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B 1: Flow configuration.
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HWBEOETDESEHSKRIEARE 7 FNZFENZIEFEHBEREOESFZEZ 2 (K 188),
DB FE L Navier-Stokes HFER & @EEORX T,

%—;‘—i—(u-V)u = —Vp+vViu (1)

V-u = 0 (2)

DESILEDLEND, TTT, u=(u,v,w) T, (v,v,w) & (z,y,2) FEDGEE, pldESH%EE
BTH-R, v 3@ REBTHS. ChoREENETENBEEZLE LIC LT, MEEICY
TUY VY U, IEREIEICIE 3ERDIV T« Ty ZiERBAVB Y. CheMBmcEd
ELLTFDE S s.

u* —uk-! k-1 k—1 ‘ k—2
Az = —204,Vp" " — [(u - V)u] — Ck[(u - V)u]

4o v Vi (u* + uk 1) 3)

V.-u*

2k _

Vieh = 2o At (4)
u¥ = u* — 20, AtVeF (5)
P = PPl ¢F — AV (6)

TCTT, k=1,23V>7 « V9 RZDRTYy TETEk =3 I 3ROBEZOMEICHYT B, /=,
u* BIHEEPHEITGE, ¢ ZBESNTH S, IWT - Iy REDRT v TEICEET &L, ap =
(% 5 8 %w=[& & 3], &«=[0, - - 2] THb, FELENCELT - REET
H39,

BH#Am (z) 7 —) EBERM, EREICEELZANA (v, 2) IZF ¥y 78HE
FAZEM T 5. IERERIIBARY FIVAICEEL, = AR 77— TEBIcDWT 2/3 Ailic
EOTTFATAREZMOKBRL. FNFhOT7—) EBUCBET 5 NIVLKRIVY FRERE S
X AELEIC K > THL D).

TDWARY PVEIC K> TR O N FEMES AP SELAHET BRI, BEOESEEAV
EESIaL—yary ) REBRRAESD LORBVW—BHEH SN, LUTFTIE Rep = uph/v <
3500 (up W EFHGWE, XU FO¥ME, vIZEMEMERED KBIB I al—ra ERER
Y. MB—EDORMHTT, EHMAMSTFIE Azt (& 15 T, BEHCEBE A AR TFIE Ayt, Azt
DERAEIZ 6 XO/NELABKXIICEAE (TTT, Az, Ay, Azt X PHEBEE u, & v
THRIBIELIERFRBTHS) .

3 BRLA/INVAERUR/NEHSBEBETE

X 2(a) IR DIF, BEEEE u, IKEI LA/ IVAE Re, (= ur-h/v) D Rep i T 3%
ItTH3. BFROBE (Rer = VaRey, a = 3.3935 V) BEE T, ELFICHT %R0 8 2R
MTRLTWVS. SEIODNSHLH/BONIER o IRRAI LB —HLTW3. £/, K
HEWTEIEST B DI Re, MZIE 1100 A LD L X TH D, MENELFHOERL 1/ IV Rem (=
umd/v) = 1125 9 (u, EPEFE, dIEHELER) LIZFRBETHS. M 20) 3, SEOD
DNS BN ERNER TH R D BRTHEH0%, L (= Lou, /v, L (B 1 EHE
STHE) & Rey OFHEICRLIEEDTHS. BRLAIVABAHEZRL &, B H#FEh
B B/NABIRTE L LA VXIS T I EIE—EDME (~ 190) B D, Ly & v/u, TX
=T TEZTENDMNS.
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2: (a) Variation of the wall friction as a function of the bulk Reynolds number: o, present
results (turbulent); ————, empirical correlation®); ——, laminar flow. (b) Map of turbulent (o)
and laminar (e) flow states in the plane defined by the length of the streamwise period of the

computational box (measured in wall units) and the bulk Reynolds number. The dashed lines
indicate the border of the region where turbulence can be sustained.
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X 3: Temporally averaged velocity field for the streamwise-independent Fourier mode at Re, =
1100 (L;/h = 4m). The cross-streamwise component is shown by vectors and the streamwise

component is represented by iso-contours. (a), (b) averaged over shorter interval 288h/u in
marginal turbulent state; (c) over longer interval O(10%h/uy).

4 BLA/IVABICEITE RiFEN
4.1 BRL A/ IVXEBAEDFESGTR

DT NBRRFLE S DL /)L XBCIEE 3(a), (b) 1R 4DWB/ S X —  ASHET 3.
NS B TR D, R3S 5 B ENERETETHD, (o) & 0)
BT LT 00 EEERHRRE 5> T 3. —7, BRMETHORERRE 3 LS, f
ANEFIDS TREN, DED 8DWNRE—VERD. LikhoT, COBERLA/IVIBICE
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4: (@) Temporal evolution of the indicator function I: ——, Rep = 2200; ————, Rep = 1100.

In both cases L;/h = 4. (b)The r.m.s. values of the indicator I as a function of the Reynolds
number.

LEETSD. T T,
Si(t) = / / (we)2 dy dz (8)
Qi

THY (v FEEMAEBER, (), 3EWHETE), 0 &

D {(y,2)|ly<zny< -2z},
Qz: {(y,2)ly<zny>-=z}, 9)
Q3: {(y,2)|ly>2Ny>-2z}
Q: {(y,2)ly>2znNy< -z}

TERINZIFHTHS. HIMLTORNS A TEHEEEH 8 DBD - KRiGEI/\E—> Th
BHLE, TOFERTOWMER 1 KO +INEREELS (-1 < T < +1). I OBHZH %
Rep = 1100,2200 DFEH (EBS5DHAEYE Ly/h = 41) IZDWT, K 4(a) ISR, Rey = 1100
DHFETIE, I DIHENKZ S B BBEMHBANEEL, 4 DIBRESHBELTWS C EAbh
B. LA/IWVZBNIKEL 8B, TRBMHET/INERIBIEL > TREI L, 4 O1BIREICKS
D, I OHIMENK Z < 72 SBERIH T8RRI X Wiz, Fﬁlwmméﬂpwf3®b4/wx
BUCH T 222K 4(b) ISR, THUE, LA/ ILEBAKEL EBICONT, 4 OMWBIREES
HERULAELSGED VS T ERRMELTVS.

Rey = 1100 DIFHITHNT, I DEMIE/A L E > TOBEEREH TORE g » 854 3
&, K3(a)/(0) DX S B. IMEDKEXEETL TV EOBRMTEE BT L, #)
ﬁ%xbU—ﬁtwokﬁﬁﬁﬁﬁﬁﬁyM=iLtmﬁEb,%5~ﬁ@%@k(dh=in
KR INSORENE LA EFELTWARY. F/z, 200D 4 Di8/32— 2 HEERIMICY] b &b
B2TLNERENG (K 5(a). TOYIOBEDOBESNEL S =%, EREOTEETHEEIE T
MEDRIE L B DOREE BEREHOETHEEE (K 3(c) 4D, THIZMRD8DE/ S Z—
DZRFNTHS. X 5(b) I 4 DIRDOIEIE T L B%ER D OHBKARYT. DIZEHOBESOHK
B Diam THRIBIELTHS. BARL A/ IVXBOHNCHEND 4 DIROKEEL, BEELHIC S
HOMFHBEZE LT3N, ZTORFEIEIREDRTE HICOBRRBIELTWT, HESHIEL
HOERZRLTHED, BOLA/IVAROBNERBAIHBEE LTS ERbAND
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X 5: (a) The temporal evolution of the indicator function showing the switching phenomena
of two 4-vortex patterns at Rep = 1100, L,/h = 4x. (b) Indicator I vs Dissipation rate D
normalized by laminar value D). The initial field has (I, D/Djap,)=(0.72, 1.35). The circles
are marked at interval of 183.1h/u;.

4.2 FEHPROL A/ IV XB&KENE

Rep = 1100, 1500, 2200, 3500 T D EKEFERES 2K 6 (a,b) IR (Ly/h = 47, FHEHL
TeREEIE O(10%h /up)). ZRFNOEEIC K 0, FHEE#S MFESAICEAERNERICEA S
NEWEENRUTE S, ZXRNBIEL A/ IVAEHDIKRELEBZICONTH 6(a) DX I ICE
£d 5. £z, BW6(b)ICRT &SI, ZRFNBHOHEDFEEE#A FEEL w, DK ()
RIBANEEDLSERICSH S, B 7(a) i, ZRFEN@BHPODO KX EREONMEE, K 7(b) IC w,
DR IEFHEOBKHOMBEZ R LA IV IS DWTR UK. LA/ IV 1500
HEKO/NEVREE, ThEXORETRBETRL A/ IVABITNTREIKREL BE-T
WBT LHbhB. /e, K 8(a,b) i K EHRDABOAND DR, X 8(a,bd) I FHEHS
BHSEOBRRDINEDAMN S OEME b KT v/u, THREELTRT. ZXFENB RO
DEEBRDOMBIEX Y MR TR —IVEN, —H, BEOBAMRDAMBER v/u, TR —IV
SNBTLENHARFENDD, COTLEEFH->EDLRTEZDIIIETSICHLA /IVABDOHER
LRETHSS.

4.3 FIgRMmMEAMISH

Ric, ENETNDOLA /IIVABUCENT, FEEES ANIGH 7 TRIRILE NI-BEEE AT
WD %2 10(a, b) IZ/RT ((a) XA D DOEME v/u, THEILLTRLKE). LA /LXK
A 1100, 1500 DIFEIIBEHE AP RIGI THB/N SR L B, AT D OME THRASE L 35, 2200,
3500 DIFFIIHFREAFODOMETEMA L E LD, AMEOMAEDOAN S DOIEMIZ, Yo
LA/ IWZETE 500 /u, BETHD. DF D, BEBETA Y —Y VX NEHEEENBERE
BAWIISHIDHICHEERIFL TR EEILZILNTES. ThOOHIHBOL AL/ IVAE
HEMIC DWW TIE, XRETTHREEE L EMMT TERT 5.



X 6: (a) Temporally averaged velocity field, for the streamwise-independent Fourier mode at
(left), Re, = 1500; (center), Re, = 2200; (right) Rep, = 3500 (Lz/h = 4w, quadrant average
over longer interval O(10%h/up)). The cross-streamwise component is shown by vectors and
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the streamwise component is represented by iso-contours: (b) streamwise vorticity field: —,
iso-contours of positive vorticity; ————, negative vorticity.
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7: (a) Stagnation points of mean

component of vorticity.
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] 8: The distance (sy, s.) of the stagnation points from the corner, (a) scaled by duct half
width A, (b) scaled by v/u,. Symbols: o distance to y/h = —1; x distance to z/h = —1 (see
fig. 7 (a)).
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9: The distance (sy, s;) of the maximum points of mean streamwise vorticity from the corner,
(a) scaled by duct half width h. (b) scaled by v/u,. Symbols: o distance to y/h = —1; x
distance to z/h = —1 (see fig. 7 (b)).
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10: Mean local wall shear stress normalized by the average over the whole walls at four
Reynolds numbers (L;/h = 4), as a function of the distance (a) from the corner, y} in
wall units, (b) from the wall bisector, y/h. (c) The distance of the local minimum (o) and
maximum (x) of mean wall shear stress from the corner in wall unit, d,.
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z/h z/h
Xl 11: The PDF of the position of vortex centers: (a),(b)Re, = 1100; (¢), (d)Rep = 2200

(Ly/h = 47). (a),(c) vortices with positive (clockwise) streamwise vorticity; (b), (d) nega-

tive (counter-clockwise) streamwise vorticity.
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12: Time evolution of the positions of local minimum point of the streamwise averaged wall
shear stress on a wall. (a) Re, = 1500; (b) Rep = 2200; (c) Rep = 3500.
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B 13: The PDF of the position of low-velocity streaks on the duct wall: ——, Re, = 1100;
—o—, Rep = 1500; — - —, Rep = 2200; ————, Rep = 3500.



