resolutions are plotted but they closely overlap, demonstrating
convergence. )

Figd.4 v 4 ) W XE L WP TR L 72 @i —ikig,
ok —L vk Byl T olfE. (Waleffe 2001, JFM)



ia) 22X JCPoiseuilledi D ECS-*F-i[d]Poiseuilleiit DECS: [ 7 I i

figure 4. Perspective, side and top view of level curves of streamwise velocity u at y
= 0 overlayed with isosurfaces of streamwise vorticity (£60% max[a)é(x, Y, z)], the

maximum occurs at the wall). sitive vorticity blue, negative red. Upper branch at Re =

376, R, = 55. Flow 1s toward positive x. (Waleffe 2001, JFM)

Fig. 4.5: Re=376, Rt~55, L5 IkfAE. ¥ T L 2 H O FERR T 1T TEHD =2 v~
2 —T, FRFDOHDIY 1o T3 D> o T 8l o3 IXARE TR, (Waleffe
2001, JFM).



ii) Waleffe(2003, Phys Fluids) DAk [E Couettediii+Poiseuille
LD R

(a) (b)
BT, Waleffe(2003)1%, Couetteifii+Poiseuilleifit D 5+
1 y ? L1z 12
orornl 2
6 2 10 10
from =0 to u=1. . 8 ||Hx
1 5 i \,5
0.5~ 0.5 |
4 i it 4
y 0 y 0+ \
-0.5 z -0.5- ] “_ 2
|
FIG. 7. (Color) Bifureation from 2-D streaky flow at Re=150, @=049, y=15, (3) Re4; =006, (b] Re4,=0.15. (¢) Red,=07716, (d) Red, =1 1 o -1 [ ] : 0
=1.1181. Tsosurface of u=min ufx.y=02) (green). 0,=~0.8 max o, (blue), &, =0.8 max a (red). -2 2 -2 2
Fig. 4.7: Re=150, Rt=55, Poiseuille-
Couette flow D J& FikEEAE. . -
%éffbf’ﬁﬂif)ﬁ@@ﬂ ‘/f*"(“, 054 05
$§%@%@otﬁﬁﬁo;ﬂﬁgﬁ y ol yol
Ry oD S PR DR 1 BT .'
fﬁ@fﬁﬁ{)lﬁk REZET :J:T%Q 23 oT 08 ~05-
W% C & &R, (Waleffe 2003, PoF) .l o
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Free-Free Couette Free-Free Poiseuille
1 1 1 L L 1

FIG. 9. Contours of streamwise velocity u at y =0 for ECS at 0=0.5, -y=1.5, and Re_,=141.6 (free—free Couette),
Re =156.4 (free—free Poiseuille), Re ,=163.4 (rigid-rigid Couette), Re =251.5 (rigid—free Poiseuille).
Fig. 4.8: Poiseuille flow ® ECSH W COFE v D a2 v~ &% —  (Waleffe JFM)



FIG. 10. Contours of streamwise vorticity w, at dx=317/2 for the same solutions as in Fig. 9. Equispaced
levels at 0.1 max[w,(x,y,z)], except rigid—rigid Couette, where spacing is 0.1 max[w,(x,)=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

Fig. 4.9: it N /7158 EE OREWAIN = v % —  (Waleffe 2003
PoF)
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FIG. 15. Color Top, side, and back views of rigid—free plane Poiseuille flow traveling wave at its lowest friction Reynolds number (2 44.21, L

Green: Isosurface of streamwise velocity u min[u(x,y0,2)] top and back views . Left column: Isosurfaces of
streamwise vorticity at 0.6 max( ,) red positive, blue negative .

Right column: Red isosurfaces of Q 0.400,,.. »
where 2p 20 W, W, S;S,; is twice the second invariant of the velocity gradient tensor. Box shifted by L /16.)

Fig. 4.10: Poiseuille flow D TR ECS @ 32Xt CG(Waleffe)
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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: “FEFIr & BB DoAn. FEft= Loisdi, migt
=T orilkfiE  (Re=5400), %R =Turning point. (Waleffe 2009)
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FIG. 4. Streaky flow U(y,2) for £55, g51.5.
Shaded contours of U(y,z) at multiples of 0.1(max U2min U)50.1703 with contours of vx at multiples
of 0.2 max vx50.0208. Positive vx contours solid, negative dashed. (Waleffe 2003)

Fig. 4.12: *FHHICouetteli D VIUi Uy, 2) Dzt 2 v X — L %2
Aoy D a v & —(FERITIE, i E). (Waleffe)
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4.3 ELIR % R © % 3 B/NA & (Minimal Flow Unit) 0 # R,

—Jimenez, Kim & Moin (1991)

Jimenez & Moin (1991) o&#kii 74 57 — L
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224 J. Jiménez and P. Moin
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. . . FiGuRE 4. Spanwise wavelength of the computational box in wall and absolute units. vertical lines
EIGURE 13. Averaged Wall-shear hlstorles.at t.h € upper an lower walls m a ‘p redominan mark limits at which simulations could not be sustained: &, Re = 2000; A, Re = 3000; O, Re =
ildid tu;blil%n;;hannel. Note that total time is three times longer than in figure 12. Re 5000. Open symbols are two-walled turbulence, closed symbols are one-walled (see §3.3). All
=M A = 0oom simulations use A, = 1. Inclined lines just bracket related data.
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4.4 BLUTHEREBE O #EBH — i Couetteifi 1 2 2 MR
Je&g D1 i B

4.4 1) Fourier X431 X 4. Hamilton, Kim & Waleffe
(1995)

. Niee ~ 3o b HE . N =2 Y T TEgE
F 18. 4.18: L’“”j%”hﬁﬁj IZE U— E) LDETQ u (X,O,Z> Da v & —. R 7f/I]J\ ﬁiﬂ:, ﬁ&ﬁ\/‘ﬁ 0i FIGURE 2. Iso-contours of u-velocity in the (x,z)-plane centred between the walls; solid contours
£z . . positive, dashed contours negative. Contour interval 0.032. (a) t = 757.5, (b) t = 764.8, (¢) t = 772.0,
1. (Hamilton, Kim & Waleffe 1995, p.323, ]F/W) (d) t =777.8, (e) t = 783.0, (f) t = 794.1, (g) t = 808.2, (h) t = 830.2.
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FIGURE 4. Streamwise and cross-flow velocities in the (y,z)-plane for the x-

ki

(a,b), t = 757.5; (c,d), t = 794.1. Iso-contours of u in (@) and (¢}, solid lines are positive values

(d)

b) and

(

dashed lines are negative values, contour interval 0.1. The velocity vectors for v, w in

have the same scale. Reference vectors of magnitude 0.1 are plotted.
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FiGure 8. Profile of U(y), streamwise velocity averaged in x and z: , profile from full

simulation at t = 757.5; ~------- , profile at peak of M(0, f) from simulation with initially linear
(o ) streamwise velocity profile and streamwise vortices from full simulation at t = 757.5.

Fig.4.21: ¥ i #E 3 f U(y).(Hamilton, Kim & Moin
1995, p.328, JFM)
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Streaks Streaks
Streak formation Breakdown
(linear (instability)
advection) advection 0 f instabili 1y ()f
mean shear sSp U(y,z)
Streamwise x-dependent
vortices flow Streamwise exp (i x)

\/ vorti ccuode

Vortex regeneration
(nonlinear interactions) nonlinear

FIGURE 28. Schematic illustration of regeneration cycle of near-wall turbulence structure s ‘3” -interaction

Fig. 4.22: Hamilton > O ELIR D ‘H EfEFi -4 7 v
(Hamilton, Kim & Moin 1995, p.347, JFM)



4.4 ii) Jimenez & Pinelli(1999) ® Damping filteric X % fil
I H CAHERF RS o figt i

Damping filter: BE2» 5 & % 15 & LU T O FIPH O A BIQ, % 7

‘ﬂ_
.Qy — QyF(y),
Fy)= (1/2) [ 1 +tanh 4(y?/6% - 1)]
(a) | | Lo (b) -
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FIGURE 9. (a) Time evolution of the skin friction for a channel in which the streaks have been
filtered below 67 = 75: , unfiltered wall; ————, filtered wall. Initial conditions are a fully
developed channel with Re, = 200. (b) Reduction in the friction coefficient of the filtered wall with
respect to a natural channel, as a function of the filter height. The solid circle corresponds to (a).

Fig. 4.24: Damping filterxh 5. (a) § *=75D & H DI UREL D FiE
724, FEfifilter7e L, WfRfilter® 0. (b)filterm & 6 + & K
it ofE. BElix@oGaicxtind 3. ( Jimenez &
Pinelli 1995, JFM)
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4.5 Kawahara & Kida (2001)iC X 3 FH Couettediic
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Fig. 4.25: BEELIR V4 7 v D3R ITCG.
(Kawahara & Kida 2001)

Periodic motion embedded in turbulence 205

Figure 2. A full cycle of a time-periodic flow. Flow structures are visualized in the whole spatially
periodic box (L, = 2h = 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
(@) 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, Vip = 0.15pU% /%,
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 ereen 1s zero. Cross-flow velocitv vectors and contours of the streamwise
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4.0

5k

3.0

25 F

T

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)—7) in figure 2.
The energy input and dissipation rates are in balance on the dashed diagonal.

Fig. 4.26a: 4T 3L % — ABJE T 4 % — 4 BIE D
FHIA CTFRN L 72 BEGLyRHE. (Kawahara & Kida 2001,
JFM)
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FiGgUre 5. Heteroclinic connections between two periodic solutions in the (I, D)-plane. Closed blue
and red lines denote two periodic solutions. A green (or purple) line represents a connecting orbit
which starts near the blue (or red) periodic solution and approaches the red (or blue) one. The time
is marked with dots at intervals of 2h/U.

Fig. 4.26¢: (Kawahara & Kida 2001, /JFM)
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Fig. 6. Schematic representation of scenario of intermittent tur-
bulent generation. The origin (E*P EQ2P) = (0,0) is the lam-
inar state. Two thick-solid lines correspond to the two kinds of
trajectory obtained by the shooting method, for example, u;,,
for fac = 9.116010400 x 10— and fac = 9.116010000 x 10—5 re-
spectively. Diashed line represents the stable and unstable man-
ifolds of the TWS. Solid line shows one of the trajectories of
actual turbulence, which sometimes passes near the TWS. The
“burst” in wall turbulence is defined as the process of escape out
of the TWS along the unstable manifold.

Fig. 27: BLii#LE O XK. (Itano & Toh 2001)
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4.6BE4E | DEBEELIE — Mizuno & Jimenez (2013)

JimenezlI ¥ T 6, EEZHICTIWIEIGZEADICHETH D, ELIROMEREEEICIXE
FEG LW E FIRLTWED, ey Ial—va I XVEIEL DD,
Mizuno & Jimenez (2013) D@~

444 Y. Mizuno and J. Jiménez
(a) (b)
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0.05r 005}
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FIGURE 6. Premultiplied one-dimensional spectra k.¢,, for W2600C (lines) and C2000
(shaded), as a function of the spanwise wavelength and y. (a) Nominal coordinates.
(b) Rescaled coordinates. The spectra are normalized by the mean-squared intensity at each
height, and the contours are at 0.05, 0.1 and 0.22.

Fig. 29: Bt d ) BEGLIR GRIK) & BEZn LEEELIR (AR D 7Y ~ L 2= 7 b v
kz ¢ DI A IE A7 — A Hi1E L 72846, (Mizuno & Jimenez 2013)



WoOOC W2600C WLESC WLESD €950 C2000

v 86 128 122 124 0 0
i 32 76 76 81 -29 13
P 028 033 0.31 032 035 036
¥+ 51 87 86 90 0 0
x/h yi—yt 27 34 29 26 0 0
i, 1, 097 098 098 098 1 1

TaBLE 2. Offsets, virtual origins and Kirmidn constants for the fitted mean streamwise
velocity profiles. See the text for details.

U+t=«k _110g(y+ — y+0ff) +B,

()

xih

FIGURE 12. Instantaneous perturbation u fields for () C2000, (h) W2600C, (¢) WLESC and
(d) WLESD, for y = 0.6h. Mean flow is upwards. The shading changes from black below
—3u, to white above 3u,.

Fig. 30: i 4 DIFAHITDOWT, & Ey=0.6h TD LN D LB,
VIR b~ WEIE -0.3u, IToRGE25, 0.3u, L
FoHGBDORETRT. (Mizuno & Jimenez 2013)
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Figure 3. Intense-vorticity isosurfaces showing the region where @ = (@) + 4. Ry = 732. (a) The size of the
display domain is (59847 x 1496) . periodic in the vertical and horizontal directions. (b) Close-up view of the central
region of (a) bounded by the white rectangular line; the size of display domain is (20027 x 1496) 5. (c) Close-up
view of the central region of (b): 1496° 5 (d) Close-up view of the central region of (c); (7487 x 1496) n°.
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JEFIEEER LA VX Rz 5 &, BECHLRIKRREBICEITT 2 DI
[FlEEHR2EME OB
Rayleigh-BenardiC\T?ﬁ,
ARG i Fm%%>6ECmﬁﬂﬁ%ékiﬁ6? , AlofEFRIKEEIC
AT L ICHERF

Corkscrew —|
2000

Wavelets
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Turbulent Tayl
Vortices™~T

i Spiral Turbulence Modulated |

Couette flow Wavy spirals
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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 F,. 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-Couetteji D it X & — v
(Kerswell 2011)



quasi-lamninar region turbulent region

Movie by D. Barkley, You Tube
‘How the turbulence got his stripe.
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Fig. 6.4 Stripe D Uit &




WO g 2 30
Figure 2: Instantancous 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 {tluids, while green
iso-surfaces, i.e., #'=-3.0 , are low-speed streaks. Both red and blue iso-surfaces, i.e.,
Il =-u] 4%, =0.01, represent streamwise vortical structures, where superseript ( )
represents the deviation from the mean value; red and blue indicate the vortical structures of
positive and negative streamwise vorticity, respectively.

Fig. 6.5: Stripelfii& (Fukudome et al. 2012)

FIG. 2 (color online).  Axial component of vorticity in (r, z)-plane. 25D shown of 500 computational domain; (a) slug turbulence at
Re = 2800; (b) inhomogeneous turbulence at Re = 2400 (c) puff turbulence at Re = 2000. Cross sections in (r, #) show the axial flow
relative to the laminar profile with fast streaks (light/white) and slow streaks (dark/red), contour lines each 0.2U: (d) m = 4 and m = 3
structures seen upstream and downstream of the trailing edge zrg (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)



FIGURE 12. (Colour online) Snapshots showing isocontours of streamwise 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 (light/yellow) and 50% of the minimum (dark/red) of the streamwise
perturbation velocity in the pipe at that time. The snapshots correspond to times + = 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 + = 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 : B D (Prigent & Kerswell 2012)
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Fig. 8.1 : Reynolds(1883) ® Fhk



7.3 Orr-Sommerfeld Eq.

Orr(1907)-Sommerfeld(1908) T2 <, ZEEMIE D HFE S

FErERAR O HRERICHN B R ITCE Re=UD/ v 2 1L 4
L ZELEMET D EIRE L 72D 1ESommerfeld(1908)

uf(m! Yy, t) %ﬂ;&‘—‘” 1
- , Wz, y,t) = g (y)

w(:l?, Yy, f) _6‘-,5(:1';3;9‘.}

Orr-Sommerfeld M HFFER

2 2 2 2
(U—f:)(d —kg)(b—duqﬁ ! (d ktﬂ) o =0

dy? dy?  ikR dy? B
y = 41) = d’¢ _
sy=x1)=0, G| =0
Hh 37 ER R
Im [e(Re,k)] =0
BHA

u < exp(1k(x-ct))

DIICE D £3. c DBEEEBIETH L, #EIELIE
SR IC S g L £ 5.



BT
u < exp(k(x-ct))

DIICR Y £3. c DEEEEPIETHIIE, HEELIZ
RIS 23U g L £ 9.

Critical Reynolds numbers (Re, Re ;)

EARSK(ERzE IR By I 21—
Poiseuille flow(2D) 5,772(Orszag 1971 ) A RE (1,000~8,000)  »500(Orszag & Patera (1983)
Poiseuille flow(pipe) 0 (RLEICIT 7 D 72 \0)ANLE »2000
Couette flow (2D) oo AL E 360
Boundary Layer 420 420
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Fundamental and subharmonic transition to turbulence in zero-pressure-
gradient at-plate boundary layers | IAHR Media Library

lahrmedialibrary.net

Fig. 8.3: ELiRIERBORKE. AT—E DK
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FIGURE 13. (Colour online) The energy associated with the m =1 axial component of
the disturbances calculated for E; = 7.058 x 10~® (solid lines) and Ey, = 7.124 x 107°
(dashed lines). Each energy is split into streamwise independent (dark/red uppermost lines at
t =25D/U) and streamwise dependent (light/green lowermost lines at t = 25D /U) parts. The
former measures the streaks created by the disturbance while the latter shows the instability of
these streaks.
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a = 1 and R = 5000, and the unstabie to 2 = 1 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 eigenvalue for & = 1 and R = 8000.
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Parameter study of transient growth for two- and three-dimensional plane Poiseuille flow. (2)
The neutral curve of two-dimensional plane Poiseuille flow (bfue line) delimiting the area of
asymptotic growth (dark gray) from the area of asymptotic decay (/ight 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 (whire). The well-known critical Reynolds number

Recrie = 5772 can be easily determined from the graph. In the light gray area, the contour
levels of G,y 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 (&) and spanwise (8) wave
number. The largest transient growth occurs for perturbations with no streamwise
dependence (¢ = 0). The gray area in the o — B-plane indicates parameter combinations for
which asymptotic exponential growth is found. The contour levels are 250, 500, 1000, 2000,
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Fig. 8 The contour of the distribution of the vertical
veloeity in a horizontal plane near the river surface.
Depth from the surface , (a) -0.2m ; (b) -0.6m

Fig. 9 Photo of the boiling phenomenon
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Figure 7. Instantaneous images of turbulent organlaed structures for the square cube array
with &,=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=1.1 &) of spanwise vorticity component (w,). (d) x —z ver-
tical cross-section of spanwise vorticity component (e, ). 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), 5! for (c), (d) and (e). respectively.
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