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Abstract

Direct numerical simulation of turbulent channel flow was made in order to evaluate
feedback control with deformable walls. When the local wall velocity is determined by an
active cancellation control scheme similar to Choi et al. (1994), the drag is decreased by
about 12% with the wall deformation of the magnitude on the order of one viscous length.
On the basis of the typical dimensions of the wall deformation thus obtained, a novel array
of deformable actuators elongated in the streamwise direction is proposed. A new realiz-
able control scheme by using wall information is developed based on physical arguments of
the near-wall coherent structures. The location of quasi-streamwise vortices accompanied
with streak meandering is successfully detected about 50 viscous length downstream from
the sensing location, at which the spanwise gradients of wall shear stresses are measured.
The wall velocity of each actuator is determined to counteract the wall-normal velocity
induced by the streamwise vortices. By the present control scheme with the arrayed sen-
sors and actuators, 10% drag reduction is achieved through selective manipulation of the
streamwise vortices and streak meandering. It is also found that the energy input of the

present control is one order of magnitude smaller than the pumping power saved.
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1. INTRODUCTION

Turbulence and concomitant phenomena such as heat transter, diffusion, friction drag
and noise play important roles in industrial and environmental problems. From the view
point of saving power and protecting the environment, it is strongly desired to develop
efficient turbulence control techniques for drag reduction and/or heat transfer augmen-
tation. In the last three decades, various control strategies have been proposed (e.g.,
Bushnell & Hefner, 1990; Gad-el-Hak, 1994a). Among various methodologies, which are
roughly classified into passive and active control, active feedback control attracts much
attention because of its large control effect with small control input (Moin & Bewley,
1994; Gad-el-Hak, 1996; Kasagi, 1998).

Since 1960’s, a considerlable degree of knowledge has been accumulated on the turbu-
lent coherent structures and their underlying mechanism (e.g., Cantwell, 1981). Kline &
Robinson (1989) grouped coherent motions observed in wall turbulence into eight classes.
Among those coherent structures, quasi-streamwise vortices (QSV; hereafter) are known
to play a dominant role in the near-wall turbulent transport phenomena (Robinson, 1991;
Kasagi et al., 1995). Jeong et al. (1997) proposed a conceptual model of the near-wall
coherent structures, which consists of a train of QSVs having alternative signs of the
streamwise vorticity. They also showed that QSV tilted in the spanwise direction have
close relation with the meandering of low-speed streaks, and have major contribution to
the regeneration mechanism. Kravchenko et al. (1993) showed that the streamwise vor-
ticity accompanied with QSV has strong correlation with the wall shear stress upstream
of the QSV. Kasagi & Ohtsubo (1992) found that the production and destruction of the
Reynolds shear stress as well as the turbulence heat flux are concentrated in the regions
close to QSV.

These facts indicate that an effective control of friction drag and/or heat transfer in
wall turbulence can be established through selective manipulation of QSV.

Choi et al. (1994) investigated turbulent channel flow with local blowing/suction on
the wall, which is opposite to the wall-normal velocity in the buffer layer. They obtained
30% drag reduction in their DNS, and found that QSV are attenuated. Bewley et al.
(1993) employed a suboptimal control theory (Choi et al., 1993) in order to determine
the distribution of wall blowing/suction as the control input. They obtained 15% drag
reduction and showed that the spatial distribution of blowing/suction determined by their
suboptimal scheme is similar to that of Choi et al. (1994).

Lee et al. (1997) have developed a control algorithm based on neural networks. They
determined the control input by using only wall variables, and found that the wall shear
is substantially decreased when the blowing/suction rate is roughly proportional to the
spanwise gradient of the spanwise shear stress. Lee et al. (1998) proposed a suboptimal
control scheme with the Fourier transformation, and showed that their control scheme by
using elaborate cost function is very effective in reducing drag.

It is noted that in most previous DNS studies for controlling wall turbulence, an infinite
number of sensors and actuators were assumed, and their volumes were neglected. Since

this assumption is unrealistic, it is desired to develop a new control algorithm assuming
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arrayed sensors and actuators of finite spatial dimensions.

Devices for turbulence feedback control should have spatio-temporal scales compara-
ble with those of the coherent structures (Gad-el-Hak, 1994b). Recent development of
microelectromechanical systems (MEMS) technology enables us to fabricate prototypes of
such micro devices (Ho & Tai, 1996). Among various kinds of actuators, wall deformation
is considered to be one of the most promising candidates, because of its robustness against
the hostile environment. Grosjean et al. (1998) fabricated pneumatic wall deformation
actuators with MEMS techniques, and showed that these actuators survived transonic
flight test with large temperature fluctuation.

Carlson & Lumley (1996) employed a Gaussian-shaped deformable bump as an actu-
ator in their DNS of a minimal channel flow (Jiménez & Moin, 1991). They found that,
when a bump having a maximum height of 12 viscous length and a maximum velocity of
one friction velocity swells underneath the high-speed regions, the faster moving fluid is
displaced away from the wall, and thus the friction drag is decreased as much as 7%. How-
ever, the effect of the wall motion on the near-wall coherent structures and the detailed
friction drag reduction mechanism remain to be resolved.

Mito & Kasagi (1998) assumed sinusoidal wall oscillation uniform in the streamwise
direction, of which amplitude and period is given by a predetermined way. They found
in their DNS of a turbulent channel flow that the wall deformation induces long-term
variation of wall friction, and makes low-speed streaks more stable and less meander in the
spanwise direction during the time period when the friction drag is reduced. Their result
indicates that the wall deformation should be effective in wall turbulence modification.

The objectives of the present study are to develop a new control algorithm based
on the dynamics of near-wall coherent structure, which requires only wall variables, and
to evaluate arrayed wall deformable actuators for drag reduction as a leading design of
practical turbulent control devices. For this purpose, we employed DNSs of turbulent

channel flow with deformable two walls.

2. NUMERICAL PROCEDURE

The flow geometry and the coordinate system are shown in Fig. 1. The govern-
ing equations are the incompressive Navier-Stokes equations and the continuity equation.
Wall deformation is represented with a boundary-fitted coordinate system for moving
boundary. Periodic boundary conditions are employed in the streamwise (z—) and span-
wise (z—) directions, while non-slip boundary condition is imposed on the top and bottom
deformable walls.

A modified Crank-Nicolson type fractional-step method (Choi & Moin, 1994) is used
for the time advancement, while a second-order finite difference scheme is employed for
the spatial discretization of both flow variables and metrics on a staggered mesh (Mito &
Kasagi, 1998). The pressure Poisson equation is solved with the multi-grid method (De-
muren & Ibraheem, 1998). Three levels of meshes are used to accelerate the convergence,

in which a successive over relaxation (SOR) method is adopted in the finest and medium
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meshes, whilst an incomplete LU conjugate gradient squared (ILUCGS) method is used
in the coarsest mesh.

The size of the computational volume is respectively 2.57é and 0.7576 in the x— and
z— directions, where 6 is the channel half width. The simulation is performed under the
constant flow rate condition throughout the present study. The Reynolds number based
on the bulk mean velocity U, and the channel width 26 is 4600 (about 150 based on the
wall friction velocity u, and 6). The computational domain is about 1180 and 360 viscous
length scales in the x— and z— directions, respectively, which are about 2.5 and 3.6 times
larger than the minimal flow unit (Jiménez & Moin, 1991). Hereafter, ( )* represents a
quantity non-dimensionalized by the friction velocity w, in the plane channel flow without
control and the kinematic viscosity v.

The number of grid points is 96, 97 and 96 in the x—,y— and z—directions, re-
spectively. A non-uniform mesh with a hyperbolic tangent distribution is employed in
the y—direction. The first mesh point away from the wall is given at y™ = 0.25. The
computational time step is chosen as 0.33v/u?. The initial condition is given from a fully-
developed velocity field of preceding channel flow DNS.

3. ACTIVE CANCELLATION BY WALL DEFORMATION

In the first stage of the present study, a simple feedback algorithm similar to the
v-control scheme (Choi et al., 1994) is employed in order to evaluate the performance of
wall deformation on drag reduction. The velocity of the wall deformation v,, is given to
be out-of-phase of the wall-normal velocity in the buffer region; v,, at each grid on the

deformable wall is determined as follows:
of (tagn) = — (vF (1) = << vf (1) >>) = 031y} (1), (1)

where t,, denotes time step n, while v, is the wall-normal velocity at y/é = 0.1 (y* ~ 15).
The second term is devised to keep the total volume of the flow domain constant, where
the double bracket << y >> denotes an ensemble average of quantity y in the =z — 2
plane at each time step. The third term of the RHS of Eq. (1) is a damping term to
suppress excessive wall deformation, where ¥, is the displacement of the wall.

Time trace of the drag coefficient normalized with its value for the uncontrolled plane
channel flow is shown in Fig. 2. Note that the form drag of the deformable walls are
found to be negligible, so the friction and total drags are employed synonymously in the
present study. The friction drag is decreased to as large as 12% at ¢ = 600, and the mean
drag reduction rate during t* = 0 ~ 600 is about 10%. Figure 3 shows an instantaneous
shape of wall deformation. It is evident that the deformation is much elongated in the
streamwise direction. Two-dimensional (# — z) spectrum of the wall velocity v,, is shown
in Fig. 4. Two marked peaks are observed at (k,,k.) = (3,3) and (5,5). Thus, the
typical length scales estimated from these peaks are (m}, mI) = (200,60) and (120, 36),
where the spanwise scale is in between the mean diameter of QSV and the spacing of
the near-wall streaky structures. As described later, dimensions of arrayed deformable

actuators are determined based on these characteristic lengths.
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Figure 2 also shows the rms value of the wall displacement is fairly small and is
about 1.0v/u,. Wall roughness within y™ = 5 is categorized as “hydraulically smooth”
(Schlichting, 1960), and considered to have minor effect on the turbulent flow field. It
is also noted that Goldstein & Tuan (1998) found in their DNS that the drag is slightly
increased for the V-shaped riblet surface having 9v/u., in height and 62.8v /u, in spacing,
of which spacing is close to the characteristic spanwise scale of the wall deformation
obtained in the present study.

On the other hand, the rms value of the wall velocity is 0.15u, and almost the same as
that of the wall-normal velocity fluctuation at y* = 10. According to the v-control scheme
by Choi et al. (1994), the optimal wall elevation of the sensor location is at y* = 10.
Therefore, the drag reduction presently obtained should be due to the wall-normal veloc-
ity of the fluid induced by the wall deformation rather than the deformed shape of the wall.

4. DETECTION OF QUASI-STREAMWISE VORTEX BASED ON WALL
VARIABLES

It is now evident that the wall deformation determined with appropriate control
scheme is effective in drag reduction. In this section, a new algorithm to identify QSV
based on the wall information is proposed from the argument on the dynamics of near-wall
coherent structures.

It is well known that the near-wall streaky structures do not always flow straight in
the streamwise direction, but often meander in the spanwise direction. Johansson et al.
(1991) made a conditional average of a DNS database (Kim et al., 1987) and found that
the turbulent production was very large near the streaky structures asymmetric in the
spanwise direction. Hamilton et al. (1995) pointed out that QSV and the streaky structure
have close dynamical relationship with each other, and the meandering of streaks plays
an important role in a quasi-cyclic process of turbulence regeneration. Jeong et al. (1997)
proposed a schematic model of QSV alternatively tilting in the x — z plane associated
with the meandering of the near-wall low-speed streak. From the information mentioned
above, it is expected that QSV can be identified from the wall information by detecting
the streak meandering.

Figure 5 shows a schematic of a modelled streaky structure. When the velocity gradi-
ents in the two horizontal directions are taken into account, the edges of the streak can be
grouped into four events as tabulated in Table 1, depending on the signs of du’/dz and
Ou'/0z. Note that E1 and E4, and also E2 and E3 are respectively of mirror symmetry
in the spanwise direction.

In order to examine flow characteristics associated with each event, a conditional
average of a plane channel flow is made, given the condition of the signs of du™/dz™ and
Out [0z at y* = 15. A threshold of 0.32 is employed for both gradients to extract strong
events only.

Figure 6 shows contours of the conditionally averaged streamwise velocity < u't > at

yT = 15 for Events E1 and E2. The contours of negative < u'* >, which correspond to
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the low-speed streaks, are elongated in the streamwise direction and tilted in the spanwise
direction for both events. As depicted in Fig. 5, the detection point in E1 corresponds to
the downstream edge of the low-speed streak, while that in E2 to the upstream edge.
Figure 7 shows contours of the conditionally averaged streamwise vorticity < wi >
at y* = 15 for Events El and E2. In Event El, a large peak in < w] > exists at the

detection point. Thus, it is indicated that QSV having strong positive w; often appears
_I_

xr

E4 (not shown). For Events E2 and E3, the magnitude of < w, > is fairly small at the
detection point. The present result is in accordance with the conceptual model proposed
by Jeong et al. (1997) showing that QSVs are located on the downstream side of the

meandering low-speed streaks.

in Event E1. On the other hand, a negative peak in < w > is associated with Event

The equation of the streamwise vorticity w} is given as follows :

Dwt Jut  Owt out  Ovt Jut
r o — + — VQ + 2
Dit T 9at T 9at dyt + Jaxt 0z7 Ve 2)

where the first term of the RHS is the stretching term, while the second and third terms
correspond to the tilting and twisting terms, respectively. Brooke & Hanratty (1993)
showed that (Jw/dx) - (Ju/dy) is the largest in Eq.(2) near the wall, and w, is mainly
produced by the tilting of w, in its early stage. Once w, is produced, however, the stretch-
ing term have substantial contribution (Sendstad & Moin, 1992). Since both dut /dz* and
w; are positive at Event E1, w} is further produced by the stretching term w, - (Ju/dz),
which results in the peak of w} shown in Fig. 7(a). On the other hand, dut/dz™ is
negative for Event E2 while w} is positive, so that the magnitude of w} should be de-
creased. Thus, the streak meandering should contribute to the evolution of w, and hence
the regeneration mechanism of QSV.

It is now clear that QSV accompanied with the meandering streaks can be detected by
using Jut /dzt and Out [0z at y* = 15. In order to identify the meandering based on
wall variables, we examined spatial relation between the streaks and the wall shear stress
fluctuations. As a result, it is found that the spanwise gradients of 77 (= du't /dy™|,)
and 75 (= OJw't/dyT|,) instead of the velocity gradients in the buffer layer are good
indicators for the meandering streaks. The signs of the shear stress gradients and the
corresponding events are summarized in Table 2. A negative value of d7,,/dz is observed
50v /u, upstream of Events E1 and E4, while d7,,/0z > 0 for E2 and E3. Note that Event
El can be distinguished from E4 by the sign of d7,/0z at the same location.

Figure 8 shows the contours of the streamwise velocity fluctuation < u'* > at y* = 15,
conditionally averaged for S1 (97,7 /0z" > 0.035 and 07} /021 < —0.005). Although the
tilting angle of the streak is slightly smaller than that shown in Fig. 6, the meandering of
the low-speed streak corresponding to El is well captured at 50v /u, downstream from the
detection point. A large positive peak of w} at y* = 15 is also observed in the same region,
where the streak meanders as shown in Fig. 9. Although it is not shown here, a large
negative peak of w} is associated with S4 (97} /02T < —0.035 and O7} /0=T < —0.005),
which corresponds to Event E4. Thus, QSV as well as its direction of rotation can be
detected by the combination of the signs of d7F/dz% and 97} /0= .

6
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Figure 10 shows contours of the conditionally averaged wall-normal velocity < vt >
at yT = 15 for S1. Positive and negative peaks are aligned side-by-side in the spanwise
direction, and they respectively correspond to the ejection and sweep motions. The span-
wise distance of the positive and negative peaks is about 30v/u,, which is almost the
same as the mean diameter of QSV (Robinson, 1991).

It is noted that the present control scheme based on the dynamics of the near-wall
coherent structure is similar to the algorithm by Lee et al. (1997, 1998) in the sense that
it requires d7,,/0z, although they employ different schemes such as a suboptimal control

scheme and an adaptive control method based on neural network.

5. FEEDBACK CONTROL WITH ARRAYED DEFORMABLE ACTUA-
TORS

In previous studies, sensors and actuators are assumed to be infinitely small, and
placed at each computational grid point on the wall. In the present study, we assume
control devices having finite dimensions, and design arrayed actuators and sensors based
on the discussion descrived above.

Figure 11 (a) shows a schematic of deformable actuator assumed in the present com-
putation. By taking into account the characteristic length of the wall deformation shown
in Fig. 4, the streamwise and spanwise dimensions of the actuator is chosen as 172 and
60v /u,, respectively. Each actuator is assumed to be deformed only in the y—direction.
The shape is determined with a sinusoid in the spanwise direction, in such a way that the
distance between the peak and trough is about the mean diameter of QSV.

Figure 11 (b) shows an arrangement of arrayed shear stress sensors and deformable
actuators. A shear stress sensor is assumed to be centered at 12.3v/u, upstream from the
upstream end of the deformable actuator. Hence, the streamwise distance between the
sensor and the center of the actuator is 50v /u,, which corresponds to the displacement
between the detection point of Events E1 and E4, and the peak of the streamwise vorticity
shown in Fig. 9. In the present study, 36 actuators (6 x 6 in the streamwise and spanwise
directions) are distributed with a regular pitch on both walls of the channel.

Each sensor measures the spanwise gradients of the instantaneous wall shear stresses,
07,/0z and 07, /0z. The wall velocity at the center of the peak/trough of the actuator

v, 18 determined by:

ol (t,) ) o OTu(1,)
atanh | ——=2/8 | — vyt (t,), if <0,
) = (F5ess) -kt % 3)
—vyt(t,), otherwise,

where y,, is the wall displacement at the peak/trough, and «, 3, and v are control param-

eters, respectively. The wall velocity of each grid point on the actuator is given by

2t — ) 27 (27 — 2
N B R e R e |

(4)
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where the function f(z%) is introduced to keep the shape of the actuator smooth in the

streamwise direction. The function f is determined with a hyperbolic tangent as:

[

x

flat) = 1 ceif =615 <ot —at <61,
%[l—tanh{ﬁﬁ;ggﬂ}] <eif 61.5 <zt —aF < 86.

|1+ tanh { =T 56 < ot ot < 615,
L5, (5)

x

In Eqgs. (4) and (5), . and z. denote the location of the center of the actuator. The
parameters are somewhat tuned through preliminary computations, and chosen as a =
2.3,6=0.077,v =0.3,0 =6.14, and oF = 22.2, respectively.

Figure 12 shows a time trace of the normalized pressure drop for the cases of local
blowing/suction and the continuous wall deformation. It is seen the drag is gradually
decreased from the onset of the control. The present result, however, exhibits no control
effect until t* = 200, and then the drag is decreased at ¢t* > 200. A maximum drag
reduction rate of 17% is obtained at ¢t = 800. Therefore, even with coarsely distributed
sensors and actuators on the wall, the effect of the present control scheme appears to be
efficient through selective manipulation of QSV.

The gain in pumping power (G and the energy input to deform actuators W;, are
calculated to evaluate the performance of the present control. After Mito & Kasagi
(1998), (i) work of convecting of turbulent kinematic energy, (ii) pressure work, and (iii)
stress work, are taken into account as energy input, although the work for stretching the

wall material is neglected.

G = [(_@) —(—a—p) ]-Q, (6)
O No-control O Control

1 0k
in = ! . i3 k ie3 N drﬂ)?
W= i, &,UJJ( Rean) (7)
0 ) ————

where @), k and p!, denote the flow rate, turbulent kinetic energy, and wall pressure fluc-
tuation, respectively. The subscript n denotes wall-normal direction, and Eq. (7) is the
surface integration over the deformable wall.

As shown in Fig. 13, the energy input for deforming actuators are much smaller
than the pumping power saved. The mean efficiency n(= G/W,,) is on the order of 10,
and this fact demonstrates that the efficiency of the present control scheme with arrayed
deformable actuators can be markedly large.

Figure 14 shows the top views of instantaneous flow fields at ¢ = 0 and 604. Vortical
structures are identified with their negative value of the second invariant of the deforma-
tion tensor (/1" = u} u};) (Chong et al., 1990; Kasagi et al., 1995). Under the present
control with deformable actuators, QSV becomes less populated near the wall and the

meandering of low-speed streak is surpressed.

8
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The quadrant analysis (Lu & Willmarth, 1973) is employed to examine conditionally
averaged flow field. The detection point is chosen at y™ = 15, and the condition is given
as:

|ulv/| > Hui’msvfmSv (8)

where the threshold H is set to be unity.

Figure 15 shows the conditionally averaged streamwise velocity at y™ = 15 associated
with the ejection event. For all cases examined, a low-speed streak is clearly observed near
the ejection event. Although each realization of the low-speed streak is elongated over a
few thousand viscous length in the streamwise direction (Kline & Robinson, 1989), the
conditionally averaged field exhibits much shorter structure because of the meandering
in the spanwise direction. As shown in Fig. 15(b), the low-speed streak with the local
blowing/suction becomes much shorter than that in the uncontrolled plane channel. On
the other hand, under the present control with arrayed deformable actuators, it becomes
longer in the streamwise direction. This fact indicates that the meandering of the streak
is suppressed and the low-speed streak itself is much stabilized. Although it is not shown
here, the two-point correlation of the streamwise velocity fluctuation persists longer in
the streamwise direction as is often observed in drag reducing turbulent wall flows with
polymer additives (Fortuna & Hanratty, 1972). Conditionally averaged displacement of
the actuators near the ejection event shows that the actuators are deformed as a groove
beneath the low-speed streaks. The groove follows the low-speed streak as it is convected
downstream with keeping a depth of about 1v/u..

This stabilization phenomenon of the low-speed streak is also shown in DNS of tur-
bulent channel flow with sinusoidal wall oscillation uniform in the streamwise direction
(Mito & Kasagi, 1998). Therefore, a possible drag reduction mechanism in the present
control is that the breakdown process proposed by Hamilton et al. (1995) is surpressed,

and the regeneration cycle of the near-wall turbulence vortex is hampered.

6. CONCLUSIONS
Direct numerical simulation of turbulent channel flow was made in order to evaluate

feedback control with deformable walls. The following conclusions can be obtained:

1. Deformable wall can be an efficient actuator for wall turbulence with characteris-
tic dimensions of 200 and 60 viscous lengths in the streamwise and spanwise directions,
respectively. On the basis of this knowledge, a novel array of deformable actuators elon-
gated in the streamwise direction is proposed.

2. A new simple control scheme is developed based on physical arguments of the near-
wall coherent structures. The location of quasi-streamwise vortices accompanied with
streak meandering is successfully predicted. Itis about 50 viscous length downstream
from the sensing location, where gradients of wall shear stresses, dr,/dz and 07,,/dz, are
measured.

3. About 10% drag reduction is achieved with arrayed sensors and actuators. The
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streamwise vortices and streak meandering are selectively attenuated by the present con-
trol scheme. The energy input of the present control is one order of magnitude smaller

than the pumping power saved.
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Table 1. Four events at the edge of the meandering streaks.

Endo, Kasagi & Suzuki

Event | ou'/0x | Ou'/0z
E1 | Positive | Positive
E2 | Negative | Positive
E3 | Negative | Negative
E4 | Positive | Negative

Table 2. Four signals and corresponding events.

Signal | d7,/0z | 01,/0z | Event Wi,
S1 Positive | Negative | El Positive
S2 Positive | Positive E2
S3 Negative | Positive E3
S4 Negative | Negative | E4 | Negative

Figure 1. Flow geometry and coordinate system.
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Figure 2. Time traces of the normalized mean pressure gradient and the rms values of
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Figure 3. Instantaneous wall deformation (1T = 5). Flow :
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Figure 4. Two-dimensional spectrum of the wall velocity.
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Figure 5. Schematic of a modelled streaky structure.
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Figure 6. Contours of conditional-averaged streamwise velocity at y* = 15. The
detection point is at 7 =0 and z* = 0. (a) Event E1, (b) Event E2.
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Figure 7. Contours of conditional-averaged streamwise vorticity at y™ = 15. The
detection point is at 7 =0 and z* = 0. (a) Event E1, (b) Event E2.
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Figure 10. Contours of wall-normal velocity at y* = 15, given the conditions of

Ot /02T > 0.035 and 01} /0=t < —0.005.
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Figure 11. Schematic of arrayed actuators and shear stress sensors. (a) Dimension of a

single deformable actuator. (b) Arrangement of the actuators and the sensors.
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Endo, Kasagi & Suzuki

Figure 14. Top view of the instantaneous flow field. Flow: left to right.
White: 77"t = —0.03, Blue: vt = —3.5, Red: v/t =3.5. (a) tT =0, (b) t* = 604.
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Figure 15. Conditional averaged streamwise velocity near the Q2 event. (a) No control,

(b) Local blowing/suction, (c) Present results with arrayed deformable actuators.
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