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Abstract

Direct numerical simulation (DNS) of a turbulent
channel flow is performed in order to explore the
possibility of wall-friction-drag reduction through
the manipulation of large-scale structure. As an ide-
alized feedback control, we selectively damp either
the small-scale wall-normal velocity fluctuations
(defined as those with spanwise wavelength smaller
than 300 wall units) or the large-scale fluctuations
(spanwise wavelength larger than 300 wall units).
The present DNS shows that the control of
small-scale fluctuations is more efficient than that of
large-scale fluctuations. When the small-scale fluc-
tuation is damped, the friction drag reduces simply
according to the absence of small-scale fluctuations.
When the large-scale fluctuations are damped, in
contrast, the small-scale fluctuations are drastically
increases and the reduction of friction drag is less
than that expected from the absence of large-scale
fluctuations. This increase of small-scale fluctua-
tions is found to be due to the reduction of pressure
fluctuations and weakened destruction of Reynolds
shear stress.

1 Introduction

Since 1990's, extensive research has been made
on the feedback control of wall-bounded turbulent
flows for skin friction drag reduction (see, e.g., Ka-
sagi, 1998; Bewley 2001; Kim, 2003; and Kim and
Bewley, 1997). While different schemes, such as
those based on the physical argument (e.g., Choi et
al., 1994), and the modern control theory (e.g.,
Bewley et al., 2001), have been examined, a common
mechanism for successful drag reduction is attenua-
tion of the quasi-streamwise vortices in the region
near the wall. This should be reasonable because the
Reynolds number considered in these studies is
relatively low (typically Re, ~ 100, where Re; is the
friction Reynolds number) and the Reynolds shear
stress (RSS) produced by the quasi-streamwise vor-
tices has the largest contribution to the skin friction
drag.

The skin friction drag and the RSS are mathe-
matically related by the identity equation (Fukagata
et al., 2002). For a fully developed channel flow, for
instance, the identity equation reads

12 1 —
o} =R—eb+24j0(1—y)(—uv)dy. (1)

Here, all the quantities are made dimensionless by
using the channel half-width and twice the bulk mean
velocity, and Rey, is the bulk Reynolds number. The
first term is the laminar friction drag, and the second
term is the turbulent contribution, which is an inte-
gral of RSS (-u'v") weighted by the distance from
the channel centerline (1 —Y).

Equation (1) suggests that, at large Reynolds
numbers, the contribution of RSS in the region far
from the wall (i.e., in the central region of channel)
becomes dominant, unlike the case of low Reynolds
number flows so far studied. Figure 1 shows the
profiles of weighted RSS, (1-y)(-u'Vv') (i.e., inte-
grand of the second term in Eq. (1)) in uncontrolled
flow at different Reynolds numbers. At higher
Reynolds numbers, the contribution of near-wall
RSS to the friction drag drastically decreases and the
contribution of the RSS far from the wall becomes
dominant.

The RSS in the region far from the wall is closely
related to the so-called large-scale structure. Ac-
cording to the recent PIV (Tomkins and Adrian,
2005) and direct numerical simulation (DNS) (Abe et
al., 2004; Twamoto et al., 2004) of moderately high
Reynolds number wall-bounded flows, this
large-scale structure has a spatial scale of about
channel half-width. Although the attenuation of
small-scale structure in the region near the wall may
lead to significant drag reduction even at practically
high Reynolds numbers, as theoretically predicted by
Iwamoto et al. (2005), the large-scale structure can
be considered as an alternative target of control for
friction drag reduction at high Reynolds numbers.
Friction drag reduction by the manipulation of the
large-scale structure, if possible, is also beneficial in
terms of hardware development, because the re-
quirement for the size of sensors and actuators
(which is as small as 30 wall units for the conven-
tional feedback control and it corresponds to the
order of 100 pum in the typical applications, such as
high-speed train) can be largely relaxed. Therefore,
in the present study, we investigate by means of
numerical experiments the possibility of friction drag
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Figure 1: Distribution of weighted Reynolds shear

stress at different Reynolds number (calculation

using the eddy viscosity model with the van Driest
damping function.)

reduction by the manipulation of large-scale struc-
ture.

2 Direct numerical simulation

We consider a fully developed turbulent channel
flow. The flow rate is kept constant. The Reynolds
number based on the bulk-mean velocity and the
channel width is Rep, = 2Upd/v = 24000 and the
corresponding friction Reynolds number in the un-
controlled case is Re, = 640.

The present DNS is performed by using a pseu-
do-spectral code (Iwamoto et al., 2004). It is based
on the wall-normal velocity and vorticity formula-
tion similar to that by Kim et al. (1987). Fourier
expansion is used for the streamwise (X) and span-
wise (z) directions with the periodic boundary con-
dition. Chebychev-tau method is used for the
wall-normal (y) direction. The no-slip condition is
imposed on the wall. The fourth order accurate
Runge-Kutta method is used for the temporal inte-
gration.

The computational domain is 2.57 x 26 X 76 and
the number of nodes are 288 x 257 x 384 in X, y, and
z directions, respectively. The corresponding grid
size is AX" = 17.7, A" = 5.3 in the streamwise and
spanwise directions, respectively. The minimum grid
size in the wall-normal direction is Ay, = 0.049.
Hereafter, the superscript of "+" denotes the wall unit
in the uncontrolled flow.

3 Control method

As an ideal control input for suppression of ve-
locity fluctuations, we consider a feedback body
force which works as a damper. This damper is
added to the wall-normal component of the mo-
mentum equation, and the wall-normal momentum
equations is modified to read

ﬂ:—J~Vv—Vp+LV2v—gv, )
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Figure 2: Probability density histograms of spanwise

streak spacing for Re, = 2030 (Smith & Metzler,
1983).

where 7is the relaxation time (set here at 10 wall unit
time). The prefactor o takes a value of 0 or 1 de-
pending on the spanwise wavenumber 4,. We set
either:

a=0(for 4,<A.)and a=1(for 4, > 4. )to
damp the large-scale structure only, or
a=0(for 4, >A)anda=1 (for 4,< 4. )to
damp the small-scale structure only.

The threshold wavenumber A, is chosen so as to
separate the small and large scale structures. As
shown in Fig. 2, the spanwise size of the near-wall
streaky structure is known to be less than 300 wall
unit length. Therefore, A, is set here at 300 wall unit.
In the uncontrolled flow under the present condition,
the amounts of turbulent kinetic energy (TKE) con-
tained below and above A, are found to be about 2/3
(large-scale) and 1/3 (small-scale) of the total TKE,
respectively.

For notational simplicity, the two examined cases
are hereafter referred to as:

Case SMALL, the case where the small-scale
structure is damped;
Case LARGE, the case where the large-scale
structure is damped.

4  Results and discussions

Figure 3 shows the time trace of the drag reduc-
tion rate, Rp, defined as

(w7

© )

control . ( 3 )

no control

While Case SMALL reaches a quasi-steady state
aftert” ~ 100, a longer time (t" ~ 1000) is required for
the drag in Case LARGE to be converged. The drag
reduction rates in the quasi-steady states are Rp =
27% in Case LARGE and Rp = 43% in Case
SMALL.
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Figure 3: Time trace of drag reduction rate.
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Figure 4: Distribution of weighted Reynolds shear
stress.

Figure 4 shows the weighted RSS profiles. As
indicated in Eq. (1), the area enclosed by each curve
and the horizontal axis is directly proportional to the
turbulent contribution of friction drag. Although the
weighted RSS is reduced in both cases, more reduc-
tion is found in Case SMALL. Remembering the
present condition that the only one third of TKE was
originally contained in small-scale, damping of the
small-scale fluctuation can be considered more effi-
cient for the friction drag reduction. The figure also
shows two more lines with circles. These are the
large-scale and small scale-components in the
no-control case. Although the weighted RSS profile
in Case SMALL is not the same as that of large-scale
component of the no-control case, the area (i.c.,
turbulent contribution to the friction drag) looks
nearly unchanged. In contrast, the weighted RSS in
Case LARGE has larger value far from the wall than
that of small-scale component of the no-control case,
and the area increases accordingly.

The difference in these drag reduction effects is
better explained by Figure 5(a), which shows the
integrated contributions of RSS to the skin friction
drag (i.e., the second term of Eq. (1)) decomposed
into the small and large spanwise wavenumber
components. Without control, 91% of the total fric-
tion drag is the turbulent contribution; 55% of that is
the large-scale components, and 45% of that is the
small-scale components. When the small-scale fluc-
tuations are damped, the contribution from the
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Figure 5: (a) Contribution to friction drag; (b)
Premultiplied co-spectra of turbulent friction term.

large-scale component (light gray) is nearly un-
changed. In contrast, when the large-scale fluctua-
tions are damped, the contribution from the
small-scale component (dark gray) is almost dou-
bled.

More detailed explanation can be given by further
decomposing the turbulent contribution into each
wavenumber 4,. Namely, we introduce the following
premultiplied and weighted co-spectrum:

5. ——
C(2) = ()] (= DT =7)d()- 4)

where the hat indicates the Fourier transform in the
spanwise direction. Figure 5(b) shows this
co-spectrum. In Case SMALL, the damped compo-
nent (4, < 300) is simply cut out, while the un-
damped component (1, " > 300) remains nearly un-
changed. In Case LARGE, in contrast, there is a
pile-up in A, " < 300. This pile-up is related to the
increase of the weighted RSS in the region far from
the wall, as has been observed in Fig. 4.

Figure 6 shows the root-mean-square (rms) val-
ues of the velocity fluctuations. In the region near the
wall, the streamwise and spanwise rms velocity
components are nearly unchanged (or slightly in-
creased) in Case SMALL, while it is slightly de-
creased in Case LARGE, as compared to the uncon-
trolled case. In the region far from the wall, all the
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respectively. Figure 8 shows the anisotropy invariant
map in the present three cases. The anisotropy in the

rms velocity components are decreased in both cases. near-wall region in Case LARGE shifts toward the

They decrease more in Case LARGE than in Case
SMALL. This looks inconsistent with the trend in the

RSS, where larger reduction is observed in Case =~ 0101 — :ﬂ::;l;) :jlr,ggsl:ﬁ};f:min
SMALL. The reason for this discrepancy can be ex- g o
plained by the correlation coefficient between u and |“‘~.‘- 0.05 —
V. As shown in Fig. 7, the correlation is significantly 3 Y AL e —
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near-wall region. The second and third invariants of
the anisotropy tensor ajj,
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—u'v' budget.

and Pressure strain terms of
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Figure 10: Rms pressure fluctuations.

one-component limit (right top), which is similar to
to the drag reduction by additives. In contrast, that in
Case SMALL moves away from the one-component
limit, despite that the drag reduction rate is higher
than Case LARGE. It indicates that the general trend
that holds for drag reduction by additives does not
hold for the present cases.

In order to investigate the mechanism in the
change of RSS, we examine the budget of RSS ex-
pressed as follows:
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Figure 9 shows the profiles of the production <P> and
the pressure strain <PS> terms in Eq. (8). These
terms are significantly reduced in both cases ac-
cording to the drag reduction. The noteworthy ob-
servation in the near-wall region is that the produc-
tion is stronger and the pressure-strain is weaker in
Case LARGE than those in Case SMALL. The larger
production is simply related to the larger
wall-normal velocity fluctuations as observed in Fig.
6(b). The weaker pressure-strain in Case LARGE is
conjectured to be due to the smaller pressure fluc-
tuations as shown below.

Figure 10 shows the rms pressure fluctuations.
While the rms pressure fluctuation in the region near
the wall is increased in Case SMALL, that in Case
LARGE is significantly reduced. This reduction is
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Figure 11: Spanwise power spectra of velocity and
pressure in the uncontrolled case.

related to the fact that the pressure field has relatively
large spatial scale as shown in Fig. 11. Namely, the
pressure fluctuations have been selectively weak-
ened by the damping of the large-scale fluctuations.

Finally, the instantaneous vortical structure in the
present three cases are shown in Fig. 12. Here, the
vortex core is identified by using the isosurface of
the second invariant of the velocity gradient tensor,
Il. As observed in Fig. 12(b), the typical vortical
structure in Case LARGE is the quasi-streamwise
vortices similar to those in the uncontrolled flow (Fig.
12(a)). In Case SMALL, in contrast, the
quasi-streamwise vortices is hardly be observed and
spanwise vortices appears instead. This structural
change may be related to the change in the anisotropy
invariant as observed in Fig. 8, which moved away
from the one-component limit. Note that such
spanwise vortices have been observed in other
feedback control (e.g., Koumoutsakos, 1999) as well
as in the flow over a compliant wall (Fukagata et al.,
2007), although the detailed mechanisms of its gen-
eration and its relationship to the drag reduction are
still not completely clear.

5 Conclusions

We performed direct numerical simulation (DNS)
of a turbulent channel flow with an idealized feed-
back control, which selectively damp either the
small-scale wall-normal velocity fluctuations. From
the present DNS results, it can be concluded that for
turbulent friction drag reduction, the suppression of
large-scale structure does not have merit over the
attenuation of small-scale structure. The damping of
large-scale fluctuations leads to reduction of the
pressure fluctuations and thereby reduction of pres-
sure-strain correlation. The reduced pressure-strain
correlation results in weaker destruction of the Rey-
nolds shear stress and it finally raises the Reynolds
shear stress.
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wall, Upper plane: channel center.
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