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Feedback Control of Turbulent Wall Shear Flow

Nobuhide KASAGI , School of Engineering, The University of Tokyo
(Received 10 January, 2006)

One of the major aims of turbulence research is to flexibly control turbulence and associated transport phenomena

under prescribed conditions. The potential merit of controlling turbulent drag, noise, heat transfer, mixing and

chemical reaction is enormous. During the last five years, an extensive research and development study on advanced

control methods of turbulent flow and combustion was carried out through the course of the Project for Organized
Research Combination System by the Ministry of Education, Culture, Sports and Technology of Japan. The present
article briefly overviews progress in the development of active feedback control system for reducing wall turbulence

friction drag and some remaining issues.

(KEY WORDYS): turbulence, control, MEMS, drag reduction, feedback control, micro sensor, micro actuator
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(White, vortex core; dark gray, ejection; light gray,
sweep.)
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O 1 Near-wal quasi-streamwise vortex and its

relationship with the production, pressure-strain, and

diffusion of -u'v' ©.

1000
.Pe roleum
100 ° @ Dpipeline ”
Gas pipz’line.. éﬁ
. . LS ]
10 Ship / P [ ] ‘ $°
@ high piessure @ y | g Automobilg :L'.
£ gas pipeline ® , & 23
o 1 ° 9
£ , N
= l Bullet train / A
[ ] Magle
0.1 Fveryhigh- = & .
pressure gas ‘. l
pipeline r o
0.01 b . _______ , ‘Alrcraﬂ nghq
i { e n
: UMb,
0.001 : :
0.001 0.01 0.1 1 10 100 1000
Length [mm]

0 2 Spatio-tempora scales of coherent structure in
real applications ”.
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O 3 Feedback control system for wall turbulence.
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0 5 Classification of turbulence control schemes™.
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0 6 Modification of near-wall turbulence structures
8. Dark gray low-speed region; light gray, high-speed
region; white, vortex. (@) uncontrolled; (b) controlled.
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0 9 Miniature deformable membrane-type magnetic
actuator 2.
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0 11 MEMSfabricated seesaw type magnetic
actuator array 2. One actuator sizeis Imm x 7 mm.

0 z=14577

0 12 Large scale motions in the cross-stream plane
of turbulent channel flow at Re, = 2320 (Black: low
speed, gray: high speed) 2.

0 13 Cross-stream sectional view of instantaneous
velocity field at Re,;= 1160 (Contours of streamwise
velocity fluctuation, black to gray, u'* = -1tou'* = 1;
white, Q" < 0.005) 2.
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L, low-speed region;
H, high-speed region
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0 14 Conceptua diagram of energy flow between
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0 15 Weighted Reynolds shear stress at different
Reynolds numbers in uncontrolled turbulent channel
flow (model calculation).
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0 16 Dependency of drag reduction rate, Rp, on
Reynolds number, Re, with constant thickness

damping layer, vyg in idealized near-wall
manipulation 2.
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0 17 Reynolds shear stress in channel flow at Re,
= 650 with damping in the near-wall layer 2.
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(b)

0 - no

0 18 Cross-sectional view of an instantaneous
streamwise velocity in channel flow at Re, = 650 *:
(@) uncontrolled; (b) with damping in the near-wall
layer.

6 DO0O0ODOODOOOoODao
g
goboooooboooboooboboboobon
ooooboooboobobooobooboobobo
obooobooboobobooboobonoobo
ooooboooboobobooobooboobobo
oooobmoobooboobooboobooo
ooooboooboobobooobooboobobo
goooobooboboooboon
oboobooboboooboooboobooo
obooobooboobobooboobonoobo
ooooboooboobobooobooboobobo
obooobooboobobooboobonoobo
ooooboooboobobooobooboobobo
oooooboooDn0 e%booooboooog
oooobooobooboboobooboobo
obooobooboobobooboobonobo

goboooobooobobobobbooboonbo
gobooooboooboboboboboboooobo
goboooobooobobobobbooboonbo
gobooooboooboboboboboboooobo

gopoogooog

ggoobobobboooobobbuooooooboobo
goboooobooobobobobbooboono
goboooobooobobobobbooboono
ggoooboboboooobboboooooobooboo
ggooobobboooobboboooooobooon
goboooobooobobobobbooboono
goboooobooobobobobboboonbo
ggoooboboboooobboboooooobooboo
ggoooboboboooobboboooooobooboo
goboooobooobobobobboboonbo
goboooobooobobobobboboonbo
ggoooboboboooobboboooooobooboo
ggoooboboboooobboboooooobooboo
RN

0

goo
toboooboobooboooobooobooon
goboboooboooboboboboboboooobo
21000 coEnoponooonoooboonbon
goboboooboooboboboboboboooobo
goboooobooobobobobobooboonbo
goboboooboooboboboboboboooobo
goboooobooobobobobbooboonbo
RN

gogdooooo

1) Reynolds, O.: An experimental investigation of the
circumstances which determine whether the motion
of water shall be direct or sinuous, and of the law of
resistance in paralel channels, Philos. Trans, 174
(1883) 935-982.

2) Kasagi, N., Kawaguchi, Y., Yoshida, H., Kodama, Y.
& Ogawa, S.: Progress in smart control of turbulece,
Proc. 6th Symp. Smart Control of Turbulence (2005)
1-16.

3) Kling, S. J, Reynolds, W. C., Schraub, F. A. &
Runstadler, P. W.: The structure of turbulent
boundary layers, J. Fluid Mech., 30 (1967) 741-773.

4) Robinson S. K.: Coherent motions in the turbulent
boundary layer, Annu. Rev. Fluid Mech., 23 (1991)
601-639.

5) Fukagata, K., Iwamoto, K. & Kasagi, N.:
Contribution of Reynolds stress distribution to the
skin friction in wall-bounded flows, Phys. Fluids, 14



22 oooao

(2002) L73-L76.

6) Kasagi, N., Sumitani, Y., Suzuki, Y. & lida, O.:
Kinematics of the quasi-coherent vortical structure in
near-wall turbulence, Int. J. Heat Fluid Flow, 16
(1995) 2-10.

7 Uooooooooooouoo.obooood
000, 18:2 (2003) 20-26.

8) Choi, H., Moin, P & Kim, J.: Active turbulence
control for drag reduction in wall-bounded flows, J.
Fluid Mech., 262 (1994) 75-110.

9) Moin, P. & Bewley, T.: Feedback control of
turbulence, Appl. Mech. Rev., 47 (1994) S3-S13.

10) Gad-el-Hak, M.: Modern developments in flow
control, Appl. Mech. Rev., 49 (1996) 365-379.

11) Kasagi, N.: Progressin direct numerical simulation of
turbulent transport and its control, Int. J. Heat Fluid
Flow, 19 (1998) 125-134.

12) Lions, J. L.: Optimal Control of Sysmtems Governed
by Partial Differential Equations (Springer-Verlag,
1968).

13) Bewley, T. R., Moin, P. & Temam, R.: DNS-based
predictive control of turbulence: an optima
benchmark for feedback algorithms,0J. Fluid Mech.,
447 (2001) 179-225.

14) Yokoo, M., Kasagi, N. & Suzuki, Y.: Optimal control
of heat transfer and skin friction in wall turbulence,
3rd Int. Symp. On Turbulence, Heat and Mass
Transfer, Nagoya (2000) 949-956.

15) Choi, H., Temam, R., Moin. P. & Kim, J.: Feedback
control for unsteady flow and its application to the
stochastic Burgers equation,0J. Fluid Mech., 253
(1993) 509-543.

16) Lee, C., Kim, J. & Choi, H.: Suboptimal control of
turbulent channel flow for drag reduction,0J. Fluid
Mech., 358 (1998) 245-258.

17) lwamoto, K., Suzuki, Y. & Kasagi, N.: Reynolds
number effect on wall turbulence: toward effective
feedback control, Int. J. Heat Fluid Flow, 23 (2002)
678-689.

18) Endo, T., Kasagi, N. & Suzuki, Y.: Feedback control
of wall turbulence with wall deformation,CInt. J. Heat
Fluid Flow, 21 (2000) 568-575.

19)Lee, C., Kim, J, Babcock, D. & Goodman, R..

gooooboobooboobo

Application of neural networks to turbulence control
for drag reduction,0Phys. Fluids, 9 (1997) 1740-1747.

20) Morimoto, K., lIwamoto, K., Suzuki, Y. & Kasagi, N.:
Genetic agorithm-based optimization of feedback
control scheme for wall turbulence, Proc. 3rd Symp.
Smart Control of Turbulence, (2002) 107-113.

21) Suzuki, Y. & Kasagi, N.: Active flow control with
neural network and its application to vortex shedding,
Proc. 11th Turbulent Shear Flows, Grenoble (1997)
9.18-9.23.

22) Suzuki, Y., Yoshino, T., Yamagami, T. & Kasagi, N.:
GA-based feedback control system for drag reduction
in turbulent channel flow, Proc. 4th Int. Symp.
Turbulence and Shear Flow Phenomena (2005)
301-306.

23) Fukagata, K. & Kasagi, N.: Drag reduction in
turbulent pipe flow with feedback control applied
partially to wall, Int. J. Heat Fluid Flow, 24 (2003)
480-490.

24) Fukagata, K. & Kasagi, N.: Suboptimal control for
drag reduction via suppression of near-wall Reynolds
shear stress, Int. J. Heat Fluid Flow, 25 (2004)
341-350.

250 00000000000 onooogoo: oo
ooooooooooOooboooogoo, ™
00000000, 70B:689 (2004) 38-45.

26) Yamagami, T., Suzuki, Y. & Kasagi, N.: Development
of feedback control system of wall turbulence using
MEMS devices, Proc. 6th Symp. Smart Control of
Turbulence, (2005) 135-141.

27)lwamoto K., Kasagi, N. & Suzuki, Y.: Direct
numerical simulation of turbulent channel flow at Re,
= 2320, Proc. 6th Symp. Smart Control of Turbulence
(2005) 327-333.

28) lwamoto, K., Kasagi, N. & Suzuki, Y.: Dynamical
Roles of Large-Scale Structuresin Turbulent Channel
Flow, Proc. Computational Mechanics, WCCM VI in
conjunction with APCOM'04, Sept. 5-10, 2004,
Beijing, China (2004) M S022-174.

29) lwamoto K., Fukagata, K., Kasagi, N. & Suzuki Y.
Friction drag reduction achievable by near-wall
turbulence manipulation at high Reynolds number,
Phys. Fluids, 17 (2005) 011702.



