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Figure 1.1 Turbulent-laminar patterns in several internal shear flows. (a) Poiseuille
flow (Tsukahara et al., 2007) at Reynolds number Re, = 80. Color rep-
resents intensity of streamwise velocity fluctuation in the channel center.
Red to blue, w'© = —2 to 2. (b) Couette flow (Duguet et al, 2010) at
Rew = 330, where the Reynolds number is defined by the velocity of the
walls moving opposite directions at same speed and channel depth. Con-
tours of streamwise velocity in the mid-plane are visualized. (c) Taylor-
Couette flow where inner- and outer-cylinder Reynolds numbers are 611
and -1375 (Dong et al., 2011); these Reynolds numbers are defined by ro-
tation velocities of inner- and outer- cylinder, respectively. Vortices are
visualized by the iso-surfaces of the intermediate eigenvalue. (d) Torsional
Couette flow(Cros and Gal, 2006). Black and white regions represent tur-

bulent and laminar regions, respectively.
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Table 2.2

Computational conditions for Poiseuille flow.

0O MB O

Computational domain
(L1 X L2 X Lg)

1076 x 20 x bwd

81d X 26 x 47

Re, (= u.d/v)

60

70 80

100

Grid points 0 O
192 x 65 x 144 128 x 65 x 128 256 x 65 x 128
(Nl X N2 X Ng)
L 1885 2199 2513 2513
L3+ 942.5 1100 1257 1257
Ax™ 9.82 17.2 19.6 9.82
Ayt 0.07 ~ 2.94 0.08 ~3.43 | 0.10 ~ 3.93 0.12 ~ 491
Azt 6.54 8.59 9.82 9.82
AtT (= Atu? /v) 0.03 0.035 0.04 0.04
HEE
OLBO
Computational domain
2210 x 20 x 107
(L1 X L2 X Lg)
Re. (= u.d/v) 60 70 80 100
Grid points
512 x 65 x 288
(Nl X N2 X Ng)
L 4147 4838 5529 6912
L3 1885 2199 2513 3142
Axt 8.10 9.45 10.8 13.5
Ayt 0.07 ~ 2.94 0.08 ~3.43 | 0.10 ~ 3.93 0.12 ~ 4.91
Azt 6.54 7.63 8.73 10.9
AtT (= Atu?/v) 0.03 0.035 0.04 0.05
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Figure 3.1 Instantaneous distributions of low-speed streaks and quasi-streamwise vor-
tices for Re, = 60 (MB). Green: v'* = —3, black regions:w/* < 0 at
y*t ~ 10, red: II" = 0.002 andw;" > 0, blue: II* = 0.002 andw; < 0.
The visualized volume is the lower half of the computational box.

Figure 3.2 Instantaneous distributions of low-speed streaks and quasi-streamwise vor-
tices for Re, = 70 (MB). Green: vt = —3, black regions:w/* < 0 at
yT ~ 10, red: II'" = 0.005 andw," > 0, blue: I = 0.005 andw,” < 0.
The visualized volume is the lower half of the computational box.
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Figure 3.3 Instantaneous distributions of low-speed streaks and quasi-streamwise vor-
tices for Re, = 80 (MB). Green: v'* = —3, black regions:uv'* < 0
aty™ ~ 10, red: II"™ = 0.009 andw,; > 0, blue: II* = 0.009 and
w; < 0. Yellow lines represent turbulent regions inclined at 15 degrees to
the streamwise direction. The visualized volume is the lower half of the

computational box.

Figure 3.4 Instantaneous distributions of low-speed streaks and quasi-streamwise vor-
tices for Re, = 100 (MB). Green: vt = —3, black regions/* < 0 at
yT ~ 10, red: I = 0.01 andw;” > 0, blue: II* = 0.01 andw/" < 0.
The visualized volume is the lower half of the computational box.



31

312 DOoOoooMBOOODOODoOOOO

0000000000000000000000000000000000000
000000000 Re, 0000000 ¢, 000000000000 ¢;00
0000000000000000000000000

0 350 Re, =600 Re, 0 C; 00000000000000000000O
00000000000 000000000000000 ¢,000000000
0 Dean(1978) 000000000 Re,, O ¢, 000000000 Re,, 1000
000000000 ¢, 0000000000000000 ¢, 00000000
000000000000000000000000000000000000 ¢
00000000000000000000000000000000 Dean(1976)
0000000D000000000 Re,, O C; 0000 ¢ A 2000 0000 lida
0 (1998)0 00 SBOODO ¢+~ 1500 0000000000000 O0000000O
0000000000000000000000000000000000000
ooooooo

0360 Re, 0 C;, 0000000000 Patel and Head(196%) 0 0 O O
Dean(19781 000000000000 Blasiusi 00000000000 O Patel
and Head(1969) 0 00000000 Re, 000000000 O00000O0O0O
0000000000000000000000000000000000000
000000000000

037000 3.1000 C, 000 t+=360000 C; 000 ¢+ =4740 0000
0 (0370038007 =480 00 C, 000 ¢+=5940 00000 (0 3.90
03.10)00000000000000 3.7@000 3.7(@000 Re, 00000
0000000000000003.7(h0003.8(6)00 Re, 000000000
0387000 Re,, 1000000000000 O000O00O0O0O0O0OOO0O0O0O
000000000000 (y~10)000000000000000000

C, 000 t+=3600003.7@000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000000
00000000000000000000000000000000000000
C;0 Re,, 000000037@00038@C000000000000000
000000000000000000000+ =3780 00000000000
0000000000000000000 ¢ =4030 00000 ¢+ =23730 OO



32

ocoo0o0o0oooooooooooooOoOoOOOOOOOO C, 00000000
tt=4440 000000000000 ¢"=380 0000000000000 0O0
O0D0O0D00000000 Re, ODODODODOD37()DOOOOODOO
ggbbobuogoobbboooobobobuoooobbobuoooobboood

000 ¢, 00000(@3900310)0000000000080 Re,, 00O
gbooboobobooboobooboobobbooboobooboobo
ggbbobuogbobbuoobobboooobbbuoobbboooobobo
ggbobobooogbbboooobbobbboooobbbooogoooo
0000000000000t ~5400 0000000000000000O0O0
ggoboboogoboboobooooooboobobboooobobobbooogooboobo
gbooooooooooooooooobooboobooooooooMBOOOOO
0o ¢y 00000000000000000O0O000O000000000O0O000
ooooooooooooooooobooboOoOooooooboboog ey ooooon
gogbbbooogobobuogoobbboooobbboooboobooooboo
00000 ¢y 000oobooooooobooooonooooooooooonon
gboooboogbgooog



33

' — ' | ' |
- —— C; —— C; =0.00952 Dean(1978)

1900

/ \/\)u \)U

! —1600

0 2000

4000 t+ 6000

8000

Figure 3.5 Time evolution of skin friction coefficien’; and bulk Reynolds number

Re,, at Re. = 60 (MB).
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Figure 3.6 Trajectories of skin friction coefficie@t as a function ofze,, (MB).
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i - il e
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Figure 3.7 Time evolution of instantaneous flow field of MB in period of increasing Cy

(part 1). Green: v/t = —3, black regions: v/t < 0aty™ ~ 10, red and blue

iso-surfaces represent positive and negative vortical structures detected by
II ; red and blue represent positive and negative w,, respectively. The

visualized volume is the lower half of the computational box.



35

(a) tT = 4200, II'™ =0.001 (b) tT = 4260, I = 0.001

(d) t+ = 4380, II+ = () 0015

0.0 0.0 - 100 x/ & 20,0 ) 30.0

(i) tT = 4680, II't =0.0015 () t+ = 4740, II+ — 0 0015
Figure 3.8  Time evolution of instantaneous flow field of MB in period of increasing C/
(part 2). Green: u't = —3, black regions: '~ < 0 aty™ ~ 10, red and blue
iso-surfaces represent positive and negative vortical structures detected by
I ; red and blue represent positive and negative w,, respectively. The

visualized volume is the lower half of the computational box.
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Figure 3.9 Time evolution of instantaneous flow field of MB in period of decreasing

Cy (part 1). Green: v/t = —3, black regions: v'* < 0 at y* ~ 10, red

and blue iso-surfaces represent positive and negative vortical structures de-
tected by I/ ; red and blue represent positive and negative w,, respectively.

The visualized volume is the lower half of the computational box.
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Figure 3.10 Time evolution of instantaneous flow field of MB in period of decreasing
Cy (part 2). Green: u't = —3, black regions: vt < 0 at y™ = 10, red

and blue iso-surfaces represent positive and negative vortical structures de-
tected by /] ; red and blue represent positive and negative w,, respectively.

The visualized volume is the lower half of the computational box.
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0.0 0.0 10.0 20.0 30.0 40.0 500 e 0.0

Figure 3.11 Instantaneous distributions of low-speed streaks and quasi-streamwise vor-
tices for Re, = 60 (LB). Green: v/ = —3, black regions: u'* < 0 at
y* ~ 10, red: II" > 0.005 and w; > 0, blue: /I > 0.005 and w; < 0.

The visualized volume is the lower half of the computational box.

0.0 0.0 10.0 20.0 0.0 40.0 500 60.0

Figure 3.12 Instantaneous distributions of low-speed streaks and quasi-streamwise vor-
tices for Re, = 70 (LB). Green: u/™ = —3, black regions: v'* < 0 at
y* ~ 10, red: I > 0.005 and w;f > 0, blue: II* > 0.005 and w} < 0.

The visualized volume is the lower half of the computational box.
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Figure 3.13 Instantaneous distributions of low-speed streaks and quasi-streamwise vor-
tices for Re, = 80 (LB). Green: v/t = —3, black regions: «v'* < 0 at
y* ~ 10, red: I > 0.01 and w;” > 0, blue: II* > 0.01 and w;" < 0. The

visualized volume is the lower half of the computational box.

Figure 3.14 Instantaneous distributions of low-speed streaks and quasi-streamwise vor-
tices for Re, = 100 (LB). Green: u/" = —3, black regions: u/T < 0 at
y* ~ 10, red: II'* > 0.01 and wy > 0, blue: 7" > 0.01 and w;" < 0. The

visualized volume is the lower half of the computational box.
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Figure 3.15 Instantaneous distributions of low-speed streaks and quasi-streamwise vor-
tices at both upper- and lower-wall for sides #¢. = 60 (LB). (a) and
(b) represent the upper- and lower-channel sides viewed from the channel
center, respectively. Green‘" = —3, black regionsu/'* < 0 aty™ ~ 10,
red: II™ > 0.05 andw;" > 0, blue: II* > 0.005 andw;" < 0.
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Ficure 3.16 Instantaneous velocity vectors (v, w™) and square of streamwise vorticit
)

300 600 900  zt

w;? in the typical cross-streamwise plane for Re, = 60. Gray to white,
w;? = 0t00.01.
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Figure 3.17  Flow of Fig.3.15(b) after t* = 2235.
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Figure 3.18 Instantaneous distributions of streaky structures in the same flow as

Fig.3.15(b). Black regions represent %;;: < 0atyt ~ 10.
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Table 3.1 Reynolds numbers and skin friction coefficient in cases MB and LB.
Re, Re,, Re, Of
=) | =% | =% | (= oag)
60 1747 2318 9.51 x 1073
VB 70 1972 2486 1.01 x 1072
80 2251 2772 1.01 x 1072
100 2888 3462 9.61 x 1073
60 1660 2172 1.05 x 1072
B 70 1972 2494 1.01 x 1072
80 2277 2806 9.88 x 1073
100 2875 3456 9.68 x 1073
T I T T T I T T T T
(MB) +  Patel and Head (1969)
® Re=60 (measurements)
® Re=70 4 Tsukaharaetal.
® Re=80 (2005,2006,2007)
® Re=100 v lidaetal.(1998)

(¢]

Kim et al. (1987)

Dean(1978): C; =0.073Re,, "

Laminar: C'y =12Re,,” Blasius: 'y = .079(2]%6,,1)'0'25

1 I 1 1 1 I 1 1 1 1
3
10 Re,,
Figure 3.19 Skin friction coefficientC; and bulk Reynolds numbete,,, for both MB
and LB.
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.20 Logarithmic plot of mean velocity profiles for both MB and LB.
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(c) Spanwise velocity fluctuation w;’ .
Figure 3.21 R.m.s. values of velocity fluctuation uzrrms (MB).
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Figure 3.22 R.m.s. values of velocity fluctuation u;"
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Figure 3.23 Reynolds shear stress —u/*v+ and total shear stress 7,7, , (MB).
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Figure 3.24 Reynolds shear stress —u/tv™ and total shear stress 7,7, (LB).
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Figure 3.26 Budget of turbulent kinetic energy k% (LB).
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Figure 4.1 Distribution of R;; as a function ofiz™ anddt™ in the channel center. The
value of Ry, is represented in color.
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Figure 4.2 Distribution of advection velocity/, and mean velocity/. Mean velocity
of Tsukahara (2007) is in good agreement with our result.
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Figure 4.4 Contours of conditionally averaged velocity fluctuations in the 2 — y plane
indicated by red arrows in Figs. 4.3(a) and (b). (a) v/ +; contour interval

is 0.25. (b) w™; contour interval is 0.1.
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Figure 4.5 Time-averaged velocity vectors (7, w) of averaged velocity fluctuations in
the cross streamwise plane indicated by blue arrows in Figs. 4.3(a) and (b).
Black arrows inside the figure represent upward and downward large-scale

motion.
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Figure 4.6

39

Schematics of averaging procedure represented by ( ). Turbulent structure

is assumed to be homogeneous in the string direction represented by the
blue arrow. Hence, each z — y plane represented by red line, is shifted
in the streamwise direction and averaged by overlapping each center point

represented by the yellow dot.
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(a) Center of the turbulent region.
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Figure 4.7 Contours of both temporally and spatially averaged velocity fluctuations in
the = —y plane. (a) Streamwise velocity fluctuation, (b) wall-normal veloc-
ity fluctuation and (c) spanwise velicity fluctuation. Contour intervals are
0.2, 0.01, 0.1 for (a), (b) and (c), respectively. The center of the turbulent

region is indicated by arrows.



61

() Center of the turbulent region.
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Figure 4.8 Contours of both temporally and spatially averaged Reynolds shear stress,
sweep and ejection in the x — y plane. (a) Reynolds stress, (b) sweep and
(c) ejection. Contour intervals are 0.1. The center of the turbulent region is

indicated by arrows.
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(a) Center of the turbulent region.
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Figure 4.9 Contours of both temporally and spatially averaged streamwise and wall-
normal vorticities in the z — y plane. (a) Streamwise vorticity. (b) Wall-
normal vorticity. Contour intervals are 0.03 and 0.003 for (a) and (b), re-

spectively. The center of the turbulent region is indicated by arrows.
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Figure 4.10  Contours of both temporally and spatially averaged Jw/Oz in the z — y
plane. Contour interval is 0.002. The center of the turbulent region is

indicated by arrow.
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Figure 4.11  Distributions of Re, .., Re and C, in streamwise

Local
direction, they are determined by the conditionally averaged

streamwise velocity (u').
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Figure 4.12  Schematics of large-scale flow around the turbulent region.
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Figure 4.13  Schematics of momentum transfer in turbulent region and its

interfaces with quasi-laminar region.
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Figure 5.1 The geometry of computational domain with system rotation.
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Table 5.1 Computational conditions for rotating channel flow.
LB15-075 | LB40-075| LB40-15| LB40-100
Re. 15 40
Ro, 0.75 1.5 10
Comp. domainf, x L, x L) 2216 X 26 X 2716
Grid points @, x n, x n.) 512 x 65 x 288
Ly 1037 2765
L3 471 1257
Ax* 2.02 5.40
Ay* 0.01570.813 0.0412.14
Az* 1.64 4.36
Time step At* = tu?/v) 0.0075 0.02
LB50-075 | LB60-025 | LB60-075| LB80-075
Re. 50 60 80
Ro, 0.75 0.25 0.75
Comp. domainf, x L, x L) 2270 X 20 X 2mo
Grid points @, x n, x n,) 512 x 65 x 288
L 3456 4147 5529
L} 1571 1885 2513
Ax* 6.75 8.10 10.8
Ay* 0.0512.72 0.061 3.25 0.081 4.46
Az 5.45 6.54 8.73
Time step A\t* = tu?/v) 0.025 0.03 0.04
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Table 5.2 Skin friction coefficient and bulk Reynolds numbers of rotational channel

flow with different Re,. and Ro..

LB15-075 | LB40-075 LB40-15 LB40-100
Re. 15 40
Ro. 0.75 15 10
Rem 142 757.6 727.6 797.0
C (Pressrure) 2.652<107% | 2.652<10% | 2.877x107% | 2.293x10*
C} (Suction) | 1.816x107% | 1.825x1072 | 1.965<10% | 1.745¢<10~2
C; (Average) | 2.234<10°2 | 2,239 1072 | 2.421x10~2 | 2.019 102
ut (Pressure) 1.026 1.090 1.091 1.067
ut (Suction) 0.980 0.905 0.901 0.931
LB50-075 | LB60-025 | LB60-075 | LB80-075
Re. 50 60 80
Ro. 0.75 0.25 0.75
Rem 1085 1540 1433 2182
C} (Pressrure) 2.088x1072 | 1.479x1072 | 1.760x1072 | 1.389 102
C; (Suction) | 1.339x1072 | 9.490<10~* | 1.064x10~2 | 7.537x 103
C; (Average) | 1.714x1072 | 1.214x1072 | 1.412¢102 | 1.071x 102
u* (Suction) 1.108 1.103 1.120 1.137
u’ (Average) 0.888 0.884 0.871 0.837
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Figure 5.2 Mean velocity profiles for (a); slope of tangent lineds= 2() for LB80-

075, while it isS = —2¢ for LB50-075 and LB40-075, and (b) cases
LB40-075, LB40-15 and LB40-100.
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Figure 5.3 Distributions of total stress and Reynolds shear stress.
(a) Total stress-u™v* + dU*/dy* (b) Reynolds shear stress/v*.
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Figure 5.4 Distributions of ejection and sweep in pressure side for (a) cases LB80-075,

LB60-075, and LB40-075; (b) case LB60-025 and LB60-075; (c) normal-
ized distribution of ejection and sweep.
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N

Figure 5.6 Iso-surfaces of second invariant of velocity gradient tensor and low-speed
streaks in case LB40-075. Greerf* = —3, red: II* = 0.01 andw} > 0,
blue: II* = 0.01 andw? < 0.

N

Figure 5.7 Iso-surfaces of second invariant of velocity gradient tensor and low-speed
streaks in case LB40-15. Green* = —3, red: II* = 0.01 andw} > 0,
blue: II* = 0.01 andw} < 0.
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W

Figure 5.8 Iso-surfaces of second invariant of velocity gradient tensor and low-speed
streaks in case LB40-100. Greer* = —3, red: II* = 0.05 andw} > 0,
blue: II* = 0.05 andw} < 0.
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Figure 5.9 Iso-surfaces of second invariant of velocity gradient tensor and low-speed
streaks in case LB50-075. Greerf* = —3, red: II* = 0.01 andw} > 0,
blue: II* = 0.01 andw} < 0.
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Figure 5.10 Iso-surfaces of second invariant of velocity gradient tensor and low-speed
streaks in case LB60-025. Greeri* = —3, red: II* = 0.01 andw} > 0,
blue: II* = 0.01 andw} < 0.

Figure 5.11 Iso-surfaces of second invariant of velocity gradient tensor and low-speed
streaks in case LB60-075. Greeri* = —3, red: II* = 0.01 andw} > 0,
blue: II* = 0.01 andw}; < 0.
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Figure 5.12 Iso-surfaces of second invariant of velocity gradient tensor and low-speed
streaks in case LB80-075. Greerf* = —3, red: II* = 0.01 andw} > 0,
blue: II* = 0.01 andw} < 0.
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N

Figure 5.13 Distributions of streamwise vorticity on— z plane at/* = 5 in case LB40-
075. The streamwise vorticity is normarized by its r.m.s. value on the same
plane.

N

Figure 5.14 Distributions of streamwise vorticity on—z plane at/* = 5 in case LB40-
15. The streamwise vorticity is normarized by its r.m.s. value on the same
plane.



87

Figure 5.15 Distributions of streamwise vorticity an— z plane aty* = 5 in case LB40-
100. The streamwise vorticity is normarized by its r.m.s. value on the same
plane.

N
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Figure 5.16 Distributions of streamwise vorticity an— z plane at)* = 5 in case LB50-
075. The streamwise vorticity is normarized by its r.m.s. value on the same
plane.
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N

Figure 5.17 Distributions of streamwise vorticity on—z plane at/* = 5 in case LB60-
025. The streamwise vorticity is normarized by its r.m.s. value on the same
plane.
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Figure 5.18 Distributions of streamwise vorticity on— z plane at/* = 5 in case LB60-
075. The streamwise vorticity is normarized by its r.m.s. value on the same
plane.
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Figure 5.19 Distributions of streamwise vorticity an— z plane aty* = 5 in case LB80-
075. The streamwise vorticity is normarized by its r.m.s. value on the same
plane.
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Figure B.1 Time evolution of bulk Reynolds number in case®f. = 100; flow is
evolved from artificial turbulence.
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Table C.1 Computational conditions for Poiseuille flows in the computational do-
mains of different aspect ratio.

LB15SQ LB65VO

Computational domain
(Ll X L2 X Lg)

1576 x 20 x 157 | 65mwd X 26 x 37w

Re. (= u.d/v) 0 60O
Grid points

(N, Ny x Ny) 384 x 65 x 432 1536 x 65 x 96
Lf 2827 12252
LT 2827 565
Azt 7.36 5.89
Ay™ 0.07 ~ 2.94 0.07 ~ 2.94
Azt 6.54 5.89

At (= Atu?Jv) 0 0.030
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Figure C.1 Turbulent-laminar pattern in computational domain of (1576 x 26 x 15m6).
Green: v/t = —3.0, Black region: /" < 0 at y* ~ 10, Red: I/ > 0.005
and w;” > 0, Blue: /It > 0.005 and w;” < 0. Yellow lines represent the

inclination of the turbulent region. The visualized volume is the lower half

of the computational box.
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Figure C.2 Turbulent-laminar pattern in computational domain of (6576 x 26 x 37§).Green:
wt = —3.0, Black region: vt < 0 aty™ ~ 10, Red: I > 0.005 and
wi > 0, Blue: /I > 0.005 and w;” < 0. Yellow lines represent the incli-
nation of the turbulent region. The visualized volume is the lower half of

the computational box.
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