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H 20 THE28 60 AR, AATT AR IUAE VI AR fi Ut Hh A7 A2 45 W] HA IO e K R s
ij], kajJ/ﬁuﬁ/Jﬁ*H$%7]‘@ (Coherent structure). *H:F%mﬁﬁijjiﬂ}%%m, 7‘3?7\%@]
AR i YL AN R i A ) — Tl AT A By, AR AR I 20 AL B AN E IR, H 2l
Ot LA 8 B O KRR TE BYIS BIPRAS. AR T S5 M B9 R B T ONAT 6 i U
e GE IR WK B T A A2 58 A BENLIK, 102 75 T8 P L AR AR A 7 10— I, XA A
Feifis 8l 5 1 U1 i i sh N e B s, DR, AT SR R R IR A A 2 20 1
A P HE RREREZ —. F 44 28 1% KX Liepmann (1979) 5 5t i it 7 47
FEAT 7 45 K6 1) o B 2 (1 7 D A R AL DT PO Aol KRR 8 g SR 428 i i, Ay B i
(o i W 1 5 1.

H 3 U FR) JEE 42 B ) 2 i 1 J2 0L, AL i A ) 9 BEL 4 1) — B AR ) 2 M 22 T
TR AUk 1) B S R A, 940, KAILZY 50%. HERELY 90% IR RH 4 BEHEBH O, e Al 3
L I /E ) (Gad-el-hak 2000). 71 feE H 23 50K« FR45875 4% H 28 ™ F K 4K, it
VIR BH 7 I 9 SR AR B TV K AL A RO W, i U v EE R R
A 53 A T &5 R ) AH 9¢ (Kravchenko et al. 1993), PRI G n] 42 i #H &5 ¥4 ok %4
8¢ A B 452 BEL ) 2 di U 9 BEL 42 1) 0 A% o )

it VAR TG A4 W] LB I i 8 B o AR R SR BORBEAT YU, (EAR MR & AT K
T 72 3. Hussain (1986) A Ay AH G5 K4 I i 0 HH A8 3 20 1) RORE b 5 A T I A 437 A 5% i
1) A, Robinson (1991) WA KR iz 43 (8L £ AH TS5 BEAT 175 3¢, BIAH T~ 45
ey Je i = YR K — A X AR A DA DA — NS P PR (W R i
JEE Ul BE AR ) AR KT 2 M A B RORE (RN A5 Y L B 1 s A ) B N A K
ANE AT SR AR g S, AR SR AR AR T G5 0 B 90 S A T S ) X R B
31T R R E (PTV) 5256 F7 AR it B # BUE B (direct numerical simulation,
DNS) i KA e, AT AE I 4= 5 W ah 5 &, 8NN S AR TS 1) is 2
R AE RN By ) 2 R SR A B0 4 AR N AR, Bl A8 5% T v il v BORE i VR T ST
LRIRCFE T, Marusic 55 (2010c) HAHTa5 K% 70 3 28 (1) LT BEARFA A SR A 4%
e Gt R ) JUBER 1006, IR (6, = v/u. AREHFVER B R, v bRk is
ENRE AR EL, we 9 BEEEBEHE); (2) RUBEN 6(14 52 5 2 el = v 2 sl [ 4 2 4%)
BRI KIEIZF) (large scale motion, LSM); (3) ¥t i K & 100 & 2% 8 KR K12 5))
(very large scale motion, VLSM) B 4544 (superstructure) (7548 18 F & 45, AT 2
PR A R RIS 3y, 730 5 2 AR b A ). SXSEAH T 544 73 A7 AR T B T BE AN [
RLEAL, T3 7 B ) BB B s, B U e B T EE 5 BE ) i AR DA 5K



VR - B it AR T 4 A4 I BH 27 1 AL B 113

IS T S A 2 RE i AL I 23 R v EE AR B R SR, R A G A A RO AT T A
FEIRIE G R JE, A 28 NATTRT i L ik B 328 AL B 0 A TR B A7 A (1 i i

=R

FH SR 52 it 98 (P45 IE JBE AT L2y A3 2K (Marusic & Adrian 2013): ZM 2L (ex-
trinsic scale) Fl N 52U (intrinsic scale). 4% 5l 114 S 4 A4 WIUR 4 BT 32
A0 T3 B FARPE AT G, U 1R A A SR B R | TR AR R R AR T A S RUBE
TSR IS % A TR 0 S SR R, i B B R R IR TR A R BE T M, &
PEVE AR 88, 20 R T2 sh B v FIBETH BEHEE S w, = /1w /p HOBHPERORE KA
FEE S AL, T 7y, Sk B T RE AN ) A RO O 9 RBE, AR BE N 6, = v/ur s
FEAE B R wr, R REVE R TE BN B 2% R EAr <+ 2R, i BN
BET PR B o+ = y/0,, BN W FIHEEE Ut = U/u,. B IFRETROT MAMX, HAT
?ﬁ%ﬁ‘%ﬁ%ﬁﬁ?@ﬁ]?%)ﬁ}# § (JLFZERE 5. MG P9 H B P10 R), 220

WH I w, 1E R ILRRIEERE, R w, 45 T AN B Bh 6 N 30 5 45 1

FET P Y B I, AATTER T4 I RE S IR 2 R R (Marusic & Adrian, 2013).
BT y™ =y/6, = ury/v, BIIE gt 0] DU R B BE I o A1 530 7 v 4, Ssemk 724
MYV D7 5 R T AR . AR gt RO VIN, BE i I AT 4k R R AR
)T B DX R A R AT AR DX, An Bl 1 TR,y < 50 B IKIRK O Rl I BE DX PR
DR At 2 3 DTk g > 50 IR K IRFR O AR X, PR IR U R B A AT R
R, FEPEREX AT LUk — BRI A BRI R (vt < 5) M E (5 <yt < 30). E%
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PRI )2, P35 T80 R B e Yk o3 A, 78 6 N s /N TR g, AT DL 2% il 2 2 i I e
TR ) DX 35K, i ) i A L AR TR AR A X 0k B ds K fH. 30 < yt < 0.150F B, P IH
JE 3 A2 %o U, RO,y > 0,156+ B IRR A R IX, 288 SR FH 1 5 B Aok
20 1] 3~ 143 BE A3 A

R4 E N BT (Pope 2000), /6 < 0.1 B AT A 4 P 24038 5 0 A JUER w, AT 4t K,
B U+ = fo(yt), P3R53 A0 il 2 50 0 BE T A, y/0 < 0.1 MR IR IX. T

yt = (y/8)dt, 61 = u,8/v = Re, JBESETE WL (RN R 115D, B2 i 502 68
I, FEAE— AN XIRFN L gt > 50 H y/6 < 0.1, BINANXAFAEES, A% E X ]
[Fi) BN SR FH P RS 0 A0 RO ke R AIE - 340 T8, T i £ 40 43 AT 43 B0 B, R X (A7 AR
ST (¥ R ARORE S TR IR B OB 40 LUK, Bl A S0 R T SRR ) (kg 5, A AT
Mﬂzﬂ*mﬁmﬂh‘%TEbuéﬂiﬁz%)\aﬁﬁﬁn, R IR T 1) 5 e LU LA AT AT Ak (B

BYRETH, X HX R i A KT My SRR TR Y g = 30, 91 41, Nagib %5
2007) A Ky FL 2 6 EL X B A 200 < ¢t < 0.120%, McKeon 45 (2004) 56T 5 & if
00 58 7857 it AT 1) S 0 Ak 6P AIIX 600 <yt < 0.1267%, 1M Jiménez Fl Moser (2007)
) FH 2 SO A ORI 2t 43 A, B o R i 6 B X A2 300 <yt < 0.456.

E 25 TTRETH AN [ BR 25 b, A7 AEAN A ST B AH T 4544 (Marusic & Adrian 2013): %
BEDX (y+ < 40) 22l 4% S5 W R ) 03 BT o 4, R R I S A AR IR HX (40 < yt <
100) 42 i, 7EXFBX K LL b (30 < yt < 67F), BRI HE— K & R AR T 1k
JBEIZZ)), 8K RUBE IR 4% A 45 1 5 BEAEAE T e vl A 250100 50 5 DX R 38 X

= :m Hm

—~

3 imimEEE = M N AR

Mt i~ 2132 3 U5 R A, T DAAE B b R v EE AR B Rk L
F T PTG BR K PR~ A T~ BR8] Hi 2 Hs ) B 2 9K 8 PR R T i 3, n B 2 s, s

|:> y(v) '26
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Geit B ST A8 bR, ALV I PR35 91072, 717 (Pope 2000)
dU P Yy
udy—p<uv>—m<1—5> M)

WM REVE D) g 55 T VDN ) 22 A0 Ly T B T 10 B R RO AR e SCRE T JEEHE AR AL
Cr = 1w/ (pUZ,), Ferbt Uy, APy B2, 3810 5 (1) AT P IRER 23, T 43 Cf 1R

B30 CRTCE) 2009)

)
Cp=— - 3 / (6 — y)(u'v')dy @)
Re,, 62UZ2 J,

Horp Rey, = Uy 6 /v 9 56T 480RT P 3 18 LK o W 8 B Ao 260 1 1005 2Pk ARG,
TRV OO N R IR BE I R R AR SR 2 U4 T U DTN D IR o, = R L
b0, 2R Wi AL AR e BE TR BEL D ok BT 2 T

X5 T RS i, AT 238 3 05 R Rt mT RAAS B R R ik 5K

dU P

P P<U’U>*Tw5 (3)
O = bt b [t (@)
I = Rer UL Or u'pu L )dr

Sorh o Tt 5B A 1 RT3
%52 FE 7 B BB P A SR, i T PSSR 0, B ) Ty
B
WG = plu) =it g / " Cudy (5)
b Gy = UQU/0x + VOU oy 3 PRI SN RHAR. 15 MU R ), Fukagata 76
(2002) X3 (5) HEAT P YRR, 00 0 RE T R 7 40 22 50

2 o 2 o ., 1 o
0= (1-5) - 5z [ 0- - s [G-rca ©)
Sb, 67 BT IR OB EIE, Rew = Usedv 2EIR P, AL )5 BT S R AL
9 T BN, B0 % RS LA S S5 G B 25, T T3 2, B
R 09 E1 LA, TRLBAL )y B A7 Y 50 B e
2258 WAL 15, %35 500

Or= e~ s [ - i [ wcay @
-4 B X M 20 5 A 0 RO 41 6 6
D187 3 U0, BT BB R B AL B L 6 461 7
k. Fukagata % (2002) TSR BB B0 23050 (B0l FIK 158) 005 7 e
U 4 B K B0 RO RBLAC, Deng % (201) £ T5% (2) 25 5 1 T
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T R R A2 o AR it 98 9 BEL S PR T 3 2. B80T, Deck 4% (2014) £ T3 (6) 2047 T i
P T2 rp R ORORE 45 K xok BE T JEE 458 1 0 (R i iR, A BILIAL T A B2 K A F J2 TR AR R
JE32 2y e 485 217 10 7 v U0 ) ) BE T JEE 45 B g ) stk 3 50%, 3E— 20 3 W v i v 2
DU ROROEE A 1 45 6 o g BEL 42 TRl F 9 11 o 4.

o VD) A T i e Ak sl A R TV 1 xR ) ke, FL A B R R AT
SRR DTG, I, AN 7] DA 54 B 52t e in LAY 44,

4 EBEimintA TS RER

4.1 IEBEXHETEH

FEA T T QR W BUNG O8N AT I B DA T 46 4 R 3 7 22 i R 1R,
et VO 0 AR RUEE 2 A o 3 B X 5 W RS AE 2 4.2.3 15 I EAA Y 4.

4.1.1 £ R ERBEIZMR

HLAE 1967 4, Kline A Stanford K7 i [A] 45 5 56 T & T BOR B T i 14 3¢
JEWZPLTFIZ), KILT U BE X I 45l g5 A A1 FE R (burst) LS (Kline et al. 1967).
75 LU I 30 4F 2 mh, AATIHR) R 2l fab 73 552 50 R0 VAT 100 B 4 B0 B AL, 0] B i 7L PR AH
TEEMHEAT T KB HIWFST. Robinson (1991) i i it 120 4 J2 AH - 45 ¥4 (R IF 9 e R b 47 T
G5, IR RS T AN T 25/ 20 D 8 28 AR A4l . B4l (ejection). I (sweep) i
SER . SRBIDIE . T REHTIRE5 M (pocket). XTI (back) 4584 FIANE K R 12 3).

3 WoR T AL At 2 AR TE S P R AR A k. AR BEI-PAT R II A, 4
y < 30 I, AR A SR HH TR ) R A R 1 R TR A R 2% IR, X S A%
HEAE L ) AT CIE 10006, AL, HC R 1) ~F- B3 ) B L~ A B o 1 542 Ak, {ELRE 725 T BE 1 1)
P B WA K, 290 806, ~ 1206, (Kim et al. 1987).

Tyt < 60 MY BEX, i 45 K & ME R 17 g, W1 4 Pros. W08 46 A8 AT R ] 26 T 08
J5E T P o ) ) L 3EAT IR FE 7R (Jeong & Hussain 1995, Chakraborty et al. 2005).
Jeong 4% (1997) X Re, = 180 ) T 12 HU (A A6 0L P 1803 iy U7 Ao 30 47 2 10 R FE, WEST T
UL 1) 9 R 3 Bl AR I, ORISR 1) P S KA 2000, CFEITEARZT R (20~30)6,, B
(0.6~0.8)U (U Ay 5t J2 A ift 18 J5E il il 30 48 1f 1~ X0 J32) R0l 82 1) S e A 36k, A T il
FEEEI ] _EARAR LY 900 A w2 40, NATTE ) F R 1) i e 340 J Y BE 1T 1v) 1) 43
AT AR AL 1) 3 11~ 233 57 B RTR /AN, 37 1) i 289 O A ORABLAE T gt = 20 Zida, AL E
AN Ay AL i S o A 2 TR IR P S B, A IMELRL Tyt = 5 BT, ARORAE AT M
] BE R T IN Ay A ) 3 RS 2 AR, 2104 156, (Kim et al. 1987).
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& 4

FE S A P BN AT 1] R 46 (Jeong et al. 1997). JEALE: 0 <yt <60 W Ao = —0.3 F{ET
(B 4% HUE A 8 I, Re, = 180)

Tt ) R 25 Y P 0 ) AR B A A 3 D) )6 IR 56 2R, U ) o S 6 T 4% B A, AR
gty EAT BN ), LU ) I RN ER 2 2 3006, (Jiménez & Kawahara 2013). 4548
1205 88 8 (VA Rl o A0 %5 I o o I ol o1 T 1 o R A TR U 2 B =B 8 7 K RSB
VAR, B 5 TS LRV IR LR, AR AR T B BE T, FR R LA (ejection), T AE
TR, v O A 1) BE T, BN R (sweep), RN RIS BN K (bursting).
5 (u',o") ARSI b, EYATT 4950 047 T 55 2 T3 4 ZBR, PR AE 5 SR 23 A b Al s
JEOr R Q2 R Q4 A S T s U A4 1) T A R T A ) 0 T A S e i
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A2 A0 B XA DD 7 2 (AR, 4 A (1 B T, T B o o D0 gl g 38T 35 5
DI Iy 5 200 £5 A L AEGEpl X, 70% FIFR v DI ok A L, FHEE ST Y 30% A2
A AHATHR R AR R VGO0 BE b 2 A e R R

4.1.2 EEEEHFTIE

18 BT BB AL, N AT 3 BE A T 45 14 1K 3 1 2 LA T IR A T
fi%. Hamilton 2 (1995) % *F1f & L 4F (Couette) MM BEAT T HIRSRE L, T2 K
JEE )it UL Ty, T AN T A48 /S T S e A R IR ) e RS, s B T B AT B R A
S ) A R A T 5 A T T A T AR IS T AR R T A By D FRER ARG 3 AR B
(1) H 1) 9 3 B 4 71 IR AR G (2) 455 10 R R RTE; (3) IR Il i IR 2, an Bl 6 T oms.
Jiménez (1999) | F B BB AU AL T 17 W 1 (Poiseuille) i it 1 ik 5 T 1T B2 DX iy it
FH 45 b FR 0 0 1 2R R (0 A7 A, O FUE I A Mo g o > 60 X301 i U K 3,
TE B XA A o A6 T8 X 3D, 7E 20 <y < 60 DX 0] LA 4 FF. Jiménez
£ (2005) I 0] $5 /)N R E A AN 1 B ECE R, BEOT T A 4 RE R A 45 R B I ()
(RI3EE A e /DN RS 2 i B 4 o i U 1) i /N RS AR T, e R — R 4% RS U 1) 3,
JEWTFUA T 45 M6 £ 8 ) 777 (Jiménez & Moin 1991). ABATT & BUAE A 4E 76 FF o,
ZT B S AR, R TR S O, U 1) R R R O, A A R A S ek, BN R
I JE IR R T = Tu? Jv ~ 400, HCHANGL 38 I AEAF I TR) TF ~ 60 22 KR 2. A
A7 BT B RT3 R 1 ) 30 2 V) 2 S 2 BH X AN 08 B 7 2 e R A 9 — B 6 P i 11
If B, o i — 2 i ) B TR R PRI K L 2 TR R T R R RO, R R I R 4
AMEIREFEM 1/3, 294 T+ ~ 100.

AT IX P 3 4R 2 (self-suataining process, SSP) H 4% a7 JE AL 2R 1A TR PR
g —, RIGRAW VI i 1) R WL A% I B R AR Sl 1l ] RIS Bl I, A W T B
DX AR T80 Al 5 B T, T lize DK T 1 B R R R 4%l &5 . 4%l TR A 2 Ut 1) 304
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AR BEx 2 i sh

~

e
ARZMEA AR D

& 6
WLEE YR A2 5 B B (Hamilton et al. 1995)

EjSP S 8 HARAE B, Gl A TE AL (lift-up) 6 B £ PE faris 1 B[R] I 4 1 I
KBS A R4 T4k 4. T 4ifb N-S Jr R AR A A1, lﬁtﬁi%ﬁfﬁiﬁlEEs&
AR AR PR AR B LA, B I SR Ak A 4 B I 1) 28 9k, e AT IR 205 00 mT e
IR I SRR S B, A 45 P02 6 R R BE T 23 H DU N PR 3G K I 4. Bulter Al
Farrell (1992, 1993) 73 #1 7 LA i Uit 51 10 1 A 22 A% U0 (40 W 288 39 4, R R 44 B il W 2 e K
BT ) Ay 35 o BT i) B, e 9 2 g O D i ) R 5 0 B 4% (1 e 1) ROBE AR, JF HL
WG B0 N T30 170 308 25 480, 186K 5 A B0 3l o B T 30 B 1 45415 45 1) #03E del Alamo &
Jiménez (2006) F1 Cossu %5 (2009) i i 78 Ze PEAL AL thg | N n R PE, 2% 58 T s Ui ik 20 1)
ALk R e, R AN FH R A 2 109 K I T 596 T LA R R 2% v 4 380 5 30 BE X3 1)
10 I 45 T R A 1R e A K 5 ). 1 0 AR AR AT TR 2R E WL 3R A — B0 T
0T 388 100 90 1) P AE AL, AATT A AN TR] 1#) i v%:. Schoppa Hil Hussain (2002) #f
R ) O T )9 = AE AL B B TR 23 W2 BRI — F i ML RT3 2l AN B PR
BRI — IR0 A B IR S B S AR E IR e E . 540, Brooke & Hanratty
(1993) HI Bernard 5§ (1993) Ak BEiR 7 A2 (R0 ) i 5t 46 1 1R 4562 7 22 3. Smith
Walker (1994) A A 75 BE & A< iy Sk F8 AR5 B3 1K) 452 225 5 L Al 95 /U BT D), AR
%EJH?Y — ZUNAE 2% (Kelvin-Helmholtz) ANFaE M, &A1 45 62 B OB (1K R 8. Zhou
5 (1999) WA A BER 5 E 1) JR 8 5 8 U = A5 6 Y 1% T, AR BB UIE LR, AR
ESZ%?B’J%Z%A% I B i 25 U Bl AN R M 10 R DA A A 1 9 1 7 A P o
LA SR AN AR e PR R IR, AN TR SRR A AR, IR SRR T MR AR O AT E
Ve Uk — BT E Pk REE 5 i U S8 RS R TR ELAE F L 4y SRR E TSR, A,
Robinson (1991) A ¥ ) W i Jo, #6782 IR E 45 2l TS K BT U 2 2R AR, 7 A2 0T 1 g 1)
%ﬁ/n% 5 T 904 P TR 30 e 7 T B 1) 9 ; Kawahara 25 (2003) X A6 4% 45 HE4T T 26k
SE T2 BT, WA R R T AR 2% 5 W IE SZ P Bl Je AR, TR IR () R A AR
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)y AR . A B AHABL. Schoppa FIT Hussain (2002) 18 i % 4% iy e A8 e P 20 B, A
N FE 53 R FEBE i AL TP 48 KT 23 2% AL B MRS E 1, AT HE 17—l B4 A A5 M R 1)
AL 4T RS K (streak transient growth, STG), ‘& HAL A A FR e LI HE R
W3t . AR A T R A TG A B, e B P AR AE 3 AR B (1) sl IS I T R
TN (w,) T2 AT (2) 25415 25l 23S A 46 D8l (0w ) 0) 36 B AR LR LR AR
(3) Wit Ou' /0x ¥ w,, WP A 7] 3.

BN T) Z G S B, AATIR 3 BE DX AR T 45 K i iF ST B A 1 B8 b i T Sk i
(Jiménez & Kawahara 2013). 7£30) JJ R HAC Y, fig U IR AH T &5 44 0 LA A A2 AH 25 (1)
PRI 2 ANAZ AR, i VAT 5% 6 A G B 30T 82 3o AH 22 BUAAI R INF [0). 7T B8 AR AN A2 i A2 AH 22 1) £ 1
B T B ARZSAT VR A BABLIE. Nagata (1990) 1 ik %) £k 448 € 11 1 Couette i
T 0 FEE 1] e B 3T 15 1 A = 4EARZ ML RS AT B, Waleffe (1998, 2003) M H 4EHF
RERRZ B W R B ARAS T RIRE RO AR XM A AR T AT PR R W RO
R - W R X TR BN D B SE, BSOS A il
A MY R A S [ T e 1) UL 16 s A, g G o DX A T S R AR AL R SO
JE GRS AR W R, BARIX P = 2~ i fife v LA BLGZ b DX AR TG54, 5 3 Bkt i
AR HFAE. A Nagata (1990) f) = ZERL A i A, 1L K] —FlE AT 7%, Kawa-
hara Ml Kida (2001) &3 T V[ Couette it 147 7E — Rl AEFR A 1) = 4EANER € J4 IR, 1R
Ui iy PO T RS 2 BE A T A 1) P AR R AR A R AN R L 4 S L A
WAL ST B | R 1] 3R 1R RO R 8. AATTHE P 1T Poiseuille ¥t (Toh & Itano 2003) 1
[ % HagenPoiseuille Jit (Duguet et al. 2008) H tH A& I T AL = 4 JE 303 . 55 s>
ANKEE A S A AT KL 1) S S0 P A~ g, mr AR e b 7 I i O ) TR RS AL, 451 2
A 1 R T 44 5 M TR A%, Jiménez 25 (2005) BE— 5 B 5] T I B ] BUASAR figf F1BE S It
ZIA) AT BE R SRIBCAE, A A AR AN ST B A L S i U T U 1 UL 58 B X S A (R A A, —
P S A0 AR P A A AT O A T B AT B B AE 2 BB R I )L DL T S ] R AN AR i AR
S ANANEE Wit IV (0 2 5 0] DLARER S UL iR 8l ) 2, IX BE ] AN AR i AR Bl AR 17 g O
FRIAH T4 4.

42 RFRRAEFRE

7E 40 < y™ < 100 H X3, ) 46 THE UK R (Marusic & Adrian 2013).

KR i & Theodorsen (1952) $2& H i —FhBE & BITY, & &R AR IS
Ho), A I R D B B b E A e, AR I R A A R 1 K ) i SR 3 A R 9 1 2
S s S AT . BRI T S BRI P 2R W] X R = 4T 45 R 1A A, (R R
AR 22 A5 R W >R JH Sk 3 i W 3 5 )= K ) B . (Head & Bandyopadhyay 1981,
Robinson 1991).




VR - B it AR T 4 A4 I BH 27 1 AL B 121

IR K P 52 30 R (A ATMAIE S T 78 20 R R B i U A7 AR R R it SRR 1
G T T AT IR I b, AATDRE IR = EAH T S5 M B ok, SR T 0 TR R Er
MEMIVF 2N IH (Meinhart & Adrian 1995, Adrian et al. 2000, Christensen & Adrian 2001,
Gao et al. 2011). FFEBIA T MER = 4EBi i 1 F 5 B R B TR R ik
FAAER) BARIEYE. Kim &5 (1987) 588 128 1 /N REE it U ) B4 B A 4oL, AT ) 1
W IR BN T REWMEHAEAE. Chacin 25 (1996) K 3 FE H B 5K B R A8 B HF 5T
TR T R BN S R, R B4 8 A B ) R RO S A NGz o 2 LU SE A A R X
N, AERREEIE LT, BT R B M 45 5 Theodorsen (1952) & t 1 & 1= i Al 5 AH B
Adrian F1 Liu (2002) # & 1 A0ATT L 55 B0(E ST P 8 0 i U v U 488 38 10 R S 00 0, &5
. Wu FIl Moin (2009) A P8 i34 52 AT T B EBUE B, vH 500 5 W 80k
Fl| Re, = 460 (Reg = 940), & WL 4R DX F i it DX PR o ] 38 1 70 996 173 AR 1R = Wi &5 440,
AF 22 5 W B30k — 0 Ty I, 3 A 0 BB AL 5 2 1 398 i, 90 45 K AR AT LU AT L, 1% I
T 37 v AR A UL B3 BT ) R R IR A AL AR R R IR I AT AE I R S AT AR A A IR AT
FEA L, 118 REAR B M AR GE v 1 24 1 &5 ) O L BE AP e B i U v 1) Jm) P8 A% i L 52
(Adrian 2007), 575 2] 7 AATHIE .

FETRAFSEt, Adrian (2007) WIRA4S T 5N KR IIEARHE, B 7 s, ke
I 3 Sk L5 PR 10 30 AR TE o — > 58 BE IR R R I S A, U R ANAEAE JE [0) 1 138 3, 464
GEvE A 21 W G5 R 2 0 B, (B i A A B8 v e S At i 5 A 5 R, 56 4R AR
AR ARH D W, AEBE R R s S % AT, KR A S Q2 1830, 1A 1 i 4

PIFE I — & R AT b, AR AR S PR AR AL ARG IAE AR R AR X SO
B S A IR S TP IE B Q238 8) L AR AE Q2/Q4 BE T FEW N HFIT BE X A7 AEAK

KR Lot B A e, AR 5~10 ARk, A1 RA R K
T ML, Zhou 55 (1999) I A B ARSI T IE 1 A e 00 (KB LA ABATTRAT Q2 =R
PEREAT A AR GEvE, K 5 21 (10 25 A4 0 g T 350 3 P32 0 1T A D WA 30, X Rer = 180 11
FEIE B BEAT ELE BB, o TR A A B Bam K I FE, WiE 8 Prox. ¥l
VBN G R AR DRI A T 1 KR 108 (PHV), 261 3 F90 3 I i T ] PR Sk 7 i B8 259 24 A
1006, TR R IRARELAE S A T3 G, IR MR (DHV) A= 00K R (SHV).
X UG T R, ABATTIA R B AL 16] i 5 S AR IE A A ) B s Bl SR AR T
PRI ILAE ), T B8ORS 1B ek, 755 B8 1 5 AR 80088, L5 Ui 170 o Jil i
RS REI A R Ws. R I T IS AR S5 S R i O R SR AT G, X 2 R
A AR U 17 308, VAL 160 i 5 3 KD 16 b KD B0 T B S e, T 3 — 25 R R .
UG AT ARE A e A =0 (THV), W0 8 Pras. A ATTIE R Py m i 2 AR SR 5T T
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RARELR TR R, I U R Ui A R i AT RS M R R, £k R
O FE Y 87% (USF = 15.7), 10 (0 45 K] ¥ DR HCTE B2 AR /N, 24 4 Al 1m0~ 3 3 FE 11
3.5%. IXFPAR R A AL — PR RR, BEkoE XTI Q2 FHE R A R
SR ZMEA N (u,v) = (1.504,1.50,). Adrian (2007) WA A4 AT I 21 (1) BE ik 78 2 J2 1
AN T RUBE (308 60, B # B 1) 2 AR, B 9 o, R R IR AE AR (¥ B B, L #8
TR A —FE, — MR UE, AR 10 0B 2 B T RS BR K, I 1) T U 103 B T R

tigt |7
BHIZ

7
(a) K FimEMFEHE; (b) i m — Fm#&m LA FRHNARE (Adrian 2007)

& 8

KRR KR ITAE (Zhou et al. 1999)
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9
K iAo s B E (Adrian 2007)

R AR AR W AR B S A T 5 U D) Y. ) R SR T AR R g Ah R L R
T Sk BT P B SR AL 0 AR 4, AR BE T ) BEAT B R IE, AR E VI ). Gana-
pathisubramani 4§ (2003) A AL PIV WF5L T Re, = 1060 (Reg = 2500) ¥ it il
TR A 0 R L A, R T ARG ) — g e S LR e i R R R
WALRFAE IR 7 5, I S e T R R0 B e DI ) 1 DTk, A AT R IAE ot = 92
150 &b, K ARIKE —(u'v") B oTik o alak 2] 28% F 25%, 1 A R i T B T AR 2 R
THAR TR 4.0% 1 4.5%. FH R i GBS m] DUAR e b R 4 A v BT WL 42 3 1) 22 R
B F. A EE DRI AR B A Sk A T ) U R I R R R, T X 4
W5 kR A KA K (Adrian 2007). T AR 08 S AE L 220 A > AR RS =
X, AR R R E LN (200~400)5,, — M AEAE 5~10 AR, A7 AEK
15 (1000~4000)5, MRS AR LR A i B 3, 3 850 10 ]ROBE IE BT 25 T
B IR E By, IX RGO R T S5 4 1) AR UM, 5 Townsend ) B 45 4 A5 214 AH
FF, JE 0TS RS 43 A 100 KA.

XFT R AR AR, T 4y R BRI - R LRI B AN E HLEL BT A A kR
WAL O — R BRI — TR HLA (Zhou et al. 1999). Smith T Walker (1994) W\ 4 £ i
A BB R Sk 38 7 AR 1) Ry B3 By 5 LS At 995 RO B2 43 A, T Kelvin—Helmbholtz
AR BT Y) 2 B A B R B, Zhou 2% (1999) R B L4851 LI FHAE R4k
JRARA) AT RAAR B R R, BT AR BRI AR T O = O AR T AR
€ ML, Skote 55 (2002) WFJT T 4%ty AR Pk, A K =18 5 44 IF) varicose ANFa & Tk
A7, M ) I 7= A2 5 4% 7 1H) sinuous 2K 3845 X, Chernoray %5 (2006) SEXHFIT T 14
FE S AR et AT e M, &I sinuous FH varicose B =Ml IR AT e 4 7] S EUR
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R, BT AR A (Wang et al. 2014) WFT 7 AT BE R 1) 999 25 B & i 1)
BUH, JAE 1 36y R AU B AL 3 4% iy Mook 2 9 B I R ™ A, R B RE A% 3 118 S 1) 8 2% A T 9 F 7
AR A R Ap 772 A 5 8w sk, 2 — B 58 E il 58 28 K K . Sharma A1 McKeon
(2013) BT N=S J5 f%, QL 1 B i Uit 6 Il 25 U RE B8, A U P S iR s,
OCTEIN T 5 e A0 0 FC At i A T 45 44 1) 8l 1 2384k, TR T R i 5 R RN
K R E 8)) 22 1] 3 &

4.3 KREMBAREIES

4.3.1 K/BRREZHEHFHFE

Kim Fl Adrian (1999) A 5T T [R5 i it 9 ) Jik 20 380 BE (1) Tfe i &y o, R IWAE XS 3K
DX kg Byu A7AE 2 ANUEAE, L P IE OB (bimodal) 4544, KR A PRy K RUEE
i), WACEC KRR b R R Ia 3. Bl fa AATTAE R 5 2 0 RS 3 i it b e R B T 28 A
(1P 5. Balakumar I Adrian (2007) X AHCEHE BEAT 70 B, 25 ) 1 a0 52« R A o) 7
H R RUBE RS K RUBE 32 By e xR AL ) IS (Ansm 1 Avisa) B 25 T BE T BE & (y)
24k, WE 10 Fros. X T RKREZIES), Avsw By KIS K, 75 y/0 ~ 0.5 AL 5
KA, 2974 (2 ~ 3)8, BEJEBE y RBE— BRI s, X T8 K RZIE5), Avism t
B y 38 N34, 76 y/0 ~ 0.5 &b, [ FFETE H Avism 20 3R 2] 20R AT (13 ~ 15)h,
MAETL S JE T, BEWEAE /6 ~ 0.2 AL At XU 25 5 K0 B A0 RS S5 ), Avesm — A
(6 ~ 8)5. HRFEAEE X FrF P, Balakumar A1 Adrian (2007) K 38 52 A X 43 KR A
R REZ I 5y 1) 44 SO R,

Hutchins 1 Marusic (2007a) HJ ] J& [n] AL FE S BF T T 34 502 T I K R EE 5, K

20 O
6l O O VLSM
o) * +
- A #
<12 B&v
g X

_09 v
< sl ﬁ'

LSM

?gél<v¢<#
()Jﬁv 1 L 1 |||vl

0.25 0 50 0 75 1.00
y/éo

& 10
B AR A BT Xt RL B K K B T B T JE % B9 % AL (Balakumar & Adrian 2007)
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BT 0B AFAE R 45 &5 R I UE S, W B 11 JiTow, 4 (R ) ROBE KA 100 BA
b AT X R A A ER 0 K RIS BN AR R R S5 . HH T A 10 i ) 25, 7R R
J5 fie 1% HR BT X N ) UG A R B T B /N — 2 (66). Monty 25 (2009) 7 [ 8 i vt o b 4T T 2K
RLFTI &, R T K I8 30R B4 45 1. Monty 55 (2009) X145t )2 . F81E F1 5] 4
AR EEL (Re, ~ 3000) N IREREBEAT T 47 40 100565 bb 43 8, A58 T K ORBE AIEE K
REEZFNAEIX 3 P sl b it e (7). BARAE 8 1 13X 3 Mt sl Hh (1 R REE 32 3 A K R
FEiz 3l 2 RA Y, (B AERESE A B T, Avpgn BEBE 7 PRS0 KR SR8, L A=
H Avisw 7EXTEIX BLE PR AR i, L WIAE IR VLSM A A7 78 T 50 K ROBEFI
RE TH] 5328 Ak
THATFE IR 2, T8 a7 U4 25010 45 SRR 22 0 Bk T F e Ut 10k 5 114 I 1) o 1) 2

(1, K 56 3% 0 d 50 I 55 P 3 A 8 R 45 B, del Alamo T Jiménez (2009)
XPUEHEAT T 23 7, WA K R n] gt 2R DR &5 e s RS 1V, A A L 45
(1) kyEyy RS2 HILEAE, 115 B AL 45 I kgt A5 B2 G RAHAT (Townsend
1976). {HIX IF A2 5N K LG50 (O A7AE, NATTDO B8 e o i 8088 i UL AT L 42 (i A
h, AR R R AR, HHEUEY] T8 KR ES M A7 (L (Lee & Sung 2011).

4.32 K/BRAREZHMEHNFEEX

LI NATIN K /8 KRB I 8l i) MR 2, BAR e & T 2% i 3 e,
WA AR B T VI g R DTERAR /S, 7R IE AN S A N & — i “IESG ER (inactive) 18
&) (Townsend 1976). Guala &5 (2006) BT 5% 1[5 & i it K /8 K R BE 32 31568 i 3 e A
VI ) (R DTk, S250 00 F s G 2 4000 < Re, < 8000, KIL A, > 3R )iz )
T 65% LA L1 3 Be A 50%~60% 1) H V)N JT; T A, > 10R 132 250k its 1) i (1) o1
BRi5 3] 35% LL L. Balakumar fIl Adrian (2007) #F— 5 0F 57 7 A8 AL A2 bk /8
KRB 32 0] 87 15 N 7 I DTk, S50 I E 1R B IE 4 Re, = 531, 960, 1584, i 542K
Re, = 1476 f1 2395, KILGT THEIE, \, > 3H WHIESHST (u/') BITTRRISE] 45% L1, XF
(u'v'y I TTRRIE 2] 40% LL L AR A2, o A B T 65% Rl 50%. WK/
KR BEAZ BN ALE iy v B0 Uit i iz ik o A .

1~ T T T H ¥ H 4 THW rake
© 0l i R A T s e S il e |
R s it b ST —
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2
z/0

11
HRBERH K AW SN, y/6 = 0.15, Re, = 14380 (Hutchins & Marusic 2007)
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KR BE 5 K 5 T 0 DX o D) Y. g R 31 R B S5 DTk LA, & TR 5% 54 e
RN BT BE X R RURE 5 K 0 30 B DX 5% W) 6, 5 28 02808 AT )28 (Hutchins &
Marusic 2007b). s JIKNE A 48 41 DX K REEAR T 5 A6 IR N B30T BE X, A 459 10 BE [X P47 T
R THT (¥ IOk 203 8 3 0, 2 v L) R ROBE (R ik, B 12 o 77 AN () o 50 9 1 ik 3
ZJ) Re W BE TVE 10 (R 3 A1, B T W 500 T s, JEREIX (v = 15 Ab) EAEIE K, (u'u/) 7E
XS DB G THE BT &, A OB A 2y ROBER &5 LB, Bk 2 1E A X I
SEAMX, KR UBEAZ B ¥ DT Rk BE A5 T v 80 38 It 14K, i/ ROBE (R DTk LT AN B T
HAZ 4k (Marusic et al. 2010a). Jiménez 55 (2008) A4 fE 1% 70 A7 A I, 15 BE [l V47 199
1) Jik 31y FEE R 1) K ) 3886 A A 8 NS0 E, T ¥ ) ik 50 3k B AR o s D) I 1) AN A A 78
RUORE. A X R R 3 Bl 0] 30 B DX i 372 114 1 1 R0 /2 B Hutchins 45 (2007) AL i1 &
13 Jirop, 05 R A B XA I0) Jok ) 3 P8 iR kg RORUBE 8 4 /N RUBE 8 23, W) 8l DA
/N RS 1) Kk 20 28 (1 A1 52 38 DR RS 4t 45 g 1 4 o 7 DK RUBE U 1) Bk 3 3 B A 1F
I R v R RUBE 2%ty o, /N FRUBE 3L I Jk 30 38 P88 )RR 682 A T 2 DR R ) ik )
Sy St R SHE R ROBE 4%t o, /N RUBE UL 1) Kk 2036 B (R MR B8 /IS, Mathis 55 (2009) 44
IX Tl e R R 1) 24OV EAT T € HE AL, Marusic 5§ (2010b) F Mathis 55 (2011) BE— 2 4%
TR G X R RBE AR 5 >R PN 20 B X3t T ok 2 TR R AR RS Y, B il Agostini A1
Leschziner (2014) S X Z BB AT TIEIE.

4.3.3 K/BRREZHRIEIR

AT AT DR RUBE 26 4 A4 R Al 455 1K) 3 0 22 LRI A B AR IX R RIE B = 48— 1)
WL — 2L R0 A R /8 R RS 45 W) 1 AR 1 b R R W 45 M K. Adrian (2007) A A 1K
) i X AEAE TR R A, SRR I ) RUEEZ 2 (200~400)8,,, BEAN K <06 £
B 510 AN KRR, T AE (1000 ~ 4000)6, KB R 46017, K Rimit— 2K

[V
o

8 8 — R
KREEN>E
S 6 RS 6
< <
s 4 s 4
2 2
0 0

& 12

(a) [ F % B0t 16 Rk 20 3 g6 95 BE W 3% W B A (b) Re, = 3900, 7300, 19000 B A
RO A/ RZ 32 26 343 6] Bk 24 24 # 89 TR (Marusic et al. 2010a)
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tU/s

I, o

o

-10 k

b 10F
O | ) I I
. —10l u(N> 7300
3
c 10 F
0 W mwwwwwmmww
~10} (A <7300)

O

d 10F
MWW*WW«WWMW
~10t u(Ay moo)

1000 2000 3000 4000 5000 6000 7000

/R

13
W FE gt =15 AR Bk o 3% E i8] F 5, Re, = 7300 (Hutchins & Marusic 2007Db)

%E

WG R, T = AR B K R I 45 5. Lee A1 Sung (2011) XJ 570 < Reg < 2560 i it
SR BAT T BHAVE R, DF5 T R RFEE S M 5 R R o6&, KIUAER HX Kk
R R HES, T R 1 RS X, AR SR B TR R AL ELE, A
B K R 4% B 5 R R i L DA G, Baltzer 25 (2013) X Re, = 685 5 &
S AT T EARBUE B, T R/ R A A A ZUR X, A D A 4 Al H B
JEIE N R, $20i ) )RR 3L 0 3 28 A, < 0.2R, R < A\, < 2R, A, > 3R,
R< A, 2R M RREZF S K RinA K, IXEE3) RIS (roll cell) 2023 R
T B K R Z 3.

Ty M AN R R R SR 1 T 15 2 b KT 38 B DDA G, TR T T e X
AHT 2544, Flores 5 (2006) 1 ik jti hi B [ H 208 B, N A B IR 30 B AR+ 25 44, RISk
l:jiﬁ}# LRI AR AFAE. Pujals 55 (2009) K F 28 VE B 36 K HE, A R IK R 4

25 R e 0 S 1) R R ROBE VAL 1) i 5 P 38 'JJQ”‘HFLf/FﬁHF”EEE’J X 5 Hutchins 1
Marusic (2007b) il %{EFQ%VT{??UEﬁj(Rﬁ{&JE%THHI%E/J/}ﬁl% ERIZEALL. Flores 45
(2010) F1 Hwang 45 (2011) 18 i S0 R8T KN E— 20 ik T A TR RS |,
AT S5 R ¥ RE 08 B 4E 7.

25 b P, R RURE R K R JRE 45 A6 A v T o B8ORS AR L, AT LB
) T2 B FCH it YR8 VPR B S W A T — 5 IRIA AR, (R0 G 7 A R 4 e R LB LA S
HMX K RIBAFAE R I o0, 75 Bk — DR Bt & Lok, w8 i 2508 i S F 5T
A T B it RAIE I IR A SR R (S AR i K 2% Smits WFFT AL BN EE T McKeon 5%
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21 A Z M A7 K22 Adrian WFFCAL S Pt K2~ Metzger WFFTASEF) BRI (B i 52
K 124 Bt Schlatter W97 41 7 [E ONERA Deck #fF5841) M (55 /R A K 2% Marusic Hf
GO SEHBBEN RTINS 8 3 FF R A 5, A8 B3 I i 1 1 o i 9 B D9 4 130
DR i U 2 TS AT AH O K 2 B0 i . (B 48 H I, J I 27 35 1 TF IR T R AH G 1Y
WFGT, 22 PR 2 A 58 ATE 9 20 R A B 8 i DX 3 A/ 0000 S 56, 3RAS T H 7R T B
e R AL S HU (Rer ~ 3 % 100), R BLAE 5 iy 7 T 250 L 8 A0 AE v 28 2 vh A7 AE
K Rz, I HAR il WO R 28 KR Eiesh i T i 2 Bl ERT
PR HLEIE R VE ) (Wang et al. 2014, XEIBEHFHE 2014).

5 EEimiivm FRIZHI R R R

H 3 VR S AR E P, 9 B ORI 7 2 2 A B, i VR4 o B n B A Bk, A
Aty 1 925 31 1) R SARARL, it YT Dk BHL 428 81 0 1T 23 oA 8 8 #5361 (passive control) Al =E 2l 45 il
(active control) Pj K&, B SCAT E — 2 4 4 1l 5E % ll (predetermined control) 1
B (reactive control). ¥€4 A1k, AATTBETE A28 T AR 22 0 ek BEL 28 1 5 2, e
AR BETLATIAR (VR BE I 45« AR AR BRI i (SN 0 T R A BUR W
FL)5E) WA ) (FBRE DT S5 RSE) L SNz Bl (BETH A IS B . BE T RO AE) A
XL R )1 It S AR 2 R A R SRAS T R B BCR, A8 Lot B A 2 7 A
PP, S0k i At g BEL 47 ) () £ ) BEALEE I AER T

5.1 F T iT B2 R T 45 #4 rY R FE 1= I

IR DX 2% Al R 1) s R4 B B 435 R (BB 6) A B i it ™ 25 A0 2 75 1) O B, B0
Forb AR AT — PR BEAT $2 561, #R0] DL B eG U  FE A EE BRI H 1R

5.1.1 E T 7 6w A= §

Choi 5 (1994) T X H& H T 28 T U 1m0 1 = sl 4a il 7 22, BIPTI8 (9 5 ) S 52 42 ol
T 7 RE T b g R R A B A A B PRV ) TR, SR M AR 1) i 5 RS ) L
AR 23l A5 76 75 V)N g 10 7= 2, SIS0 i 9« k) B T B # BHL ) 19 H A,
14 25 T kGRS E, oy S ERA PRSP 1 AL E. Choi 55 (1994) F)
H Re, = 180 1)/ T it U7t 15 42 HOME A FOA 6T 5 1va) 422 1) 1) 9 BEL 00 SR BEAT T 90 iE, R IR AE
v = 15 B R K, L0 25%, F H &k BLF S B33 P i i 15 20 T B oK i3
L. At AT %o Y BEL K AR AT T AN R, R IV BEL T A 11 Ty 2 4 Sy RO 4% i BT N T 2
(1) 30 A%, 2 BT AH 45 84 1 9 BHL 4% T B AT ER 3 7). Choi 4% (1994) F1 Hammond 55
(1998) i — 5 F HI B BB B 52T e m) 8 il R8I0 A7 8 N9 B 22 1) OC 2R, R I >4 4K



VR - BE S UUAH T 45 0 e B2 sl LR 129

AY

TENAL A
"_I_".__T"_

Y.
| i y z
g2 /]

BEm

& 14
J ] 45 4| # 7~ & (Chung et al. 2011)

15
R 4% AT R BB (Deng & Xu 2012)

DR EALAE g < 20 IS 45 ) BE W Wk BEL, [ IR i A A P sl o 908 B 90 0k 2D o 4 A ik 39
R BRI ALy > 20 I, S ) 28 il < A5 45 BEL 7 39K, it im0 1 225 S5 (It 1) R <
A EAE yt = 15 B, S RKIRH R L 25% 2o 47, 1L, Chung % (2011) K IR/
PR AR REAE v > 20 IS Th I PR, I FLIIF 9% 1 48 S {2 6F 9k BEL 2R 1) S i, A Ky 1
D SRS A AN FL R R A, 590 A B 1T WO A 84 ol T B TRV [n) (1) 3 B i, A1
PRS- T R L ST B T 2 B) TR 8 T VR I <R HDLRE T R UL B T 11 4 37 R BEL BT 3 e
o [ia) BE T 0 3 B Az, 110 59 U 1) 3 75 5 ) v e A [ B T ) S 138 B0 17 S 1) Jeg 0 v B
HERH ).

ik BEL I8 12 VAR 1) 3 9 99 I AN A2 B ) 4 TR AT I B, Kim (2011) Fi5 i <TG g FH
7 72 AT B gk /N (R, B AT DR BEL I 80 1) —— A L [ 3R A A9 2 A0 B 3 1) 3 () 96597 Deng A1
Xu (2012) F T 4517 W A8 Y4 7™ A2 38 1) 3o (R AL BE R — A 0F T T e ) 428 1) X6 3 B DX Tl
WL LE]. LT IREL IR (2, n, s) T, WE 15 FioR, i E w, KTCEE
WS A

Owy Owy 3u s

o Vs ~ o (8)

Forb wl, U IR I P 7y B, R BT o' A w’ FEiRE ) 0] K 8UY; 2 W FEA
W, FESRA TP ARG I Q00 /ox AR T R WE v, 1774
T, Ty SR B VT e 0 R DI B, 3R DX (R [ S P G AT 4% 52 B R S, AT 5
ul, BIRDN, B w, PR, 1T o ARyt =20 A SCERTS, B g <20
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(10 W R 7 T 0o A B X o S — b SOAH I, 3 A0 o 9SS, Ty > 20 BRI — Fh R A
3, S o BER, T 23 AEAS w, 77 AR T gak /N FH B DK, i 2% 5 B0 1) 90 1R Uk 55 N 1S
i

BT I, Deng A1 Xu (2012) HE— 54t 7 I0 5 149 SsAH 32 1 09855 14 7] 4 4% i, Deng
S5 (2014) I FH R fi U P FE B R, BT X AR RS ) 4 S R S BELAT Sk, R IR
Re, = 180 IS I ik 1) Js AH 42 il T LK die K BHL 2 AN 25% #8248 34%, JF H R ILA% il i
Jei T VN 10 3 A EATARALE, R Z AR AL T T 9 L R R T 2 =X, 2 0 9 BH
R /N5 R HOLRE T P s 5 R R LR T A ke 4 B S LI Y ) A O

5.1.2 ETFEZHHIES

NATAE R T — 28 B 19 4% iy A7 sk BHL ¥ 45 1) 77 %€. Gad-el-Hak il Blackwelder
(1989) i Hi W i M EE 1 _EAE AR H 4% 47 T il Y SR A AE i 4 RV E N LA, mT LU S
215 5 RS AR JRE i) RN 1] (0493 RANSUE P, 38 BRI A sl i U ) H 1. Schoppa, Al
Hussain (1998) # i 1 —Fi K REZ R 615 5, 955 T 451 [ Sinuous ANEUE PE, ABAT]
A B B A AT T 07 20, WX on) 4 Be g M I 428 1 AT 3RS 20%~50% R Ik
FHAL AL, Roy 55 (2006) ) FH A A5 A 5T 1 26 58000 6T RS 5 AH 45 44 1 5 i, R IR 55 34
PESE DL T, IR W 20 2R 45 A8 2% iy AN A e M 0 o, DTG SR 1 o 2 P2 K, m s T
U EE B 4E R DR MR A vERS 0L T R TR AW R I A G B T A SRR, Lim A
Kim (2004) F& T ) 303 28 B0 4% 7 1R Ze PEE A G R R0, IS5 A2 eI 1 FE 9T T I In)
2 1 PR D BEL LB, R IRAE 5 W 2 Re = 180 (AT i U 1, W SRR [ A7 T y+ < 20
T DX 3, A2y fE S P e K A 1 I AR AR T e PR 0, A 15 A ) 4% 9 59 (EL R 2 4K
WAL Tyt > 20 DCIRIN, Az B 451 45 K 23 9 0. 35 R T 3 O L 2 BB (E RS 9UL 1)
G5 R — FUH, I 10 b 0 45 iy 1K) 928 o) i A Al A B .

Jung 55 (1992) B UM ARG TE i A0 10 T 4 BOME AL HOL R W A0 BE i 3t o, B T A 1)
i 3933 2y AT DA A A0 B AR BE 1 BEHERH ), £ Re, = 180 WYy FH A ik 40%, H
Tz H T X RS AT B BCR WY W, B JE AATTHE— 2D T T K B HfE R S T
FT (Quadrio 2011). X T~ BE [ & i) J&] 132 21 () el AL 1 A0 e UL 2 4, AT = 48— 1A
. Choi 5% (2002) I H 152 7 i U 1) T3 B AR AUL, AAUAE 1 ey 1 2% 7 5 2% 1K) A1 6T R T
J& TS G 16 JroR, EBERIANIZ BN, I IR i A TR H A R v A (), Al
BN AR AR Pl AN i AR R A, 7 AR WU s 2 B SR A E AE A 1) S S R Bl
1 BE 17 P T T B Stokes J25, ¥ 45 2% 5 FINA ) 903 1) OC 38 & AR AL, v i A4 28 AR I
PR, 959 T B FaiE Zons F U UIR J) R TT R, BT IX AR, Choi 4§ (2002)
St Stokes JZ2 [ %37 J5 B2 AN N 2 2 52 W g B SCR B SGBE D 3R, JFE— 2D 4yt 1 42461
AR NANIE 2 8
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Bl % Jig Ut F A R SR iH AR B B 4 fo iR 1w, (a) B OLEE; (b) B B B B4k 5 B

5.1.3 ETF X FiRAIEH

F T 5 s S Iz 2 B I, JF HLNATIRE AR 30 ) T AN it 1 i iR N, DR A X6F
KRR TR D, Kang 45 (2008) X A i 1 B AR HIEAT T SERMT 5T, 1 4
KR PR J2 32 5 T2 R, R PR T S8 3 2R R b, 22 AR T SR A (R A U A
A AR 8 Sk 5 1R K B9 IE 3, A3 45 A R s 1 Sk B L S50 W O, R B AT LA R
T SRS AL 16 96 PR PR AR BRAIR 60% Sy P8 R R BRAIR 35%. A8 XU fia it 772 A AT 14T 1
SRAL R S5, 45 R AW I R i S 748, T LA AR AL P83 1) 3 1) 2 2, R A 9l L 2
R Kim 5% (2008) F I EAEBHURT T T w20 13m0 A R i 8 AR K 52w, &L
BN 1 742 5 A% 30 i S SR PR 400 46y i o 2 11 ) 1t 200 o P 100 8 i 1 89, =40 P 18% I,
TSN i SRR e 8155 ) S A AR T 2R B 61% IR, TR e LR
I P74 T B 10 303, AN BETE S A 0. i 23 1777 25 (0 BRI AR 158 R (147 2
R R, AT FRAR 1 U0 A g AN R i EE P

5.2 it i ek PEL A% i) B £ 1AL 31

i LA R AR AR LM AR B, (ER AR B i U R, e PR L ek SELA 1 AR 5%
HE [ e R R AR WE 6 Pior, £ A 4ERFIE RN 3 A>Tk R, A i
TR 1A ™ AR I — RREE R TE LG RN, 5 (0v/02)(AU/dy) 47 K; 4l 2%
R R B i A AR IR L R 5 2 s IR e MERSUE MR 0% o T 4% IO AE, P33 Uy, 2)
A JE& 11 R i) (14 0 AT S A7 AE D3 0l AT 3 80567 T LUK E S ME R 25 R AR, Schoppa A
Hussain (2002) & W] 4% 4 A LU A AR B AN RUE MR (B 467 R A5 19 1), XA 1B 2
FER ML B et N-S Ty R i AR B AR R 2SR U 1R 30 1) FF A I v o e R O B 1
rE P ARZ LG

Kim Al Lim (2000) A F £ B S 960 AT 5T 1 2 ok R A5 BE i 70 7 A2 A 4l 15 b e (19
HEAE AL K N-S J5 R RIE R L o MK )R w, R, FLU ) MR 9] B Fourier £



Yo

132 5 ¥ ik Ji& 245 4 201504

d [ 0 [LOS 0 [ 0
ac | . |~ -
&y Le Le || @ N,

H) Lo 1 Lgq 73 8 Orr—Sommerfeld 5+ F1 Squire 5+, L, = —ik,(dU/dy) k2 X
T (B2 ) RIE KON (90/02)(dU/dy)), Ny FU Ny, Jg AR PRI 550018 T8 S S 2EAT
T B AU, At AT A8 S Tl 2, A UL T JRE 4 L 0 PRl T R, AR 1) R VY 2K
BN W= A, 2R U B dE R — AN . Lee &5 (1997) B IIZR T — A4
S 25 AR N-S J7 R 1) 1O Y. S ASE 280 R kAT 9 BEL428 3, 308 Jd x4 4 i 48 I 45 A R 4
SIA I AT, T AN R T BRI A T S, BB [T WO R T B T B T R ) BE 4
IS 13 FR) e ) 3 40, ) T 3 T 0 P A 48 0 29 A5 R0 45 3] T R 20 11 A 448 0 28 A5 78 I ABLTR) 9k
FHAL L. Lee 55 (1998) A H B #UG M 2k1b N-S J7 FEMMAERE J7 FE, 5 H T it 9t o BEL 1 %
ezl J7 5, 193] T TN e M A 228 100 2% 425 115 SR ABL PRy B 1T i WB g Ji ) i 2, 3R AT 1728
BRI RHL AR AR X R ) Uy S8 SR 52 AN TR IR 7 3 ), RIS T AR
FALL ) S it i 28 2K, B AR A2, AEZe 1 fil 48 W9 45w DL 46 1 b 48 9 % 3k AT AR
L AR, DL R R TR B 7 R R AR ) e 26 T AR B b N-S 7 B 3, R W 4;
PEASE IR AT LR A B 3 ABA it 7 9 L £14) 49 B 2.

ek R WL, S 5 I B AT 1 VR 2 ik R, (HIX R AR 4% ) BEAR A0
AR 70 FH 21 428 i v, IX AR AR R BE b2 BRI AT A% i A Ay i U A AR e 1k 1), etk 4%
IR A ReANIE H T 0. (R R T AN ) L, T S s m R LR R
G5 1) B 5 A2 T LA B A5 I i N Qe 9k 59 3K A R IR AL B T 0T B g 3 e P AL A )
IR, NATT 22300 2 1 42 6 2202 FH 1 3 it ok BEL 428 1) (Kim 2003, Kim & Bewley 2011).
Kim (2003) &S5RI FH 24k N-S J7 F2 (A B KB % T Ze MO0 A 428 i i A7 2tk 3k s
IME B RE R, Mg T &t IR TLIA T8 (linear quadratic regulator, LQR) 4 il 4%,
T FLR T e A 4 A 1 B S A I B, B LQR H38 ) bb s 1) 42 il AT CA B i A7 45 4
P2 e B I L IR PP R A k20 Y T AR G M BE S R b, 38 43 ) B
ANEEE DY I3 K3 i 8l Be AT Ze P AS Xl (2 (9) IR Le) #3E T LA LQR £ 4
A, A R i I P el BEL 9 I P ERAS T R, R ORI RE i i e AL I A
M. BT AESEER N B, ATIEASGESRAT Ui () A 8045 1, 11 A se AR 4 A7 R ) i il =
HEAT TILAL, DA I Lee 55 (2001) FFH —4EZ ALK N-S J7 MG IE T FIUAL 4%, B 2tk — 2l
T (linear quadratic gaussian, LQG) #41il N. F T Fl @8 fing 3, 2815 T 20% (99 FHL 2502

B IRARH T VR A 25 5 2 T UL 93 BEL 5 B4 1L [ S B N H BT o0 5 1), L PR a7 VF
% i) A AR Y. IR EORUE, HH T VR v A R ) S, R R S AT ) BRI R T
PR TR 2 2 PR 45 1) B AR ok Dy IS 33 0 9 L4 11 1) S B, D3 40, B i o BEL 423 1631 ke
(1481 - 251 2 S R B W 2 8 (Re, ~ 102), T A2 B8 2 (2 & 8 i H0R /& (Re, ~

N,

+ (9)




VR - B it AR T 4 A4 I BH 27 1 AL B 133

107), B 75 Vi 8000 T vy A 3R A R e R 10 9 B 47 A 1 3 P AR g B 47
RO it B2 TR A7 AP L A S a0 200 B R ) ) AL

5.3 = & 1A AR i R PR AT I

H AT AT o o i 0t ek BEL 97 61 (0 B SO AR 2>, R EL 4 R IR TG 1R Ao
W, W8 T 5 503, T3 B A T 5 R (R I 28 R 8 R4S 1R s VR PH 2 B B
G, 5] T 6 RSB S, 24T B Rer = 180 BAINE Re, = 720 I, JE T3 17 39 1) %
Ir) 475 6l B fi SR A 0 S5 R B 26 M 25% FEAKF 18% (Iwamoto et al. 2002, Chang et al.
2002); 47 B Re, = 180 #4 N F] Re, = 1000 i, J& T 4575 45 A4 1) B T J2 1) 418 3% 3
Hill, e KR PBH 2N 40% FFAK 2] 28% (Touber & Leschziner 2012, Agostini et al. 2014). {H
345 92, Choi 25 (2002) I %t 100 < Re, < 400 [ BE T & 17 5 3% 8 18 i I8 1O 0T 5
25 R TR A ) R BEL 28 DR/ 1) DR B 2 000 36 I B A 1 B0 T s B BE 26 DL Re= 02 R X
I8/, #0lE Touber A Leschziner (2012) A1 Agostini 2 (2014) XJ 5 &1 75 W5 (Re, = 500
FT1000) (19 5E [T Ji& ) i 20 R 38 i R EAT T EFERBUE B, B0UE T X — 45, R
VAT B e i 5 AR XK R 4% %o 30T B X i U 1D 5 A A K.

5503 B 2 AT AR B, URCRH 2R 1K K /N B R DD ) R e K. B 17
S5 H T REIE I 180 < Re, < 2000 B &5 W5 VI N ) 1 43 A1, B A 55 5 B i, 2 BE X
(y < 60) X E U DI 3 IR 43 (0 DT HR AR /N, 20 75 o B o 00T 100 B 4% ) 55 s
L] 507 3T R AT T 5 A PR S T A T SR L 7 X Be R Tk — R RN S il
.

Iwamoto 55 (2005) ) F B S 46 B 58 17 N Ay 10 300 B3 DX i U 1k 29 BRF 7 9 BHL 2R,
J D93 BHL 6 B T U BT 3 00 L AN AR, 3R B L BET BE X (1 A T 45 R 4 145 2 08 1A TT
ALE v 7 U H500E B0 349 10 35 Rk B SR 3k — 4 L 1l e R W v o U 40 T Dk B R N B
TR A AT B X3t UL 428 A0S 2 BT K. XS UK (2014) X Re, = 1000 (1) % 7] 423 1l

0.15
Re,=180
Re,=550
< Re,=950
Re,=2000
= 0.10
7
el
\Tg 0.05
0 y
10° 10! 10? 10°

y+

17
18 38 3y I TR A A E W)L AT A




e,

134 7 % ik Ji 45 4. 201504

P i AT T E AR B AL, PR > BT T 2 G Y DCORINAR D U ST R S, R
BUAN X T VDT g R/ 23 48 T~ 2oy gl BHL A i oA DT v A L F 40 T A PR B R v T
1 T 58, 3K P e R U RO O R 5 R X A B AL 1) i LA U A A A A KR
e A% AT PR AL T R 5 R A ) AN AR X ORI ST AT e U RN 0 AT DX AT
A% i UL il L 428 o 2 B N DRV P DXk, (LA 3 B DXy U 40 400 B e R 2 B A XK RUBE &5
FEJ PR SE M, DR A BEVTF2 1R g S I, b 250 2% 18 21 N A0 DX AR A LA R AL AL

AT AT Py AR X IR AR A AR B Bt 7 o 5 A A IR e =2 48— A IR, Xt
T U B0 L ok LA TR LB A I SR AR Bz, T SN AR SURR A I ST

6 SESRE

ARSCHE oo 4 T B U 23 o A TR R it 3T o B T PR 45 BT R ORI, R U5 A B4
RA G T B AR T G M T 5008 Ji - 2 e X 2 S A 1) 90 AP 4 i 445 ) g RS B X U
) Y Fp el e, AEARRORT B X AR 0 S, A8 6 B3 DRI R T8 X A 4 5 4, AR S0
BT EAIE ) Rk K B Iy 2 WU B A48T dis U sk BEL 42 S AL L AF 9 3 g
0,35 5 T A B R T A P BEL A T L D BEL 4 T B e M L o LA R v R A ek L 4 o

FI AT AATD0E T 1 25000 BE X i A PR R A T EE A 2 IR, R T i AR
P9 9 BEL 47 1] S s the A IR A U K 00 S IS 1 el B+ TDRE SE B i sl Fod A
Pt vt 3 9 U = Al I A VR, T AT v R RS S0 N AT S R K2 B s NS g o
R LI SR ARG TP IR, T3 KR G5 4 IR U5 e AL A AR B AT T LR A7 A
B3 8, IR ANASORE A PR AR 5 R A T RS, B v U R AL 9k B 9 o SR
WEFCRIRTARE. 534k, S Br A HE SN 1) AN v] 38t o A7 76 25 T 20 FE I T30, DR 3 8 i
25K, it AL Yk B 6 Z5URIBILA 2 B BEAR AT 45 5, i 1 e ML A Ze M D0 A0 22 1 e
SURAEARTE v B9 00 T SRAT T 08y, A e i V80T oA R 2 /5 Sk — P ik 5 )

T

7/

e

o EXARRIEILE T ENINE (11490551, 11472154, 11132005).

2 % x o

XK. 2014, FTHH T 45 K 10 BE Gy PR BEL 42 BN B0 9. (19 198 30 B st 35 RS R 2 o
574 (Deng B Q. 2014. Research on mechanism of drag-reduction control based on coherent structures in
wall-turbulence. [PhD Thesis]. Beijing: School of Aerospace Engineering, Tsinghua University).

e, 2014, KL IREE T K i i v BORE I VA 9. 26 8 S A AR ) 2 i), 2014 4F 9 H 19-21 H,
=YL (Zheng XJ. 2014. Study on high-Reynolds-number wall turbulence in wind-blown sand environment.
8th National Conference on Fluid Mechanics, September 19-21, Lanzhou).

KL #h, YRR 2009, MR dER mEHE HARAL (Zhu K Q, Xu C X. 2009. Viscous Fluid
Mechanics. Beijing: Higher Education Press).



VR - B it AR T 4 A4 I BH 27 1 AL B 135

Adrian R J. 2007. Hairpin vortex organization in wall turbulence. Physics of Fluids, 19: 041301.

Adrian R J, Liu Z C. 2002. Observation of vortex packets in direct numerical simulation of fully turbulent
channel flow. Journal of Visualization, 5: 9-19.

Adrian R J, Meinhart C D, Tomkins C D. 2000. Vortex organization in the outer region of the turbulent
boundary layer. Journal of Fluid Mechanics, 422: 1-54.

Agostini L, Leschziner M A. 2014. On the influence of outer large-scale structures on near-wall turbulence

in channel flow. Physics of Fluids, 26: 075107.

Agostini L, Touber E, Leschziner M A. 2014. Spanwise oscillatory wall motion in channel flow: drag-
reduction mechanisms inferred from DNS-predicted phase-wise property variations at Re-=1000. Journal

of Fluid Mechanics, 743: 606-635.

Balakumar B J, Adrian R J. 2007. Large- and very-large-scale motions in channel and boundary-layer flow.
Phil. Trans. R. Soc. A, 365: 665-681.

Baltzer J R, Adrian R J, Wu X H. 2013. Structural organization of large and very large scales in turbulent
pipe flow simulation. Journal of Fluid Mechanics, 720: 236-279.

Bernard P S, Thomas J M, Handler R A. 1993. Vortex dynamics and the production of Reynolds stress. Journal
of Fluid Mechanics, 253: 385-419.

Brooke J W, Hanratty T J. 1993. Origin of turbulence-producing eddies in a channel flow. Physics of Fluids
A, 5: 1011-1022.

Butler K M, Farrell B F. 1992. Three-dimensional optimal perturbations in viscous shear flow. Physics of
Fluids A, 4: 1637-1650.

Butler K M, Farrell B F. 1993. Optimal perturbations and streak spacing in wall-bounded turbulent shear
flow. Physics of Fluids A, 5: 774-777.

Chakraborty P, Balachandar S, Adrian R J. 2005. On the relationships between local vortex identification
schemes. Journal of Fluid Mechanics, 535: 189-214.

Chang Y, Collis S S, Ramakrishnan S. 2002. Viscous effects in control of near-wall turbulence. Physics of
Fluids, 14: 4069-4080.

Chernoray V G, Kozlov V V| Lofdahl L, Chun H H. 2006. Visualization of sinusoidal and varicose instabilities

of streaks in a boundary layer. Journal of Visualization, 9: 437-444.

Choi H, Moin P, Kim J. 1994. Active turbulence control for drag reduction in wall-bounded flows. Journal
of Fluid Mechanics, 262: 75-110.

Choi J I, Xu C X, Sung H J. 2002. Drag reduction by spanwise wall oscillation in wall-bounded turbulent
flows. AIAA Journal, 40: 842-850.

Christensen KT, Adrian R J. 2001. Statistical evidence of hairpin vortex packets in wall turbulence. Journal
of Fluid Mechanics, 431: 433-443.

Chung Y M, Talha T. 2011. Effectiveness of active flow control for turbulent skin friction drag reduction.
Physics of Fluids, 23: 025102.
Cossu C, Pujals G, Depardon S. 2009. Optimal transient growth and very large-scale structures in turbulent

boundary layers. Journal of Fluid Mechanics, 619: 79-94.

Deck S, Renard N, Laraufile R, Weiss P E. 2014. Large-scale contributions to mean wall shear stress in
high-Reynolds-number flat-plate boundary layer up to Regy = 13650. Journal of Fluid Mechanics, 743:
202-248.

del Alamo J C, Jiménez J. 2006. Linear energy amplification in turbulent channels.Journal of Fluid Me-



136 71 2% it Ji# 45 4% 201504

chanics, 559: 205-213.

del Alamo J C, Jiménez J. 2009. Estimation of turbulent convection velocities and corrections to Taylor’s

approximation. Journal of Fluid Mechanics, 640: 5-26.

Deng B Q, Xu C X. 2012. Influence of active control on STG based generation of streamwise vortices in
near-wall turbulence. Journal of Fluids Mechanics, 710: 234-259.

Deng B Q, Xu C X, Huang W X, Cui G X. 2014. Strengthened opposition control for skin-friction reduction
in wall-bounded turbulent flows. Journal of Turbulence, 15: 122-143.

Duguet Y, Pringle C C, Kerswell R R. 2008. Relative periodic orbits in transitional pipe flow. Physics of
Fluids, 20: 114102.

Flores O, Jimenez J. 2006. Effect of wall-boundary disturbances on turbulent channel flows. Journal of
Fluid Mechanics, 566: 357-376.

Flores O, Jiménez J. 2010. Hierarchy of minimal flow units in the logarithmic layer. Physics of Fluids, 22:
071704.

Fukagata K, Iwamoto K, Kasagi N. 2002. Contribution of Reynolds stress distribution to the skin friction
in wall-bounded flows. Physics of Fluids, 14: L73-L76.

Gad-el-Hak M. 2000. Flow control. Passive, Active, and Reactive Flow Management. Cambridge: Cam-
bridge University Press.

Gad-el-Hak M, Blackwelder R F. 1989. Selective suction for controlling bursting events in a boundary layer.
AIAA Journal, 27: 308-314.

Ganapathisubramani B, Longmire E K, Marusic I. 2003. Characteristics of vortex packets in turbulent

boundary layers. Journal of Fluid Mechanics, 478: 35-46.

Gao Q, Ortiz-Duenas C, Longmire E K. 2011. Analysis of vortex populations in turbulent wall-bounded
flows. Journal of Fluid Mechanics, 678: 87-123.

Guala M, Hommema S E, Adrian R J. 2006. Large-scale and very-large-scale motions in turbulent pipe flow.
Journal of Fluid Mechanics, 554: 521-542.

Hamilton J M, Kim J, Waleffet F. 1995. Regeneration mechanisms of near-wall turbulence structures.

Journal of Fluid Mechanics, 287: 317-348.

Hammond E P, Bewley T R, Moin P. 1998. Observed mechanisms for turbulence attenuation and enhance-

ment in opposition-controlled wall-bounded flows. Physics of Fluids, 10: 2421-2423.

Head M R, Bandyopadhyay P. 1981. New aspects of turbulent boundary layer structure. Journal of Fluid
Mechanics, 107: 297-338.

Hussain F. 1986. Coherent structures and turbulence. Journal of Fluid Mechanics, 173: 303-356.

Hutchins N, Marusic I. 2007a. Evidence of very long meandering features in the logarithmic region of

turbulent boundary layers. Journal of Fluid Mechanics, 579: 1-28.

Hutchins N, Marusic I. 2007b. Large-scale influences in near-wall turbulence. Phil. Trans. R. Soc. A, 365:
647-664.

Hwang Y, Cossu C. 2011. Self-sustained processes in the logarithmic layer of turbulent channel flows. Physics
of Fluids, 23: 061702.

Iwamoto K, Fukagata K, Kasagi N, et al. 2005. Friction drag reduction achievable by near-wall turbulence
manipulation at high Reynolds numbers. Physics of Fluids, 17: 011702.

Iwamoto K, Suzuki Y, Kasagi N. 2002. Reynolds number effect on wall turbulence: toward effective feedback
control. International Journal of Heat and Fluid Flow, 23: 678-689.



VR - B it AR T 4 A4 I BH 27 1 AL B 137

Jeong J, Hussain F. 1995. On the identification of a vortex. Journal of Fluid Mechanics, 285: 69-94.

Jeong J, Hussain F', Schoppa W, Kim J. 1997. Coherent structures near the wall in a turbulent channel flow.

Journal of Fluid Mechanics, 332: 185-214.

Jiménez J, Hoyas S. 2008. Turbulent fluctuation-sabove the buffer layer of wall-bounded flows. Journal of
Fluid Mechanics, 611: 215-236.

Jiménez J, Kawahara G. 2013. Dynamics of wall-bounded turbulence. In: Davidson P A, Kaneda Y,
Sreenivasan K R, eds. Ten Chapters in Turbulence. Cambridge University Press. 221-268.

Jiménez J, Kawahara G, Simens M P, Nagata M, Shiba M. 2005. Characterization of near-wall turbulence
in terms of equilibrium and “bursting” solutions. Physics of Fluids, 17: 015105.

Jiménez J, Moin P. 1991. The minimal flow unit in near-wall turbulence.Journal of Fluid Mechanics, 225:

221-240.

Jiménez J, Moser R D. 2007. What are we learning from simulating wall turbulence? Philosophical Trans-

actions of the Royal Society A, 365: 715-732.

Jiménez J, Pinelli A. 1999. The autonomous cycle of near-wall turbulence. Journal of Fluid Mechanics,

389: 335-359.

Kang Y D, Choi K S, Chun H H. 2008. Direct intervention of hairpin structure for turbulent boundary-layer
control. Physics of Fluids, 20: 101517.

Kim J. 2003. Control of turbulent boundary layers. Physics of Fluids, 15: 1093-1105.

Kim J. 2011. Physics and control of wall turbulence for drag reduction. Philosophical Transactions of the

Royal Society A, 369: 1396-1411.

Kim J, Bewley T R. 2011. A linear system approach to flow control. Annual Review of Fluid Mechanics,
39: 383-417.

Kim J, Lim J. 2000. A linear process in wall-bounded turbulent shear flows. Physics of Fluids, 12: 1885-
1888.

Kim J, Moin P, Moser R. 1987. Turbulence statistics in fully developed channel flow at low Reynolds number.
Journal of Fluid Mechanics, 177: 133-166.

Kim K C, Adrian R J. 1999. Very large-scale motion in the outer layer. Physics of Fluids, 11: 417-422.

Kim K, Adrian R J, Balachandar S, Sureshkumar R. 2008. Dynamics of hairpin vortices and polymer-induced
turbulent drag reduction. Physical Review Letters, 100: 134504.

Kline S J, Reynolds W C, Schraub S A, et al. 1967. The structure of turbulent boundary layers. Journal
of Fluid Mechanics, 30: 741-773.

Kravchenko A G, Choi H, Moin P. 1993. On the relation of near-wall streamwise vortices to wall skin friction

in turbulent boundary layers. Physics of Fluids A, 5: 3307-3309.

Lee C, Kim J, Babcock D, Goodman R. 1997. Application of neural networks to turbulence control for drag
reduction. Physics of Fluids, 9: 1740-1747.

Lee C, Kim J, Choi H. 1998. Suboptimal control of turbulent channel flow for drag reduction. Journal of
Fluid Mechanics, 358: 245-258.

Lee J H, Sung H J. 2011. Very-large-scale motions in a turbulent boundary layer. Journal of Fluid Mechan-
ics, 673: 80-120.

Liepmann H. 1979. The rise and fall of ideas in turbulence. American Scientists, 67: 221-228.

Lim J, Kim J. 2004. A singular value analysis of boundary layer control. Physics of Fluids, 16: 1980-1988.



e,

138 71 2 ik Ji 45 4. 201504

Marusic I, Adrian R J. 2013. The eddies and scales of wall turbulence. In: Davidson P A, Kaneda Y,
Sreenivasan K R, eds. Ten Chapters in Turbulence. Cambridge U. Press. 176-220.

Marusic I, Mathis R, Hutchins N. 2010a. High Reynolds number effects in wall turbulence. International
Journal of Heat and Fluid Flow, 31: 418-428.

Marusic I, Mathis R, Hutchins N. 2010b. Predictive model for wall-bounded turbulent flow. Science, 329:
193-196.

Marusic I, McKeon BJ, Monkewitz PA, Nagib HM, Smits AJ. 2010c. Wall-bounded turbulent flows at high
Reynolds numbers: Recent advances and key issues. Physics of Fluids, 22: 065103.

Mathis R, Hutchins N, Marusic I. 2009. Large-scale amplitude modulation of the small-scale structures in

turbulent boundary layers. Journal of Fluid Mechanics, 628: 311-337.

McKeon B J, Li J, Jiang W, Morrison JF, Smits AJ. 2004. Further observations on the mean velocity
distribution in fully developed pipe flow. Journal of Fluid Mechanics, 501: 135-147.

Meinhart C D, Adrian R J. 1995. On the existence of uniform momentum zones in a turbulent boundary

layer. Physics of Fluids, T: 694-696.

Monty J P, Hutchins N, Ng H C H, Marusic I, Chong M S. 2009. A comparison of turbulent pipe, channel
and boundary layer flows. Journal of Fluid Mechanics, 632: 431-442.

Nagata, M. 1990. Three-dimensional finite-amplitude solutions in plane Couette flow: Bifurcation from
infinity. Journal of Fluid Mechanics, 217: 519-527.

Nagib H M, Chauhan K A, Monkewitz P A. 2007. Approach to an asymptotic state for zero pressure gradient
turbulent boundary layers. Philosophical Transactions of the Royal Society A, 865: 755-770.

Pope S B. 2000. Turbulent Flows. Cambridge: Cambridge University Press.

Pujals G, Garcia-Villalba M, Cossu C, et al. 2009. A note on optimal transient growth in turbulent channel
flows. Physics of Fluids, 21: 015109.

Quadrio M. 2011. Drag reduction in turbulent boundary layers by in-plane wall motion. Phil. Trans. R.
Soc. A, 369: 1428-1442.

Robinson S K. 1991. Coherent motions in the turbulent boundary layer. Annual Review of Fluid Mechanics,
23: 601-639.

Roy A, Morozov A, van Saarloos W, Larson R G. 2006. Mechanism of polymer drag reduction using a
low-dimensional model. Physical Review Letters, 97: 234501.

Schlatter P, Orlu R, Li Q, Brethouwer G, Johansson AV, Alfredsson PH, Henningson DS. 2011. Progress in
simulations of turbulent boundary layers. In: Proc. of 7th International Symposium on Turbulence and

Shear Flow Phenomena, Ottawa.

Schoppa W, Hussain F. 1998. A large-scale control strategy for drag reduction in turbulent boundary layers.
Physics of Fluids, 10: 1049-1051.

Schoppa W, Hussain F. 2002. Coherent structure generation in near-wall turbulence. Journal of Fluid

Mechanics, 453: 57-108.

Sharma A S, McKeon B J. 2013. On coherent structure in wall turbulence. Journal of Fluid Mechanics,
728: 196-238.

Skote M, Haritonidis J H, Henningson DS. 2002. Varicose instabilities in turbulent boundary layers. Physics
of Fluids, 14: 7.

Smith C R, Walker J D A. 1994. Turbulent Wall-layer Vortices. In: Green S. ed. Fluid Vortices. Springer.

Theodorsen T. 1952. Mechanism of Turbulence. In: Proceedings of the second Midwestern Conference on



VR - B it AR T 4 A4 I BH 27 1 AL B 139

Fluid Mechanics, Ohio State University, 1-18.
Toh S, Itano T. 2003. A periodic-like solution in channel flow. Journal of Fluid Mechanics, 481: 67-76.

Touber E, Leschziner M. 2012. Near-wall steak modification by spanwise oscillatory wall motion and drag-
reduction mechanism. Journal of Fluid Mechanics, 693: 150-200.

Townsend A A. 1976. The Structure of Turbulent Shear Flow. 2nd ed. Cambridge: Cambridge University
Press.

Waleffe F. 1998. Three-dimensional coherent states in plane shear flows. Physical Review Letters, 81:

4140-4143.

Waleffe F. 2003. Homotopy of exact coherent structures in plane shear flows. Physics of Fluids, 15: 1517-
1534.

Wang G H, Bo T L, Zhang J H, Zhu W, Zheng X J. 2014. Transition region where the large and very large
scale motions coexist in atmospheric surface layer: Wind tunnel investigation. Journal of Turbulence, 15:

172-185.

Wang Y S, Huang W X, Xu C X. 2015. On hairpin vortex generation from near-wall streamwise vortices.
Acta Mechanica Sinica, DOI: 10.1007/s10409-015-0415-8.

Wu X H, Moin P. 2009. Forest of hairpins in a low-Reynolds-number zero-pressure-gradient flat-plate
boundary layer. Physics of Fluids, 21: 091106.

Zhou J, Adrian R J, Balachandar S, Kendall T M. 1999. Mechanisms for generating coherent packets of
hairpin vortices in channel flow. Journal of Fluid Mechanics, 387: 353-396.

(TfEgnZ: BAE )



g
&

140 73 Ji# 45 4% 201504

Coherent structures and drag-reduction mechanism in
wall turbulence

XU Chunxiaof
Department of Engineering Mechanics, Tsinghua University, Beijing 100084, China

Abstract The discovery of coherent structures in turbulent shear flows is one of the most
important advances in turbulence research of the last century. These large-scale structures
play important role in the physics of wall turbulence, and suggest a new direction for turbu-
lence control. High skin friction in wall-bounded turbulent flows is closely associated with
the coherent structures in the near-wall region. The control strategy based on the near-wall
physics successfully achieves drag reduction, yet becomes less effective as the Reynolds num-
ber increases. It was discovered recently that large-scale coherent motions exist in the outer
layer of the high-Reynolds number wall turbulence. These motions have important influence
on turbulence in the near-wall region and the skin friction, and bring new challenges to the
control of turbulent flow at high Reynolds number. In the present paper, we briefly review
the research history on coherent structures in wall turbulence, and mainly focus on dis-
cussing the near-wall coherent structures and their control mechanism, the recent research
developments on the large-scale motions in the outer region of high-Reynolds number wall
turbulence, and the key issues concerning the drag-reduction control of the high-Reynolds

number turbulent flows.
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