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7.1 Dancing flame & Rayleigh @ % il 5i A & %€ B3
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7.2 Reynolds(1883) 0 ELEEFS D LBk & Reynolds Egs.
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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, REAZBICELTEL RS, 4 7% Orr(1907)-Sommerfeld
(1908) /7f:C, WEMBEDHFRMRTT. McHIMNERLRS 2 o5 L &, ZhrdE
T L hhrrEAEMEE L THES DT,

Ik, KA RSN 2 |MRITE Re=UD/v % L 4 /)L ZHEWT ) EHREL
7= D 1x Sommerfeld(1908) T3 .
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u < exp(ik(x-ct))
DT Y 3. c OEFFEBIETH L, BRI ICABuCEEL £ 9.

LoL, %< oBd, o BEA EENTRILEERE L &bk wd, e E (pipe
flow, Couette flow) IZ (TR TIE L 4/ A ZETHELFUL T 2 Dic, OS eq.o [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 @ A fiEfiE FE5i(Re.) B iar—vav
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7.6 B T DEEL D FEE L AL

R, BEELTR 0 Z8E R 1L, SR L X 3172 2 KIC 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 1%, Ml t(time) ¥ 7= 1% x(distance) %, #Efli (I EEL OIRENEL, X OIRBE)F 2
(L —2)I3BE S 2R L £ 3. IBEBIEIIO TR L 28Nz RS wikic Az 2
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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, BEDI/NE CIXETIZZ ORINIML 722 b DT,
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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.
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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 HE= X 0 M © 3. #IEAL Navier-Stokes i 2T, Lin(1961),
Schenstad(1960), Di Prima & Habetler(1969), Butler & Farrell(1992) 7z & # &M L T\ 7=
TZE T\,

BLFIHE N % DI, Butler & Farrel (1992)% Reddy & Henningson (1993) ¢3° 23, 47
29 5> DT Schmid(2007) 25 M2 5 L £ 3. Milas v A4 2 v X8, e #EEL o 5
BTd., ZoMOf EDFICH BB GRVIRDS, EEEET <55 2 R ZHFR T,
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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 & OHUIME RIS R IR ) & BT R GR VI E & BJ ) 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
TY9.
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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: fLIEESRE DFE. ~7 — v v Ok

8. BLIKDONE I AANIIEL W ?
T IR EBEELTE O B A (T D 2 3 72 FIe BT ART U E S, Th, AMICE 5 %D

TLxID. TZTIE, BELROBREDNHRICOWTOREDFEEZIY FiFCTHrE .
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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%, ARGk BEurhso TREER] | & [EEERIER] | %82
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 fi, ELIRD log-law fEIIFETFHEMIICKE 75 D 2.

i, ELIRD log-law RIZAREIC R O D 2>,

fhiEX, NSTHEXDETH 2 [ETED, LA 7 VAR KR EWGEITIIALENL,
ZDIREZRBE RV L %, DHERIGERL, A2 RWAELE LZ.
LaL, ZhEFUCZ e, 2% ) —EEIRIRE L ko iin s, MEtiic—E D, &
D EFFODD, HOFETE 21X, TELF D FE D1 23 log-law, power-law @ X 5 72 —3E
DR ERODH ] ITIZFEMZ R b A TL 2. Z OEER] & ELRTE 2 frima i 1%, 59
Wi DAL T B % Z L 2%, Mozuno & Jimenes(20(2013)) i1 X v, ¥ 72085040 23F56t
#% 3> Z & 23 Del Alamo & Jimenez(2006)1C X W iR & 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 & £ A TL 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 \»
BRI IR AFTE DS, SRITOIN D K91 Y £ L7-. Townsend(1976) D fiF & ik G 1L,
LA AZBA I K E CBAICHBEN IO T 20 Th Y, fitoT, FHEMKEILE
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 /723 %> & D Townsend attached eddy K&t D& H

Z D RICDO W TOEPI DI Busse(1970) T, ZiEIC X b BEH ~ O R AHEE) & 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 X205, HELESMEIEE— FiZAC
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, HLitzET LT 3G Z KD THET.


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

VR AR A B D 2 KA %, Lie BERIC X Y N-S SRRV 4 7 A 252
R)PLEL ZERTELZ LN HFEOHELOHO2ICRD F LT ZDOHIEDR
i, R 7R AEEEE. AT ARAHOUE. BERRZ: & oG, HEGRIROE 2 B e L s
WZ L TY. AR REEBETEXNTH L4 A XHRABBACTEY THA. LA
JNRIGNIRE, 2ROEXRF- by, cnzRkow k>33 E 3ROENHNSFT
i e b EF. LA AXAEAEFRICIVMIBAEIREETT. D
i, RICIBRDB X5 ICIflnHCc& LI

LaL, BfEDL 25 N-S HER(L A4 7 v X8R 26 oftiic X 2 iLyiis o
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 & 9
[BEEEAN | s XN, 2% Mellor(1972) 3R 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 /7#A D Lie #amftT CHAGED i O X M) 2> 0, BETAH O
Karman 0l (log-law) 72 \J 23ME— D F £ 72 H CHELFEIEN R FECIE R <, vy P& LT
B D R R ER O BE 65 RS PE R E C I RBAN S ET 2 2 8 2R LT L7, Hitln T
Lindgren, Osterlund & Johansson (2004) 3 X U8 Marati et al. (2006) 2335 % JERH L T \»
5. O FETEEFALEL Lzoicxt LT, She 6 (2017) 136715 X Bd% (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

BLITRG T i o P2
N7y —E by o< Y
HAE T 0 Ky
a7 —i w0 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

R S < % SWK ¢ 011,
Ny 7 7 —JETlk o(SWuo(e) 0 O(IT,)
S IRT IR SWi e > I,
a7 —ETiE SW< e [011,

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
LIREINE T
BRI, 52 o NWIRS. BEREH0b LT, WESRK L % 2 RETH B (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
EL7zoicxt LT, She &(2017) 13671 &K X B8 (stress length function) DFEAZEICHE H
L 7.

8.4 NEHIH X *ZEH]H

TaE L, RWHBEELRO N M ANCEER 2 H b £ A TL %2, Fids 1993 4 2 Lkt
LEERZ 29 2 —mOGmXA, KimFxol I L, BEICE W THEHIRE < & 3
ROBL WEwF 2w T nwE 3. KZFF1F 72 D% Barenblatt(1993) <, #HIZFATL 4 /v
ZEUCBE T 2 TATELM LU (incomplete similarity) | O z 2> & Bl TREHI, ~F3f
il (algebraic) | ZFHRL, H<HSH TV 2 AN FRANHE 5 HAREED envelope & %
FRiIcB#Es 2o 2R LT L HEWT, George, Castillo & Knecht(1993) 1% L A~Z
4 JF B (asymptotic invariance principle) | #JGH L, v 714 BELTTHE FUE o PRERE &
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measurement location (scales are preserved). The distance y is measured from the middle of the channel.
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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
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(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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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.
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tima- 00 N0 tima: OO OO

tima: 00 00

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..
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