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Reynolds number effect on feedback control of wall turbulence
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Direct numerical simulation of turbulent channel flow at Re = 110 - 300 was made in order to evaluate suboptimal control algorithm

for reducing skin friction. It is found that the drag reduction rate is deteriorated with increasing Reynolds number. Visualization of

turbulent coherent structures at Re, = 300 reveals that the production rate of the turbulence kinetic energy is associated with the large-

scale vortical structure away from the wall as well as with the near-wall streamwise vortices. It is confirmed through the Karhunen-

Loeve docomposition of the turbulent fluctuations that the large-scale vortices also play an important role in the turbulence produc-

tion, whilst near-wall vortical structures are responsible for the fluctuation of the wall shear stress. Since the present suboptimal

control scheme based on the wall information fails to give direct control input to these large-scale vortices, new control algorithms are

desired for larger drag reduction rate at high Reynolds numbers.
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Table 1. Computational parameters for the DNS of turbulent channel

flow.
ReI Lx LZ NX, Ny, NZ
110 Sm 21 48, 64, 48
150 2.51 T 64, 96, 64
300 2.51 T 128,192,128
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Fig. 1 Relative skin friction coefficient, where Cf; is the skin friction

coefficient of plane channel flow.
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Fig. 2 Near-wall coherent structure at different Reynolds numbers.
Gray, the second invariant of the deformation tensor (Q*<-0.02); Red,
production of the turbulent kinetic energy (P* > 0.2) (a)Re_= 110,
(b)Re_=300.
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Fig. 3 Instantaneous velocity vectors in the
cross-stream plane and contours of the pro-
duction rate of the turbulent kinetic energy
P*, Blue to Red, -0.1 to 0.1. (a)Re = 110,
(b)Re_=300.
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Fig. 4 Cumulative energy summation of the KL-decomposed modes.
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Fig. 5 The first eigenfunction of the KL decomposition for Re =110
(a, b) and for Re_= 300 (c, d). (a), (c) Velocity vectors in the cross-
stream plane and contours of the streamwise velocity fluctuation ,'*
(b), (d) Isosurfaces of ;' and the second invariant of the deformation
tensor Q. Red, '+ > 0.15; Blue, '+ <-015; Black, Q"< 0.

gobodgbbooboooboo

g

4.1 0OOOOOOOOCOOOO

OFig 400000000000 O0O0O0DOODOODOODODOO
dgboboooooboobosooobdbObORe= 110000
U19000000Re,=3000000330000000000090
000000 0ORe,= 1100000 3363000 0ORe;= 3000

(d)

Fig.6 Isosurfaces of the streamwise velocity fluctuation ,'* for each
eigenfunction obtained by the KL decomposition. Red, ;'* > 0.15;
Blue, ,'* <-015; Black, the second invariant of the deformation tensor
(Q*<0) (a),(b)The 5th eigenfunction for Re_ =110, (c),(d) The second
eigenfunction for Re = 300.
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Fig. 7 Eigenfunction of the KL decomposition having the largest con-
tribution to the rms value of the wall shear stress. (a), (b) Re, = 110;
(¢), (d) Re_ = 300. (a), (c) Velocity vectors in the cross-stream plane
and contours of the streamwise velocity fluctuation ,'* . Blue to Red,
-0.15t0 0.15. (b), (d) Isosurfaces of ,'+ and the second invariant of the
deformation tensor Q. Red, ;'* > 0.15; Blue, ;' <-015; Black, Q"<
0.
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Table 2. Top 10 eigenfunctions of the KL decomposition.

Re, = 110 Re, =300
Index |Mode (m,n,q)| Energy fraction y,/ 8 Mode (m,n,q)| Energy fraction y,/
1 0,2,1) 0.01669 0.47 (0,2,1) 0.01837 0.40
2 (0,3,1) 0.01308 0.39 (12,1) 0.01528 0.38
3 0,5,1) 0.01292 0.31 (1,1,1) 0.01277 0.50
4 (0,4,1) 0.01286 0.32 (1,1,2) 0.01266 0.50
5 (1,4,1) 0.01215 0.34 (1,3,1) 0.00955 0.21
6 (1,3,1) 0.01089 041 (2.2,1) 0.00918 0.50
7 (0,2,2) 0.01046 0.37 (0,2,2) 0.00841 0.46
8 (1,2,1) 0.00904 0.45 (1,3,2) 0.00837 0.23
9 (1,5,1) 0.00888 0.30 (12,2) 0.00814 0.23
10 (1,6,1) 0.00859 0.12 (14,1 0.00738 0.21

Table 3. Top 10 eigenfunctions for the rms value of the wall shear

stress.
Re, =110 Re, =300
Index [Mode (mn,q)| 1 __fraction Yy, Mode (mn,q)| T fraction Y,
1 (0,5,1) 0.00176 34 (1,7,1) 0.00059 31
2 (1,6,1) 0.00168 13 04,1) 0.00055 54
3 (0,6,1) 0.00161 28 (1,5,2) 0.00049 31
4 (1,7,1) 0.00156 26 (1,6,1) 0.00049 36
5 (1,7,2) 0.00149 29 (1,7,2) 0.00047 34
6 (0,4,1) 0.00149 36 (1.4.1) 0.00047 67
7 0,6,2) 0.00145 32 (1,8,1) 0.00047 31
8 0,7,1) 0.00143 32 (1,5,1) 0.00046 41
9 (1,6,2) 0.00139 24 (0.4,2) 0.00045 62
10 (1,4,1) 0.00134 41 (0,2,1) 0.00044 121
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Table 4. Top 10 eigenfunctions for the production rate of the turbulent

ooooloooododdTable30noroe,,, 000000  kinematic energy. (a)Re = 110, (b)Re_ = 300.
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Index | Mode (mn,q) P fraction v energy index| T index
1 (0,5,1) 0.02147 34 3 1
2 (1,6,1) 0.01581 13 10 2
3 (0,6,1) 0.01524 28 13 3
4 (0,4,1) 0.01491 36 4 6
5 (1,7,1) 0.01490 26 17 4
6 (1,5,1) 0.01454 34 9 12
7 (1,4,1) 0.01440 37 5 10
8 (1,7,2) 0.01423 30 21
9 (1,6,2) 0.01400 24 16
10 (0,7,1) 0.01172 32 27 8

(b)

Index | Mode (m,n,r) P fraction v, energy index| T index
1 (0,2,1) 0.00741 122 1 10
2 (1,3,1) 0.00735 62 5 11
3 (1,2,1) 0.00735 114 2 21
4 (1,4,1) 0.00725 67 10 6
5 (0,4,1) 0.00654 54 14 2
6 (1,4,2) 0.00620 62 15 13
7 (1,7,1) 0.00619 31 41 1
8 (1,5,1) 0.00597 41 21
9 (1,5,2) 0.00583 31 22 3
10 (1,3,2) 0.00572 70 8 20
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Fig. 9 Instantaneous velocity vectors in the cross-stream plane and wall normal velocity at y"= 10 and at wall. Contours of the production rate

of the turbulent kinetic energy P*, Blue to Red, -0.1 to 0.1.
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