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ABSTRACT

Effect of traveling wave-like wall deformation (i.e. peri-
stalsis) in a fully developed turbulent channel flow is inves-
tigated by means of direct numerical simulation. We not
only demonstrate that the friction drag is reduced by wave-
like wall deformation traveling toward the downstream direc-
tion, but also show that the turbulence is completely killed
(viz. the flow is re-laminarized) under some sets of parame-
ters. It is also found that at higher amplitude of actuation the
re-laminarized flow is unstable and exhibits a periodic cycle
between high and low drag.

Introduction

Drag reduction in wall-bounded turbulent flow is of great
importance for mitigating environmental impact through the
efficient utilization of energy. The large friction drag in tur-
bulent flows on a solid wall, as compared to that in laminar
flows, is attributed to the vortical structure in the region near
the wall (Robinson, 1991). Passive devices such as riblets
(Walsh, 1983) and structured roughness (Sirovich and Karls-
son, 1997) are known to have friction drag reduction effect on
the order of 10% by interacting with these vortical structure.
In order to gain larger effects, recent efforts have been made
to actively suppress these structures to reduce the friction drag
in wall-turbulence, e.g. by predetermined spanwise traveling
wave (Du and Karniadakis, 2000) and feedback control using
actuation from the wall (Kim, 2003; Kasagi al., 2009).

Mathematically, the friction drag coefficier@; of a
fully-developed turbulent flow in a two-dimensional channel
is expressed by using a weighted integration of the Reynolds
shear stresg-U'v'), i.e. (Fukagatat al, 2002)
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whereRg, = 2Uph/v (with Up, h, andv being the bulk-mean
velocity, the channel half-width, and the kinematic viscosity,
respectively) is the bulk Reynolds number andenotes the
non-dimensionalized distance from the wall. This identity
equation not only suggests that the friction drag can be re-
duced by reducing the Reynolds shear stress, especially in the
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region near the wall, but also implies that the drag can reach
a sub-laminar level if the second term can be made largely
negative.

Based on this implication, Mirt al(2006) proposed a
novel predetermined control method using traveling wave-like
blowing and suction from the walls. They showed by means
of numerical simulation that the blowing and suction travel-
ing toward the upstream direction (hereafter referred to as the
upstream traveling wave) significantly reduce the near-wall
Reynolds shear stress. They also demonstrated that under
some sets of parameters the drag can be reduced to a sub-
laminar level by making the near-wall Reynolds shear stress
largely negative.

Min et al(2006)’s control is attractive in the sense that
it does not require massive sensors and is much simpler than
the advanced feedback control methods (Kim, 2003; Kasagi
et al, 2009). Therefore, several follow-up studies have been
made to investigate the stability (Lext al, 2008; Moarref
& Jovanovt, 2010; Lieuet al, 2010) and scaling (Mamori
et al, 2010) of this control. However, in terms of fabrication
of actual devices, the traveling wave-like blowing and suction
is still complicated. One possibility toward the practical ap-
plication is to replace it by a traveling wave-like deforming
surface, which may be driven by a smaller number of actua-
tors.

The primary mechanism of drag reduction by traveling
wave-like blowing and suction is considered to fnamping
from the wall. Hoepffner & Fukagata (2009) found in their nu-
merical simulations in the absence of base flow that the trav-
eling wave-like deforming wall (more generally known by the
term “peristalsis”) has the pumping effect in the same direc-
tion as the wave travels, while the traveling wave-like blowing
and suction has the pumping effect in the opposite direction.
This difference suggests that the drag reduction using the de-
formable wall is expected not by the upstream traveling wave
but by the downstream traveling wave (note that very recent
studies (Moarref & Jovano®j 2010; Lieuet al,, 2010) show
that high-speed downstream traveling wave-like blowing and
suction also re-laminalizes the flow: in that case, the primary
mechanism responsible for the drag reduction may not be the
pumping from the wall but stabilization).

Drag reduction effect by such downstream traveling



wave-like wall deformation was also experimentally found al-
most 40 years ago. Taneda and Tomonari (1973) conducted

an experiment on a spatially developing boundary layer on y

a plate waving like the swimming motion of fish. They ob-
served laminarization effect by a downstream traveling wave
at a wavespeed much faster than the uniform flow. They also
found that the waving plate under some conditions makes
the boundary layer cyclically laminar and turbulent. Shen
et al(2003) investigated a flow around a similar wavy wall by
means of direct numerical simulation (DNS). They showed
that the total drag as well as the net power can be reduced
by downstream traveling wave. Both studies deal with wavy
walls with relatively large amplitude and discuss drag reduc-
tion as compared to the case of stationary wave. From the
viewpoint of drag reduction control, however, it is important
to clarify how the drag is reduced as compared to that of a
turbulent flow on a flat surface.

In the present study, we investigate by means of DNS
the drag reduction effect of the traveling wave-like deforming
wall in a turbulent channel flow. We not only confirm that the
drag is reduced by the downstream traveling wave, but also
demonstrate that the flow is re-laminarized under some sets o
parameters. Indeed, as has been proved mathematically (Bew
ley, 2009; Fukagatat al., 2009), re-laminarization is the ulti-
mate goal of drag reduction control in terms of energy saving.

Direct Numerical simulation

The DNS code is based on the channel flow code of
Fukagateet al(2006) adapted to boundary fitted coordinates.
In order to express the wall deformation, the Cartesian co-
ordinatesy; are transformed intd; following Kang & Choi
(2000). The traveling wave-like deformation of wall is given
as the boundary condition. At the lower waf>(= 0), for
instance, it reads,
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wherea, k, andc denote the velocity amplitude, the wave-
number, and the phase-speed of wall deformation, respec-
tively. The upper wall deforms in-phase with the lower wall
(i.e. varicose mode). The schematic of traveling wave-like
wall deformation is shown in Fig. 1. The displacement of
lower and upper wallng andny, is obtained by integrating
Eq. (2) intime, i.e.
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The size of computational box ig#x 2 x 3.5 in the stream-
wise (€1), wall-normal €>), and spanwiseég) directions and

the corresponding number of computational cells is 256
96 x 128. The time step is set to ¢ = 0.01 in most cases,
while At = 0.005 fork > 3 ora> 0.15 cases in order to suffi-
ciently resolve the temporal change of boundary condition and
the near-wall flow induced thereby. Hereafter, all the variables
are non-dimensionalized by using the channel half-width
and twice the bulk-mean velocityJd. All DNS is performed
under a constant flow rate. The bulk Reynolds number is set at

2

B deforming wall

Traveling wave

Figure 1. Schematic of a channel with traveling-wave like
wall deformation.
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Figure 2. Time trace of mean pressure gradiedtP/dx
Case 14=0.1,c=1, k= 2), ordinary drag reduction; Case
2 (@=0.1,c=1, k=4), stable re-laminarization; Case 3

(a=0.2,c = 3,k=4), unstable re-laminarization.

Re, = 2Upyh/v = 5600, corresponding to the friction Reynolds
number ofRe ~ 180 in the uncontrolled (i.e. solid wall) case.

Results and Discussion
Drag reduction effects

The DNS runs with different sets of parametayg, and
c revealed that as a rule the drag is decreased in the cases
of ¢ > 0 (i.e. downstream traveling waves) and increased for
¢ < 0 (i.e. upstream traveling waves). Figure 2 shows the time
trace of mean pressure gradientiP/dx in typical cases of
drag reduction. Case 1 is an example of ordinary drag reduc-
tion, in which the drag is reduced but the flow remains turbu-
lent. Case 2 exemplifies the case of re-laminarization: the tur-
bulent fluctuations completely vanish ardP/dx converges
close to the value of laminar channel flow. At the steady state,
the pressure gradient is slightly lower than the laminar value,
which indicates that a small amount of pumping is replaced
by the peristaltic pumping. Although the peristaltic pump-
ing is about twice expensive (i.e. power-consuming) than the
external pressure gradient (Hoepffner & Fukagata, 2009), the
present result shows that the contribution of peristaltic pump-
ing is considerably small and thus the net energy saving rate is
close to the drag reduction rate (about 70%). Case 3 is a case
of unsteady re-laminarization:dP/dx decreases toward the
laminar value but rapidly increases again to the uncontrolled
value.

Figure 3 summarizes the control effect under different
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Figure 4. Net power saving effect by the traveling wave-like ~ both in+wall units. Roughly sp_ealiing, the drag decreases
deforming wall: symbols are the same as those in Fig. 3. The With T™ < 20 and mcreaies witi™ > 30. The drag is
value noted together with the symbols (except for the drag nearly ‘%”Changed at.2<0 T™ <30. AlS(,) noticed is that re-

. . L ._laminarization is achieved when the displacement amplitude
increasing cases and the unsteady re-laminarization cases) is

. ) 5< n* < 15 and the flow is unstable wheyi™ > 15. This
the net power saving ratedefined by Eq. (5) is different from Taneda and Tomonari (1973)’s result, where

the displacement achieving the drag reduction is on the order

sets of parameters. The drag reduction Rgenoted together of boundary layer thickness.

with the symbols is defined as

Instantaneous flow field

Figure 6 illustrates four instantaneous flow fields dur-
ing the process of re-laminarization in the caséak,c) =
(0.1, 4, 1). For each time instant, the mean velocity profiles
and the contour of Reynolds shear streagv’ in anx—y
where# = —dP/dx denotes the mean pressure gradient and plane are shown in the left figure; the cross-sectional velocity
Py is that in the uncontrolled flow. The map indicates thatfor  vectors and the streamwise velocity contour are shown in the
both phase-speeds<£ 1 andc = 3) the flow is re-laminarized right figure. In the uncontrolled flow (Fig. 6(a)), we observe a

%:%XNO[%L (4)

by actuation of relatively high wave-numbéj and amplitude flattened mean velocity profile (left) and streaky and vortical

(@), but becomes unstable again if the amplitude is further in-  structures (right), which are typical to turbulent channel flows.
creased. As the time goes (Figs. 6(b)-(c)), an organized Reynolds shear
Figure 4 shows the net power saving effect by wall de-  stress distribution is formed near the wall due to the actuation,
formation. The net power saving raas defined as the velocity profile becomes less flattened thereby (left), and
the streaky and vortical structures are weakened (right). Fi-

Woo — (Wp -+ W) nally, after a suffipie_ntly long tim_e (Eig. 6(d)_), the velocity
S= W—po x 100 [%] , (5) profile becomes similar to the Poiseuille profile (left) and the

streaky and vortical structures completely vanish (right).
In the re-laminarized state, the Reynolds shear stress dis-
whereW, andW, are the pumping power and power required  tribution has a cellular structure (Fig. 6(d), left) akin to that
for wall deformation, respectivel{po denotes the pumping observed in the laminar flow with traveling wave-like blow-
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Figure 6. Instantaneous flow fields during the process of re-laminarization (the @aseOdf, c = 1, andk = 4): (a) uncontrolled;

(b)t =15.7; (c)t = 156.0; (d)t = 6283. Figures in the left column shows the streamwise velocity and Reynolds shear stress in the
x—Yy plane: black line, streamwise velocity averaged at each plgasel( 1/2, 1, 371/2): red line, uncontrolled turbulent profile;

blue line, laminar Poiseuille profile; color contour, Reynolds shear stre88. Figures in the right column shows the velocity
field in thez—y plane atp = 0, at which the deformation velocity is maximum: vector, wall-normal and spanwise velocity; color
contour, streamwise velocity.

ing/suction (Mamoriet al., 2010). The peak of-uV is lo- In the unsteady re-laminarization cases, the process of
cated close to the wall due to the wall-normal velocity induced re-laminarizarion is almost the same as that in the steady re-
by the wall deformation, whereasu'v' is found to be nearly laminarization cases. Figure 7 shows the evolution of flow

zero in the region far from the wall. Although the mean ve- in which the re-laminarized flow (7(a)) is destabilized (7(b)-

locity profile is close to the Poiseuille profile, a small amount  (d)) and stabilized again (7(e)-(f)). When the pressure gra-
of reverse flow is also observed near the wall in the phases of dient begins to increase, the low-speed fluid is ejected from
0<¢@/(m/2) <0.1and 25< ¢/(m/2) < 4. This is due to the the near-wall region and vortical structure appears (Fig. 7(b),
wall deformation, which carries the fluid particles back and right.) Similar phenomena are observed at different places
forth so that they draw-shaped drifting tracks (Hcepffner & (Fig. 7(c), right), accompanying the development of Reynolds
Fukagata, 2009). shear stress. Accordingly, the mean streamwise velocity pro-
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Figure 7. Instantaneous flow fields during the process that re-laminarized flow return to turbulence rapidly (thecafe2of
c= 3, andk = 4): (a)t = 1560; (b)t = 5184, (c)t = 534.1; (d)t = 5500; (e)t = 5655; (f) t = 6126. The contents are same as
Fig. 6



file is distorted (left). At the time when the mean pressure
gradient is maximized (Fig. 7(d)), low-speed region, vortices,
and Reynolds shear stress spread in whole channel.
Reynolds shear stress distribution and the mean velocity pro-
file looks simiar to those of the uncontrolled flow (Fig. 6(a))
After that time, the low-speed region and the vortices weak-
ened (Fig. 7(e)-(f), right) and the flow is re-laminarized again.

As compared to the steady re-laminarized case, Fig. 6(d),
the reverse flow near the wall in Fig. 7(a) is stronger due to the
higher amplitude of wall deformation. This stronger reverse
flow makes an inflection point in the mean streamwise veloc-
ity profile to cause the instability as observed in Fig. 2.

Conclusions

We demonstrated by means of DNS that the downstream
traveling wave-like wall deformation significantly reduces the
drag. The primary drag reduction mechanism can be ex-
plained by the pumping effect in the same direction as the
wave (Heepffner & Fukagata, 2009). In the present study, we

observe that under several sets of parameters this control can

also re-laminarize the low Reynolds number turbulent channel
flow. Although similar observation has been made in previous
studies, e.g., Taneda and Tomonari (1974), a clear distinction
with those is that the re-laminalization is achieved with much
smaller amplitude of wall deformation, i.e. , on the order of
viscous sublayer. An interesting phenomenon additionally ob-
served is that with stronger actuation the re-laminarized flow
is unstable and exhibits a periodic cycle between high and low
drag. The cause and dynamics of this peculiar phenomenon,
however, is open for future work.
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