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ABSTRACT

A systematic analysis is made of subopti-
mal control for drag reduction. The influence
of the amplitude of actuation (A) and the time
scale of actuation (At}) is evaluated. Two wall
sensing variables are employed (Ow/dy|, and
Op/0z|y), with two actuations (¢o and ¢3). It
is found that the effect of A and At} on the
drag reduction rate (D,) is significant. The
near-wall behaviors of flow structure are ana-
lyzed to characterize the drag reduction. An
optimal time scale is obtained at At} ~ 1.

INTRODUCTION

The role of near-wall streamwise vortices has
been found to be very important in a wall-
bounded turbulent flow. The downward sweep
motion induced by streamwise vortices very
near wall is closely correlated with skin fric-
tion (Kim et al., 1987). In order to achieve a
reduction of skin friction, the management of
near-wall streamwise vortices has been a target
of control strategies. In Lee, Kim and Choi
(1998), hereafter referred to as LKC, a feed-
back control law was proposed for drag reduc-
tion by applying a suboptimal control theory
to turbulent channel flows. The main aim of
their study was to derive a feedback control
law by using the sensing quantities only at the
wall, not inside the flow. Other recent stud-
ies on the active control have required velocity
information inside the flow, which may be im-
practical for real implementations (Choi et al.,
1994 and Bewley et al., 1993).
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In the suboptimal procedure of LKC, two
suboptimal control laws were devised which re-
quire the local distributions of the spanwise
velocity gradient (Ow/dyly,) or the spanwise
wall pressure gradient (0p/0z|y). These con-
trol laws give us to know only the phase in-
formation of the control input at a local time.
This is because 'suboptimal’ implies only ’spa-
tial optimal’ in a control region. Since LKC’s
study was confined to a spatial optimum in a
control surface, an actuation time scale (At])
was not considered. Furthermore, the ampli-
tude of the control input (A) was assumed to
be a proper constant in the course of analytic
formulation.

In the present study, the influence of the
amplitude of actuation (A) and the time scale
of actuation (At]) is evaluated by applying
a suboptimal control procedure. Two sensing
parameters are chosen, Ow/dy|,, and 0p/0z|y,
in connection with two actuations, i.e. , the
wall normal blowing and suction (¢2) and the
sliding wall velocity (¢3), respectively. Main
emphasis is placed on the identification of the
responses of near-wall layer dynamics to the
control parameters. The active cancellation in
opposition to the near-wall velocity at a de-
tection layer is also employed to evaluate the
effectiveness of the suboptimal control scheme.

SUBOPTIMAL CONTROL PROCEDURE

For an incompressible turbulent flow, the
Navier-Stokes equations and continuity equa-
tion can be written as
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The actuations (¢;) at the wall are considered,

where ¢1, ¢2 and ¢3 are the streamwise slid-

ing, the wall suction/blowing and the spanwise
sliding velocity, respectively.

The differential states of the velocity and

pressure (6;, p) are defined using a Fréchet dif-
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When the spanwise wall shear stress

(Ow/0yly) is chosen as a sensing variable, the
following cost functional should be minimized
as,
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where the integrations are taken over the wall
(S) in space over a short duration in time
(At). 1 is the relative price of the control. The
Fourier representation of the Fréchet differen-
tial of the cost functional is

2
= )dtdS (4)

DJ =+ bw| 963
g =1 —| = 5
D% =90~ G ©

where (*) denotes the Fourier coefficient and
the superscript (*) denotes the complex con-

jugate. To minimize the Fréchet differential
a %
of cost functional for an arbitrary ¢; , i.e.

DJ — 0, the optimal actuations (¢;) become
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where some constants C;, C; are positive scale
factors which are restricted within the total
power of actuation. Under the assumptions of
Kmaz ~ Red/ 4, where kp,qz corresponds to the
Kolmogorov length scale and uAt/Ax ~ O(1),
it becomes (2Re/At) /k* > 1. The optimal
solutions can be simplified in the right hand
side of Egs. (6)-(8).

Similarly, when the pressure gradient in the
spanwise direction is chosen, the cost func-
tional to be minimized is then,
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From the requirement that the Fréchet dif-
ferential of cost functional be minimized, i.e.

% = 0, the optimal actuations (¢fl) become
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The actuation in Eq. (12) does not give
any contribution to drag reduction. However,
a similarity exists between Op/0z|, and the
streamwise vorticity (wz|y) at the wall (Kim,

1989). The suboptimal control in ¢3 with
Op/0z can be modified as
R ow dp
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In the suboptimal procedure of LKC, only
the phase information at a local time was pro-
vided by a weight distribution between actua-
tors and sensors, e.g., ¢2 and dw/dyl,. Since
their study was confined to a spatial optimum
in a control surface, an actuation time scale
(At) was not taken into consideration. In
addition, the amplitude of actuation (A) was
assumed to be constant in their analytic formu-
lation. A is defined as the root-mean-square of
¢; in a control surface. The sensing and actu-
ation are updated at every At} in the present
study.

RESULTS AND DISCUSSION

Direct numerical simulations of turbulent
channel flow at low Reynolds number (Re, =
100) are performed to apply the suboptimal
control scheme. The spectral numerical scheme
used in this study is nearly the same as that
used in Kim et al.(1987). The domain ex-
tends 470 x 26 x 4wd/3 in the streamwise,
wall-normal, and spanwise directions, in con-
cert with a grid size of 32 x 65 x 32. All
the simulations are performed using constant
mass flux. Periodic boundary conditions are
imposed in the streamwise and spanwise di-
rections. The control is applied to only the
bottom wall of the channel.

Before applying the suboptimal control,
the active cancellation procedure of Choi et
al.(1994) is revisited and applied, which em-
ploys blowing and suction in opposition to the
wall-normal velocity (¢2) at a detection layer
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Fig. 1. Time history of (a) streamwise mean shear stress and
(b) root-mean-squared values of actuation for ¢s.

Fig. 2: Effect of A on D, for Ow/dy|y.

located a small distance from the wall. This is
to evaluate the amplitude of actuation in the
present suboptimal control. In the active can-
cellation (Choi et al., 1994 and Hammond et
al., 1998), the location of the detection layer
is important to achieve an effective drag re-
duction. In the present study, three detection
layers (yj = 5.9, 9.6 and 14.2) are chosen and
behaviors of the controlled flows are shown in
Fig. 1. As control begins, the controlled mean
streamwise shear stress (7,) is abruptly re-
duced and it converges to an asymptotic steady
state. The corresponding amplitude of actu-
ation ¢rms also converges to a quasi-steady
state. The maximum drag reduction (7,) is
obtained at y(;r ~ 14.2 among them. As seen
in Fig. 1(b), the levels of ¢pms depend on the
detection layers. For example, when the detec-
tion layer is selected at yj = 9.6, the asymp-
totic level of ¢pms is close to ¢prms ~ 0.121.
Now, the main suboptimal control is per-
formed by the actuation of wall suction and
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Fig. 3. Root-mean-squared velocity distributions for ¢2 and
Qw/0Y|w. (a) urms (b) Vrms (€) Wrms-

blowing (¢2). The spanwise velocity gradient
at the wall (Ow/0yly) is chosen as a sensing
variable. The maximization of the spanwise
wall shear stress brings on the shrinkage of
the near-wall layer dynamics, which is simi-
lar to the control of streamwise vorticity near
the wall. The drag reduction rate (D;) is de-
fined as Dy = (Tno — Te)/Tno, Where 7, denotes
the stress without control and 7, with control.
The effect of the amplitude of actuation (A)
on D, is examined and the results are shown
in Fig. 2. The time scale of the actuation is
fixed at At} = 1.0. As shown in Fig. 2, when
A is smaller than A = 0.125, the effect of A
on D, is significant. D, increases linearly with
increasing A. However, as A increases further
(A > 0.125), the effect of A on D, is insignif-
icant and D, converges to D, ~ 0.26. This
means that the higher amplitude of actuation
(A > 0.125) is excessive and an optimum A
exists at around A ~ 0.125. Note that this
optimum value of A in the present suboptimal
control is close to the value of ¢ in the ac-
tive cancellation (¢rms >~ 0.121).

The foregoing discussion indicates that the
excessive amplitude of actuation (A > 0.125)
gives the same drag reduction as that of the
optimum actuation (A = 0.125). To see the
effect of the excessive actuation, the near-wall
flow structures are enlarged in Fig. 3. Two
cases of actuation are chosen: one is the opti-
mum (A = 0.125) and the other is the excessive
actuation (A = 0.30). The case of no control
(A = 0) is also displayed for comparison. In
general, the turbulent intensities are weakened
due to the control. The influence of the exces-
sive actuation is distinctive in the distribution
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Fig. 4. Root-mean-squared vorticity distributions for ¢2 and
3w/8y|w~ (a) Wz rms (b) Wy rms (C) Wz rms-

of normal turbulent intensity (vyms) close to
the wall (y* < 20) in Fig. 3(b). The increase
of vrms is expected by the direct wall normal
actuation at the wall (¢2). The spanwise tur-
bulent intensity (wyms) is seen to be slightly
increased in Fig. 3(c), which is indirectly influ-
enced by the mass conservation near the wall.
Except for the near-wall region, the effect of
the excessive actuation is insignificant and is
confined to the region very close to the wall.
Outside the near-wall region (y* > 20), the
effect of the excessive actuation is almost neg-
ligible.

Comparison is extended to the distributions
of root-mean-squared vorticity (wj rms). The
global trend in Fig. 4 indicates that all three
components of vorticity fluctuations are atten-
uated owing to the control. For A = 0.30, the
wall vorticities (wg, rms, Wz, rms) in the stream-
wise and spanwise directions are enhanced sig-
nificantly very close to the wall. These values
are even larger than that of no-control (A = 0).
This is because the streamwise and spanwise
wall actuation gradients (0¢2/0z, Opo/0z) en-
hance the wall vorticities. The normal vorticity
intensity (wy, rms) near the wall is slightly en-
hanced due to the excessive actuation (A =
0.30). The increment of dw/dx in the vicinity
of the wall causes the enhancement of wy in the
excessive control, i.e. , wy, = Ou/0z — Ow/0z.
However, outside the near-wall region (y* >
20), two curves of A = 0.125 and A = 0.30 are
almost the same. Since the streamwise vor-
tices which play a key role in drag reduction
are located outside the region (y*+ > 20), the
drag reduction is not influenced by the exces-
sive actuation (A > 0.125), although the power
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Fig. 5. Contours of wg in a cross-flow plane for ¢2 and
Ow/0y|w. (a) A=0(b) A=0.125 (c) A= 0.30.

of actuation is excessively imposed on the sys-
tem.

To look into the effect of the excessive actu-
ation in detail, instantaneous contours of w, in
a cross-flow plane are illustrated in Fig. 5. For
a no-control case (A = 0), many streamwise
vorticities are crowded near the wall. When
the optimal control (A = 0.125) is applied
to the bottom wall, significant reduction in
the strength of the streamwise vortices is ev-
ident. At the excessive control (A = 0.30),
the general features are very similar to that of
A = 0.125, except at the region in the vicinity
of the wall. A closer inspection of the con-
tours indicates that the streamwise vortices are
densely crowded very close to the bottom wall
by the excessive wall actuation.

Next, the wall actuation is changed to
the wall sliding velocity (¢3) in the control,
Ow/0y|,, remains unchanged as a sensing vari-
able. Similar to the prior test for ¢, the
active cancellations for three detection layers
are tested at y('i" = 5.9, 9.6 and 14.2 to evaluate
the amplitude of actuation (¢3) in the subop-
timal control. When the layer is detected at
y;{ = 9.6, the asymptotic level of ¢,ps con-
verges to ¢pms =~ 0.41 in Fig. 6. If compared
to the case of ¢5 in Fig. 1, the maximum drag
reduction (7y,) is obtained at y; =~ 9.6. This
means that the drag reduction rate depends
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Fig. 6. Time history of (a) streamwise mean shear stress and
(b) root-mean-squared values of actuation for ¢3.
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Fig. 7: Effect of At} on D, for dw/8Y|w.

on the location of the detection layer, which is
consistent with the result of Choi et al.(1994).

The influence of A on D, for the ¢3 con-
trol is displayed in Fig. 2. The time scale of
actuation is fixed at At} = 1.0. Within the
range A < 0.4, the drag reduction rate (D,) is
linearly increased. However, when A is larger
than 0.4, the drag reduction rate is stagnant.
Thus, an optimum value is A = 0.4. It is inter-
esting to see that this optimum value is close
to the power of actuation (¢,ms) by the active
cancellation at y; = 9.6.

As mentioned earlier, the phase information
at a local time was obtained through a weight
distribution between sensors and actuators in
the control procedure of LKC. Since the control
was confined to a spatial optimum in a control
surface, the actuation time scale (At}) was not
considered. In the present study, the effect of
the actuation time scale (At}) is tested in Fig.
7. Two actuation cases (¢2 and ¢3) are cho-
sen. To see the influence of At} on Dy, the
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Fig. 8: Effect of A on D, for 0p/0z|w.

amplitude of actuation (A) is fixed at the afore-
stated optimal value, i.e. , A = 0.125 for ¢ and
A = 0.4 for ¢3. As seen in Fig. 7, the drag re-
duction rate (D, ) is influenced by the actuation
time scale significantly. An optimal time scale
is obtained at At] ~ 1 for both cases. This
finding is important in terms of the realistic
applications of the present suboptimal control.
However, D, decreases as At} increases fur-
ther. In particular, when At} > 100, the drag
is even increased. This suggests that the actua-
tion time scale should be less than At} ~ 100.
Note that this is consistent with the bursting
period of Kim and Sparlart (1987).

In an effort to find another reliable wall sens-
ing variable, the spanwise wall pressure gradi-
ent (Op/0z|y) is considered as a footprint of w,
above the wall. The wall suction and blowing
for suppressing a streamwise vortex increases
the pressure gradient in the spanwise direction
under the streamwise vortex near the wall. It
is known that the measurement of dp/0z|y, is
much easier in practice by using an array of
pressure sensors (Lee and Sung, 1999). By uti-
lizing Op/0z|y instead of dw/dy|w, the same
procedure is employed to see the influence of A
and At} on D,. The results for both ¢5 and ¢3
are displayed in Fig. 8. The time scale of ac-
tuation is fixed at At} = 1.0. Similar to the
prior results of dw/dyl,, optimal values of A
are estimated at A = 0.125 for ¢ and A =04
for ¢3. Note that these optimal values are the
same as the prior ones.

The effect of At} on D, for both cases is ex-
hibited in Fig. 9, where A is fixed at A = 0.125
for ¢ and A = 0.4 for ¢3. It is seen that an
optimal time scale is obtained at At} = 1.0
for both cases. As At} increases further, D,
decreases. When compared to the case of
Ow/0yly in Fig. 7, D, is very sensitive to the
time scale in the region At} < 1.0 for ¢ .
A rapid change of D, is observed in the re-
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Fig. 10: Time history of 1, for 8p/0z|w. (a) ¢2 (b) ¢3.

gion 0.2 < AtS < 1.0 in the case of ¢o. This
means that the selection of At} in the region
of At} < 1.0 should be careful in the realistic
suboptimal control application by wall suction
and blowing (¢2). When At} > 100, the drag
is even increased. This is similar to the case in
Fig. 7.

The sensitivity of Atl = 0.2 to 7, is dis-
played in Fig. 10 by showing the time history
of 7,. Two control actuations (¢, and ¢3)
are employed by sensing dp/dz|w. The case
of At} = 1.0 is included for comparison. It is
evident that the response of 7, to ¢2 is more
sensitive than to ¢3. It is expected that the
response of wall pressure fluctuations to the
normal actuation ¢o is more unstable in time
than the case by the wall sliding velocity (¢3).
A closer inspection of the time history of 7,
in Fig. 10 indicates that small fluctuations of
Tw for the trajectories of ¢o are included while
the trajectories of ¢3 are not. This may be at-
tributed to the fact that some corrupted phases
are contaminated between the wall normal ac-
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tuation and the wall pressure (0p/0z|w).

CONCLUSION

Detailed numerical analyses have been per-
formed to delineate the suboptimal control
laws for drag reduction. The influence of the
amplitude of actuation (A) and the time scale
of actuation (At}) was evaluated for two sens-
ing parameters, Ow/dyl, and Op/0z|y, with
two actuations ¢ and ¢3. Active cancellation
was employed to validate the effective ampli-
tude of actuation. It was found that an op-
timum A exists for a given control set. The
excessive amplitude of actuation gives the same
drag reduction as that of optimum actuation.
The effective actuation is confined to the re-
gion very close to the wall (y* < 20). The
drag reduction rate by ¢3 is slightly lower than
that by ¢2. An optimal time scale is obtained
at Atl ~ 1 and At} should be less than
At ~ 100. The most effective drag reduction
is achieved at the pair of ¢9 and Ow/dy|y,.
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