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The linear stability analysis has been performed at Re-=180 for a turbulent-channel-type base
flow with a periodic undulation in the spanwise direction in order to elucidate the generation
mechanism of streamwise vorticity through the instability of streaks in near-wall turbulence. It is
found that there appear three different instability modes depending on the spanwise wavenumber of
streaks. In the case of the streak with around 100 wall-unit spanwise wavelength its critical velocity
amplitude lies at JUS =3, above which streaky flow is unstable to an infinitesimal sinuous distur-
bance, i. e. a bending mode along the streamwise direction. The instability is identified to originate
from inflection points, i. e. wake-like instability, in the spanwise variation of the streaky flow. In this
case, unstable eigenmodes take a form that is inclined towards the streamwise direction from the wall
-normal direction, and they directly induce the streamwise vorticity on low- and high-speed streaks.
In addition, the streamwise vorticity is secondarily produced pricipally through tilting of the wall-
normal disturbance vorticity by the base flow shear across the wall-normal direction.
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Fig.1 Contour plot of the streamwise velocity of the
base flow (1) for (a) AU =3.0, 7" =0.005:
(b) AU*=4.0,7y*=0.06;and (c) 4U'=
4.0,77=0.15. Contour increment is 2
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Fig.2 Trace of the neutral curve on (y*, 4U")-plane.
Open circles represent the sinuous mode and
closed circles represent the varicose mode. The
dotted vertical line indicates y*=0.06. The
dashed curve denotes the contour of a constant
amplitude y*4U*=0.12 of the wall-normal vor-
ticity. Three crosses represent modes A, B and C
in Fig. 4

4. IR E IR

21z, (7%, 4U7, &) B B 2 iz & E il
DOFR%E (7", AUY) FEICHEE L ERE2RT, 4
ABIUERLEZEN TR, RAFRE — F (sinuous
mode) B L UNFRE — N (varicose mode) #F£ 4, X
MY =243, B2 OFTEREO FEITE, TR
R af OEBEBNTREEER S, —fRIZA b
U — 2713 100 BREABEOEERMAER L 00, chk
AN HEFERTRDEBELZ y™=0.06 %23, X
MY =7 OREOHAIRE AU 3, RAHE—NEB
FURBE—FOLTFRERNLTY, y—0ikBWvT
BIRE (~1.7) 2 & 5.

RXFRE — R Tk, AU 1% y*<0.01 TABZHE
L, vy"=0.03fETRALRZD, ZDHRIER»IZED
LTWwd, —fiZ, y*H 503 AU S8+ 3 &,
APV =7 WKHESEEEREORBOES (y14U")
BT 20T, y* H20IF AU BSEIT T H <
FLOEIER o Im(c’) bIMT 5, LrLanrs, b
LIBED L vy SKRELS D &, MHEOBENRALE
BT B LD, TRITTBROSE, RV A
SNWVAEIE Reex5TE 26, 22 TCRIDVA S
W A Ree=2m4U" [y*(=5) Li¥lis h 3. Lk
W T, R X B REMR, MBRHKE R (3
134U L TOABEEICRZbDEZZHND,

A MY —7 BEER® DNS THE 2 LT3 100 B
HBAEOWFEE & DI5E (r7=0.06) 11, TLE L
ZH7DWlE, ANY =7 OEED AU >3.4 L3
D, /% QEREAFBED y* AU >0.20 L% 3
ZEBBBETH S, —Mic, BEROTNF R EE
By BEEE A FEE O RMS Bz 2 h2h, BB
BWT2.7, 0.2FBEOREKE:R b O>DT, LD X b
J— 7 OALEZERIRED F v 2 NVETRIC B O T
RBENELHDEFZLOND,

PLEDRRHRE — P ickb~, W — Fo 4U X
YT OEEINE & D WCRBBSHEINUE, # OREER
W 2 DIZIZRBICIED > Tnb, ZORNHE—R
(BHie—F) EXHeE— N OBEERERE, XY
— 7 DARGIEF D AN FAANOEBHES %5 &#
I3 S EROBEIFE RO~ 2 HERACHAL T
WBHEHDEWVNZ S,

34, AT — F ORNFAEREH oF 2 2
WUHMEH yP e L TCRLIESDTH 3, yi<
0.01 T, af 1y WIKTEL THB S, —EH0.013
BEroTwd, —J y*>001 TR, af 3 TANDB
VERL, ZO% yt L L HITERHIEIL Tw 3,

NII-Electronic Library Service



BRI B T 2 A N —2 OFLE L RN GERED LR A & =X A 387

0.2

a0l .

0 0.1 0.2 03

Fig.3 Plot of the critical streamwise wavenumber @
against 7"

100 BEBAT WA Y T % v =0.06 . BW T, KA
FWEEUZ 0.012 2 B{H% £ > TH Y, Ziid 500 BEE
MOWRICHYT 2, ZOERIFRED T v 2 NVELF
THRHASNTVE AN —7 OBHOME L —EL T
Wh, yTx0.12 T of IR L 78, IZIEER I
LTWwa, 25D Us & R, =2 08K
y7<0.01,0.01< <012, BE U y™>0.12 12BN
BRLTREE— NP ECBEA WS I 8%
RBET L, ZOLkd% ol DR BZEBIWHHLT,
2D AU b Bl b y IREEDSHERTE 5.,
ARG THEZ T BERT T, A bV =2 [
(1) DA 28] 1k 27hfy DIEE S D, £z, A b
Y — 27 @ @ERTT)HEEH 0.0140 L E & 7% 5 00E %
AP —7DFIWCENE, ZOEHSEBLZ 0.6k
LEIis B, Licdaio T, y*=0.06 DEFAHW A b
V=2 DREGSREBERRLZ BN, &5
2, ARV =27 QAN & UBEEE T E DR E
ZOMDME, 2EDA M) =7 WL BEANERD
Ay — Vi PO O>DOEI A7 — % AUu-
THRTI L2 TELNBEDT, y'=0.06 DHE
WIET A B O ANEB O A 7 — v b [BRE
5, —F, EER(L) ORI Uly) D Z 5 BE, A
N — 2 OFER X UBEREHAEENRA L K HEE
Ry =30(y=1/6) T0.12u2/y L 8 B, LIzd o
T, ERE T vy AUT=0.12 R B2BEWA Y — 7
I & 2 AN HEOY AWEBI ORI R 7 — 35y
MOZNEFEBREICE S,
M2irRLABREEREZAETHh, LEEORM
(BIUEX)ATY —VHRIEEIE S y'=0.06 8 &
Yyt dU=0.12 2R LT3, v <0.01 TOLRE
FIZBWTE, A MV —270ERIESIDEL, 2

(a)

(b)

Fig. 4 Iso-surface of the streamwise disturbance vor-
ticity for unstable sinuous eigenmodes. (@)
AU =3.0, y*=0.005, ¢*=0.013 (mode A);
(b) 4U*=4.0, y*=0.06, " =0.012 (mode B) ;
and (¢) AU*=4.0, y*=0.15, "=0.063 (mode
C). The value of iso-surfaces is £4w’. The light
and dark gray surfaces represent the positive
and the negative vorticity

ANV =2 & B AN FROY ARIZBEREE ST O
BAMEDF S EBbhr s, BE y<0.01 Tk
H3WERLIEIWZ ad 13 vy WIREL TW WD T
HBHITT O A8 HEIO® AR A b Y — 27 DTEE
KEELTuEWwEEZ NS, —F, v >0.12T
DAREER BT, A MY —27DBRIES L HEL,
FFe A MY — 20k B AN EDY AT I EBEEE T
BOEABE DB 25, &8I, 100 BEEALD R 8
VEEDODZA NV - WBET S 0.01<y*<0.12 TH,
AMN)—IDREFS, ZLTAMN) =27 LB AN
>HIE) & BEIRE A RO ABTE L USROS AR O
TNTHIRIZEBE R 3,

Reddy 5® 3FH 27 = v bRAOEEL ST E
TMEZBT B A MY — 7 OBRIEREE & BUERC
N, RO AP EERMZ 2R 2D L
iR LTz (Waleffe® b £H18), % 72, Baggett®® i X
MY =212k B AN HEAEOYAMBEIEO Zh %

NII-Electronic Library Service



388 BB 22 M) — 7 OREEERNFEREOERA B =X b

LREIZHECA N — 7 BRROTRLE R &R
EFRLTWS,

5. NREE— FOEE

COETE, L E M E T O R L E KR E —
F (sinuous mode) DFEEIZ DWW TR L, A MY —2
DALBEHT 2, Fak U7z B 28 AW ORhE %1
HPIZT S,

M4, 4BETHRAN: IFEOARLET— FDHRN
TRREREEITRLEOTH S, BB L
AN F[ANE—FAESF ORENRINTED, &
A MY — 27 FASUEEHICR - THEL, EEA b
D=2 F AR VHRZBE>THABL TV S, DK
4(a)TiF QU =3.0, y*=0.005, a*=0.013, (b)T
2 AU =40, y*=0.06, a*=0.012, (¢)TiF AU*=
4.0, 7v=0.15,a"=0.063 L 2> T W 3 (Z L b Xt
G A EARROEESFC OV 1ER)., Sl
HOMEE T4 THY, o 3EET— FOWED L EA
7 MVOREZIOBRBYEEERT. BuKALEL
KEOEEHEIEZZLFh, ELEOBESELTY
3. PUTTiE, ®4(a), (b), (c)2zhFnofEEE
—FNE2E—NA B, CEMRZELIZT S, E—F A,
B,Cld 2 &, #iEE o Im(c")=1.5x10"",
0.0033,0.029 2 b 5, f7HH#H & Re(c*)=17.4, 13.6,
Y2 THRAARREIET S, ET— FOKBERS

(a)

P i

0 015
k4

Fig.5 Trace of critical points and of inflection points
on (y, z)-plane. (2) mode A (JU*=3.0, y*=
0.005, @"=0.013); (b)mode B (4U"=4.0, y*=
0.06, 2*=0.012); and (¢) mode C (4U*=4.0,
y*=0.15, @*=0.063). The thin curves represent
a critical point. The thick curves represent an
inflection point of the base flows

DREEEFAXRNIEI S, A~CTRTDE-FRIZB
W, WED K BLOBEEBE LS E AT RS, A<
YIRS TR TIEE NS o T, &z, B—F
A DG, BEOTNFAFEES & A8 FEBES & i3
FIRABETHL2OEH LT, €E—F B, CTiE, 1B
EORNFRARSDFENTH - 7.

50k, &— N A~CIZx U<, R OHEEH 5
CELOGIAHZEE Re(c’) EE L 228, Thbb
i (critical point) E EXRFROEZHME L 22
My—AL7bDTH 5, BFEVHRT, Zilims
KRTRENTWS, 22T, ZElifEzs 2U=0 &
BBEEEBRL, 1L, n ZERRD (v, 2) BT
BU2EREHREDCEERIZE SN TS,

M4%2R2E=ZDODF—RBZRZNIER TR S
THEER DB S, E—NA [M4(a)] @
BE, N AFRED (A8 I 5 ) EE A b Y
—Z7 FPRRELTWwE, M5(a)r2R5E, £—-FRA
TREREDPEERA M) —27 Rl TOAH(EAID)
EHSEE—BLTEY, ZOLHAEREL TREE
BEUTWBRZ EBbns, BBD LS, Z0BE
WA M) =212k 3 A FHOEAMIZEL, K
BECEEERZRIZTLTWERWY, DLEOSAEZEET 3
&, BN AUCBT B NEEE, ZRITH 2 BEEER
DEZRTEALTE BIOARE) W L > THEIT >N
borEzons,

E—FB [M4(b)] 0HHCE, ExLEEDH
NITRBES RN AN O ) RAROEEE b -
Tws, ZOVRYROWER, SEA N —27 &
(RN IR I )MEERA M) — 27 L O HFD Eic %
NZNAEL, BEEE AW S BN F AN D > TK
ELfHWT WS, —f, T—FC [M4(c)] OREE
I, BEEAEIS E WS IDIRBLS, XA
DOWNAFZE D> TEWTE D, EE, EEX »
V—7 FZENETNFEET 2 FA—R5 ORELHIV B
TEBINLVEEOBRERLTVS, ZOE—
FB COEEDARKCREONIENE, &€ — R
REERIZFLTHEEAROECICERT 20 LE
Zo6Nb, T—FCTIE, AP —2ICEBANVE
FOEAMPRSEL 4 ESR), COTAKOEE
kY EFEE— FZAS DS RAFCHEL
DEvz 3, B—F BTIE, ANV L BEEEGH
DEAMIEA —FDETCRIZEREETHINUE
ZR), AET—FOEX DAL S BELYROBEER
THEIDORAMOEENKEVWLDER LGNS,

B5(b), (c)2R2L, E—FB CuIhoEs
b, BERAIMERA MY — 2 OEEHEE B W TE

— 74—

NII-Electronic Library Service



BEHRICBIT A M) — 2 OREEERNTAREDERA A =X 5 389

HELE—ELTEY, INODREEE— P, K&
A NY —7 ORETOEMEREE, ThbbBRBRET
BECEMU LT EEA A AL L > TREL T
52 LD TE B, Schoppa-Hussain® i, DNS
ORREZEF v ANVEREBIFZA NI =7 DARE
FERBRALE R ZY, HEEANEOROREL
BB LI O THD ELTWEY, 2RI LT
B2 E MR E D W ARER K L, Fy a2
GAFICBWTHFEHR 7 = v MRADOD L EEE A b

Y — 27 OARGEPRIALE LD X = X L2k
HLTCHRETEZLDEWZ S, HilD Reddy 5@ B
& UF Baggett™ O F | & FERIC, 5 ¥ 2 NVELIRICE
WTHRA MY =712 & 2 A HAOE AR
OFNERBE(FE—-F B 2HI20IEFNULOREE
(B— RN QBB ECBRNZARLENEL S T
riekhsb, PEokdic, F—F B, CRE—DOFRE
EBRI & - TRET 528, BEE— N8z g
FTHAMDENZ L > TENSDEEIEVIEKEL
BlroTn3,

UEDE-F A~COWTNY, WEDF v 2 IVEL
REBWTHERINE A MY — 7 DAY HAEED
EWISCTEBOIMPEHATH S EFHESN
B, 6FETI, Zhodd b, RERZ A/ SRR
£ 100 BEEATICAHY T 2 —F B TOHRNFAERE
DEFA A ZRLCDOVTHET S Z 12T 5,

6. MNFFIBEDER AN =X L

29, TLEE— F ORI FHRE 3 5 FEST
3

(ch)@”:_@ayU“r‘ ﬁ&zU, ............... (15)
BB\ ix I LB
- AU=Re(c)] ~ _ . o _
Wt Im(C) W= lIm(c) ayU
. D
+Zmaz[], ................................. (16)

RRET 5. 222, @y, 2) 13 w:=Rel[ @]
Lo THNATEEE v. LBEFRST oS, 2hb
DR TREEO OREOFENEHR I TVS, R
(15) [»2»ixR16)] OELIZEEZER (vorticity
tilting) IZ & BN FABEO LKL ERT, Z D4
DI B, 1 HIERFOBEE RO AW LS
TR  ELOBEEE AR S O A NOZER % R
L, =5, B2HERBERRDOA NN HAEADE AR X
BIRE D L BLD AN A ORI RN DEEE %=
£z, 22T, ETROE AWM X 2RO GHE
DOEMIZ, FEOMHFZ K L RO [H 5wk

Fig.6 Eigenmode Re(@:) for mode B. Contour incre-
ment is @', and negative contours are dotted

Fig.7 Dominant production term Re[ — 7%, U/Im(c)] of
the streamwise vorticity for mode B. Contour
increment is 3®’, and negative contours are
dotted
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Fig.8 Contour plot of the spanwise disturbance veloc-
ity on (z, y)-plane for mode B. The slice plane
is located at 2=0.29, i.e. the centerline of the
low-speed streak. Contour increment is v/,
where " denotes the volume-averaged value of
the velocity vector, and negative contours are
dotted
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Fig.9 Proposed mechanisms of the streamwise vor-
ticity generation for mode B. Solid lines conce-
ptually show null contours of the disturbance
velocity normal to the figure plane, and symbols
® and ® indicate the signs of the velocity com-
ponent, i. e. coming out of and going in the plane.
Thick double arrows denote the induced
streamwise vorticity. Thin double arrows
denote the induced wall-normal vorticity. Thick
arrows represent the production of the
streamwise vorticity by the vorticity tilting
towards the streamwise direction
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