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Nomenclature

A = perturbation amplitude
b = span of the wing
CD = drag coefficient
CL = lift coefficient
c = chord length of the wing
fe = perturbation frequency
fv = frequency of vortex shedding from the wing
Re = Reynolds number,� U1c=�
U1 = freestream velocity
x, y, z = coordinates in the streamwise, lateral, and spanwise

directions, respectively
� = angle of attack
� = kinematic viscosity of the air

I. Introduction

F LOW separation is almost inevitable without applying any flow
control, especially for the micro aerial vehicles (MAVs) and

small-scale unmanned aerial vehicles (UAVs), which are
characterized by relatively low Reynolds numbers [1]. Efforts have
been made to suppress or delay flow separation in the last few
decades. Other than extensive investigations into passive flow
control, many active flow control schemes have been reported, for
example, a pulsed momentum injection, a pulsed vortex generator, a
microelectromechanical-system-controlled deployable micro vortex
generator, and a high-frequency microvortex generator [2,3].
Zaman et al. [4] used acoustic excitation to delay flow separation
from an airfoil. They achieved the most effective separation
control at frequencies at which the acoustic standing waves forming
in the test section induced transverse velocity fluctuations in the
vicinity of the airfoil. Holman et al. [5] used two closely spaced

piezoelectric-driven synthetic jets to control flow separation. This
control appeared to be independent of relative phase and could be
achieved without forming a mean jet. Zero-net mass-flux oscillatory
jets, or synthetic jets, have been demonstrated to be feasible for
industrial applications and effective in controlling flow separation
[6,7]. Recently, Gilarranz et al. [8] performed an experimental study
of flow separation from a NACA 0015 airfoil with synthetic jet
control at the chord-length-based Reynolds number of 8:96 � 105.
Their actuator was placed in a 2-mm-wide slot, across the entire
length of the span, and at 12%of the chordmeasured from the leading
edge on the suction side of the airfoil. They observed an 80% increase
in the maximum lift coefficient and an increased stall angle from 12
to 18 deg.Huang et al. [9] demonstrated that flow separation could be
effectively controlled by loudspeaker-produced acoustic excitation
at the leading edge of an airfoil. An adaptive wing technique was
developed for MAVs and UAVS [10]. Munday et al. [11], Pern et al.
[12], and Santhakrishnan et al. [13] proposed a method using
THUNDER actuators to realize adaptation and improve the aero-
dynamic performance of airfoils.

In this paper, a technique has been developed to control flow
separation from an airfoil. Piezoelectric ceramic THUNDER
actuators were installed on the suction side near the leading edge of
the airfoil. Once excited, these actuators may create local surface
perturbation and, hence, suppress or postpone flow separation.

II. Experimental Details

Experiments were carried out in a closed-circuit low-speed wind
tunnel with a 2.4-m-long square working section (0:6 � 0:6 m). A
wing of the NACA 0015 cross section was used, with a chord length
of c� 0:2 m and a span ofb� 0:56 m, resulting in an aspect ratio of
2.8. The airfoil was made with a slot of 0:07c in width on the upper
surface and 0:08c downstream of the leading edge, in which two
piezoelectric ceramic THUNDER actuators were installed. Without
any loading, the actuator may vibrate at a maximum displacement of
about 2mm and a frequency of up to 2 kHz. The actuators were fixed
at one end, whereas the other endwas free, so that the actuators could
create a perturbation displacement normal to the airfoil surface
(Fig. 1). The actuators were connected to a 1.5-mm-thick plastic
plate,flushwith the surface of the airfoil. Driven by the actuators, this
plate could oscillate in a direction normal to the airfoil surface to
create a local perturbation. The actuating sinusoidal signals were
generated by a signal generator and amplified by a piezodriver
amplifier (Trek PZD 700). Refer to [14] for more details of the
actuator and the amplifier.

The actuator and the thin plate, combined together, form a
dynamically nonlinear system, the dynamic response of which may
vary with the activating frequency. A test was conducted under a
constant voltage of 110 V applied to the actuators. The amplitude of
the perturbation displacement, A, of the thin plate was measured
using a Polytec series 3000 Vibrometer. The excitation frequency,
fe, examined presently was 20–840 Hz. It is found that the
amplitude,A, reaches themaximum, 0.6mm, atfe � 80 Hz and then
decreases quickly for higher fe. A is about 0.05 mm at fe � 200 Hz
and varies little with a further increase in fe.

The wing was fixed on the bottom wall of the wind tunnel at one
end through a cylinder rod. The other end was fixed on a three-
component quartz piezoelectric load cell (Kistler model 9251A).
Efforts have been made to ensure that the load cell measured only
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drag and lift forces and excluded the effects of bending and twisting
moments. The electrostatic charge (pC) generated by the load cell is
converted through a charge amplifier (Kistler model 5011) into a
proportional voltage.

A single hot wire was placed at 0:1c upstream of the trailing edge
and 0:2c away from the upper surface of the wing to monitor the
dominant vortex frequencies and the flow characteristics, separated
or attached. The load cell and hot-wire signals were recorded by a
computer data acquisition system at a sampling frequency of
3500 Hz per channel. Measurements have been performed at the
freestream velocity of U1 � 9 m=s or Re� 1:2 � 105.

III. Results and Discussion

The hot-wire signal indicated thatflow separation from the leading
edge of the airfoil began at �� 11 deg. At �� 11 deg, stall
occurred without surface perturbation. Then, the leading-edge
surface perturbation was introduced with fe increasing from 20 to
840 Hz. As evident in Table 1, when fe was lower than 200 Hz, that
is, feC=U1 < 4:4, the perturbation had little effect on the flow.
However, once fe exceeded 200 Hz, or feC=U1 > 4:4, the
separated flow reattached, that is, the perturbation became effective.

As flow separation was suppressed, the aerodynamic performance
of the airfoil was considerably improved. Figure 2 shows the drag
and lift signals measured from the load cell without and with
perturbation (�� 11 deg, fe � 260 Hz). As perturbation was
introduced, there was a sharp drop in drag and a climb in lift.
Meanwhile, the force fluctuations shrank, dropping by 37% in the
rms value of the drag signal and 55% in the rms value of the lift signal
when comparedwith the uncontrolled case. The variation in drag and
lift is obviously due to a change from the separated to reattached
flow.

The excitation frequency plays a crucial role in the present control
offlow separation. Figure 3 presents the dependence on fe ofCL,CD,
and their ratio. At fe < 220 Hz,CL,CD, and their ratio change little.
Once fe is beyond 220 Hz, there is a decrease in CD of 14% and an
increase inCL of about 7%, leading to an increase inL=D from 2.7 to
3.3, exceeding 20%.

Figure 4 displays the power spectral density functions,ED andEL,
of the drag and lift signals. An arbitrary scale was used in the plot, as
the frequency information is presently of main concern. The peak at
f� 40 Hz is due to the oscillation at the natural frequency of the
airfoil, which appears independent of flow velocity. In the absence of
perturbation, the dominant vortex shedding frequency was
fv � 18 Hz, at which a pronounced peak occurs in ED and EL.
The pronounced peak at fv in ED is also partially due to fv
approaching the half-natural frequency of the airfoil. With
perturbation introduced, EL is significantly reduced in the range of

lower frequencies, say, less than 40 Hz, indicating a much lower
fluctuation in the lift.

It is found that the perturbation frequency, fe, must be much
higher (about 10 times) than the vortex shedding frequency of the
airfoil to enable flow control to be effective. The observation points
to the excitation of the instabilities of the boundary layer, which are
characterized by frequencies significantly higher than that of vortex
shedding. Based on large eddy simulation, You and Moin [15]
evaluated the effectiveness of synthetic jets as actuators for a
NACA 0015 airfoil flow control. In their work, the actuating
frequency feC=U1 � 1:24. Greenblatt and Wygnanski [16]
proposed that the optimal reduced actuation frequency, F� �
fexc=U1 (xc was defined as the distance from the jet actuator to the
tail of the airfoil), should be in the order of 1 for turbulent separation.
F� is presently great than 4.1, much higher than the vortex shedding
frequency. In their investigation to control vortex shedding from a
circular cylinder based on internal acoustic excitation, Hsiao and
Shyu [17] observed the most effective excitation frequency near the
shear-layer instability frequency, which was 1 order of magnitude

Fig. 1 Installation of actuators.
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Fig. 2 Drag and lift signals measured from the load cell, with and
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Fig. 3 Dependence of CL, CD, and L=D on the perturbation frequency

(�� 11 deg).
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higher than the vortex shedding frequency. Similar to flow around a
cylinder, the boundary-layer separation from an airfoil is closely
linked to the shear-layer instability. In her manipulation of laminar
boundary-layer separation based on a microsynthetic jet actuator,
Hong [18] noted that the reduced frequency should be in the order of
1 of the Kelvin–Helmholtz instability or the Tollmien–Schlichting
instability to enable effective flow control. One may surmise that the
present perturbation at a frequency near that of the shear-layer
instability transfers energy into the boundary layer and leads to early
transition from the laminar to turbulent boundary layer; thus, the
shear layer is prevented from rolling up into large-scale vortices,
which is beneficial for the boundary-layer reattachment.

It is noted that the control does not work beyond 13 deg, that is, the
� range at which the control is effective is only about 0–2 deg at
present. This may be attributed to the low perturbation amplitude or
very low power input. It is believed that the � range of effective
control can be enlarged to some degree if the perturbation amplitude
is increased.

IV. Conclusions

THUNDER piezoceramic actuators were used to control
boundary-layer separation from a NACA 0015 airfoil at
Re� 1:2 � 105. The high-frequency perturbation can make the
separated flow reattach on the airfoil and increase the static-stall
angle of attack by about 2 deg, resulting in a decrease in the drag of
about 14%and an increase in the lift of 7%and in the lift-to-drag ratio
of 20%. It is found that the perturbation frequency needs to exceed
10 times of the dominant frequency of vortex shedding from the
airfoil to achieve an effective control of the flow.
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