ERLE - = ] 3 h 2 F K Vol.38,No.1
2020 4¢ 02 A ACTA AERODYNAMICA SINICA Feb. 2020

XEHS: 0258-1825(2020)01-0128-09
R R RS R i

FRE

bmiker T2t NS TEMYR, MASERARERELLEE, L 100871

/4

A OE A PR B A 2R M R R A 32 B SR A 3 T & AR I B AR R . T AR AT R 2
SR IR I 5 A TR R, 6T AR R I L SO I SR AR 2 A0 R B Tt U S o L AR AT 5 A 2 T 1D B 1 A
JRUJRE i R AU R 2% 1) R R i T TR . B BRI I G He A BRI R R RO SR R, B
BT O 1 T P AR AT SR b TS L RO AE e A L O ko LE R B A bR AR, R H ] 3 T
W, 25 I TE R e T Y A R R R B ST 4 R I T 7E T 1 T R AR S AR . 1R 3
MEIR T N HE A8 I S 5 R T B 1 B 7 2 AR A L DL R SRy S R SRR A R T MR SRR RS AR AT P
T2 B AR BL b T 4 1 04 SRy M A R M 2 B, DA SR Ko R T IV I R R AT 0 e TR A T TR R

SRR < PN SR A 5 R M T L 5 TR R 5 T R

hESES V2113 EEARIRAD ; A doi: 10.7638/kqdlxxb-2019.0159

Subcritical transition in channel flows and localized turbulence
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Abstract; Triggered by strong disturbances, linearly stable channel flows may turn to be
turbulent at moderate Reynolds numbers, and encouraging progresses have been made on the
study of these subcritical transitions in the past two decades. For plane-Poiseuille flow, the initial
stage of the transition is a sparse turbulent state, where large-scale oblique turbulent bands are
composed of small-scale vortices and high and low speed streaks, separated by large laminar
regions, and are able to extend obliquely. At this stage, the turbulence fraction has an upper
bound, but is not a single-valued function of the Reynolds number. With the increase of the
Reynolds number, the equilibrium localized turbulence state is reached, i.e. when the channel
domain is large enough the flow is statistically steady and its turbulent fraction is a single-valued
function of the Reynolds number and can be described by the Directed Percolation model. When
the Reynolds number is increased further, band split occurs more frequently and the turbulent
bands spread to the whole flow domain eventually, and the flow turns to be uniform turbulence at
higher Reynolds numbers. The dynamic models proposed for the subcritical transitions are
summarized, and the local stability parameters to quantitatively characterize the similarity among
the transitions of pipe flow, plane-Couette flow. and plane-Poiseuille flow are surveyed. Finally,
the development of the study on the subcritical transitions in channel flows is prospected.

Keywords: subcritical transition;localized turbulence;plane-Poiseuille flow; turbulent band
AP AR T R LB GE . TR R A ) Bl L AR

0 35 & TR AT 25 AR R [ A TR o T
TR S A MR VA N T A M PR VL A R MR T SR R VLIRS L T 7

W B :2019-11-25; fEITH#:2019-12-11

EETE:HEARRFRS (91752203, 11490553, 11602148)

TEERB A FEZ  (1970-) . B IR N E 8 I8 14 - i s 2 PE. E-mail : jjtao@ pku.edu.cn

SI AT A e, AU Y I SR S R b R L. 2543l Jy 2 A, 2020, 38(1): 128-136. doi: 10.7638/kqdlxxb-2019.0159  TAOJ J.
Suberitical transition in channel flows and localized turbulence[ J]. Acta Aerodynamica Sinica, 2020, 38(1); 128-136.



5013

P S 2 . R I ) I i 5 R 55 i O 129

TR AR RR R SR AL A B SRR AR A R AR,
W TS T R T D KRR IR A iR w m Ak i [ 2
DL i U e R ) R KA TR R AN E] A3 Y . R RIS AT
TE W) 2 R A A U S T R B AR S U 1Y R AR
AL O 28 LR SC S R AN R AR
SE PEWE ST L T8 T % Je 95 /NI Bl 1 e 10 38 ek 2 M
Pl 42 6 O #2 oK i A 32 € /# IE #L 28 (normal
mode) , BT 5 Il P42 ) 2 85, 6P 5T U It o o 2
T S8 S R E A X TN IRE R Bl . — S B
T Ty ) - DL 299 208 Xof Vi Bt A 42 ) 2 Hi 36 e 22 0 — &
A1) (R I 5 2 R L 0 2 1R i 5 2 O T LIRS A
et RN (E DG i SV = b/ AN 1% o LRI L TR 1 BN WA
22 WK Zfy 4 8 R O, LR R AT A AT R TR AT
F1% 2 Y 38 3 R A v A5 R U BN Xof /)N MR (LA B (R AR
B SRR E M AR Bl i (E 2 6% R AT A Sy I
R A i A et LA IR S ] 6 T AN RJE 2X
G BE 1 40 2l o FC R A G S TR o Y 72 Ak Y R AT AR
KA 1700~100 000 V7 BTG I 4 3 i S5 Bt
XTI A Bl 4 SRR 205 T AR 000 1 A A K TR ¥

e A E . AT R 3 — X & Tollmien-
Schlichting (TS) I 1 A £ P4 35 Ak % 31 52 37t A9 5% 41
O B0 F X B A A R b i O DAD R R A
PG I T LT 18] B DX 1z 7 R R 24 1l 3 3 78 e Y
FEARAE ST A O T RE N U D i = MR AR
PR IR IR S EE R L X W B Y OFAT B85 1)
Uit s QA AT BRI 46 N Ry 5 LA 88 DR (L 3 1) 394
PN A2 o8 2 W, Bl S 1 52 56 0F 5% R R
Hb i 9 Cpuf 0 (1 2 1 R R N A3 2 A T 1Y
I A R AR A 2 L. Eckhardt % A1 Mullin
G5 F 2007 AEDRT 2011 AEDAE AR ) A AR S
(Annu. Rev. Fluid Mech.) 5 X} 45 Ji MV IIff 5 5% BR (7% F
GEHE R HEAT T £ 3R, 7 B T B0 Y R AR 4k e R AE T
Science! " ™ fll Nature ™ ™/, 517z &, A 0K
R AT P AR R 22 3K 3l 09 7 BT OR i R
(plane-Poiseuille flow, PPF) A9 WV IIfs 5L 4% #1372 , [A)
Bof A R B 17 5K 3l 19 F B B 3R F Ui (plane-Couette
flow , PCF) F & 2 8K 8y 1) [B 45 it 3l ( Hagen-Poiseuille
flow , 4 i) B AH 5% 3 Jig

1 #ERIElEFERIAKR

AE 18 AGE 1k 0 BT ol B 4 ik AT DAL Hh AR iR AR
Wb B o R TR X R RV T D) = . ek
e 5 SC iR I 5 1) {2 A T 52 B 1 A 4 B TR
HY T E AR E L 23 A BT A5 A R oK O A — 2
TSI WIIR B 2 A AT AR 48 5 R A 4 R R A

115 BB T 2B A3 K HLHE AN 3h 0K 2 4 BR IS
1 J5 0 AR Ze P B B, LA 9T 17 R8I ) B K I A A
AR =4k P sl Ik A 4 K B R RE IR R A A0
e R TS e A R AL R LY e
LA XSRS T RAER RS K Y s
e sh R0 bR MR TE O . R FH RS 43 BT 1 O ) e
AN RUBE JE & 7 b s ARk g i — A i B
iB 2R Cedge-tracking) ™ SEHUE 7 6 AATT AT SR 459 45
(] b 7 S 30 1 ) I e i A ) b R R Y 3
A (localized edge state), /& 45 iX £ Navier-Stokes
T3 R 04 A A T I B A B S s e, LR Bh A5 L B
F12ERGETE 2E R R AT IR AR R v B0 i 2 A 4
B AR 1 — A EE A A R O R AR ) K
JRUBEE B4 i Y ol (i) AR A 198 STV ek S 4R R 424 OC
FF AR M (PPE) . 3 R FEEE X R
Re=3U,h/2v), Hort h =M U, o BT F- 43
W, v H B e F M R B 1928 4, Davies #ll
White S50 I 5 1 AN [6] £ 480 T 9 vy LU 1) R T 3 1
TR ) RS WA R, LRER R
7 o PEBH 2R BAE /N T v B[] 2 00 i AR AT, 7E Re 5
TR FAE B T 4G T2 % . TR Y B8 & LR
B /IS BE S ECH S I B v B A T L
PR 38 T 15 L 2 58 = be R 8 RS AN B, 4k +F
TE Re=667.5 [l it . X — Il B AE AT — B oK 2 &
P, PRy B J 52 3 B ) e R i FHE 22 iR 2. 1969
4F, Patel 1 Head " 1948 3 S2 56 &% 124 Re << 1035
B 0 B 4 35 76 )2 AR AS 5 Y 1035<TRe <1350 B, it
Ty N A7 AE (B BCPE 19 3 74 A 5 >4 Re > 1350 J5 it 8l 248
ARSI 3t K A% . Nishioka F1 Asai M 52 56 #F
FEAl & BLAE Re <1000 IS it 45 0 L A 445 .
Carlson % Al 3 3 gh @ /- & B, 5 o $0FE
1000 Zc A s B 8T /INFL A JDk i S5 3 AT 80 & Y i B6E 45 4
(UL Ta) S FEAE T U B9 A e oot A v i JXE 25 & A 01 2L
WE 1D FrR, % Re KTF 1200 B, Jod N T3
R AT B 5t 40 30 B AL P B 38 . FE Re <<840 I,
ULl ik A T i BRE TGV TR A K R I A R . T X
oS S5 L I R AT [ 4E R 0 U B OR B g e T
1000, B J5 1 A9 52 50 338 A1 BUE AR HUL T4 2 22 4R
FFAE T Re>>1000 i BEWF 5 10, Alavyoon 4§
NTE S 56 v s SR BE 1T /N AL S O R & i B At
IR BAE Re = 1100 B3I AT DLW %2 21 5K & Ji& 58 4 1
it BE 5 24 Re<C1100 B, AF 8 MR (B A9 08 3h #8257
A= B FLE Re 1200 B, A" 8 W58 21 56 3% 1 it 3
BRIV % ) A X6 R 18 PR AN 20 S i B, Bl TR
RIS, AMTTE Re=1070 B EUE 1 & P76 8L



¥

130 |

71

g,
&=

ik %538 %

L
2

DU HE 5] () 438 )22 9 IX 8] B 19 i 3 7 (turbulent stripe 5%
turbulent band) £ 4%, B 5 14 5 56 A IE 52 T it
SR AEAESY (WL 2) . F288 R TE Re<<1275 I
T2 W 2L 76 Re = 1200 WA & B — WA i BT 5 76
Re =9750 il % A Fa 2 12 W . LARe =156 711 J2

(b) x/h =260, Re=1000

Bl 1 PPF 7 Re=1000 Bt B9 BT (a) LR BB A0 4> 2 (b))
Fig.1 Turbulent spot (a) and its split (b) at Re=1000 for PPF-*

Ca) BB AT IO IT A5 14 90 1) Pt 2 o 3 S (VA
& MM, Re=1440

(b) Wi 7R, Re =1500
2 PPFMBEEMMEIRERS EEHH
FR IR 15 i s g #
Fig.2 The turbulent bands obtained at relatively high Reynolds

numbers in a simulation and an experiment for PPF (5]

T B N By s X W6 . o3 SR e R D A
JEEARAR SRR R i AR AR S R AT B
BEADL R B, W0 s B 3l % K 1 i E 4 25 7 8 LAk

Tao 2 NE 404 T Davies A1 White ) 52 56 4
P I I = A K LA P, TR T2
TS 1T XA TIT XA Ap R B AN ) 11 DX Bl A 3
R A0 TANIOR: N TR QOR8N i =iy Al et
b, ST A IZ X TA] AN A2 R 9 F S e 1Y) N TE 9 3 ) 2
FEPE . T1LIID X 43 AR 1M i 2 )2 7025 00 I A 184k
IR Re, =1127 8% Re =845, K KI5 W1 w1 4
O EE AR 7R 7E 75 i BUIR 2 900 B AEAE R K 1Y
it BAE o R] I 2% [ (0 A B Ay T I i BRE ) I SRS
X — A Y B2 4 R ATTAE Re <<1000 M1 &L T,
PPF 4 Al REfA7E & Al B 4ERF 1Y i i A5 .

0.85
4 h/w=0.0093 ™
s h/w=0.0071 »
0.83F ¢ A/w=0.0046 K
h/iw=0.003 K
~ [~ Laminar basic flow 4 -
%~ 081} ~~ I/Iregionborder 4 - 4
Q P K
% X e
- A ;'
0.79} S
Lo s A AI Al A‘V"j’;. .H,o >
Rl 'Y Vel i
0.77 L '
2.3 2.5 2.7 2.9 3.1
lg(Rey)

B 3 X} Davies #1 White S 1% # #8142 B 43 4 (58

Fig.3 Analysis of the experimental datal**-**]

Tuckerman X} PPF &} A9 B /N H S a4 T T
BUE A & BUAE T W EUK T 850 B A7 78 it i 4y .
o TE Y SR FH B /N SRl B RT R Sy i A TR A
I8 PEASLL SRy Ml it A 45 4 BN Ry 152 1) T A A
LI 1] 114 J) 30 300 L 4 AP o e 4p a8 R i 5 18 A1 1) ff o
AR Ry s A A% A o SR ML T O 4
PRSI L 2013 4F Tao 25 SR AL 1] R 1] RO B4R R
BT IR EUE AL T PPF 9 30 I 5t 5 B e /& AT
T i A B B RO R = 72000 545 B T RS 1Y T TR
A CULIEL 4 BIPE T 580 358 P s 3t 47 S0 1L Ry J22 0, I A
At By di A5 H8 . P T DI ST 4 i A T I At SRy b
it Y 235 K4 DTG R K855 1 [ E AT A AR B 52 e, O AE AR
S i i B A B S i AR R A T AT RE

HRAE BAE AU G5 R ARG T 3 28 B S 4R B B
W R A R b i TR &S Cequilibrium localized
turbulence)" . MR 4> I 5 19 AE BRI
767 e M it 90 25 B S A Re =859, % B {8 W) 2 7l 43
Mt Davies Fll White S5 25 H BT 45 B 84505 JEAR —
B, BUERLIE R INTE Re =950 I it Wi & A 4> 44
FAPIE R 30 DT A A AR 2 i 3k 0 7 i Fl 22 0 X T o



%13 Wi At 2« AL A I i A B R 5 R b i O 131

—_0 O <
(=R

(a)

(b

OO
noinoinoinoin

(d

4 PEETEHNPPFRRTETEEN(a)RPFE
(b-d) L, (a)mMEHAIRESZET, AR EE
SR (b)BkBIEREERE, (o) FIHHELIRRGEERN 0.75 FM
BRTFEHERE)NHFEHEE 3R BT HEEF(d)
FRTEEHHESREBEEZE, Re=950"

Fig.4 Characteristics of the PPF turbulent band in the lower
half domain (a) and the middle plane (b)-(d) at moderate Re.
(a) Iso-surface of the amplitude of disturbance
vorticity in the lower half domain.

(b) Iso-contours of the disturbing transverse velocity.

(¢) Iso-contours of the disturbing kinetic energy averaged
in a moving reference frame of speed 0.75U.,
where U, is the midplane velocity of the base flow.

The in-plane mean flow is shown by arrows.

(d) Iso-contours of the kinetic-energy dissipation
rate multiplied by Re. Re =950
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and for the same initial condition.

The iso-contours of the transverse velocity in the midplane for
Re =600 and 700 are shown in (b) and (c), respetively
where the initial perturbation pattern is added as an inset.

The mean velocity of disturbance in the plane at
y=0.514 is depicted by vectors on a coarse

mesh to show the large-scale flow.**]
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