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The research effort toward the active feedback control of wall-bounded turbulence at the
University of Tokyo is surveyced. Both control algorithm and hardware element have
been intensively studied to be integrated in a future control unit for various applications.
In order to highlight the progress, three studies are briefly described. Unlike channel
flow simulation employed in previous investigations, the so-called active cancellation
control is tested in a turbulent pipe flow with the control applied on the wall entirely and
partially. The drag reduction rate achieved is comparable to that in the plane channel
flow, and that, when partially controlled, the reduction rate is nearly proportional to the
area ratio of control. A new control scheme based only on sensing local streamwise wall
shear stresses is devised with the aid of the genetic algorithm. A simple control scheme
based on the difference of the streamwise wall shear stresses is found to reduce the wall
skin friction considerably and alter the sublayer streaks drastically. In addition, a proto-
type feedback control unit for wall turbulence is developed and assessed with arrayed
micro hot-film sensors and deformable shell magnetic actuators. Finally, some remain-
ing important issues are discussed with an emphasis on the numerical and experimental
synergetic strategy for future development of smart control of turbulence.

1. Introduction

It is well known that control of turbulent flows and associated transport phenomena
should be a key in many engineering practices such as energy saving, efficient produc-
tion process, securing high quality products, and resolving global environmental prob-
lems. Its impacts on future technology and human life would be enormous through ma-
nipulation and modification of turbulent drag, noise, heat transfer, mixing as well as
chemical reaction. Our efforts are now directed toward innovating highly advanced
control schemes and extending their application ranges.

A Japanese collaborative research project on “Smart Control of Turbulence: A Millen-
nium Challenge for Innovative Thermal and Fluids Systems” was started in the fiscal
year of 2000, and has reached its midway toward the final goal in the fiscal year of 2004.
It is being supported through the Organized Research Combination System by the Min-
istry of Education, Culture, Sports, Science and Technology. Three national laboratories
and several university laboratories are participating. As a part of their activity, a series
of the Symposia on Smart Control of Turbulence is being held annually at the University
of Tokyo.
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In the above project, two major research areas have been identified; i.e., advanced
active control of turbulent shear flow and combustion. The control methodology in-
cludes development and application of microelectromechanical (MEMS) sensor/actua-
tor devices, and introduction of additives such as micro bubbles and surfactant. The
turbulent combustion control aims at reducing toxic emissions and stabilizing pre-mixed
flames with some state feedback. The author and his colleagues are actively participat-
ing in the first research program, of which goal is to develop a feedback control unit for
drag reduction in wall turbulence. This paper summarizes the recent progress in their
effort, i.e., software and hardware developments.

Among various control schemes, active feedback control is of great importance be-
cause of its potential to manipulate turbulent flows drastically with very small energy
input (Moin & Bewley 1994; Gad-el-Hak 1996; Kasagi 1998). Choi et al. (1994) em-
ployed a so-called active cancellation method with local blowing/suction at the wall,
which is based on the wall-normal velocity at y* = 10, and they obtained about 25% drag
reduction in their direct numerical simulation (DNS) of turbulent channel flow. Bewley
et al. (1993) applied a suboptimal control theory to turbulent channel flow, and obtained
about 17% drag reduction. Recently, Lee et al. (1998) proposed a new suboptimal con-
trol algorithm based only on the wall variables such as the spanwise wall shear stress and
the wall pressure fluctuations, whilst Lee et al. (1997) employed neural networks (NN)
to predict the wall-normal velocity at a prescribed elevation from the spanwise wall
shear stress, and they obtained about 20% drag reduction in their DNS of turbulent chan-
nel flow. Moreover, Endo ef al. (2000) made DNS of channel flow control by assuming
arrayed discrete wall sensors and deformable shell actuators, and found that such realistic
arrayed units could lead to substantial drag reduction. Recently, by extending DNS to
higher Reynolds numbers, Iwamoto et al. (2002) demonstrated that both active cancella-
tion and suboptimal control schemes performed less in higher Reynolds number channel
flows.

Most of the previous studies above have dealt with plane channel flows, while a circu-
lar pipe flow is another canonical wall-bounded flow and its control has several direct
practical applications such as gas pipelines. Although control of pipe flow by rotation
(Orlandi & Fatica 1997) and by rotational oscillation (Quadrio & Sibilla 2000) has been
attempted with some degree of success, the wall actuation control mentioned above should
also be tested. It is interesting to explore if the control algorithm proposed for channel
flow is also effective for pipe flow. Therefore, in the first part of the present paper, the
active cancellation control algorithm is applied to a turbulent pipe flow (Fukagata &
Kasagi 2002b). Since, in reality, it may not be possible to have an entire wall surface
equipped with an array of numerous active feedback control units, additional DNS is
carried out for control applied only partially on a limited wall surface area.

In the previous DNS studies of active control algorithms for wall turbulence, the state
feedback has been assumed to be made by sensing flow quantities that might be difficult
to measure in practical flow system, i.e., local spanwise wall shear stresses and spanwise
wall pressure gradient. The former could be measured if a couple of sensors are em-
ployed, but the accuracy may not be sufficient owing to the diminishing scale of turbu-
lence toward the wall, whilst the latter needs a new microfabrication technique. Hence,
a control scheme based only on the streamwise wall shear stress, which is much easier to
measure, is strongly desirable. In the second part of this paper, a genetic algorithm (GA)
is introduced and tested to optimize the weights of sensor signals for triggering wall
actuation (Morimoto et al. 2002). Although the optimal control is already applied to
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FIGURE 1. Active cancellation in pipe.

wall turbulence by Bewley et al. (2001), GA-based schemes have a potential to provide
different control scheme in a much simpler form.

In the active feedback control schemes mentioned above, the near-wall coherent struc-
tures, which are primarily responsible for the turbulent transport mechanism (e.g.,
Robinson 1991; Kasagi et al. 1995), should be detected by sensors mounted on the wall,
and selectively manipulated by the motion of actuators. Although the spatiotemporal
scales of the coherent structures are generally very small, recent development of
microelectromechanical systems (MEMS) technology has made it possible to fabricate
flow sensors and mechanical actuators of submillimeter scale (e.g., Ho & Tai, 1996;
Fujita, 1998). So, the third part of the paper describes the development of a prototype of
feedback control system for wall turbulence with arrayed micro shear stress sensors and
wall-deformation actuators, and the experimental assessment of its performance in a
wind tunnel.

2. Active control of turbulent pipe flow

2.1 Numerical method

A computational code for DNS of turbulent pipe flow was developed based on a sec-
ond-order accurate finite difference scheme on the cylindrical coordinate system. A
special care was paid for consistency in the discretized space so that the energy is con-
served by the inviscid part of the governing equation (Fukagata & Kasagi 2002a). The
time integration was advanced by using the third order accurate Runge-Kutta/Crank-
Nicolson (RK3/CN) scheme. Simulations were performed for two relatively low Rey-
nolds numbers, Re, =3050 (Re, =u,R/v =110)and Re, = 5300 (Re, = 180). It should
be noted that in the case of Re, = 3050 low-frequency intermittency was observed, which
suggested that the flow remained in a transitional slug flow region. The statistics of an
uncontrolled flow at Re, =180 computed by using the present code were in excellent
agreement with previous DNS data by Eggels et al. (1994).

Throughout the present work, the mass flow rate, i.e., the bulk mean velocity U, was
kept constant. A fully developed turbulent flow is assumed in a circular pipe of a radius
R, but the computation is made in a pipe of finite length L with periodic boundary
conditions at both ends; L =35R and 40R for Re, =110 an 180, respectively. Thus,
strictly speaking, the flow field should be always periodic in the streamwise direction,
and it is particularly so in the case of partial area control.
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FIGURE 3. Velocity statistics of controlled flow at Re, =5300,y; =10.
(a) Mean velocity, (b) rms velocity fluctuations.
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FIGURE 5. Drag reduction rate as a function of control length.

The control algorithm used in the present study is the so-called active cancellation
control (v-control) of Choi er al. (1994), i.e.,

v, = —u,_(yd). (2.1)

Here, y, denotes the distance between wall and a virtual detection plane as shown in
figure 1, and v, is the radial velocity at the wall, i.e., v, =u,

r=R"
2.2 DNS of pipe flow control

The investigation is initiated with active cancellation control applied on the entire
wall with different locations of the detection plane, y! =(R-r)" =5, 10, 15 and 20.
Hereafter, superscript * is used for the dimensionless quantity normalized by the friction
velocity of uncontrolled flow and the kinematic viscosity. Statistics shown below were
obtained from the data accumulated over approximately 2000 wall unit time-span after
the flow was judged to be in a quasi-steady state.

Figure 2 summarizes the relationship between y, and the drag reduction rate,
R, = (CfO -C, ) /C 10, Where C,, is the skin friction coefficient of the uncontrolled flow.
Corresponding data for channel flow reported by Choi et al. (1994) are also plotted. The
dependency of R, on y; is similar to that in the channel flow. The maximum drag
reduction is attained at y; =15 for both Reynolds numbers presently specified. The
magnitude of drag reduction rate is also comparable to that in the channel despite that
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FIGURE 6. Normalized local skin friction coefficient for different control length.

the controlled surface area per volume of a pipe is twice as large as that of a channel.

Fundamental statistics of velocity and pressure are also calculated. As an example,
mean and root-mean-square velocities are shown in figure 3. The mean velocity profile
is slightly accelerated in the core region with the wall gradient reduced, while the three
velocity fluctuation components are decreased. These changes in the statistics due to
control are similar to those in the channel flow observed by Choi et al. (1994).

Simulation is continued with the control applied only in the region of 0 <z < L_ as
shown in figure 4. Hereafter, only the case of Re, =5300 is considered and the detec-
tion plane is fixed at y; =10. The separation length, L, is identical to the computa-
tional domain length, i.e., L' = L" =7360.

Figure 5 shows the drag reduction rate, R,,, as a function of L’. Computed reduction
rate is nearly proportional to the ratio of control length to separation length, i.e.,
R, =(L./L,)R,,, where R, is the drag reduction rate with the control on the entire wall.
This result can be explained by the behavior of the local skin friction coefficient, C, (2),
plotted in figure 6. The common behavior observed regardless of the value of L, is as
follows. In the controlled region, C ( ) decreases following a single curve. Just after
the control ends, say in the region of L’ <z" < L' +60, the skin friction rapidly in-
creases. Subsequently, C (Z) increases almost hnearly up to the level of the uncon-
trolled flow. The endurance length of control effect after the end point of control is
2000-2500 wall units. The reason why such a rapid recovery process takes place right
after the control is ceased remains to be explored, but anomalous pressure-strain correla-
tion has been found to contribute to the substantial increase of the near-wall Reynolds
shear stress.

3. Genetic algorithm for optimization of active control scheme

3.1 Genetic algorithm

Among four categories of control strategies (Gad-el-Hak 1996), GA-based control
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(b)

FIGURE 7. Instantaneous flow structure around the end point of control. (a) bird’s-eye view; (b)
cross-sectional view around z* =370(0. Isosurfaces: red, vortex with positive rotation
(0" =-0.025, . > 0); blue, vortex with negative rotation (Q* = —0.025, @, < 0); white, high
production ( R* =(.2). Colors on the wall: magenta, blowing; cyan, suction.
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FIGURE 8. Schematic diagram of GA-based control.

algorithm is grouped into the adaptive scheme, in which control parameters are opti-
mized through a training process with/without desired response of the controller. Once
the control parameters are determined, the control input is readily calculated using alge-
braic equations. Therefore, GA-based control systems have an advantage in small com-
putational load, since the time lag between sensing and actuation, which is crucial for
stability of a control system, can be kept relatively short.

Genetic algorithm was derived from the evolution process of animals and plants, and
is one of the optimization methods with random search (e.g., Goldberg 1989). Basically,
GA consists of three kinds of genetic operations: selection, crossover and mutation. Genes
are evolved through these operations so as to maximize/minimize a prescribed cost func-
tion, and the optimal solution is found as a result of successive generation. GA attracts
much attention because of its applicability to various kinds of optimization problems.

Figure 8 shows a schematic diagram of GA-based control. Control parameters to be
optimized are transformed into genes, and N individuals including a set of genes are
made. DNS using each individual is independently made and the cost function is calcu-
lated. Then, individuals giving smaller cost is statistically selected as parents, and two
offsprings are made through crossover operation between them. In total, N children are
created by applying the crossover operation N/2 times. Finally, mutations at a given rate
are applied to all genes of N individuals. New generations are successively produced by
repeating this procedure, and the optimal solution is obtained when the evolution has
converged. In the present study, the cost function is set to be the wall skin friction
averaged over a time period of 100 viscous time units.

3.2 Numerical procedure and control method

The numerical technique used in this study is almost the same as that of Kim et al.
(1987); a pseudo-spectral method with Fourier series is employed in the streamwise (x)
and spanwise (z) directions, while a Chebyshev polynomial expansion is used in the
wall-normal (y) direction. A fourth-order Runge-Kutta scheme and a second-order Crank-
Nicolson scheme are used for time advancement of the nonlinear terms and the viscous
terms, respectively. The Reynolds number Re_, based on the wall friction velocity u_
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and the channel half-width 6, is 100, and the bulk flow rate is kept constant. In order to
reduce the computational load during optimization procedure using GA, the computa-
tional domain has a size of 1.2576 % 26 X 0.576 in the x-, y-, and z- directions, respec-
tively (hereafter, Domain I), with 16 X 65 x 16 spectral modes (in the x-, y-, and z-
directions, respectively). When optimized control scheme is obtained, the computa-
tional domain is expanded to a larger size of 570 X 20 x 270 (hereafter, Domain II) with
64 X 65 x 64 spectral modes in order to evaluate its performance. A fully developed flow
field is used as an initial condition. During the optimization process, an instantaneous
flow field of the unmanipulated channel in the previous generation is chosen as another
initial flow field in the next generation in order to avoid convergence in a local optimum.

In the present study, wall blowing/suction is assumed to be a weighted summation of
streamwise wall shear stresses measured with sensors aligned in the spanwise direction

as follows:

» (3.1

w

n +

v$(x+,z+) =C 2 Wn’L':;(er,er +nAz+)}—<v:,>, T = aLJr

n=—m dy

where W denote weights to be optimized, and (2m+1) is the total number of the weights.

The spanwise spacing between the virtual sensors Az* is 6.5, which is the minimal grid

spacing in the spanwise direction. The second term of the RHS of equation (3.1) denotes

an ensemble average of v;,, which ensures the total sum of v}, being zero at each time
step, although its contribution is negligible.

EachW (-1 <W <1)is expressed as a binary-coded string with 8 bits, and the weight
distribution is determined through the optimization process described in the previous
section. In the present study, the mutation rate is set to be 0.05. For evaluating the
control effect under constant energy input, the constant C in equation (3.1) is separately
determined at each time step in such a way that the root-mean-square value of Vvt is
0.15, which is almost the same as the rms value of y* at y*= 10 in the unmanipulated
channel.

3.3 Weight distribution

In order to obtain convergent solutions efficiently, two modes for W are defined as

follows:
Wo=0, W, =—W, (n=1,2,3
0 " n( ) (Mode 1) (3.2)
0<W <1, —1<W,<1(n=2,3)
W, =W,
(n=0,1,2,3) (Mode 2) (3.3)
—1<W, <1

where Modes 1 and 2 are weight distributions which are antisymmetric and symmetric
in the spanwise direction, respectively. In the present study, 7 in equation (3.1) is set to
be 3, so that the spanwise extent of the sensor array is about 40 (V/u ), which is slightly
smaller than half the mean spacing of streaks.

Figure 9 shows the evolution of the maximum drag reduction rate in each generation.
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The drag reduction of about 11% and 8.5% is achieved after 97 and 171 generations in
Modes 1 and 2, respectively. The population size N, that is, the number of individuals
evaluated at each generation, is 60 and 30, respectively, so that the total number of DNSs
until the convergent solution is obtained, G X N, is 5000 ~ 6000 for both modes. Since
larger drag reduction is obtained in Mode 1 than in Mode 2, the discussion hereafter is
focused on the result of Mode 1.

Figure 10 shows the optimized weight distribution, where W at Az*=%19.5 have large
absolute values, while others in the range of -13 < Az* < 13 are almost zero. Therefore,
the control input is almost proportional to the spanwise differential of the streamwise
wall shear stresses about £20 (V/u) apart in the spanwise direction from actuators. From
this result, the most efficient control input can be written in the following simple form:

v,y = C{‘L’W(x+,z+ +20)-7,,(x*, 2" - 20)}. (3.4)

The Fourier representation of the above equation is
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D, (k.k.)= C{i sin(f—é nj} -7, (k. k), (3.5)

where the hat denotes the Fourier coefficient, and k _and k_the streamwise and spanwise
wave numbers in the x- and z- directions, respectlvely From equation (3.5), one can
expect that the phase of v is 71/2 ahead of that of 7 regardless of k_or k_, and the
magnitude of v _is most sensitive to 7, when k_equals to 8. Note that the wavelength of
the wave of k_= 8 corresponds to about 80 (v/u ) in the physical space, which is close to
the spacing of the streaky structures most frequently observed.

3.4 Control performance and drag reduction mechanism

We applied the control scheme given in equation (3.4) to a larger computational do-
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FIGURE 14. Time history of the correlation coefficient of v _and v at y* = 15.1.

main (Domain II) in order to evaluate its efficiency and examine its effect on turbulent
structures. Figure 11 shows the time histories of the pressure gradient normalized by the
time-averaged pressure gradient of the unmanipulated channel. The skin friction de-
creases drastically once the control starts, and the maximum drag reduction rate of about
18% is obtained. The mean drag reduction rate during the period * = 0 ~ 2500 is about
12%. The rms velocity fluctuations in the wall coordinates are shown in figure 12. As in
figure 3 (b), turbulent intensities are significantly reduced by the control.

It is now clear that we could achieve significant drag reduction with the present con-
trol scheme, which gives a spanwise antisymmetric distribution of the control input as in
figure 10. In order to investigate the present drag reduction mechanism, we examine the
relationship between control input v, and near-wall streamwise vortices below. With a
conditional averaging technique based on the second invariant of the deformation tensor
(0*<-0.01) at y* = 14.3, the near-wall streamwise vortices are sampled. Instantaneous
flow fields surrounding detected points are spatially-averaged keeping the sign of
streamwise vorticity. The conditionally-averaged flow field with @ <0 is represented in
figure 13. The flow field just after the onset of control (= 2.5) is shown in figure 13 (a),
where the flow field has not been much modified by the control input yet. As can be
conjectured from equation (3.4), the control input becomes largest at the boundary be-
tween high and low speed regions near the wall, which is located beneath a streamwise
vortex. Namely, blowing is applied to the vortex with @_> 0, while suction is applied to
that with @ _< 0. ”

Figure 13 (b) shows the conditionally-averaged flow field at *= 100, which must
have been cumulatively affected by the wall blowing/suction. It is found that the stream-
wise velocity distribution is drastically modified in the vicinity of the wall, and hence
the relative locations of the control input and the streamwise vortex are also changed,
especially around the leg region of a vortex. Blowing beneath the streamwise vortex
decelerates the flow and shifts the boundary between low and high speed streaks in the
spanwise direction. On the other hand, suction accelerates the flow near the wall, but
also moves the boundary in the same spanwise direction. The degree of this spanwise
shift of the boundary adjacent to the wall depends on the wall elevation of the streamwise
vortex, so that the boundary is tilted in the spanwise direction as noticed in the plane
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FIGURE 15. Prototype system for wall turbulence control with arrayed sensors and actuators.

view of figure 13 (b). As a result of this shift, the control input becomes almost 180
degree out-of-phase with the wall-normal velocity induced by the streamwise vortex.

Figure 14 shows the time history of the correlation coefficient between v and v at y*
=15.1. Itis observed that the coefficient becomes negative with time and remains al-
most constant at about -0.3. Therefore, the control rule reached by the present GA gives
a control input distribution similar to that of v-control (Choi et al. 1994), although the
present scheme requires only sensing the streamwise wall shear stress.

4. Development of active feedback control unit

4.1 Control system description

In the present work, hot-film sensors are employed for the measurement of the
streamwise wall shear stress, while magnetic wall-deformation actuators are used to
introduce control input into the flow field. A single row of eight hot-film sensors with a
spanwise spacing of 1 mm are used as shown in figure 15. Two rows of arrayed actua-
tors with a 4 mm spacing are arranged with a 2 mm offset in the spanwise direction, and
consequently five actuators are located with a 2 mm spanwise spacing. These spanwise
spacings of the sensors and actuators are about 10 and 20 wall units under the experi-
mental flow condition described later, respectively. A digital signal processor (DSP)
board (SMT-326, Sundance DSP Inc.) with 32 channel analog inputs and outputs is used.
The output voltage of the circuit for the constant temperature hot-film sensor is first
digitized by a 16-bit AD converter. The control signal for the actuator is then computed
with a DSP (C44, 60MFLOPS) and converted back to an analog signal through a 16-bit
DA converter. The present DSP system has an inherent time delay of 1.6 ms for data
transfer and processing.

4.2 Micro wall shear stress sensor

A schematic of the micro shear stress sensor used is shown in figure 16. A platinum
thin-film heater is deposited on a Si,N, diaphragm of 1 im in thickness and 400x400
um? in area. In order to keep a sufficiently large electric resistance of the heater, the thin
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FIGURE 16. Magnified view of micro hot-film shear stress sensor.
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FIGURE 17. Wall shear stress measurement.
(a) Root-mean-square wall shear stress fluctuations, (b) spanwise two-point correlation.

heater is patterned zigzag in an area of 200x23 um? An air cavity of 200 wm in depth is
formed underneath the diaphragm for reducing heat loss to the substrate. Another plati-
num resistor is made on the substrate and used for temperature compensation.

Figure 17 (a) shows the root-mean-square wall shear stress fluctuation 7, . It is
found in DNS studies (e.g., Moser ef al. 1999; Iwamoto er al. 2001) that 7 is weakly
dependent on the Reynolds number when it is normalized by the mean wall shear stress
T . and 7 /T - isequal to 0.36-0.4. The present results in a fully developed
turbulent air channel flow show that the measured data decreases with increasing the
Reynolds number owing to an insufficient frequency response of the sensor, although
the signal deterioration is negligible at Re <400.

The spanwise two-point correlation of 7 obtained with the arrayed sensors is shown
in figure 17 (b). The present data shows a negative peak at Az*~50, and is in good
accordance with the DNS data. Therefore, the near-wall coherent structures, which are
the target of the feedback control, can be well captured with the present wall shear stress

S€nsors.

4.3 Deformable shell actuators

Figure 18 shows a schematic of deformable shell magnetic actuator. An elastic mem-
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FIGURE 18. Schematic of magnetic deformation actuator.
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FIGURE 19. Characteristics of magnetic deformation actuator.
(a) Static response, (b) dynamic response.

brane made of silicon rubber of 0.1 mm in thickness is used, and a rare-earth miniature
permanent magnet of 1 mm in diameter is glued on the membrane backside. A miniature
copper coil (500 turns), of which outer diameter is 3 mm, is placed underneath the mag-
net. The static and dynamic response characteristics of the actuator are shown in figure
19 (a) and (b). The displacement is a nonlinear function of the static voltage applied, and
about 100 um with an imposed voltage of 4V. The dynamic response is dependent on the
amplitude of the imposed voltage, because the spring constant of the membrane is in-
creased with increasing the deformation as shown in figure 19 (a). Hence, the resonant
frequency is increased from 450 to 600 Hz when the amplitude is increased from 1 to 4
V. The time interval required for the control described later is about 5 ms, so that the
frequency response of the actuator should be satisfactory.

The effect of the deformable actuator on the fluid is examined in a quiescent air cham-
ber (160 x 160 x 160 mm?). Figure 20 (a) shows an instantaneous tracer picture near the
actuator driven with a 400 Hz sinusoidal signal. It is seen that, when the actuator reaches
its maximum height of 200 pm, its shape looks like a frustum, and the fluid is radiated
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FIGURE 20. Velocity field around deformation actuator.
(a) Flow visualization, (b) LDV measurement.

Time [ms]

FIGURE 21. Correlation coefficient of streamwise shear stress fluctuation and actuator
displacement.

from the top surface of the actuator. The flow induced is also measured with a 2-compo-
nent laser Doppler velocimeter (Dantec Dynamics Inc., 60X61). The phase-averaged
velocity vectors are shown in figure 20 (b). The maximum fluid velocity obtained at the
elevation twice the maximum displacement of the actuator is about 0.25 m/s, which is
about half of the maximum wall velocity.

4.4 Assessment of prototype control unit

The present prototype system is evaluated in a rectangular wind duct. The channel
width and height are 50 and 500 mm, respectively. The test section is located 80H
downstream from the inlet, where the flow is fully-developed. The bottom wall is equipped
with the control system described above. The bulk mean velocity U, is varied from 2.5
to 9.3 m/s, which corresponds to the Reynolds number Re_based on the wall friction
velocity u_and the channel half-width from 250 to 800. When Re =300 (U,=3.0 m/s),
viscous length and time units correspond to 0.09 mm and 0.5 ms, respectively. Under
this flow condition, the mean diameter of the near-wall coherent streamwise vortex is
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FIGURE 22. Velocity measurement above the actuator in turbulent channel flow.
(a) Streamwise mean velocity, (b) streamwise and wall-normal rms velocity fluctuations.

estimated to be about 2.7 mm (~30 v/ u ), while it takes a time length of about 5 ms (~10
v/ uTz) for a vortex to travel over a fixed wall-sensor.

The dynamic response of the entire control system shown in figure 15 is assessed with
a simple feedback scheme. Namely, the actuator is driven by a signal, which is supplied
through the DPS in proportion to the instantaneous wall shear stress fluctuation mea-
sured by the sensor. The deformation of the actuator is continuously measured with a
laser displacement meter. Figure 21 shows the cross correlation coefficient of the shear
stress fluctuation and the actuator displacement. It is evident that the correlation has a
clear maximum, which indicates that the present system has an internal time delay of 2.2
ms between sensing the stress and driving the actuator. Since the temporal persistence
of the streamwise vortex is about 5 ms as mentioned above, the present control system
should be effective in manipulating many of the passing vortices. It is noted that most of
the time delay is caused by the DSP itself. A faster controller using a field program-
mable gate array (FPGA) having 256 analog input/output channels is now being devel-
oped. With this FPGA, the inherent time delay of the controller will be much decreased
to less than 0.2 ms, so that the total control time delay would be 0.8 ms.

In order to find the effect of the present control with the simple feedback rule prelimi-
narily, the streamwise and wall-normal velocity fluctuations manipulated by the deform-
able shell actuator are measured. To do this, a two-component LDV system using three
laser beams is employed; the diameter of the beam is 1.35 mm and the focal length of the
lens is 400 mm, while the measurement volume is about 190 x 190 x 5500 um?. As
tracers, smoke particles of about 1 wm in diameter, which are generated by the SAFEX®
fog generator (Dantec Dynamics Inc., FOG 2010), are introduced into the wind tunnel.

The results are represented in figure 22. The streamwise mean velocity profiles of
both unmanipulated and manipulated flows are in good agreement with the DNS result
(Iwamoto et al. 2002), so that there is no observable effect on the mean flow field. In
figure 22 (b), the wall-normal velocity fluctuation is significantly increased near the
wall owing to the motion of actuator, although the streamwise component is unaffected.
Note that the magnitude of induced v_ is much larger than that assumed in the previous
DNS studies for active control of wall turbulence (see, e.g., figure 3 (b)).

Figure 23 shows a magnetic MEMS actuator cluster recently developed. It has lined
tiny flaps, which swing on hinges. The flap is made of polyimide, and its area of about
1 X 2 mm? is much smaller than the actuator in figure 18. With this seesaw configura-
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FIGURE 23. Prototype of MEMS magnetic actuators.

tion, large displacement as well as high frequency response can be achieved. A perma-
nent polymer magnet is formed on the backside of the flap, and it is driven by the mag-
netic force induced by a miniature coil underneath. So far, the displacement of the
prototype is about 10 um, and it should be improved by tuning the fabrication process.

4. Concluding remarks

The present paper has concentrated on the recent progress in the active feedback
control of wall-bounded turbulence, which has been made by the author’s group at the
University of Tokyo as a part of the collaborative project on “Smart Control of Turbu-
lence” in Japan. Both hardware and software to be integrated in a future control unit
have been intensively studied and developed. That is, the direct numerical simulation
has been extensively used to assess conceived control algorithms and explore the turbu-
lence mechanism modified by a control. With the rapid advancement in hardware, the
control schemes suitable for real applications, e.g., adaptive schemes, have been identi-
fied increasingly worth studying in addition to more ideal schemes such as optimal and
dynamical systems control schemes. The micro fabrication technology has also been
introduced and exploited for producing arrayed small-scale sensors/actuators and high
performance field programmable gate array units.

In order to highlight the progress, three studies are briefly described. First, the active
cancellation control is tested in DNS of turbulent pipe flow. The simulation is made with
the control applied on the wall entirely and partially. It is found that the drag reduction
rate achieved is comparable to that in the plane channel flow (~25 %), and that, when
partially controlled, the reduction rate is nearly proportional to the area ratio of control.
It is also found that the flow recovers to the uncontrolled state within an about 2000 -
2500 wall unit length downstream of the end of control.

A new control scheme based only on sensing the local streamwise wall shear stresses
is devised with the aid of the genetic algorithm; its performance is again evaluated through
direct numerical simulation of turbulent channel flow. As a result, the control scheme, in
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which the control input given by the actuator is proportional to the difference of the
streamwise wall shear stresses about £20 (V/u ) apart in the spanwise direction, is found
to reduce the wall skin friction as much as 18%. The streaky structures in the vicinity of
the wall are drastically altered by the control, and this leads to the control input which
opposes the wall-normal velocity components associated with the near-wall vortices.

Finally, the prototype of the feedback control unit for wall turbulence is developed
with arrayed micro hot-film sensors and deformable shell magnetic actuators. The dy-
namic responses of the sensors and actuators are found to be sufficiently high for the
experimental condition employed. The time delay of the feedback loop of the prototype
system is estimated to be 2.2 ms, to which the digital signal processor is a major con-
tributor. The LDV measurement shows that the actuator can introduce sufficiently large
control input to the flow field.

There are yet difficult, but important issues that should be resoled to develop a real
control system in the future. Even more efforts should be made to study control algo-
rithms to achieve higher control performance even at higher Reynolds numbers. In the
case of the pipe flow control above, for example, the drag reduction rate is just propor-
tional to the area of control, but we should find a scheme with which we can obtain
excessively larger drag reduction with fractional control. It is known that, at higher
Reynolds numbers, most of the control schemes work less effectively (Iwamoto et al.
2002). It is because the turbulence activity farther from the wall is making larger contri-
bution to the wall skin friction as the Reynolds number increases, and some new control
methodology should be proposed for preventing the nonlinear interaction between the
sublayer and log-region structures. The control algorithm, however, should be simple
enough, since we cannot afford increasing data processing load which results in the high
cost of controller. Developing durable and effective sensors and actuators should also be
accelerated while keeping them cost effective. This will be plausible with the rapid
spread of MEMS technology into the scientific research community, but hopefully fur-
ther development of MEMS-based controller units integrating micro sensors, micro ac-
tuators and CPUs should be led by careful and precise numerical simulations and assess-
ment. Thus, there is no doubt that the numerical and experimental synergetic strategy
will be even more important for future development of smart control of turbulence.

The author is deeply indebted to Drs. Y. Suzuki, K. Fukagata and T. Endo, and also
Messrs. K. Iwamoto, T. Yoshino, K. Morimoto and M. Tsuda for their work described
herein
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