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We carry out linear and nonlinear analyses on a flow between two infinitely long
concentric cylinders with the radii @ and b subject to a axial mutual sliding motion of
the cylinders. Two different approaches are sought to obtain nonlinear solutions: (1)
Our linear stability analysis of the base flow confirm that the flow is always stable
for non-axisymmetric disturbances. It means that the base flow is linearly stable
if ratio n = a/b is greater than 0.1415, otherwise instability is always caused by
axisymmetric perturbations which is firstly discovered by Gittler (1993). From the
linear critical point, axisymmetric solutions are bifurcated. (2) Three dimensional
solutions in plane Couette flow (Nagata 1990) can be extended to the annular ge-
ometry. Resulting solution is non-axisymmetric travelling wave solutions. Moreover,
bifurcations of new mirror-symmetric solutions are detected.
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COEICREBARAVIERBICKENL A/ NVAETH S (FEH < 0.1415), Fl2EZR
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B 2.1: The configuration of sliding Couette flow.
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Fig. 1D X 3 ICANEEN o, b THZFAE_EMRNICEREERE v OFFERE=2—F
vitkzw L, AIREZEE U T RERVWTBEDORNBEZEZLD. TOLEFHED
EBIMRER (r,0, 2) ICBIBIEERTEL « A =7 ZAHERR

ou

= +(u-V)u = —-Vp+Au, (2.1)
Viu = 0 (2.2)
LR
u = Re, at r=2n/(1 -7n), (2.3)
u=0 at r=2/(1-17) (2.4)

iKEOihTzd. @ARcRARERRETSLDLTS. T TCR=Ub—-a)/2vid
LA JIVAE, n=a/bl3¥BRILTHD, TOZDDIRGA—RICEORIIZEREI NS, i
A, BAMEREZENEN a,me LFERT 5. BARIIER 2r 2% D78, YIEmIc
& mo REBHETATNE A S5V, ABRXOBSULIZRAMICIEF o 27 - Bk
2, BAEIIET—VL - H5—FVEEAVS. BohlzREBFEXZa— /&
THENICRZIERCREES. RERERERTCRL TR LIS hEKS K, RDOXE
HO TR LEEABRXH SEEERIEZ SR L, Boh-EEHEIC X DHRIEZTS.
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3.1 RERELRENR

JEFIRREZ 2T B ARIILLT O X 5 ICBHINICHRT 5.
In(r(1 - n)/2)
In(n) =
BRIZE TENTRBEL (mo = 0) IcXHT B Gittler (1993) DIRFBRERMTEZER L. C
ORERK 3.1 D& 5 HHITHBENEENZ. n50.1415 IE T IO BRI L1/
IV XEIRRAIC DOV, BIA TR o i3 01SETL. FREET 3DIRERICE LA
JIVAE (R = 0(10°) BE) IKBRBHNB. £z, el FAHEEL (mo = 1,2,3,4) IC T 3
% R=0(107) ¥ TITo 124, Wik 3 et LT RRER RO 3T Lid T b >
Te. ULEERBETEE, RSAF4 VY« 2Ty Mk n > 0.1415 B 5IETE S T v M
ERICK BICBERETHD, n < 0.1415 5 ITESHNHRELIIN LARRELARD S5 3, &
WS ZeAERTIeNS.

Up(r) =Ug(r)e; =R (3.1)
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3.1: The neutral curve determined by axisymmetric perturbations (mo = 0). (a): the
critical Reynolds number R.. (b): the critical axial wavenumber a.
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n = 0.1 DFFICEFRER o, = 0.6546 &£ L THLNBBHBERNR R = 3.61 x 108 »»
B, SHISREHTIC K D BINFRRETIRRE R . M3 DL EDONEERTHS. 2k
DRTENB LS, RIEREASTBICKOREEL, R=4.0x 10° TEET 5. FFEOR
B M3 (ERBOETHRBE L) ANEEETOEEEMRAETHS. O 2%
ERBILTHRELRELE A n > 0.1415 L THREHETI LN TEL. n=01,7=05
DHEDHRNBZENENE 3.3(a),(b) ISRT. TDESIC g HREVE, RABIZEBEL
DRNAFICRELIZE S GBEEHES. COW%En— 1 ELTERIIY RO
BETERTICLLTFRETH > Iz (BRI OV TR TER). AL - XTEhd T
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B 3.2: The subcritical bifurcation of the axisymmetric solution with mg = 0 and a =
0.6546 for n = 0.1. R. = 3.61 x 105. Circles indicate the linear critical point. The
measures of the nonlinearity are the momentum transport on the inner cylinder M.
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(b): n=0.5

B 3.3: The disturbance flow field of the axisymmetric solutions at upper branch. (a):
(m, @, R) = (0.1, 0.6465, 45000), (b): (n, o, R) = (0.5,0.006,5000). The upper and lower
figure represents the streamwise velocity and the wall-normal velocity in each case. =
represents r — r,,, where rp, is mean radius.

4 RSATF4VT - FEIIY FREIE—
4.1 FEENFREITERAR

WRABRMEREZ RITT BICR L, FTHEEEOR S mEE o Z ¥ E ry, = ‘—‘_*;,1 Z=H
WC =1 =T, y=rmd EERTS. RIEEEE 7 - 1 ZBANITY, BEXEBEAN
DEBEITS. BEBROBRIZ (x,y,2) ZENFOE AW, AVAR, finArRe Uik
O, T EIRERNEZTLR T2 ABRIC TS, EELyIcBET 38R 8 =mo/rm &
5%, El-BEFIL

Ug(z) = R(1 — z)/2. (4.1)



LB, $hb5n - 1 OFRBRERTAT 42T 72y MG FES Ty bRIC—BKYT
%. TODf¥, §TIZ Nagata (1990) Ic & D RDENTNWBFE Y Ly FROZJITIERRE
B, ASAT 42T« VLY MRICEBGETEZDOTEEOVMLWVWS T EHELONS. &
B, (BRZE-1REOND) EXERTHON/-COM%E, MREET = 0.9999 &
LIBED=a—F VEDTEHEL LTITS. Z0%, fZEELT 9 2RLCERT Y
TS, TDEE mo lZIFERER LD 520, BUEHE LIZRELV. F0%m, BEBE
ICEREE L, MIEEAICIE LW RZSB .

BONTIEIR = 0102 TYH RV« /—RPKICKORET B, RSAF1 T -
Ty MROFEEFETIRR L 45 5. ZTORNFOMRMEIE Nagata (1990) & [, B 4.1(b)
KELBNB X3 BFEKRDORX MY — 7 TREGIENS.
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KX 4.1: (a): The saddle-node bifurcations of non-axisymmetric travelling wave solutions
for (o, B) = (0.75,1.5585). The nonlinear measures are the momentum transport M on
the inner cylinder. Thick solid, thin solid, dashed and dotted curves indicate the cases
for n = 1,0.8,0.5 and 0.4, respectively. (b): The isosurface of the axial variation of the
streaks at w — U = £70. (n,mg,a, R) = (0.5,3,0.51,350). Light/dark gray surfaces
correspond to the fast/slow streaks.

4.2 SRENFRETIRRE

n = 0.1 DERICEA AR o ZELE L THELURER (K 4.2), iR O FRET
BifR (RAR) 5, BENHNE (RR) 2E T 3HEBRNOTEHNEET B T LHAHLEIE
ol ThEDESEENFE L PEY, Nagata (1990) 55 DEFEM B SN E DITIESE
ENFMRELEFRED LTS, WEEZDESHERILBHL A/ VBB BEICOR
FHET 5 (K4.2(a),(b)). LA/ NVIBOET L LHICHIERIEMICOBERIEZRD
B L, BIRMIC 3 D0 —FIERENS (M4.2(c),(d). ThHEDENSOIB LS ICH
ENFMRIE ZDDE— RHALERENTVS. ThbDE— ROBWIZEARTIE (K
4.3(a),(b)) ZRB LWL L LD | —HIE 4 DDKZHIBEESTVBH, fi5IE8DD
REL@2ESTVS. B 4.2(d) 12 5 3DDI—T Ok SIBICIEBETNIHE, 4 DiEss
EXNFME, 8 DIRFEENFRTHS. 8 DIROBEENFHELTE AT (Pringle & Kerswell
2007), IEATEZ 7 F A (Okino et al. 2010) IZBVWTER SN B T LHEFEREETHTY
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3. TNSDMOEMEE, FICHORBICIIEERNRENS 20, fAISHORENESD
DT BV EEZILNS.

EBIRARAGAT 4T » H Ty FMREOHEENFHEOENTNELE S Ly MRETRTC
ELAETH - Tz AME TR ONTRIBXNICETHEOEZ LTHED, 4 DROBEND
B LB DI 4D, 8 DIBDE)SEREL=E DIk 8 D% & D (B 4.3(c),(d). FFE
Ly MRICEBVWTHLHEENHEZE I 5 ERM (Gibson et al. 2009, Itano & Generalis
2009) AMEER DD > T3 (T T TIRAHEEIMUD/RF A— 2 DB LFETH S
LOEZERR, T THEVLOZEITERLEES T LICT ). K44 B3EIPBELENL A/
W AR E T BROWEBUCT 2 MIERR TH 5. BT RDMEIZ 4 DiRfRIE R = 3169 LhH
DBV, 8 DRI R = 348.4 TH D, Nagata (1990) BL DB THDME (R = 250 8
E)ITEWMEZE X 3. JEREENTECLICED, P LEBAHRELBDR X S5%
&L A/ )V ZEUK TREBEMOSFENFR L S E18 5 N HEENHRRIIRIOBTH B LS
Tehbhofe. LhLAYS 8DMMBOTRKIEEL A/ IVABKTERBRL A, B
MofRLBEILHHEEZE DD, LA/ NVARE LT3 L THEDOEGEINEN S TREME
3%5.
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4.2: The momentum transport of the solutions for = 0.1. Solid/dashed curves
represent the non-mirror symmetric/mirror symmetric solutions with mg = 1. (a): R =
360, (b): R =340, (c): R =320, (d): R =300. Circles in (a) and (b) are the bifurcation
points.
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R 4.3: The fluctuation part of streamwise averaged velocity field of the upper branch mir-
ror symmetric travelling waves in sliding Couette flow and plane Couette flow (light: fast,
dark: slow). (a): 4-vortex mirror symmetric solution at (n, @, mo, R) = (0.1,0.77,1, 300).
(b): 8-vortex mirror symmetric solution at (n,a,mg,R) = (0.1,0.86,1,300). (c): 4
vortex mirror symmetric solution at (,,3,R) = (1,0.73,1.12,2000). (d): 8-vortex
mirror symmetric solution at (n, a, 3, R) = (1,0.5,0.71, 200).

5 iR

RIAT 4T « 2w FHD Gittler (1993) I & 2R EMBH %2 —RO=TB
BT LILER L, TOmNED n > 01415 DL ERICEFREL AT LER L. BE
AEEMIHICNFHBELIC XD EL 3.

Za— b UEEHWTIHRERRNTIC X D BEOIHRERER.. EELREAEZETZO
BPRRRRERR n - 1 ICK O RPPE I Ly MRELKB T L THB. 13 UDICHBERAN S
RS B M FETIRME 218, COMRDY RV - /—REIZ R= 0010 BETH
5. nZBLERB L THEHERI LY MRE TEF L, BB 5N T3 XL Ehrenstein
et al. (2008) EBROLNAMBHBONI. TORRIIBRNARICEINRET S L0 S5 FH»
D, RICFE T Ty MRICHBIT 2 ERTIEREM (Nagata 1990) ZRSAF 425+
Iy MRICEBEL, n = 0.1 ETER L. BonMIIFMNHRETERTHS. TD
BF, FERN FREITIR AR S DIy & O BENMENEONS. BENWRIITEE Iy
FRICRS C LA FRETH D, Fil-ABEEN MR Uk, JESEENFME, SImENARELS
HELELHBY RV /—FEI R=0010?) BETHS.

ARTAT VT » JLy FROER - BEEBEFEOBRIIZLAERSNEVD, Y
LDOHRIZIRNTZORNOBBHENBERYTCHE LETRBLTVS. ik, LA
J IV RRLICHEMEL TS REBIC R ERTOERRIEBEIC L O RREL BB TH
25, BoN/BOEBLZTHEITY MRICBNTLEETS I LH S, EFILIELH
BBV THLFEEI/ Ty FELF LS DELZFH OO TR AV EEZBNS.
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4.4: The bifurcation diagram of the mirror symmetric solutions in plane Couette flow
at optimal wavenumber pair. (a): 4-vortex solution (a,3) = (0.73,1.12), (b): 8-vortex
solution (a, 8) = (0.5,0.71).
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