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Suppressing Wall Turbulence by
Means of a Transverse Traveling
Wave

Yiqing Du’ and George Em Karniadakis®*

Direct numerical simulations of wall-bounded flow reveal that turbulence pro-
duction can be suppressed by a transverse traveling wave. Flow visualizations
show that the near-wall streaks are eliminated, in contrast to other turbulence-
control techniques, leading to a large shear stress reduction. The traveling wave
can be induced by a spanwise force that is confined within the viscous sublayer;
it has its maximum at the wall and decays exponentially away from it. We
demonstrate the application of this approach in salt water, using arrays of
electromagnetic tiles that produce the required traveling wave excitation at a

high efficiency.

The control of wall-bounded flows in an ef-
fort to reduce viscous stresses has been stud-
ied since Prandtl first used a trip wire to
trigger transition in the boundary layer. Since
then, a wide variety of experimental and nu-
merical studies have been performed to de-
termine efficient and feasible control mecha-
nisms for wall shear stress modification (7,
2). The development of turbulence-control
mechanisms and corresponding shear stress
modification depends on the observations
that organized structures in the near-wall tur-
bulence and friction drag are linked (3). Tur-
bulent boundary layers typically contain low-
speed streaks (4) and stable three-dimension-
al vortical structures, called hairpins (5-7).
Our numerical simulations confirm these ex-
perimental findings (Fig. 1).

Most turbulence-control methods have
been developed under the assumption that the
turbulence production cycle could be favor-
ably altered, stabilized, or reduced in intensi-
ty by the manipulation and alteration of low-
speed streaks, quasi-streamwise vortices, the
viscous sublayer, or the hairpin-like struc-
tures that populate the near-wall region. The
use of small grooves or riblets on the wall
surface has been shown to suppress turbu-
lence and reduce the drag force by about 5 to
10% (8, 9). We can also imagine the use of
applied near-wall forces that would act to
redistribute the streamwise vorticity present
in hairpinlike structures in an effort to modify
the shear stress and turbulent momentum
transport at the wall.

In this report, we show that application of
a force along the spanwise direction, within
the viscous sublayer and decaying exponen-
tially away from the wall, can reduce turbu-
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lence. In particular, we use the traveling wave
force (F7)
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F.=1Ie sin ( A
where 7 is the amplitude of excitation, A is the
penetration length, A\_ is the wavelength
(along the span), T is the time period, and ¢ is
time. Here A* = w,A/v ~ 5 (nondimen-
sional, in wall units), where u, is the wall
shear velocity and v is the kinematic viscos-
ity. We first studied the numerical models, in
which the computational domain is a channel
and the force is acting on the lower wall
while the upper wall is unaffected. All pa-
rameters in Eq. 1, i.e., (, T, \), are nondi-
mensionalized with respect to the channel
half-width and the center line velocity. The
Reynolds number Re,. is about 150 (based on
the wall shear velocity u. and the channel

Fig. 1. Hairpin-like struc-
tures and instanta-
neous streamwise ve-
locity contours for tur-
bulent flow over a
smooth wall (Re. =~
150). Blue indicates
low-speed streaks and
red indicates high-
speed streaks; green
corresponds to average
velocity values. The
black lines denote vor-
tex lines. Only a small
portion of the domain
is shown for clarity,
containing a pair of
low- and high-speed
streaks. This and similar
pictures in the entire
domain  show that
near-wall turbulence is
populated with hairpin-
like structures and that
low-speed streaks are
located between the
“legs” of these structures.

half-width). The size of the computational
domain is L = 2100 by L, = 300 by L, =
840 in wall units, in the streamwise, normal,
and spanwise directions, respectively; period-
icity is assumed to be along the streamwise
and spanwise directions. The discretization is
performed with spectral/hp element methods
with the code Nexktar (10).

The traveling wave, when it is effective in
reducing the drag force on the controlled
wall, weakens and in many cases eliminates
completely the wall streaks (Fig. 2). The
upper wall exhibited the familiar turbulence
structure consisting of pairs of high-speed
and low-speed streaks with the characteristic
spacing of about 100 wall units, but no such
pairs were found near the controlled surface
(11). Instead, a wide ribbon of low-speed
velocity formed in the region where the
streamwise vorticity achieves positive values
at the same instant. Streaks and streak spac-
ing are usually difficult to alter even in cases
where a large amount (e.g., 50%) of drag
reduction has been obtained (/2).

In contrast, streamwise riblets produced a
drag reduction of only 5% (13); although the
lateral spacing of the streaks did not change,
the streaks appeared more elongated com-
pared with the uncontrolled case (Fig. 3). A
larger amount of drag reduction was achieved
in the so-called “vee design,” and the spacing
of the streaks increased by about 10% (14). If
instead of a traveling wave an oscillatory
flow along the spanwise direction is imposed
by a force similar to the one described in Eq.
1 [inspired by the work in (/5)], a better drag
reduction of 30% is achieved at the optimum
period 7" =~ 100. However, the wall streaks
are still present (Fig. 4), but they are inclined
with respect to the flow direction because of
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